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This drug-binding capability arises from the hydrophobic
pockets within HSA. By exploiting this property, a luciferin
that emits light upon binding to the hydrophobic pockets of
HSA® was developed to quantify HSA in serum as an
important indicator of kidney function and liver-related dis-
eases. A total of 18 luciferins, including the natural luciferin
CTZ and artificial luciferins with modified side chains, were
evaluated for their luminescence properties in the presence
of HSA. Only the artificial luciferin was found to produce
luminescence (Figure 4A), indicating that the appropriate
tuning of the imidazopyrazinone side chain enables the
development of luciferins that emit light in the presence of

specific human-derived proteins.

Cocrystal structural analyses with various drugs '° previously
revealed that HSA has two major drug-binding sites (site 1
and site 2)®. Thus, competitive inhibition assays™'' were
performed using drugs that specifically bind to each site, i.c.,
warfarin to site 1 and ibuprofen to site 2 (Figure 4B). As a
result, ibuprofen strongly inhibited the luminescence gener-
ated by the artificial luciferin and HSA, whereas warfarin
showed no inhibitory effect, suggesting that the artificial lucif-
erin binds to site 2. This result was supported by docking sim-
ulations (Figure 4C). Given that site 2 is a hydrophobic
pocket, these results demonstrate that the artificial luciferin

requires a hydrophobic environment to produce luminescence.
Artificial luciferins that emitted light in the presence of
HSA did not luminesce with more than 10 other
human-derived proteins (Figure 4A). Surprisingly, no
luminescence occurred even with bovine serum albumin
(BSA), despite its high sequence similarity to HSA (75%)
and drug-binding site similar to site 2 of HSA. Therefore,
the artificial luciferin could detect subtle structural differ-
ences between the site 2 pockets of the two proteins,

emitting light only when HSA was present.

Next, HSA in serum was quantified using the artificial
luciferin. HSA levels in serum below 35 mg/mL can indi-
cate conditions such as liver cirrhosis and chronic hepati-
tis; therefore, rapid and accurate quantification is
essential. In contrast with the conventional bromocresol
green colorimetric method, which suffers from low speci-
ficity, and ELISA, which requires two—three hours for a
complete measurement, the artificial luciferin developed
here reacts specifically with HSA and emits light immedi-
ately upon mixing,

enabling rapid and accurate

*10 Cocrystal structural analysis: Analysis of the crystal structure formed by a pro-
tein and its bound molecules using techniques such as X-ray crystallography.

*11 Competitive inhibition assay: An experimental method that evaluates
whether the molecule inhibits the reaction between an enzyme (or pro-
tein) and its substrate/binding partner.

Figure 4 (A) Human serum albumin (HSA)—selective luminescence of artificial luciferin created by
modifying the side chains of the natural luciferin CTZ. (B) Luminescence response with (/)
and without the binding drug (/o) (C) Docking simulation of artificial luciferin with HSA.
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quantification. The luminescence intensity of the artificial
luciferin correlated with the HSA concentration, and HSA
levels calculated from the luminescence intensity measured
within one minute without any pretreatment of serum
samples showed strong agreement with ELISA results.
Thus, serum HSA can be rapidly quantified by simply
mixing the luciferin with the sample. More recently, this
technique has been further applied to quantify trace uri-
nary albumin (a marker of diabetic nephropathy)® and
free copper ions in serum (biomarkers of Wilson and
Menkes diseases)”, demonstrating its potential for the

rapid diagnosis of various diseases.

Owing to its simplicity and rapidity, this method is also
suitable for on-site analysis and diagnostics. For instance,
applying the artificial luciferin that reacts with HSA onto
a portable 15 mm X 15 mm test strip enables the quantifi-
cation of HSA in serum by simply adding a single drop of

(" Because HSA levels in serum

serum to the test strip
differ markedly between patients with liver cancer and
healthy individuals, this test strip successfully distin-
guished these groups by quantifying HSA in serum. This
technique requires no antibodies or enzymes and relies
solely on low-cost, low-molecular-weight artificial lucifer-

ins, providing a reagent-free protein detection approach.
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In addition, the test strips exhibit excellent storage stabil-
ity even at room temperature. Combining this technique
with commercially available portable handheld lumines-
cence detectors is expected to enable on-site analyses for
routine monitoring of health status.

Qualitative Luminescent Analysis of
Human-Derived Proteins

Antibodies such as IgG play essential roles in recognizing
and eliminating viruses and bacteria and are widely used as
diagnostic and therapeutic reagents. However, antibodies are
sensitive to environmental stress during manufacturing, stor-
age, and use and may lose their native function upon denatur-
ation °. Currently, antibody denaturation is commonly
evaluated using size-exclusion chromatography (SEC) and
dynamic light scattering (DLS), but these methods require
specialized expertise and advanced operational skills.

To address these limitations, artificial luciferins were
designed to change their emission wavelength (color of emit-
ted light) in response to the structural state of IgG, thereby
enabling simple detection of protein structural changes
(Figure 5A)").  Specifically, an artificial luciferin was

*12 Denaturation: Loss or alteration of a protein’s native structural conformation.
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Figure 5 (A) Changes in the luminescence color of artificial luciferin depending on the structural states of IgG.
(B) Binding pose of artificial luciferin at the hinge region of IgG obtained from MD simulations. (C)
Spectral shift of the emission associated with denaturation of a therapeutic antibody.
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designed and synthesized by introducing a triphenylamine
(TPA) group as a side chain at the C-6 position of the imid-
azopyrazinone ring (Figure 5A). The TPA moiety undergoes
intramolecular rotation in response to external stimuli such
as physical stress or solvent conditions, altering the HOMO—
LUMO bandgap '®. Accordingly, it was hypothesized that
structural changes in IgG would be transmitted through the
TPA group, thereby shifting the emission wavelength of the

artificial luciferin.

As expected, the developed artificial luciferin exhibited
luminescence upon reaction with IgG, generating green
emission for native IgG and blue emission for heat-dena-
tured IgG (Figure 5A). Thus, an artificial luciferin that
enables qualitative evaluation of the IgG structure based
on emission color was successfully developed.
Furthermore, molecular dynamics (MD) simulations ™
predicted that the luciferin binds, via the TPA group, to a
hydrophobic pocket located within the hinge region™® of
IgG (Figure 5B). Considering that this hinge region is
also present in several antibody therapeutics ', the quality
of antibody therapeutics could be evaluated using the

artificial luciferin.

Antibody therapeutics, which are used to treat various dis-
eases such as cancer and osteoporosis, are primarily devel-
oped based on IgG, particularly IgGl, 1gG2, and IgG4
among the four IgG subclasses (IgGl, I1gG2, 1gG3, and
IgG4). To evaluate the applicability of the artificial lucif-
erin, its luminescence properties were measured using
antibody therapeutics developed based on these subclasses.
Luminescence was observed for all tested therapeutics;
however, a marked shift in emission wavelength between
the native and denatured states was observed only for the
IgG2-based therapeutic. The hinge region of IgG differs
among subclasses in characteristics such as length and the
number of disulfide bonds "’. Therefore, the changes in the
emission wavelength of the artificial luciferin can be
mainly attributed to structural changes specific to the
hinge region of IgG2. As the amount of heat-denatured
IgG2 increases, the emission wavelength of the artificial
luciferin shifts from green to blue, enabling the quantita-
tive evaluation of IgG2 denaturation based on the magni-
tude of this wavelength shift (Figure 5C).

Fluorescence-based analytical methods using fluorescent
dyes are also used for quantifying denatured antibodies.
However, because such methods measure fluorescence

intensity, they are susceptible to background signals arising

from the excitation light source. In contrast, the newly
developed luminescence method relies on changes in the
emission wavelength of the luciferin rather than on intensity,
enabling more reliable quantification. Furthermore, mea-
surements are completed within three minutes after mixing
the artificial luciferin with IgG. Compared with SEC and
DLS, this method is far simpler and faster, making it a
promising tool for the quality evaluation of IgG-based anti-
body therapeutics and diagnostic antibodies. In addition, by
modifying the chemical structure of the luciferin, this
approach could be extended to the evaluation of IgGl- and
IgG4-based therapeutics and diagnostic reagents.

*13 HOMO-LUMO bandgap: Energy difference between the ground state and
the excited state of electrons in the molecular orbital theory.

*14 Molecular dynamics (MD) simulation: A method that analyzes the dynamic
properties and structural changes of substances by numerically solving
Newton’s equations of motion in classical mechanics to simulate the motion
of atoms and molecules.

*15 Hinge region: A flexible region connecting the Fab and Fc domains of IgG.

*16 Antibody therapeutics: Drugs composed of antibodies designed to bind to
specific disease-related molecules.

*17 Disulfide bond: A covalent bond formed between cysteine residues,
contributing to protein structure and function.

Conclusion

This article describes the discovery of previously unrec-
ognized pseudo-luciferase activity inherent in target pro-
teins and demonstrates that, by leveraging this property,
both the quantity and quality of proteins can be analyzed
via simple mixing of luciferin with the sample. Because
the luciferins used in this method selectively recognize
and bind to specific proteins and emit light upon reaction,
the use of antibodies or enzymes is unnecessary, and
measurements can be completed within a few minutes.
This high level of simplicity and rapidity clearly distin-
guishes the technique from conventional protein analyti-
cal methods such as ELISA, which typically requires
several hours (Figure 6).

During the COVID-19 pandemic, immunochromatographic
tests contributed substantially to society by enabling rapid
diagnosis; however, their reliance on antibodies makes it chal-
lenging to address continuously emerging viral variants. In
contrast, Cypridina luciferin emits light at a structurally con-
served region of the SARS-CoV-2 S protein, suggesting appli-
cability not only to the original Wuhan strain but also to
multiple variants. Moreover, like immunochromatographic
tests, this novel method can be adapted for on-site testing using
luciferin-coated test strips, which are stable at room tempera-
ture. Thus, this technology holds promise as a complementary

tool to existing diagnostic methods in future pandemics.
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Figure 6 Comparison of the present technique with the conventional protein analytical method ELISA.

This study also demonstrates that the development of
artificial luciferins enables the detection of structural
changes in proteins for which obtaining antibodies is
challenging. Antibodies used as therapeutics and diagnos-
tics are highly sensitive to environmental stress during
manufacturing and storage; denaturation not only com-
promises their native function but also reduces production
efficiency. Because artificial luciferins emit light upon
binding to structural regions commonly found in IgG,
they are expected to serve as a useful quality-control tool
for IgG-based antibody therapeutics and diagnostics.

Overall, this technique represents a next-generation ana-
lytical and measurement platform that can contribute to
the development and manufacturing of biopharmaceuti-
cals with the rapid detection of infectious diseases and
quality assessment. By adopting an innovative approach
that does not rely on conventional measurement princi-
ples, this method allows targeting proteins that are other-
wise difficult to analyze. Future work will focus on
further validating the effectiveness and reproducibility of
this technique as a rapid-testing tool.
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