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ABSTRACT: The present study demonstrates the creation of
artificial luciferases (ALuc) for bioassays, inspired by a
sequence alignment of copepod luciferases. Extraction of the
consensus amino acids from the alignment enabled us to
generate a series of ALucs with unique optical properties and
sequential identities that are clearly different from those of any
existing copepod luciferase. For example, some ALucs
exhibited heat stability, dramatically prolonged optical
intensities, broad full width at half-maximum, and strong
optical intensities. The practical suitability of the luciferases as
an optical readout was examined in diverse bioassays, including mammalian two-hybrid assays, live cell imaging, single-chain
probes, bioluminescent capsules, and bioluminescent antibodies. We further determine the physical properties of ALucs through
bioinformatic analysis and finally discuss detailed issues on the unique properties of ALucs. The present study shows how to
create the artificial enzymes with excellent optical properties for bioassays and encourages researchers to fabricate their own
unique artificial enzymes with designed properties and functionalities.

■ INTRODUCTION

Luciferases are a family of light-generating proteins that can be
isolated from a large variety of insects, marine organisms, and
prokaryotes.1,2 The light-emitting mechanisms are also
intensively investigated through analysis of the crystallographic
data3 and organic synthesis of the substrates.4

Although our knowledge on luciferases is rapidly emerging,
the practical strategy to engineer luciferases has been confined
to mutagenesis. Either point or random mutagenetic
approaches are generally slow and tedious, and they consume
much time and labor. Crystallographic information on
luciferases is also rarely available.5 Exceptionally, a fluorescent
protein-linked luciferase successfully generated artificial bio-
luminescence via a bioluminescence resonance energy transfer
(BRET).6

Alternatively, an alignment of many relative protein
sequences in public databases facilitates new insights on the
phylogenetic history, structural information, consensus amino
acids, as well as functional motifs. One of the major strategies
using a sequence alignment is the “consensus sequence-driven
mutagenesis strategy” (CSMS), in which homologous protein
sequences are aligned to find consensus amino acids and
mutagenesis sites.7,8 This approach is based on the premise that
frequently occurring amino acids at a given position have a
larger thermostabilizing effect than less frequent amino acids
do. A more precise bioinformatics analysis of multiple sequence
alignments, called “statistical coupling analysis (SCA)”, was also
developed to explain the evolutionary constraints of proteins by
measuring the relative entropy (Di) of an amino acid.9 We had
also suggested that a putative core region of marine luciferases
may be highlighted by a hydrophobicity search and an

overlapping approach of the two domains of copepod
luciferases, called “single-sequence alignment (SSA)”.5

When we review the precedent knowledge on luciferase
engineering, our fundamental curiosity concerns the question of
why we do not construct whole sequences of artificial
luciferases (ALuc) that have never existed, instead of
undertaking heavily labor-consuming mutagenesis of existing
luciferases. This view prompted us to create a series of ALucs
with a strategy of whole-scale construction of consensus amino
acid sequences from an alignment of many existing luciferases
in a public database, i.e., the National Center for Biotechnology
Information (NCBI), whose sequences have been accumulated
by great devotion of many researchers. The validity of this idea
was examined with an alignment of 13 copepod luciferases in
the public domain,10 from which frequently occurring amino
acids were extracted to reconstitute a prototypical sequence of
ALucs. Copepod luciferases are an ideal model for the present
purpose, because (i) the luciferase sequences are highly
conserved, (ii) they exhibit the smallest molecular weights
among existing luciferases, and (iii) they are supposed to
consist of two repeated catalytic domains,11 with the alignment
of the two catalytic domains additionally revealing consensus
amino acids. This SSA alignment helps in deciding appropriate
amino acids in the variable regions.
Using the above-mentioned process, we created a series of

ALucs, the maximal sequence identities of which were below
83% according to the NCBI Blast and less than 76% according
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to the Swiss Institute of bioinformatics (SIB) Blast, compared
with any existing luciferases in the public databases. The optical
intensities were ca. 50 times stronger than any existing copepod
luciferases and were extremely stable and with red-shifted
bioluminescence. We further examined the suitability of these
luciferases as an optical readout in bioassays and determined
the physical properties through a bioinformatics analysis.

■ EXPERIMENTAL SECTION
Construction of Artificial Luciferases. The murine

codon-optimized cDNA sequences encoding ALucs were
custom-synthesized according to the alignment of Figures S1
and S2, where the sequences were determined through the
following procedure: (i) The consensus amino acids were first
determined from the alignment of known copepod luciferase
sequences to make a prototype of a series of ALucs (Figure S1).
The majority of amino acids in the conserved regions were
adjusted in the light of the precedent view that copepod
luciferases have two repeated catalytic domains, i.e., SSA. The
alignment reveals two repeated catalytic domains. Considering
that the two repeated domains are mirror images of each other,
some amino acids in a catalytic domain were adjusted in light of
the corresponding amino acids in the other domain (arrows in
Figure S1). The remaining amino acids in the variable region
were decided on an occasional basis to complete the prototype.
The prototypical sequence was then utilized to generate a series
of the potential sequences of ALucs (Figure S2). (ii) The
codons encoding the sequences were murinized for their
optimal expression in murine cells. (iii) Because copepod
luciferases are supposed to have a secretion peptide at the N-
terminal end, an endoplasmic reticulum (ER) retention signal,

i.e., KDEL, was added at the C-terminal end of the made
sequence for the retention in the ER. The average length and
molecular weight (MW) of the made sequences were 207 (±10
s.d.) AAs and 22.4 (±1.0 s.d.) kD, respectively.
The cDNAs encoding each ALuc were custom-synthesized

on order by Operon Biotechnology (Tokyo, Japan). The
synthesized cDNAs were subcloned into pcDNA3.1(+)
(Invitrogen) using the specific restriction sites, HindIII and
XhoI, for expression in mammalian cells. The overall sequence
fidelity was confirmed with a sequencing service provided by
Operon Biotechnology (Tokyo, Japan).
Maximal identity and similarity ranking of the ALuc

sequences in the absence of KDEL, compared with existing
luciferases, were determined using an alignment search tool
provided by NCBI Blast (v BLASTP 2.2.27+; http://www.ncbi.
nlm.nih.gov/) and SIB Blast (http://web.expasy.org/blast).
The table of Figure 1(A) lists the results.

Relative Optical Intensities of ALucs Compared with
Those of GLuc. The relative optical properties of ALucs were
examined in COS-7 cells derived from African green monkey
kidney fibroblast, which is grown in Dulbecco’s minimal
essential medium (DMEM) (Gibco) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (Gibco) and 1%
penicillin/streptomycin (P/S) (Gibco) (Figure 1(B)).
COS-7 cells grown in a 96-well plate (Nunc) were transiently

transfected with the pcDNA3.1(+) plasmids encoding each
ALuc (Figure S2(A)) or existing marine luciferases, i.e., Gaussia
princeps luciferase (Gluc; GenBank AAG54095.1),12 Metridia
pacifica luciferase 1 (MpLuc1; GenBank AB195233),13 or
Renilla reniformis luciferase 8.6−535 (RLuc8.6-535)14 as the
internal references using a lipofection reagent, TransIT-LT1

Figure 1. Creation of artificial luciferases. (A) An unrooted phylogenetic tree according to CLUSTALW v 2.1 (left). The circle indicates the relative
positions of A16 and A23 in the tree. The sequences of copepod luciferases were obtained from a public database, NCBI Blast. Identical sequences
to ALucs were also searched with public alignment services (NCBI Blast and SIB Blast) (right table). The percentages in the parentheses
demonstrate the corresponding results from SIB Blast as another database service. (B) Relative optical intensities of ALucs, compared with GLuc (n
= 3). The gray bars indicate relatively unstable ALucs. The inset shows the representative bioluminescence spectra obtained with a high precision
spectrophotometer (AB1850; ATTO). FWHM means full width at half-maximum. Section A shows the pseudocolor image of the bioluminescence
generated by ALucs, obtained using an image analyzer (LAS-4000, FujiFilm).
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(Mirus). Sixteen hours after the transfection, the cells on each
well were lysed with 50 μL of a lysis buffer (E291A; Promega).
An aliquot of the lysates (10 μL) was transferred into two
separated 96-well plates (Nunc) using an 8-channel pipet: one
of the plates was used for determining the relative bio-
luminescence intensities, while the other was for the adjustment
of variance of the protein amounts (control). The relative
bioluminescence intensities were determined after a pro-
grammed, automatic injection of the specific substrate, native
coelenterazine (nCTZ; Promega), dissolved in an RLuc assay
buffer (E290B, Promega) using a microplate reader equipped
with an automatic injector (SH-9000lab, Corona). The
luminescence intensities were normalized to that of GLuc as
an internal reference to show them in relative fold intensity.
The bioluminescence spectra from the above-prepared

lysates were estimated with a high-fidelity spectrophotometer
(AB-1850, ATTO) equipped with a cooled charge-coupled
device (CCD) camera that enables one-shot capture of the
entire light. The lysate (5 μL) was mixed with 50 μL of the
RLuc assay buffer carrying nCTZ (E2820, Promega) and
immediately placed in the instrument for the measurement.
The integration time was 10 s. The spectra were normalized in
relative percentages (Figure 1(B), inset).
The optical images from the above prepared lysates were also

determined with an image analyzer (LAS-4000, FujiFilm)
immediately after a simultaneous injection of 40 μL of the RLuc
assay buffer carrying nCTZ to each well carrying 10 μL of the

lysates using a multichannel pipet (Figure 1(B), inset A). The
optical intensities were normalized in relative intensities
compared to GLuc as the internal reference.

Two-Hybrid Assay. The suitability of ALucs as an optical
readout was examined with a mammalian two-hybrid assay
system (Checkmate, Promega) expressing RLuc8.6-535,
MpLuc1, ALuc16 (A16), and A16-DEVD-MLS (Figure
2(A)). For the present two-hybrid assay, we first made a new
plasmid set by replacing the cDNA encoding firefly luciferase
(FLuc) in a commercial plasmid called ‘pG5luc’ (Promega)
with one encoding GLuc, MpLuc1,15 A16, or P5 (i.e., A16-
DEVD-MLS). The plasmids were named pG5-gluc, pG5-mp1,
pG5-a16, and pG5-p5, respectively.
COS-7 cells stably expressing MyoD were established with

pACT-MyoD (Neo) (Promega) using the culture medium
supplemented with G418 (final conc: 0.5 mg/mL). The cells
stably expressing MyoD were grown to 90% confluence in wells
of a 96-well microplate. The cells were further transiently
cotransfected with the following two plasmids: common
pBIND-ID (Promega) vector and one of pG5-gluc, pG5-mp1,
pG5-a16, or pG5-p5. Twenty hours after the transfection, 20
μL of the supernatants of the cells were separately stocked to
determine the relative intensities of the secreted reporters. The
remaining cells were washed once with a PBS buffer and lysed
with 50 μL of a lysis buffer (E291A, Promega) for 20 min. The
lysates (10 μL) were transferred to a new microplate for the
activity measurement. The optical intensities of the super-

Figure 2. Applications of ALucs to mammalian two-hybrid assays and single-chain probes. (A) Determination of MyoD−ID interactions using a
mammalian two-hybrid assay system (Checkmate, Promega) (n = 4). Spontaneous interaction between MyoD and ID provokes the expression of the
respective reporters, GLuc, MpLuc1 (mp1), A16, and P5, from each pG5 vector. The numbers on the optical image show the relative optical
intensities of the bioluminescence, compared to GLuc. (B) Determination of stress hormone (cortisol) levels with single-chain probes carrying A16
fragments split at diverse dissection sites (n = 3). The left column illustrates the working mechanism of the single-chain probes before and after the
addition of cortisol. Cortisol restores the optical intensities of the probes through the reconstitution of the fragmented A16. The right column
indicates the S/B ratio of each single-chain probe carrying a different A16 fragment dissected at the specified site. The numbers on the black bars
show the fold intensities with cortisol, compared with those without cortisol.
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natants and the lysates relative to GLuc and MpLuc1 (internal
standard) were determined with an image analyzer (LAS-4000,
FujiFilm) after simultaneous injection of nCTZ using a
multichannel pipet (Eppendorf). The integration times for
the supernatant and lysates were 16 and 4 min, respectively.
Single-Chain Probes. For the experiment of Figure 2(B),

we created a series of cDNA constructs encoding single-chain
probes carrying a pair of A16 fragments split at consecutive
dissections sites, as specified in Figure S2(A), and subcloned
into pcDNA3.1(+) (Invitrogen). The specific experimental
procedure of the generation of the constructs was described in
the Supporting Information section. The plasmids were named
pcSimgr8 to pcSimgr14 according to the consecutive dissection
sites of A16.
Stress hormone (cortisol) sensitivity was examined through

the following procedure: COS-7 cells grown in the wells of a
96-well plate were transiently transfected with an aliquot of one
of the plasmids from pcSimgr8 to pcSimgr14 (0.1 μg per well)
using a lipofection reagent (TransIT-LT1, Mirus). Sixteen
hours after the transfection, the cells were stimulated for 20 min
with vehicle (culture media comprising 0.1% DMSO) or 10−6

M of cortisol. The relative optical intensities were determined
with a luminometer (GloMax 20/20n, Promega) after lysis of
the cells with a lysis buffer (E291A, Promega) and the

subsequent injection of the assay buffer carrying the specific
substrate, nCTZ, provided by a luciferase assay kit (E2820,
Promega). The mixing ratio was 20 μL:50 μL of lysate:assay
buffer, and the integration time was 2 s.
In the above study and others, the luminescence intensities

were normalized by two methods: (i) one was by the amount of
proteins in cell lysates. The unit of absolute luminescence is
subsequently RLU/ μg of protein. (ii) The other was expressed
by a relative luminescence unit (RLU) ratio (±), where RLU
(+) and RLU (-) represent the luminescence intensity from a 1
μg protein of cell lysate after COS-7 cells were stimulated with
and without a ligand, respectively.
A corresponding optical image before and after a cortisol

stimulation was also determined using a 6-channel microslide
(2.5 × 7.5 cm2, μ-slide VI0.4, ibidi) and an image analyzer (LAS-
4000, FujiFilm) (Figure 2(B), inset A). The specific
experimental procedure was described in the Supporting
Information section.

Bioluminescent Capsules. The suitability of ALucs for
bioassays was evaluated with bioluminescent capsules, which
were designed to carry a membrane localization signal (MLS)
for anchoring in the plasma membrane (PM) of mammalian
cells (Figure 3). The basic concept was described in our
previous study.16

Figure 3. Bioluminescent capsules and their applications to live cell imaging. (A) Cartoon illustration of the molecular structures of the presently
constructed capsules. Inset A shows the working mechanisms of a capsule, P6, anchoring in the PM. A capsule is diffused to the cytosol by an
apoptosis signal. Inset B illustrates the molecular structures of various bioluminescent capsules bearing different cargo proteins. (B) Molecular
imaging of living mammalian cells with fluorescence. The red fluorescence indicates locating of P6 in living COS-7 cells before and after stimulation
of STS. P6 is located in the PM or the ER in the basal condition. P6 releases A16 to the cytosol in the presence of STS. The blue fluorescence shows
the regions of the ER and the Golgi apparatus. The corresponding movies are also available on the Supporting Information. (C) A minute-scale time
course of the optical intensities of P2, P4, P5, and P6 after automatic injection of the specific substrate, nCTZ, dissolved in an assay buffer
(Promega) (n = 3). The optical intensity of ER-localizing P2 was generally poor compared with the others. (D) A second-scale time course of the
optical intensities of P1, P2, and P6 after automatic injection of the specific substrate nCTZ (n = 3). The speeds varied dramatically between the
PM-localized P6 and the ER-anchoring P2, although they commonly bear A16. (E) Molecular imaging of living mammalian cells with
bioluminescence. The optical image of a six-channel microslide growing COS-7 cells, which transiently express P1, P3, or P4. The cell territories
were visualized with bioluminescence. Abbreviations: STS, staurosporine; SP, secretion peptide; nCTZ, native coelenterazine; RLU, relative
luminescence unit; ER, endoplasmic reticulum; PM, plasma membrane.
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For the present study, we newly synthesized a series of
bioluminescent capsules (Figure 3(A), inset B). The generated
plasmids were named pP1 to pP6 according to the structure, as
shown in Figure 3(A). The specific experimental procedure of
the generation of the constructs was described in the
Supporting Information section.
A signal-dependent release of the cargo, mPlum, from the

capsules in living COS-7 cells was determined with a
fluorescent microscope (DMI6000B, Leica) (Figure 3(B)).
The 3D movies are available in the Supporting Information.
For the experiment, COS-7 cells were grown in a 3.5 cm

glass-bottom dish (Iwaki) and were transiently transfected with
pP6. Twenty-four hours after the transfection, the ER regions
of the cells were stained green with an ER tracker (Invitrogen)
according to the manufacturer’s instruction. The cells
expressing P6 were then stimulated with a vehicle (PBS buffer)
or 5 μM of staurosporine (STS) for 20 min. The culture media
were replaced with a Hank’s balanced salt solution (HBSS,
Gibco) buffer. The localization regions of the ER and the
capsules were imaged with a fluorescent microscope equipped
with a 510−530 nm band-pass filter (green, the ER) and 600
nm long-pass filter (red, mPlum) (Figure 3(B)).
The optical stability of P2, P4, P5, and P6 in living COS-7

cells was also examined using a conventional luminometer
(GloMax 20/20n, Promega) (Figure 3(C)). COS-7 cells grown
in 3.5 cm glass-bottom dishes (Iwaki) were transiently

transfected with an aliquot (0.2 μg) of pP2 (locating in the
ER), pP4 (locating in the PM), pP5 (locating in the PM), or
pP6 (locating in the PM), and incubated for 16 h. The culture
media in the dishes were replaced with an HBSS buffer (Gibco)
and set in the luminometer. The time course of the optical
intensities was recorded after an automatic injection of nCTZ
dissolved in an HBSS buffer. The luminescence intensities were
normalized by the total amounts of proteins, which were
estimated with a Bradford reagent (BIO-RAD). The unit of
absolute luminescence is subsequently relative luminescence
unit per microgram (RLU/μg) of protein.
The kinetics of the bioluminescence intensities from living

COS-7 cells were similarly determined with a microplate reader
(SH-9000lab, Corona) (Figure 3(D)). COS-7 cells carrying P1
(locating in the cytosol), P2 (locating in the PM), or P6
(locating in the PM) were grown in a 96-well plate. The COS-7
cells were washed once with the HBSS buffer and dried up by
tapping the microplate before the measurement. The optical
intensities from the COS-7 cells were monitored with a 0.1 s
interval after a programmed automatic injection of the specific
substrate nCTZ dissolved in the HBSS buffer. The obtained
luminescence intensities were normalized by the total protein
amounts of the lysates of the cells using a Bradford reagent
(BIO-RAD).
As supplementary data, the relative optical intensities of the

capsules in living COS-7 cells were estimated with an image

Figure 4. Construction of bioluminescent antibodies and their optical properties. (A) The molecular structures of antibodies, named A16-v1, A16-
v2, and A16-v3. The left column demonstrates the lighting mechanism of the A16-linked antibodies. The C-terminal end of an anti-GST-tag
antibody was fused to A16, which luminesces in the presence of nCTZ. The right column shows cDNA constructs of the antibodies. scFv means
single-chain variable fragments. (B) The optical images of (i) Coomassie brilliant blue (CBB) staining of A16-v1 (left column), (ii) Western blotting
of A16-v2 and A16-v3 (middle column), and (iii) bioluminescence imaging of A16-v1, A16-v2, and A16-v3 (right column). The CBB staining
shows all the proteins purified, before and after the dissection of the affinity tag, Protein A. The left and right lanes in the Western blot image show
the protein bands recognized by anti-FLAG-Tag (MBL) and anti-His-tag antibodies, respectively. The bioluminescence image at the right column
indicates the relative optical intensities of 1 μg/mL of HRP or antibodies in pseudocolor. (C) The normalized bioluminescence spectra generated by
HRP-ab and A16-v3. A16-ab exerted a stronger red-shifted optical intensity than HRP-ab (n = 2).
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analyzer (LAS-4000, FujiFilm) (Figure 3(E)). COS-7 cells were
grown in a 6-channel microslide (ibidi) and transiently
transfected with pP1, pP3, and pP4. Sixteen hours after the
transfection, the cells in the channels were washed once with an
HBSS buffer (Gibco) and then filled with 80 μL of an HBSS
buffer dissolving nCTZ using a multichannel pipet for an
immediate determination of the optical image in the image
analyzer (standard exposure mode, 5 min integration).
Bioluminescent Antibodies. The optical properties of

ALuc-linked antibodies were compared with those of a
horseradish peroxidase (HRP)-linked antibody (Figure 4).
For the present study, we custom-synthesized ALuc-fused

divalent single-chain variable fragments (di-scFv) with the help
of an antibody manufacturer, MBL (Nagoya, Japan). Figure
4(A) briefly illustrates the molecular structure, working
mechanism, and cDNA constructs. We prepared three
purification schemes for the antibodies, whose N- and C-
terminal ends were linked with distinctive tags, as shown in
Figure 4(A). The corresponding antibodies were named A16-
v1, A16-v2, and A16-v3. We first examined the feasibility of a
large-scale expression of A16-v1 in E. coli. In parallel, we tested
a mammalian cell expression of A16-v2 and A16-v3 in Chinese
hamster ovary (CHO) cells (Figure 4(B)). The antibodies in
the culture media were purified with the corresponding affinity
columns, i.e., protein A-tag, IgG-Sepharose, and/or Ni-NTA-
Agarose columns. The relative amounts and fragmentation of
the purified antibodies were then examined with Coomassie
brilliant blue (CBB) staining or Western blot analysis. A16-v1
bands were blotted with a CBB staining reagent (BIO-RAD)
after SDS-polyacrylamide gel electrophoresis (SDS-PAGE),
whereas A16-v2 and A16-v3 bands were transferred to a
nitrocellulose paper (Millipore) and blotted with an anti-
FLAG-Tag antibody (MBL) and an anti-His-tag antibody
(MBL), respectively, after PAGE.
The relative optical intensities of A16-v1, A16-v2, and A16-

v3 compared to an HRP-linked antibody (named HRP-ab; GE
Healthcare) were further examined with an image analyzer
(FujiFilm) (Figure 4(B)). Before the comparison, the antibody
amounts (A16-v1, A16-v2, A16-v3, and HRP-ab) were
normalized to be equal with an HBSS buffer or a PBS buffer
(final conc: 1 μg/mL). An aliquot of the diluted solutions (5
μL) was then transferred to a 96-well plate (Nunc) and
simultaneously mixed with 95 μL of the following substrate
solutions using a multichannel pipet (Eppendorf): (i)
Immunostar LD (Wako) for the HRP-ab and (ii) a
bioluminescence assay kit (E2820, Promega) for A16-v1,
A16-v2, and A16-v3. The developed bioluminescence
intensities were determined with LAS-4000 (FujiFilm) in
high-resolution mode with 1 s of the integration time.
The corresponding bioluminescence spectra of A16-v3 and

HRP-ab were determined with a spectrophotometer (AB-1850,
ATTO) (Figure 4(C)). For the study, the above diluted
solutions were further adjusted to be 0.5 μg/mL. Immediately
after mixing 0.5 μL of the enzyme solutions with 15 μL of the
assay solutions carrying the respective substrates (Promega and
Wako), the consequent bioluminescence spectra were
estimated with the spectrophotometer in an integration time
of 5 s.

■ RESULTS

Artificial Luciferases Differ in Identities from Any
Existing Copepod Luciferases. We searched the maximal

identities of ALucs, generated with the above-mentioned
strategies of CSMS and SSA.
An identity search of ALuc sequences in two famous public

databases (NCBI Blast and SIB Blast) revealed that (i) their
maximal identities to any existing luciferases were less than 83%
by NCBI Blast and 76% by SIB Blast, and (ii) the first and
second closest existing luciferases to ALucs were Metridia
pacifica luciferase (MpLuc) and Metridia okhotensis luciferase
(MoLuc), respectively.

Optical Properties of ALucs Were Superior to Any
Existing Marine Luciferases. The relative optical properties
of ALucs compared to major marine luciferases (GLuc,
MpLuc1, and RLuc8.6-535) were examined (Figure 1(B)). In
general, ALucs exhibited stronger bioluminescence intensities
than any existing luciferases, including GLuc and RLuc8.6-535;
for instance, A15, A16, A23, and A25 exhibited 47, 43, 53, and
45 times stronger optical intensities (Figure 1(B)), respectively,
and 11 times prolonged bioluminescence than GLuc with
native coelenterazine (Figure S4). Further, we estimated the
substrate specificity of the made ALucs according to six
different coelenterazine variants and compared with RLuc8.6-
535 and GLuc. The comparison revealed that ALucs exert a
unique substrate selectivity to coelenterazine i, whereas
RLuc8.6-535 was selective to coelenterazine ip (data not
shown).
Interestingly, A18 and A24 showed a dramatic contrast in

optical stability: A18 quickly lost its activity after an addition of
the substrate (only 6.7 (±1.6 s.d.)% at 6 min after the nCTZ
injection), whereas A24 kept 71.2 (±15.3 s.d.)% of its initial
activity at 6 min after the nCTZ injection (numbers on bars,
Figure 1(B)).
Although the C-terminal ends of A16, A22, A23, and A25

were all fused with an ER retention signal (KDEL), a relatively
higher portion of A16 and A23 was secreted to the extracellular
matrix (Figure S3(B)). The secreted ratios over the total
expression amounts of A16 and A23 were 8.8 (±1.2 s.d.)% and
10.1 (±0.5 s.d.)%, respectively. The result shows that A16 and
A23 exhibit strong secretory properties, which were not fully
repressed even by the ER retention signal KDEL. The optical
intensities of the secreted luciferases were 89 (±7 s.d.) and 115
(±27 s.d.)-times greater than those of GLuc.
The maximal optical intensities of the ALucs (λmax) were

found in the green region of 505−530 nm (Figure 1(B)). The
most blue- and red-shifted bioluminescence was found with
A12 (λmax = 500 nm) and A25 (λmax = 530 nm), respectively.
A22 showed a characteristic instability to heat, compared

with the other ALucs. For comparison, we chose four ALucs,
A16, A22, A23, and A25, whose optical intensities are almost
equivalent. Ten minutes after heating A16, A22, A23, and A25
at 80 °C in a heating block, the enzymatic activity of A22
decreased to approximately 56% of those of the other ALucs
(Figure S3(A)). Our consensus is that the heat stability reflects
the poor structural rigidity. To learn more about (i) the 2D
structural variance between heat-unstable A22 and the others
and (ii) their putative localization sites, we conducted
bioinformatics searches, which results were summarized in
the Supporting Information section and Figure S3(C). The
overall search results suggest that the N- and C-terminal
regions dominate the secretory property and the structural
rigidity of ALucs, respectively.

ALucs Exert an Excellent Optical Readout for Two-
Hybrid Assays. The suitability of ALucs as an optical readout
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was examined with a mammalian two-hybrid assay (Figure
2(A)).
The assay system was designed to commonly carry pACT-

MyoD and pBIND-ID (Promega). The only difference in the
systems is the reporter expression vector (pG5) encoding
GLuc, MpLuc1, A16, or P5. The normalized fold intensities
from the supernatants of the cells carrying pG5-gluc, pG5-mp1,
pG5-a16, and pG5-p5 were found to be 1 (±0.3 s.d.), 2 (±0.2
s.d.), 8 (±6.6 s.d.), and 280 (±67.5 s.d.), respectively (Figure
2(A), upper panel). The drastic optical contrast between P5
and the other reporter proteins shows that a considerable
amount of P5 is secreted to the extracellular matrix, whereas
A16 was strictly retained in the cellular compartments owing to
the ER retention signal, ‘KDEL’.
Compared with the supernatants, the lysates did not show

such a drastic variance in the relative fold intensities, where the
relative intensities of the cell lysates carrying pG5-gluc, pG5-
mp1, pG5-a16, and pG5-p5 were 1 (±0.5 s.d.), 3 (±2.5 s.d.), 30
(±9.1 s.d.), and 31 (±8.2 s.d.), respectively (Figure 2(A), lower
panel). This may be partly caused by an intrinsic false-positive
expression of the reporter luciferases from the pG5 vector,
which drifts the background intensity, resulting in the relatively
smaller signal-to-background (S/B) ratios. The relative fold
intensity variances can be partly influenced by the secretion loss
of P5.
Determination of Cortisol with Single-Chain Probes.

The optical properties and ligand sensitivity of single-chain
probes carrying split-A16 were examined (Figure 2(B)).
cSimgr8 and cSimgr9 exhibited relatively higher S/B ratios

than the others did in the presence or absence of 10−6 M of
cortisol, i.e., 15 (±1 s.d.) and 14 (±3 s.d.), respectively (Figure
2(B)). On the other hand, cSimgr13 and cSimgr14 emitted
approximately 2 times stronger bioluminescence than the
others did, although the S/B ratios were less than those of
cSimgr8 and cSimgr9: e.g., the intensities of cSimgr8 and
cSimgr13 were 39.5 (±2.8 s.d.) × 104 RLU/s and 63.8 (±14.2
s.d.) × 104 RLU/s, respectively.
The overall results suggest that (i) any fragment of split-A16

does not cause a spontaneous complementation in the single
chain, and was robust enough to survive in mammalian cells
without degradation, and (ii) the optimal dissection sites for
A16 are recommended to make at 125/126 AAs (the split site
for cSimgr8) for a better S/B ratio and 146/147 AAs (the split
site for cSimgr14) for a better optical intensity.
Live Cell Imaging with Bioluminescence Capsules.

The merits of ALucs as an optical readout were further
examined with a “bioluminescent capsule”, whose basic concept
we had previously demonstrated16 (Figure 3). Figure 3(A)
illustrates the molecular structures of new bioluminescent
capsules.
The capsule was designed to anchor in the PM with the help

of MLS, awaiting apoptosis signals. The fluorescence images of
Figure 3(B) show that P6 is dominantly located in the PM and
the ER. The fluorescence image after STS stimulation shows
that P6 is fragmented by capase-3 and diffused into the entire
cytosol as intended. The 3D movies are also available on the
webpage (Supporting Information), where the locations of P6
with and without STS were imaged in green (ER tracker) and
red (mPlum) fluorescence.
A short-term time course of the bioluminescence of the

capsules carrying A16 was examined with a luminometer
(GloMax 20/20n) (Figure 3(C)). After an automatic injection
of the substrate nCTZ, P2 exhibited a relatively weak but

growing optical intensity profile, whereas the other capsules
exhibited a relatively strong and stable bioluminescence after a
characteristic optical spark at around 0.1 s. All the capsules, P2,
P4, P5, and P6, commonly carry A16, but differ in the
localization sites: P2 is sequestered in the ER, unlike P4, P5,
and P6. Considering the localization variance between P2 and
the others, the interpretation of the result is that the
accessibility of nCTZ differs according to the localization site,
which was the determining factor of the time course.
Another short-term kinetics of the bioluminescence for a few

seconds according to the capsule localization was further
examined with a microplate reader (Corona) after a
programmed, automatic injection of the substrate (Figure
3(D)). P1, P2, and P6 are designed to locate in the cytosol, the
ER, and the PM, respectively. P1 carrying RLuc8.6-535
exhibited the poorest optical intensities, compared with P2
and P6. Although both P2 and P6 commonly carry A16, the
optical intensities of P6 were approximately 2 times stronger
than those of P2. The response time of P6 (4.4 × 105 RLU/s)
was also ca. 6.8 times faster than that of P2 (6.5 × 104 RLU/s).
A live cell imaging of P1, P3, and P4 was carried out with a

microslide growing COS-7 cells (Figure 3(E)). The relative
optical intensities per area by P3 and P4 were ca. 21 times
stronger than those by P1: the absolute intensities were 375
(±58) RLU/mm2/s for P1, 7951 (±259) RLU/mm2/s for P3,
and 8087 (±51) RLU/mm2/s for P4. The magnified optical
image suggests that even a living single-cell imaging may be
feasible with P3 or P4.
The above results are interpreted as follows: (i) ALucs are an

excellent optical ingredient for bioluminescent capsules, whose
kinetic study reflects the localization and the substrate
accessibility, considering the dramatic variance between P2
and P6; and (ii) conversance of the scheme of bioluminescence
capsules with ALucs provides great merits with respect to
optical stability, intensity, and the stable supply of the substrate
and molecular oxygen (O2).

ALucs as an Optical Marker for Antibodies. We created
a series of A16-linked scFv antibodies and compared their
optical properties according to the molecular design, including
the tags for purification convenience and host organism (Figure
4).
The relative optical intensities of the made antibodies (A16-

v1, A16-v2, and A16-v3) and a commercial HRP-linked
antibody, HRP-ab (GE Healthcare), were compared. HRP-ab
was chosen because HRP is the most popular optical readout
for antibodies. The comparison reveals that the E. coli-
expressed A16-v1 shows the poorest optical intensity among
them, implicating the poor folding efficiency. This comparison
suggests that an excellent folding environment for A16 is
achieved in mammalian cells, not in E. coli. This result is
consistent with a previous view that copepod luciferases are rich
in the cysteine ratio, and thus the proper folding is hampered in
E. coli.10 The optimal folding site is considered at the ER, like
other secretion proteins.
The comparison of the relative optical intensities in Figure

4(B) reveals that A16-v3 exhibits approximately 2 times
stronger optical intensities than HRP-ab.
The bioluminescence spectra of A16-v3 and HRP-ab were

also compared (Figure 4(C)). The λmax of A16-v3 was 528 nm,
where the red light longer than 600 nm to the total (R600) was
approximately 15%, whereas the λmax of HRP-ab was found to
be 492 nm (R600 = 6%).
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The above results may be summarized as follows: (i) A16-
linked antibodies are optimally folded in the ER of mammalian
cells and secreted to the extracellular matrix, and (ii) the optical
properties of A16 are robust enough not to be significantly
hampered by the antibody linkage.

■ DISCUSSION
The alignments of many relative protein sequences in a
database facilitate new insights into their phylogenetic history,
common functional motifs, preserved consensus amino acids,
and many other features. The CSMS is an excellent example
that reveals the merits of sequence alignment. It was designed
previously to reveal thermodynamically favored amino acids.7,17

A more precise bioinformatics analysis of multiple sequence
alignments, the SCA, was also conducted to explain the
evolutionary constraints and consensus amino acids in the
alignments.9 Further, we had previously suggested an empirical
strategy to identify putative active sites of luciferases via a
hydrophilicity search and SSA.5

The recently advanced approaches guided us in creating a
series of ALucs mimicking a consensus sequence of copepod
luciferases. Very diverse luciferases in the identities from any
existing marine luciferase in the database were practically made.
The present study demonstrates how to create whole

sequences of ALucs, instead of identifying several mutation
sites in existing luciferases. Fortunately, some of the presently
synthesized ALucs exhibited excellent optical properties in
intensity and stability. The following are considered success
factors: (i) as the sequences of many copepod luciferases have
been recently accumulated in the public database,10 common
features on their two-dimensional structures have become more
elucidative; (ii) the sequences of copepod luciferases are highly
conserved and their nature makes it easy to identify consensus
amino acids; and (iii) copepod luciferases have two repeated
catalytic domains,11 whose N- and C-terminal domains are
highly conserved and thus alignable to easily identify the
variable and consensus amino acids, where we actually tried to
increase cases of the consensus amino acids between the N- and
C-terminal domains.
We had previously speculated that a hydrophilicity search

provides an initial clue for the core region of luciferases.5 In the
present study, our hydrophilicity search on the sequences of
ALucs showed a characteristic hydrophilic region between
R120 and Q132 of A16. A consecutive dissection study also
revealed that the fragments of A16 dissected at E125/G126
exert the highest S/B ratios among those tested. This result is
consistent with the above-mentioned hypothesis that we raised
on the putative core region.
The poorest optical stability after the substrate addition was

found with A18. As the optical intensity of A18 decreased
dramatically to 7% of the initial intensity within 6 min (Figure
1), this optical property may be useful as a molecular timer
within several minutes or a kinetic reporter. For instance, a new
reporter−gene system expressing multiple reporters may be
constructed, where each reporter represents different molecular
events. In the system, because the prior luminescence quickly
disappears, a consecutive bioluminescence assay is possible
under a minimal threshold effect by a prior bioluminescence
signal.
A22 also exhibited the poorest heat stability among the

luciferases made. Although currently insufficient, this heat
instability may be utilized as a heat indicator in a future assay
system by further modification. This heat instability may be

useful for constructing a unique dual reporter−gene assay,
where bioluminescence of A22 may be partly suppressed by
heat and a cutoff optical filter, considering that the λmax of A22
(504 nm) is far from that of A25 (530 nm). The hydrophilicity
variation between the C-terminal regions of A22 and the others
suggests that the heat instability of A22 may be caused by the
hydrophilic amino acids in the C-terminal regions (Figure
S3(C)). Further experiments are needed to confirm this
speculation.
It is interesting to discuss the peak emission wavelengths

(λmax) of ALucs with respect to the light-emitting mechanism of
nCTZ. Because nCTZ acts as “chromophore” being oxidized
for bioluminescence, the intrinsic optical property of nCTZ
should dominate the λmax of bioluminescence. Consensus λmax
values with nCTZ among researchers range from 470 to 480
nm. The outstanding red-shifts of λmax were reported with RLuc
variants by Loening et al., whose λmax ranged from 486 to 547
nm.14,18

In the case of ALucs, the λmax with nCTZ was found to be in
the range of 500 to 530 nm, and the photon ratio greater than
600 nm (9I600) was ca. 13−15%. These optical properties look
reasonable in light of a consensus view of researchers on nCTZ-
consuming reactions. The λmax values have been frequently
discussed with respect to the hydrophilicity at the binding site
of luciferases19 and the protonation environment of the light
emitters during the bioluminescence reaction (i.e., pH).4 The
higher λmax values (i.e., red-shifts) of ALucs than those of other
existing marine luciferases suggest that the active site of ALucs
provides a relatively hydrophilic environment in the nCTZ-
consuming reactions.
The greatest mismatch between the optical properties of

ALucs and those of other existing luciferases consuming nCTZ
is found in the full width at half maxima (FWHM). FWHMs of
ALucs are extraordinarily greater than the conventional
consensus on nCTZ-consuming luciferase reactions, e.g., 159
nm for A16, 155 nm for A23, and 174 nm for A25. These
FWHMs are approximately 2.5 times greater than those of
GLuc and its variants,15 2 times higher than Nanoluc and its
variants,20 and 1.5 times broader than those of RLuc and its
variants.14 The broad FWHM of ALucs is considered that
plural light emitters are created in the nCTZ-consuming
reactions. It is generally accepted that nCTZ can form two
possible light emitters, i.e., amide anion and dianion (phenolate
anion plus amide anion) of coelenteramide, in the transition
state.21,22 The precedent studies suggest that the present
FWHM-broadening feature may be explained by the existence
of two (higher and lower) or more stable light emitters in the
transition state during the nCTZ-consuming reaction of ALucs.
We speculate that at least the two bands by higher and lower
light emitters closely overlap in the spectra, and thus the
FWHMs are observed to be broadened. A corresponding
discussion on the band broadening property of nCTZ-
consuming reactions was also discussed in the view of light
emitters in a previous paper.22

All these considered, we have shown a whole sequence
creation of ALucs exerting excellent optical intensity and
stability. The sequential identities were clearly different from
any existing luciferases. We examined whether ALucs are
favorably applicable for existing major bioassays, i.e., reporter-
gene assays, single-chain probes, bioluminescent capsules, and
bioluminescent antibodies. We can expect a greater and stable
bioluminescence in the bioassays, with the conventional
reporters being simply replaced with ALucs. The bio-
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luminescent capsules are an excellent example of an artificially
designed optical reporter to visualize molecular events in the
plasma membrane of living mammalian cells under the
circumstance of stable supply of the substrate and molecular
oxygen (O2).

16 The capsules show the model structure of
future reporter enzymes. The present study provides an
approach to create artificial enzymes with designed optical
properties for bioassays and encourages researchers to fabricate
their own artificial enzymes of interest with designed properties
and functionalities.
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The prototypical sequence of ALuc; Figure S1. Alignments of
the N- and C-terminal regions of ALucs and existing copepod
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Capsules), (iii) Design and Working Mechanism of Bio-
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Figure S3(C) (Construction of Bioluminescent Capsules).
Video 1: P6 without STS: The locations of P6 without STS
were imaged in green (ER tracker) and red (mPlum)
fluorescence. The capsule (P6) was designed to anchor in the
PM with the help of MLS, awaiting apoptosis signals. The
fluorescence images in red before STS stimulation show the
dominant localization of P6 in the PM and the ER. Video 2: P6
with STS: The locations of P6 with STS were imaged in green
(ER tracker) and red (mPlum) fluorescence. The fluorescence
image in red after STS stimulation shows that P6 is fragmented
by capase-3 and diffused into the entire cytosol as intended.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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