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Abstract: Gaussia luciferase (GLuc) is the preeminent secreted luciferase widely used in cell-based
reporter assays. By employing sequence-guided mutagenesis informed by alignments of diverse
copepod luciferase sequences, we identified key amino acids that significantly enhance biolumines-
cence (BL) intensity. Among the mutated proteins expressed in bacteria, five individual mutations
(M60L, K88Q), F89Y, I90L, or S103T) independently increased BL intensity by 1.8 to 7.5-fold compared
to wild-type GLuc in the presence of coelenterazine substrates. Remarkably, the combination of all
five mutations in GLuc (designated as GLuc5) resulted in an unexpected 29-fold enhancement in
BL intensity. Subsequent evaluation of the GLuc5-secreted reporter in transfected mammalian cells
confirmed its superior BL performance across multiple cell lines. These findings suggest that the
mutated residues are likely crucial for enhancing BL intensity in GLuc, supporting its potential to
serve as a highly sensitive biosensor or reporter for a wide range of biological applications.
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1. Introduction

Bioluminescence (BL) assays using luciferases often surpass fluorescence or chemilu-
minescence assays due to their superior sensitivity, linear dynamic range, and minimal
background signal [1-3]. Luciferases catalyze the oxidation of substrates (primarily luciferin
or coelenterazine) to produce light. To date, luciferases from diverse organisms, including
fireflies, Renilla, copepods, and bacteria, have been cloned and characterized [4-8]. Firefly lu-
ciferase (FLuc), Renilla luciferase (RLuc), and Gaussia luciferase (GLuc) are widely employed
in bioassays. While FLuc is dependent on adenosine triphosphate (ATP), oxygen, and Mg?*
for the oxidation of luciferin, RLuc, and GLuc can catalyze the oxidation of coelenterazine
without requiring ATP or Mg?*. Among the coelenterazine-dependent luciferases, RLuc has
been extensively studied and has a well-characterized structure [9].

GLuc, derived from the marine copepod Gaussia princeps, has garnered significant at-
tention as a smaller (185 amino acids, ~19.9 kDa) and brighter luciferase compared to FLuc
and RLuc [8]. The primary advantage of GLuc over other luciferases is its natural secretion,
enabling non-destructive, real-time monitoring of biological processes in the extracellular
medium. This makes GLuc particularly valuable for bioanalysis in live cells [10]. Applica-
tions of GLuc span diverse fields, including live imaging [10,11], protein—protein interac-
tions [12], protein dynamics [13], tumor progression monitoring [14], and high-throughput
screening [15]. Along with its advantages, structural and functional understandings of
GLuc have been reported [16-19]. Given that GLuc’s unique bioluminescence-generating
mechanism stems from conformational changes induced by substrate binding rather than
multiple catalytic sites [16], we were motivated to engineer novel mutants based on the
evolutionary relatedness and sequence similarity of luciferases.
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Here, we report on the rational engineering of GLuc to enhance BL via sequence-guided
mutagenesis. Protein engineering efforts have successfully enhanced and stabilized RLuc
variants [20-23]. These modified RLuc mutants underpin the development of numerous
bimolecular and high-throughput screening assays [24,25]. Similar endeavors have been
undertaken with GLuc, employing gene shuffling to achieve substantial increases in lumi-
nescence [15,26]. Maguire C. A. et al. reported a GLuc variant exhibiting glow-type emission
kinetics in the presence of the coelenterazine and nonionic surfactant, Triton X-100, suitable for
high-throughput screening [15]. Welsh J. P. et al. described a double mutant with an extended
luminescence half-life compared to wild-type GLuc [27]. Nonetheless, the use of a nonionic
surfactant might introduce additional variables and complicate downstream applications, and
the overall luminescence intensity of GLuc has not been fully explored.

To investigate the functional roles of conserved amino acids in copepod luciferases, we
performed a comprehensive sequence analysis, incorporating the known structural data of
GLuc [17,28]. Through BLAST searches and multiple sequence alignments, we identified
highly conserved residues within GLuc. These residues were targeted for site-directed mutage-
nesis, either individually or in combination, and the resulting mutant proteins were expressed
in bacteria to assess their impact on BL. The mutant exhibiting the highest BL intensity was
further characterized by mammalian cells transfected with the pCMYV vector construct.

2. Results and Discussion
2.1. Comparative Sequence Analysis for Site-Directed GLuc Mutagenesis

GLuc, a secreted BL reporter protein, has gained widespread recognition due to its ex-
ceptional brightness, compact size, and extracellular secretion. However, the precise active
site and critical amino acid residues responsible for GLuc’s catalytic activity have remained
elusive. In 2008, fundamental studies identified two distinct catalytic domains within GLuc,
where both domains were found to be active when expressed individually [29]. In 2011,
a computational analysis suggested that the GLuc active site resides within amino acids
71-140, the most hydrophilic region of the protein, based on comparisons with the chro-
mophore region of green fluorescent protein and coelenterazine, along with hydrophobicity
analysis [30]. The study also proposed a few mutations (I90L, FS9W /I90L, and others)
that led to enhanced BL intensities. Recent molecular-directed evolution studies on GLuc
have identified additional mutations, such as M60I, that result in altered glow-type light
emission kinetics [15,26]. Notably, all reported mutations have been confined to the first
catalytic domain, and mutating corresponding amino acids in the second domain has not
yielded any significant effects [26]. Based on the known structural and functional features
of GLuc, we conducted a comprehensive sequence analysis of GLuc and its homologs.
Our analysis identified twenty-one closely related luciferases from the copepod family,
sharing approximately 37-73% sequence identity (Table 1). As previously observed [29],
the primary structure of GLuc exhibits two catalytic domains (D1 and D2) composed of
tandem repeat sequences, each consisting of 71 amino acid residues, located at positions
44-114 and 115-185, respectively (Figure 1A). The multiple sequence alignment of GLuc
with its related copepod luciferases identified several highly conserved residues within
these domains, suggesting their potential importance for GLuc’s function (Figure 1B). To
investigate the functional significance of these consensus residues, we selected several
candidate amino acids for mutagenesis based on their sequence conservation and predicted
roles in BL activity. Focusing on the first repeated catalytic domain (D1), known to be more
essential than D2 [26], we selected 13 amino acid sites (.52, P53, E59, M60, R65, H79, P84,
K88, E89, 190, T96, 5103, and A104) for mutagenesis within the D1 region (positions 44-114).
We included three underlined residues known for their role in enhancing bioluminescence
in GLuc: M60L [15], F89Y [30], and I90L [30]. The remaining 10 amino acids are either
semi-conserved residues from the consensus sequence or frequently substituted residues
based on sequence similarity. Cysteine residues in D1 were excluded from mutagenesis
due to their structural role rather than catalytic function. Additionally, we excluded amino
acids that were identical to the consensus sequence (marked with asterisks) and those
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previously shown to have no effect on luciferase activity. Mutant GLuc proteins with
targeted substitutions were expressed, and their BL activity was assessed.

Table 1. Luciferase sequence similarity among Copepod species revealed by protein BLAST research.

Species Name Length (a.a.) Identity (%) Similarity (%)

Metridia asymmmetrica 186 71 84
Metridia asymmetrica 2 191 71 83
Metridia pacifica 210 68 74
Metridia pacifica 2 189 72 82
Metridia curticauda 186 71 83
Metridia curticauda 2 191 71 82
Metridia okhotensis 190 73 82
Metridia okhotensis 2 217 63 70
Metridia longa 209 64 73
Metridia longa 219 58 67

Pleuromamma scutullata 182 70 79
Pleuromamma scutullata 2 220 61 69
Pleuromamma abdominalis 186 70 82
Pleuromamma abdominalis 2 211 61 70

Pleuromamma xiphias 180 71 80
Pleuromamma xiphias 2 213 62 71
Heterorhabdus tanneri 188 46 58
Heterorhabdus tanneri 2 196 51 65
Heterostylites major 205 46 62
Heterostylites major 2 203 37 56
Lucicutia ovaliformis 223 68 81

1 17 44 115 185

(A)

Signal peptide Catalytic domain 1 Catalytic domain 2
(SP) (D1) (D2)

KSSE
KS8N
K88Q
K8SR A104G
MG6OL
P53S R65Q 1oL
(B) R65K T96D
L52] E59] R65F H79K P84A % 965  S104T
GLuc 37 TTDLDADRGK LPGKKLPLEV LKEMEANARK AGCTRGCLIC LSHIKCTPKM KKFIPGRCHT YEGDKESAQ IG-EAIVDI 15
HmLucl 50 TVSLDRKG-- KLPHKLSKAV LIEMEANAQR AGCQRQCLI LSKIKCTLKM KKWLPGRCHS YAGDPATGQ PLE-----PA 122
HmLuc2 50 AVSLDRKA-- KLPKKLSKAV MMEMEANAKE AGCQKSCLIC MSKVKCTKKM KKWLPGRCHA FV--PATDVI PLE----- PA 120
HtLucl 47 -VSLDR -- --PPKLSKEL LAEMHAIASN AGCSRVCLI LSKIKCTPKM KTFLPGRCNT FAPKPATGD PFA----- AA 17
HtLuc2 47 -VSLDR H KLPKKLSVEI LAEMEANAQK SNCSRGCLI1 LSKIKCTPKM KKFLPGRCHE YSGDPKTGQ PLT----- AA 1
LoLuc 49 PKTEDMSKQH AALKLPPDV LDEMECNAKK SGCVRGCLQC LALIKCTAKM RKYIPGRCHS YEGDKDIAQ 1 ELTIDI 128
MaLucl 37 TTINTDADRGK MPGKRLPLAV LKEMEANAVK AGCSRGCLIC LSKIKCTAKM KQYIPGRCHD Y DKKTGQA AIE AIDDI 115
MaLuc? 4 VDANR HGE MPGQKLPLAV LK V AGCHRGCLIC LSHIKCTAKM KQFIPGRCHS YAGDKGSAQ IDDAAIVDM 120
McLucl 37 TINTDADRGK MPGKKLPLAV LK N A AGCSRGCLIC LSKIKCTAKM KQFIPGRCHD Y DKKTGQA LV AIFDI 15
MecLuc? 41 VDANR HGE MPGQKLPLAV LKEMEANAVR AGCHRGCLIC LSHIKCTAKM KKFIPGRCHS YAGDKGSAQ IDDSATVDM 120
MiLuct 60 QANTDSNRGK MPGKKLPLAV LIEMEANAFK AGCTRGCLIC LSKIKCTAKM KKYIPGRCHD Y DKKTGQA IV-GAIVDI 138
MiLuc? 70 ATETDANRGK MPGKKLPLAV IMEMEANAFK AGCTRGCLIC LSKIKCTAKM KVYIPGRCHD Y DKKTGQA IV-GAIVDI 148
MoLucl 40 VDANR H HPGKKMPKEV LLEMEANAKR AGCHRGCLIC LSHIKCTQKM KKFIPGRCHS YAGDKDSAQ ITEEETVDM 19
MoLuc? 68 RANADADRGK MPGKKLPLAV LIEMEANAFK AGCTRGCLIC LSKIKCTAKM KEYIPGRCHD Y DKKTGQA IV-GAIVDI 146
MpLucl 61 LVNSDADRGK MPGKKLPLEV LIEMEANARK AGCTRGCLIC LSKIKCTAKM KVYIPGRCHD Y DKKTGQA IV-GAIVDI 139
MpLuc? 40 VDANR H HPGKKMPKEV LVEMEANAKR AGCHRGCLIC LSHIKCTKKM KKFIPGRCHS YEGDKDSAQ IG-EEIVDM us
PaLucl 40 QDANR N-- LPGKKMPIEV LKEMEANAKR AGCVRGCLIC LSHIKCTAKM KKFIPGRCHS YHGDADTKQ ALE--EVVDM 115
PaLuc? 64 DR--NRGRK LPGKKLPLEV LKIMEANARR AGCTRGCLIC LSKIKCTAKM KQYIPGRCHT YEGDKSIGQ IG-GPIVDI 140
PsLucl 35 DH--DRGRK LPGKKLPLEV LKIN ANARR AGCTRGCLIC LSKIKCTAKM KQYIPGRCHT YEGDKSIGQA IG-GPI1IDI m
PsLuc? 71 NVVDGDRDRK LPGKKLPLEV LKIN ANARR AGCTRGCLIC LSKIKCTAKM KKFIPGRCHT YEGDKSIGQ IG-AALIIDI 149
PxLucl 35 DR----GRK LPGKKLPIEV LKIMEANARR AGCTRGCLIC LSKIKCTAKM KRYIPGRCHT YEGDKSIGQ IG-GPIVDI 109
PxLuc? 64 VRDYNRGKK LPGKKLPLEV LKIMEANARR AGCTRGCLIC L KCTAKM KRYIPGRCHT YEGDKSIGQ 1 PIVDI 142
" Clustal Consensus sty & % * " e G § &% & R R 5 s FREN & 5
GLuc 116 PEIPGFKDLE PMEQFIAQVD LCVDCTTGCL KGLANVQCSD LLKKWLPQRC ATFASKIQG- QVDKIKGA
HmLucl 123 SDIPGYENMT MQQFNAQVN ECP-CSTRCL KGLANVKCSK QLFDALPTRC RNFRVQIQK- EVHKIKGLN
HmLuc2 121 SDIPGYANMT AMQQFNGQVN ECP-CSTRCL KGLANIKCSK QLFDAMPGRC KSFRDQILK- EVHKIKGLN
HtLucl 118 AAIPGFSDLT AMEQYKAQVA QCD-CSNRCL VGLANIKCSA ALKAALPQRC TTFATNIQKE EVDSIKGY -
HtLuc? 12 AVIPGYSDLT AMEQFKLQVD KCD-CSTQCL KGLANVKCSA ALKAVLPTRC SQFATQIQ-- AEVGTIKGK-
LoLuc 129 PEIPGFLDLA PMDQFVAQVD LCVDCSSRCL KGLANVQCSC KLYKWLPTRC TGFQAKIKK- -EADTVIGLE
MaLucl 116 PEISGFKEMA PMEQFIAQVD LCADCTTGCL KGLANVKCSE LLKKWLPKRC TSFATKMQK- EIHNIKGM
MaLuc2? 121 PEIAGFKDLA PMDQFIAQVD LCEDCTTGCL KGLANVHCSD LLKKWLPSRC KSFATKIQS- QVDTIKGLA
McLucl 116 PEIFGFLDME PIEQFIAQVD LCAGCTTGCL KGLANIKCSE LLKKWLPKRC TSFAYKMQK- EMHNIKGMA
McLuc? 121 PETAGFKDLA PMDQFIAQVD LCKDCTTGCL KGLANVHCSD LLKKWLPSRC KSFATKIQS QVDTIKGLA
MiLucl 139 PDISGFKEM PMEQFI1AQVD RCTDCTTGCL KGLANVKCSE LLKKWLPDRC ASFADKIQS- EVHNIKGLA
MlLuc? 1499 PEISGFKEMA PMEQFIAQVD RCASCTTGCL KGLANVKCSE LLKKWLPDRC ASFADKIQK EVHNIKGMA
MoLucl 120 PEITAGFKDLE PMEQFIAQVD LCVDCTTGCL KGLANVHCSD LLKKWLPSRC KTFASKIQS- QVDTIKGLA
MoLuc2? 147 PEISGFKELG PMEQFIAQVD LCADCTTGCL KGLANVKCSA LLKKWLPDRC ASFADKIQS- -EVHNIKGLA
MpLucl 140 PEISGFKEL PMEQFIAQVD LCADCTTGCL KGLANVKCSA LLKKWLPDRC ASFADKI EVDNIKGLA
MpLuc? 119 PEIPGFKDKE PMDQFIAQVD LCVDCTTGCL KGLANVHCSA LLKKWLPSRC KTFASKIQ QVDTIKGLA
PaLucl 116 PEIPGFVDME PMEQFIAQVD KCEDCTTGCL KGLANVHCSD LLKKWLPQRC SQFADKIQS EVDTIKGLA
PaLuc? 141 PEIIGFQNME PMEQFIAQVD LCADCTTGCL KGLANVRCND LLKKWLPDRC AGFANKIQS- EVDNIKGLA
PsLucl 112 PEIIGFKNME PMEQFIAQVD LCADCTTGCL KGLANVRCND LLKKWLPDRC AGFALKIQG - EVENIKGMA
PsLuc? 150 PEIPGFKELE PMEQFIAQVD LCADCTTRCL KGLANVRCND LLKKWLPDRC AGFANKIQS EVHNIKGLA
PxLucl 110 PEIIGFKNME PMDQFIAQVD LCADCTTGCL KGLANVRCND LLKKWLPDRC AGFADKIQN- EVDSIKGMA
PxLuc? 143 PEIIGFKNME PMDQFIAQVD LCADCTTGCL KGLANVRCND LLKKWLPDRC AGFADKIQN EVDSIKGMA

Clustal Consensus 30

Figure 1. Structure and sequence alignment of Gaussia luciferase (GLuc). (A) Domain architecture of
GLuc encompassing a signal peptide (SP) and two repeated catalytic domains (D1 and D2). The protein
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(A)

comprises 185 amino acids. (B) Multiple sequence alignment of GLuc and 21 copepod luciferase
homologs, focusing on the D1 (top) and D2 (bottom). Amino acid residues are color-coded based on
their physicochemical properties. Identical residues across all sequences are indicated by asterisks
(*), while conserved substitutions are represented by a colon (:) and period (.). Gaps introduced
for optimal alignment are shown as dashes (-). Amino acid positions are numbered on the left and
right. The amino acids targeted for mutagenesis are indicated by arrows, with GLuc5 mutation sites
highlighted in red.

2.2. Single Site-Directed Mutagenesis of GLuc for Enhanced BL

To investigate the impact of single amino acid substitutions on GLuc’s BL activity, we
generated a series of site-directed mutants derived from the wild-type protein. For the
efficient comparison of BL intensities among mutant proteins, we initially constructed a
plasmid for bacterial expression. GLuc’s expression in bacterial systems is often hindered
by the formation of five disulfide bonds because they increase the risk of misfolding when
GLuc is bacterially produced, resulting in a low yield [31]. For the bacterial expression of
GLuc, various strategies have been explored to enhance the soluble expression and purifi-
cation of GLuc in bacterial systems [32-34]. One effective approach involves the insertion
of an SEP-tag (nine Asp residues) at the C-terminus of GLuc [17,33]. We incorporated
a C-terminal SEP-tag into the pET28 vector (termed pET28-GLuc-SEP) and utilized this
construct for protein expression and mutagenesis (Figure 2A). The recombinant GLuc-SEP
protein was successfully expressed in E. coli and purified to homogeneity. The molecular
weight of the purified GLuc protein, as determined by SDS-PAGE analysis, was approxi-
mately 24 kDa (Figure 2B), which is consistent with its calculated molecular weight based
on the amino acid sequence. To assess the impact of mutations on BL intensity, purified
GLuc-SEP mutants were subjected to BL assays at varying concentrations (Figure 2C).

(B) (C)

Kan .
M BI Al Sol ---------| Elution---------- 900,000
(kDa) —~ 800,000 -
BamHI 75 - = z 700,000 | —0.5 M
=~ 600,000 —
GLUC-SEP SO -g' 500,000 - 0.25 M
pET28-GLuc-SEP 37N - g 400,000 | 0.125 uM
(for bacterial expression) HindIll 25 2 E E 300,000
08 = 200,000
- 100,000
- 0= 7 "
* . g i 400 450 500 550 600
lacl WL (nm)
Cloning & Expression & purification BL Assay
Site-directed mutagenesis (SDS-PAGE)

Figure 2. Characterization of site-directed GLuc mutants with enhanced bioluminescence (BL) inten-
sity. (A) A schematic representation of the pET28-GLuc-SEP plasmid used for bacterial expression.
The WT or mutated GLuc-SEP gene was inserted between BamHI and HindlllI restriction sites. (B) SDS-
PAGE analysis of purified GLuc-SEP protein. M, BI, Al, and Sol denote size markers before induction,
after induction, and as a soluble fraction, respectively. The target protein is indicated by the box.
(C) Assay of BL intensity of purified GLuc-SEP mutants at various concentrations. The BL intensities
of the GLuc mutants were compared to those of the -type GLuc-SEP to verify BL enhancement.

Despite the high conservation of cysteine residues among copepod luciferases, we
excluded them from our site-directed mutagenesis experiments. Previous studies have
demonstrated that cysteine residues within GLuc play a crucial role in maintaining pro-
tein structural stability through disulfide bond formation rather than directly influencing
BL activity. It has been reported that the fifth disulfide bond in GLuc is dispensable for
bioluminescence, as evidenced by complementation experiments involving two inactive
GLuc domains [35]. The BL intensities of these mutants were measured using two distinct
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substrates: coelenterazine native (Figure 3A) and coelenterazine-h (Figure 3B). Our analysis
revealed that several mutations led to significant enhancements in GLuc’s BL intensity,
particularly when using coelenterazine-h as a substrate. This result also suggests that the re-
gion encompassing amino acids 60-103 plays a crucial role in substrate specificity, given the
structural difference between coelenterazine native and coelenterazine-h, which involves
an additional —OH group in the native form. Our findings corroborate the hypothesis that
the GLuc active site resides within amino acids 71-140, as previously suggested, based on
hydrophobicity analysis [21]. Collectively, five of the tested single mutants, M60L, K88Q,
F89Y, I90L, and S103T, exhibited relatively high increases in BL intensity compared to the
wild-type GLuc. Among these mutants, M60L and K88Q demonstrated the highest levels
of BL enhancement. The M60I substitution has been previously reported to extend the light
emission [15]. F89Y and I90L have also been shown to enhance BL in GLuc [30]. Notably,
the M60L, K88Q), F89Y, and I90L mutants exhibited substantial increases in BL intensity,
averaging between 3.7- and 7.5-fold compared to the wild-type protein (Figure 3C). These
findings highlight the critical role of these amino acid residues in modulating GLuc’s
catalytic efficiency and substrate specificity.

(A) é’lg +Coelenterazine native
28t u\\y{/—(\:}%
el Y
S8l fons!

@4 0

37

s 2}

2t
FECLELLFFEF LSS L LS

(B)*?ig [ +Coelenterazine-h
H
E gl
- 5
0 L
et 2 5
3 1t
x o

AP EOEPEEIIF LIS o884

(C) M6OL  K88Q F89Y T90L S103T Wild-type

7.5 6.3 3.83.7 1.8 1

Relative BL intensity enhancement (fold)

Figure 3. Effect of single mutagenesis on the BL activity of GLuc. Single mutants were derived
from wild-type GLuc via site-directed mutagenesis, and their BL intensities were assessed using
two different substrates: coelenterazine native (A) and coelenterazine-h (B). The BL intensity of
GLuc was measured at 482 nm. Error bars represent the standard deviations from three independent
experiments. (C) A horizontal bar chart summarizing the relative BL intensity enhancement (fold
increase) for selected mutants compared to the wild type is shown. The fold increase was calculated
by taking the average of the values in (A,B). The mutants exhibiting significant increases in BL
intensity are displayed.

2.3. Multiple Site-Directed Mutagenesis of GLuc for Enhanced BL

To investigate the synergistic effects of multiple amino acid substitutions on GLuc’s BL
activity, we generated a series of combinatorial mutants based on the conserved positions
(Figure 1B). When evaluated with coelenterazine-#, the quintuple mutant (M60L, K88Q,
F89Y, I90L, and S103T, denoted GLuc5) exhibited the highest BL intensity (~29-fold versus
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wild-type) among all tested combinations, surpassing every single mutant (Figure 4A).
While some double (M60L/I90L), triple (M60L /K88Q/I90L and M60L/L88Q/S103T), or
quadruple mutants (M60L/K88Q/I90L/S103T) exhibited significant enhancements in BL
activity, some multiple mutant combinations surprisingly exhibited decreased BL intensity
compared to their single mutant counterparts (Figure 4B). The M60L substitution appears to
be a key determinant of the observed enhancements, as combinations lacking this mutation
showed only moderate increases in BL intensity. While a luciferase-based application was
not implemented in the current study, GLuc5 has the potential to be directly applied in
biosensors, as demonstrated by our previous research on measuring protease activity using
peptide-linked luciferase [36].

(A)

GLuc5
2 3  +Coelenterazine-h
‘®
c 25
[}
S
£ 2
E,' 15 |
ERN
®
i o
0

|
AL L LS

N N 4
&S

(B) M60L
K88Q MG60L
F89Y MG6OL K88Q MG6OL
I90L KS88Q I90L K88Q MG6OL
S103T I90L S103T S103T 190L Wild-type
29.0 26.0 19.3 14.914.8 1

Relative BL intensity enhancement (fold)

Figure 4. Effect of multiple mutagenesis on the BL activity of GLuc. (A) Relative BL intensity of
multiple mutants compared to the wild type when incubated with coelenterazine-h. Error bars
represent the standard deviations from three independent experiments. (B) A horizontal bar chart
summarizing the relative fold increase in BL intensity for selected mutants is shown.

2.4. BL Reporter Assay in Cell Culture Medium by Transfection of the GLucb Variant

The codon-optimized GLuc used in the present study has been recognized as a promis-
ing reporter protein [8], offering a valuable tool for monitoring various biological processes
in conditioned media of cultured cells, as well as in the blood and urine [10,37]. GLuc is
highly stable in culture media, with a half-life of approximately six days, allowing samples
to be stored at 4 °C for several days without a significant loss of reporter activity [37]. To
investigate the usefulness of the multi-site-directed mutant GLuc5 in mammalian cells,
BL intensity was compared across various mammalian cell lines transfected with differ-
ent pCMYV constructs (Figure 5). It is noteworthy that the gene encoding GLuc contains
a secreted signal peptide sequence at its N-terminus functionally. Among the cell lines
tested, COS-7 showed the highest BL intensity, particularly when transfected with the
PCMV_GLuc5 vector, leading to a substantial increase in BL intensity. Although BL inten-
sity varied widely among different cell lines transfected with the same GLuc constructs,
other cell lines, including HeLa, HT-1080, MCF-7, and SK-BR-3, also exhibited significant
increases in BL intensity when transfected with the pCMV_GLuc5 vector compared to
the mock and pCMV_GLucWT controls. This variability in BL intensity among different
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cell lines suggests that transfection efficiency, substrate penetration, and/or other cellular
factors may influence GLuc activity, highlighting the need for further investigation into the
underlying mechanisms. Overall, this result indicates that the GLuc5 variant significantly
enhances BL intensity across different cell lines, supporting its potential as a highly sensi-
tive reporter for a wide range of biological applications, particularly in monitoring gene
expression and cellular processes in various cell types. It is noteworthy that compared to
the fluorescence measurement, BL offers superior sensitivity and enables the quantifica-
tion of protein expression at lower concentrations. Consequently, we anticipate that the
enhanced sensitivity of the engineered GLuc holds significant promise for applications
such as BL resonance energy transfer (BRET) and BL imaging.

8,000,000
f?
= 7,000,000 -
m' 1 pCMV_mock
- 6,000,000 r 1 pCMV_GLUcWT
> Il pCMV_GLuc5
= 5,000,000 r
Z
o 4,000,000 r
]
k=
-l
11]

3,000,000
2,000,000 .
1,000,000 r .

COS-7 HeLa HT-1080 MCF-7 SK-BR-3
(in culture medium of mammalian cell)

Figure 5. A comparison of BL intensity in mammalian cell lines transfected with pCMV constructs. BL
intensity was measured in the culture medium of five mammalian cell lines (COS-7, HeLa, HT-1080,
MCE-7, and SK-BR-3) following transfection with an empty pCMYV vector (mock, white bar), a pCMV
vector expressing wild-type GLuc (GLucWT, gray bar), or a pCMV vector expressing the GLuc5
variant (black bar). Error bars represent the standard deviations from three independent experiments.

3. Materials and Methods
3.1. Materials

The pCMV-GLuc plasmid, coelenterazine-native, and coelenterazine-h were purchased
from Nanolight Technology (Pinetop, AZ, USA) and used for cloning with specific primers.
All the primers were sourced from Macrogen (Seoul, Republic of Korea). All other reagents
were purchased from commercial suppliers and were of the highest available purity grade.

3.2. Sequence-Guided Mutagenesis

A protein-BLAST search was initially conducted using the GLuc amino acid sequence
to identify related copepod luciferase sequences. Subsequently, multiple sequence align-
ment was performed with the resulting luciferase sequences from the BLAST search, and
highly consensus amino acids were selected for site-directed mutagenesis and charac-
terization. The GenBank accession numbers for the luciferase sequences are as follows:
Metridia asymmetrica 1 (MaLuc_1, BAN91823), Metridia asymmetrica 2 (MaLuc_2, BAN91824),
Metridia curticauda 1 (McLuc_1, BAN91825) Metridia curticauda 2 (McLuc_2, BAN91826),
Metridia pacifica 1 (MpLuc_1, BAG48249), Metridia pacifica 2 (MpLuc_2, BAG48250), Metridia
okhotensis 1 (MoLuc_1, BAM11213), Metridia okhotensis 2 (MoLuc_2, BAL63033), Metridia
longa 1 (MILuc_1, ABW06650), M. longa 2 (MILuc_2, AAR17541), Pleuromamma abdominalis
1 (PalLuc_1, BAL63034), Pleuromamma abdominalis 2 (PaLuc_2, BAL63035), Pleuromamma
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scutullata 1 (PsLuc_1, BAN91827), Pleuromamma scutullata 2 (PsLuc_2, BAN91828), P. xiphias
1 (PxLuc_1, BAN91832), Pleuromamma xiphias 2 (PxLuc_2, BAN91829), Lucicutia ovaliformis
(LoLuc, BAN91831), Heterorhabdus tanneri 1 (HtLuc_1, BAL63039), Heterorhabdus tanneri 2
(HfLuc_2, BAL63040), Heterostylites major 1 (HmLuc_1, BAL63041), and Heterostylites major
2 (HmLuc_2, BAL63042). Site-directed mutagenesis was performed using pET_GLuc-SEP
plasmid, which carries the GLuc gene with a C-terminal solubility enhancement pep-
tide (SEP)-tag. The pET_GLuc-SEP was constructed by cloning the GLuc sequence from
the pCMV-GLuc vector. The SEP-tag, consisting of six Asp residues, was added to the
C-terminus to enhance solubility, as previously suggested [33], using polymerase chain
reaction (PCR). The resulting GLuc-SEP was then cloned into the pET28 vector. Single
or multiple mutations at pET_GLuc-SEP were created by oligonucleotide-directed muta-
genesis, as previously described [38]. This method involved the amplification of a target
gene with mutagenic primers, followed by the digestion of parental methylated DNA with
Dpnl. The resulting PCR product, which was not methylated, was then transformed into E.
coli DH5« cells. Subsequent selection and screening steps allowed for the identification of
clones containing the desired mutation. All wild-type and mutant sequences were analyzed
using the Macrogen sequencing service in Republic of Korea.

3.3. Expression and Purification of GLuc Mutants

The pET28_GLuc-SEP expression plasmid was transformed into E. coli strain BL21
cells and the transformed bacteria were grown at 37 °C in 250 mL of Luria—Bertani broth
containing 50 pg/mL of kanamycin until the optical density at 600 nm reached 0.7. Protein
expression was induced by adding 0.5 mM IPTG, and the cells were further incubated
for an additional 5 h at 25 °C. Cells were harvested by centrifugation at 7000 rpm for
10 min. The harvested cell pellet was resuspended in a 12.5 mL lysis buffer (50 mM Tris
containing 300 mM NaCl, 1 mg/mL lysozyme, 1 mM phenylmethylsulfonyl fluoride, and
0.5% Triton X-100, pH 8.0) and disrupted by ultrasonication. The crude cell extract was
centrifuged at 14,000 rpm for 20 min, and the supernatant was filtered and incubated with
1 mL of Ni-NTA beads for 1 h with shaking at 4 °C. The flow-through was removed, and
the beads were washed three times with a wash buffer (50 mM Tris containing 300 mM
NaCl and 20 mM imidazole, pH 8.0). The bound proteins were eluted with a linear gradient
of 0-0.5 M imidazole in a wash buffer. Fractions containing the expressed protein were
dialyzed and concentrated in 50 mM Tris (containing 50 mM NaCl, pH 8.0). Mutant
proteins were purified in a similar manner. The protein concentration in the soluble fraction
was determined using the theoretical extinction coefficient calculated from the amino
acid sequences.

3.4. Protein-Based BL Assay of Bacteria-Expressed GLuc Mutants

BL assays were conducted in a total volume of 100 pL of 50 mM Tris (containing
50 mM NaCl, pH 8.0) with purified GLuc protein and coelenterazine substrates. Briefly,
50 uL of either coelenterazine-native or coelenterazine-h solution (final concentration of
10 ug/mL) was mixed with 50 pL of purified GLuc (final concentration of 250 nM), and
the BL intensity was immediately measured using a plate reader (Varioskan; Thermo
Fisher Scientific, Waltham, MA, USA) at a wavelength of 400-600 nm. For analysis, the
intensities of the mutant proteins at 482 nm (the wavelength of maximum intensity, Amax)
were compared with those of the wild type, and enhanced candidates were selected for
further characterization.

3.5. Secretion-Based BL Assay of Mammalian Cell-Expressed GLuc Mutants

To optimize mammalian cell transfection and luciferase secretion into the culture
medium, two plasmids (pCMV_GLucWT and pCMV_GLuc5) were constructed using the
pCMV3_untagged plasmid (Sino Biological, Beijing, China) as a backbone. The DNA
sequence encoding GLuc_WT (or GLuc5 mutant), including the N-terminal signal sequence
but excluding the SEP sequence, was amplified from the plasmid pET28_GLucWT-SEP (or
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pET28_GLuc5-SEP) by PCR. The forward primer (5'-CCC AAG CTT ATG GGA GTC AAA
GTT CTG TTT GCC C-3') included a HindlII restriction site, while the reverse primer (5'-
GCT CTA GAT TAG TCA CCA CCG GCC CCC TTG-3') included a Xbal site. Mammalian
cell lines (COS-7, HeLa, HT-1080, MCF-7, and SK-BR-3) were cultured in a suitable growth
medium with 10% FBS (DMEM for COS-7 and HeLa; RPMI1640 for HT-1080, MCF-7, and
SK-BR-7) at 37 °C in a 5% CO; incubator until they reached 70-80% confluence. Cells were
transfected with plasmids encoding wild-type GLuc (pCMV_GLucWT) and the GLuc5
mutant (pCMV_GLuc5) using the FuGene HD transfection reagent (Promega, Madison,
WI, USA) according to the manufacturer’s protocol. The empty plasmid (pCMV_mock)
served as a negative control. Cells were transfected for 48 h in a serum-free medium to
allow for protein expression. Subsequently, the cell culture supernatant was collected by
centrifuging at 300 x g for 5 min to remove cell debris. The resulting supernatant, containing
secreted GLucWT or GLuc5, was transferred to a clean tube. BL was measured using a
microplate reader immediately following the 2:1 mixing of volumes of a culture supernatant
(100 uL) and coelenterazine-h solution (50 pL) in PBS within a white 96-well plate. The
final concentration of coelenterazine-i was 6.7 ug/mL. BL intensity was determined at the
maximal peak within the 400-600 nm wavelength range.

4. Conclusions

Despite its widespread use of GLuc in diverse biological applications, its performance
can be significantly enhanced through rational protein engineering. We demonstrate
that sequence-guided mutagenesis, informed by a comprehensive analysis of copepod
luciferases, enabled the development of GLuc variants with substantially increased BL
intensity. Among the single and multiple mutants generated, individual mutations within
the first catalytic domain, including M60L, K88Q, F89Y, I90L, and S103T, were particularly
effective at improving BL emissions. Notably, the quintuple mutant GLuc5 exhibited
a remarkable 29-fold increase in BL intensity compared to the wild-type protein, both
in bacterial expression systems and in culture media secreted by five mammalian cell
lines. These findings highlight the potential of GLuc5 as a promising candidate for a wide
range of BL-based applications, including gene expression studies and protein—protein
interaction analysis.
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