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Abstract

The bioluminescence imaging toolkit has continuously evolved biomedical
research. Due to the fact that fluorescence measurements require external
excitation light, the uses of fluorescence in thick tissues and live animals are
limited. Bioluminescence imaging, on the other hand, overcomes this hurdle
since they use enzyme-catalyzed exothermic biochemical reactions to generate
excited-state emitters. However, the in vivo performance of ATP-independent
marine luciferases is relatively poor due to their blue emission. Therefore, the
development of red-shifted bioluminescent reporters is especially desirable for
highly sensitive in vivo bioluminescence imaging (BLI). We integrated several
approaches, including the chemical synthesis of red-shifted substrates, protein
engineering of luciferases via directed evolution, and bioluminescence
resonance energy transfer (BRET) with red fluorescent proteins. Our
engineered luciferase-luciferin  pairs emit bright and red-shifted
bioluminescence to achieve superior in vitro and in vivo sensitivity over

commonly used bioluminescent reporters.

To further expand the color palette and improve biocompatibility, we developed
a family of pyridyl coelenterazine analogs that exhibit different colors of
emission and enhanced water solubility. We paired them with our further
evolved luciferase, and the resultant luciferase-luciferin pair can highlight early
tumors in xenograft models. Furthermore, we demonstrated that it is possible
to evolve multiple spectrally resolved and orthogonal luciferase-luciferin pairs
for multiplexed bioassays. Our new tools offer new opportunities for designing
bioluminescent biosensors to non-invasively uncover complex signaling in live

cells and live animals.
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Chapter 1

General Introduction

1.1. Overview of bioluminescence

Bioluminescence is a light-producing phenomenon occurring in natural
organisms for communication, prey, or defense.! The light production mechanism of
bioluminescence involves a biochemical reaction relying on the oxidation of a substrate
(a.k.a., luciferin) by an enzyme (a.k.a.,, luciferase). Unlike fluorescence,
bioluminescence measurements do not require incident radiation. The signal glows
essentially on a dark background that offers excellent sensitivity over fluorescence
where phototoxicity and autofluorescence are usually problematic during sampling.
Additionally, fluorescence is not ideally suited for in vivo imaging when scattering and
absorbing of excitation photons are serious hurdles. Although it is possible to gain high
spatiotemporal resolution with in vivo fluorescence endoscopy, this procedure is often
invasive and requires high levels of expertise. Bioluminescence, on the other hand,
circumvents most of these issues, acting as an excellent candidate to achieve
noninvasive imaging in live animals. Moreover, optogenetic tools, which have been
widely used to manipulate or control biological systems, are not always compatible
with common fluorescent probes due to spectral overlaps. In this context,
bioluminescence has become a highly intensive area of research and bioluminescent
reporters have been employed by biomedical researchers in a wide range of
applications, including gene regulation and signaling, protein-protein interactions, drug

screening, molecular imaging, cell-based assays, and noninvasive in vivo imaging.%®

Bioluminescence suffers from its low-brightness nature, as a result, largely
caused by the slow turnover of luciferases. Bioluminescence reporters are mostly used
in macroscopic imaging with limited spatiotemporal resolution; however, recent studies

have produced brighter bioluminescent tools that have enabled microscopic imaging



at a single cell resolution. To further alter colors of emission while keeping high photon
flux, recent advances in engineered bioluminescent reporters start to mirror the
development of fluorescent proteins. Compared to the engineering of fluorescent
proteins, engineering of novel bioluminescence reporters usually requires expertise in
synthetic chemistry, protein engineering, and animal studies, and therefore, this type
of work is highly challenging, but there are many strategies to gain improvement. In
addition, the recent development of bioluminescent biosensors have enabled a wide

range of bioanalytical and diagnostic applications.

1.2. Bioluminescent reporters
1.2.1. Development of D-luciferin-consuming luciferases

In 1957, the mystery of light emission from the North American firefly Photinus
pyralis (Figure. 1) was uncovered by McElroy.” The enzyme responsible for
bioluminescence, Firefly luciferase (FLuc), is the most widely used luciferase for
biological and biotechnological applications. FLuc catalyzes a reaction between its
native D-luciferin substrate and adenosine-5'-triphosphate (ATP), yielding AMP-
luciferin which is further oxidized by molecular oxygen (Oz) to form an excited state
(Figure. 2a). This high-energy intermediate releases energy in the form of yellow-
green light that peaks at 560 nm, leading to a ground-state product, oxyluciferin.® FLuc
was further codon-optimized for mammalian expression (a.k.a., the luc2 gene).
Recently, consecutive single amino acid deletion mutants of FLuc, AFlucs, have been
reported with higher activities, altered kinetic, and lower Ky toward D-luciferin.® To
further improve the thermal and pH stability of FLuc, a chimeric luciferase was
developed by fusing the N-terminal domain of FLuc and the C-terminal domain of
Luciola italica luciferase, thereby resulting in a codon-optimized PLG2 that shows ~ 3-

fold higher activity than the original FLuc.™
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Figure 1. North American firefly Photinus pyralis and its light producing tissue.
Picture was reprinted with permission from Scholastic of the Science World article

“Gone in a Flash”.

Chemists have spent enormous efforts on developing synthetic D-luciferin
analogs. For in vivo bioluminescence imaging (BLI), an ideal luciferin should emit near-
infrared (NIR) photons to maximize tissue penetration by minimizing tissue absorption
and scattering. Despite the fact that many D-luciferin analogs have been synthesized,"
most red-shifted analogs do not increase photon fluxes. In one study, Moerner et al.
replaced the sulphur atom in 6-amino-D-luciferin with a selenium atom, leading to 6-
aminoseleno-D-luciferin with red-shifted emission at 600 nm and in vivo brightness
comparable or slightly higher than that of 6-amino-D-luciferin.’ A few other D-luciferin
analogs, such as CycLuc1,"™ AkaLumine," and CybLuc (Figure. 2b)," improved the
in vivo performance of FLuc. Recently, a re-engineered FLuc variant-Akaluc, in the
presence of its synthetic AkaLumine substrate and a sensitive electron-multiplying
CCD (EMCCD) camera, was able to highlight single cells in mice.'® Furthermore,
Akaluc-AkaLumine has been demonstrated for the labeling of neurons in the brains of

freely moving mice and a common marmoset.'®



Effort has also gone to the development of luciferase-luciferin pairs orthogonal
to FLuc and D-luciferin. Miller et al. identified a FLuc mutant (R218K, L286M, and
S347A) that has abolished activity toward D-luciferin but remains active toward CycLuc
analogs."”” These pairs were further demonstrated for mouse brain imaging.” In
addition, Prescher et al. synthesized a series of sterically modified D-luciferin analogs
and screened for FLuc mutants that can discriminate these analogs, resulting in a set
of FLuc-derived orthogonal luciferase-luciferin pairs.’ These new tools enabled

sequentially multiplexed BLI in the same live animals.?
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Figure 2. (a) Mechanism for bioluminescence emission generated by luciferase-
catalyzed oxidation of D-luciferin. (b) Representative D-luciferin analogs and their

peak emission wavelengths in the presence of firefly luciferase (FLuc).

To date, more than thirty D-luciferin-consuming luciferases have been
discovered from diverse species. In addition to FLuc, click beetle luciferases from
Pyrophorus plagiophthalamus and Pyrearinus termitilluminan, such as CBR and ELuc,
are also popular reporters due to their excellent thermal stability and ability to emit
different colors of bioluminescence from 538 nm to 615 nm in the presence of D-
luciferin.?! In particular, codon-optimized ELuc from Pyrearinus termitilluminans

exhibits ~ 10-fold stronger signals than FLuc.?? These click beetle luciferases variants



together can achieve spectra-resolved multicolor assay? and multiplexed in vivo BLI**
(e.g., monitoring the expression of two genes simultaneously or labeling two different
cell types in individual animals). Recently, Hall et al. reported an engineered click
beetle luciferase mutant, CBR2opt, which shows maximal emission at 743 nm when
paired with NH2-NpLH2, a synthetic naphthyl-luciferin analog.?® However, despite the
dramatic red-shift, CBR2opt still displayed better in vivo sensitivity in the presence of

D-luciferin than NH2>-NpLH2.

1.2.2. Development and applications of CTZ-consuming luciferases

Coelenterazine (CTZ), harboring a imidazopyrazinone core structure, is the
most widely presented luciferin in luminous marine organisms, including sea pansy,
copepods, squids, shrimps, and jelly fishes." The light production mechanism has been
proposed. Briefly, the C-2 position of CTZ first interacts with molecular oxygen (O2) to
form a dioxetanone intermediate. Next, the intermediate losses CO- to give a high-
energy, excited-state coelenteramide, from which photons are produced (Figure. 3a).
It has been suggested that photons may be emitted from different chemical forms of
coelenteramide within the enzyme active site.® For example, the presence of

phenolate anion in the excited state may be responsible for emission at ~ 480 nm.

Unlike FLuc, most CTZ-consuming luciferases do not require additional
cofactors, such as ATP and Mg?*. Since the chemical structure of CTZ was identified
and CTZ was confirmed as a shared substrate of various marine luciferases, many
CTZ analogs have been synthesized.?” Some representative synthetic CTZ analogs,
which may lead to unique reactivity, higher brightness, red-shifted emission, or better
in vivo performance are shown in Figure. 3b. Generally speaking, CTZ-consuming
bioluminescent reporters commonly used in laboratories are derived from the sea

pansy Renilla reniformis, the marine copepod Gaussia princeps, or the deep-sea



shrimp Oplophorus gracilirostris. In the following sections, we will describe various

options that are currently available in the BLI toolbox.
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Figure 3. (a) Mechanism for luciferase-catalyzed oxidation of coelenterazine (CTZ)
and proposed excited-state emitters. (b) Representative CTZ analogs, which lead
to unique reactivity, higher brightness, red-shifted emission, or better in vivo

performance.

1.2.3. Renilla luciferase (RLuc) and its derivatives

Renilla luciferase (RLuc) was cloned from Renilla reniformis, which emits at
480 nm in the presence of CTZ.?® Loening et al reported a RLuc8 variant, which
harbors eight amino acid substitutions from RLuc and shows a 4-fold enhancement in

brightness and a 200-fold enhancement in serum stability.?® To shift the emission of



RLuc, its active site was re-engineered, leading to a number of new variants with
bioluminescence emission spanning from 475 nm to 547 nm in the presence of CTZ.*
In particular, several red-shifted variants, such as RLuc7-521 and RLuc8.6-535, which
have emission peaks at 521 nm and 535 nm respectively, were demonstrated for
improved in vitro and in vivo brightness over native RLuc.®' More recently, a “super
RLuc” mutant was reported for improved thermostability and emission at 540 nm when

paired with CTZ.32

Numerous CTZ analogs bearing diverse substitutions at the C-2, C-5, C-6, or
C-8 positions have been synthesized mainly to enhance bioluminescence brightness
and to red-shift emitting photons (Figure. 3b) ?’. In particular, the RLuc and e-CTZ pair
displays dual emission peaks at 418 nm and 475 and is 7-fold brighter than the RLuc
and CTZ pair.* Also, the RLuc8.6 and v-CTZ pair gives red-shifted emission peaking
at 588 nm.*® On the other hand, Bis-CTZ could blue-shift the bioluminescence of
RLuc8 to ~ 405 nm.*® Similarly, methoxy-e-CTZ and several recently reported -
conjugated substitutions (e.g., 6-pi-H-CTZ, Figure. 3b) at the C-6 position cause
similar hypsochromic shifts but are approximately 10-fold brighter than Bis-CTZ.**
Since the violet emission of RLuc8 paired with methoxy-e-CTZ is well overlapped with
the second absorption peak (Soret band) of near-infrared (NIR) fluorescent iRFPs,
fusion proteins between RLuc8 and iRFPs have been generated for NIR emission via

bioluminescence resonance energy transfer (BRET).>

To gain sustained light output in vivo, CTZ was chemically modified into
temporarily inactive forms. For example, ViviRen (Figure. 3b) have two ester
protection groups on the C-3 and C-6 positions, respectively; after entering cells, they
are slowly de-esterified by endogenous esterases. This strategy not only greatly
reduces the auto-oxidation of these substrates and slows down their consumption in
vivo, but also leads to improved signals in mouse brains as demonstrated in an RLuc-

labeled brain tumor model.*®



It can be concluded that several RLuc-derived luciferase-luciferin pairs are now
available with emission spanning from ~ 400 nm to ~ 590 nm. RLuc has been a very
popular bioluminescence reporter in protein- and cell-based assays. Moreover, since
the blue emission of RLuc is overlapped with the excitation of bright green fluorescent
fluorophores, such as enhanced green fluorescent protein (EGFP), RLuc has been

widely used as a BRET donor in biosensor development.®’

1.2.4. Gaussia luciferase (GLuc) and its derivatives

The cDNA of Gaussia luciferase (GLuc) was cloned from the marine copepod
Gaussia princeps in 2002.% GLuc, which is a naturally secreted luciferase, emits flash-
type bioluminescence at ~ 473 nm in the presence of CTZ. Under similar experimental
conditions, GLuc is ~100 times brighter than RLuc in mammalian cells.*® To date, a
number of GLuc variants have been reported. For example, GLuc4 shows stable light
output suitable for high throughput screening.*® GLuc8990 is ~ 10-fold brighter than
GLuc and Monsta (a red-shifted mutant of GLuc) and produced a wavelength peak at
503 nm.*' Recently, GLuc has been fused with multiple repeats of an endoplasmic
reticulum targeting sequence, resulting in intracellular retention of GLuc for biosensing

and imaging applications.*?

Its high brightness and naturally secreted features make GLuc an attractive
reporter for real-time ex vivo monitoring of biological processes in cultured cells, or in
blood or urine from animals.*® Interestingly, bright GLuc variants have been used to
excite channelrhodopsins and proton pumps to initiate or inhibit neuronal activity.**
The resulting fusions, Luminopsins, integrates both chemogenetic and optogenetic
concepts, are becoming useful research tools for the interrogation of neuronal circuits

and brain functions.*®



Different from RLuc, GLuc is not very reactive toward typical synthetic CTZ
analogs. Only a cell-impermeable CTZ analog, CoelPhos (Figure. 3b), was reported
to light up GLuc localized on cell surface.*® Expanding the substrate scope of GLuc via
protein engineering may lead to more bioluminescence colors and a broader range of

applications.

1.2.5. Oplophorus luciferase (OLuc) and its derivatives

Oplophorus luciferase (OLuc) was isolated from deep-sea shrimp Oplophorus
gracilirostris in 1978.%” A key 19 kDa subunit of OLuc was later cloned, overexpressed,
and confirmed for enzymatic activity toward CTZ.*® Recently, Promega Corporation
converted this 19 kDa subunit into NanoLuc, which has 16 additional mutations and in
the presence of a synthetic CTZ analog, furimazine (Figure. 4), is ~ two orders of
magnitude brighter in vitro than FLuc-D-luciferin.*® Furthermore, Inouye et al. reported
that three known CTZ analogs including h-CTZ, f-CTZ, and bis-CTZ (Figure. 3b),
when paired with NanoLuc, can generate 2 to 3-fold stronger bioluminescence than
furimazine.®® The same research group also reported eKAZ, which has three additional
mutations (V44I, A541, Y138I) from NanoLuc; when CTZ served as the substrate of
eKAZ, the bioluminescence brightness was comparable to that of the NanoLuc-

furimazine pair.®'



10

Smallest
. o ISR
c \// v Nanoluc 19 kDa 171
O/ coelfentera%|ne coelenterazine Riuc 36 kDa 312
p’(’?’gzz ‘(’j g ggﬁgr:s” is 19kDa domain Flue  61kDa 550
ATP-independent Brightness

NanoLuc — furimazine

~ 100-fold higher
in brightness

o \ o o
"N NanoLuc N m

[ ] - ‘ L
©i : n_ "
02 C02+h\/
furimazine (Amax=450)

Figure 4. The development of NanoLuc provides ideal bioluminescence properties
such as small size, stability, ATP-independency, and high brightness. Figure was,
in part, reproduced from reference 49. Protein structures were obtained from Protein

Data Bank (PDB) — NanoLuc: 5IBO, RLuc: 2PSJ, and FLuc: 1LCI.

Because of its small size, high brightness, and high stability, NanoLuc has been
quickly adapted by a large number of biomedical researchers,® outperforming RLuc
and FLuc in many aspects.®® NanoLuc have been successfully used to track virus
spread in vivo, and the small NanoLuc gene, but not the large FLuc gene, could be
integrated into the genome of influenza virus.>** However, a major drawback of
NanoLuc is its blue emission peaking at ~ 460 nm, resulting in limited tissue
penetration due to strong absorption and scattering of blue photons by biological
tissues. A recent study has reported novel CTZ analogs that can red-shift the emission
of NanoLuc to nearly 600 nm, although their bioluminescence intensities were low and
there remains a question whether NanoLuc could be further engineered to rescue
bioluminescence for these new substrates.5® Another strategy to red-shift NanoLuc

uses BRET. Lin et al. fused NanoLuc with a CyOFP fluorescent protein, resulting in a
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construct named Antares showing much improved in vivo bioluminescence.®® Similarly,
Nagai et al genetically fused NanoLuc with a number of fluorescent proteins to
generate five different bioluminescence colors for multicolor cellular imaging.®’
Furthermore, NanoLuc has been fused to SNAP- or Halo-tag and further labeled with
various fluorescent dyes.>* *® Despite that this semisynthetic strategy could red-shifted
NanoLuc for far-red or even NIR emission, it requires an additional dye conjugation

step, thereby limiting its uses in vivo.

Split luciferases are ideal tools for studying protein-protein interactions via
complementary assays. NanoLuc was split into a 1.3-kDa C-terminal fragment and a
18-kDa N-terminal fragment with 190 uM affinity.>® This NanoBiT technology has been
utilized to detect the activities of GPCRs.?° Furthermore, taking advantage of this small
C-terminal fragment (11 amino acid residues), researchers have integrated the DNA
sequence into genomes to label specific genes of interest by using CRISPR/Cas9
without disturbing the functions of endogenous genes.®' When the corresponding 18-
kDa N-terminal fragment was co-expressed, a complete NanoLuc could form on
tagged proteins to generate bioluminescence signals. NanoLuc has further been split
into three fragments, which were individually fused to two antibody variable domain

fragments (Vu and V.) for a sandwich bioluminescence immunoassay.®?

1.2.6. Artificial luciferases (ALucs)

Kim et al. created a series of artificial luciferases (ALucs) based on a sequence
alignment of several CTZ-consuming copepod luciferases. The resultant ALucs
exhibited high thermostability and prolonged emission kinetic.®®> Moreover, different
lineages of ALucs were evolved, giving unique substrate preferences® and enhanced
brightness.®® Recently, Kim et al. further reported a group of dye-conjugated CTZ

analogs.®® In particular, ALuc16 showed a minor, far-red emission peak in the
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presence of a 6-Nile-R-CTZ substrate, and under this condition, ~ 11% of the total

emission was at the wavelengths longer than 600 nm.

1.2.7. Development and applications of bacterial luciferase

Photons from naturally bioluminescent bacteria are caused by a luxCDABE
operon that encodes a heterodimeric luciferase (luxA and luxB) and three biosynthetic
enzymes (luxC, lucD and luxE) responsible for the production of a long-chain aldehyde
substrate. This bioluminescent system can be fully genetically expressed and can glow
without addition of exogenous luciferins. However, it is limited by low brightness, blue
emission (490 nm), and dependence of reduced riboflavin phosphate (FMNH.) and
long-chain aldehydes. Optimizations have been done to enable heterologous
expression of bacterial luciferase (Lux) to label other bacteria in infectious animal
models ¢ or to directly label mammalian cells.®® Since the availability of FMNH, could
be limited in cells, an enhanced system, iLux, has been recently reported by co-
expressing of a FMN reductase and introducing additional mutations across the
luxCDABE operon.®® The resultant bioluminescent system was ~ 6- to 8- fold brighter
than FLuc in single bacterial cells. Furthermore, long-chain aldehydes may be
potentially toxic to heterologous hosts, limiting the use of Lux as a common

bioluminescent reporter.

1.2.8. Other miscellaneous luciferases

To date, more than a thousand species have been observed for
bioluminescence, but most have not been well-studied. For example, luciferases
cloned from luminous ostracod, Cypridina noctiluca (CLuc) and Vargula hilgendorfii
(VLuc) use Vargulin (Figure. 3b) as their substrate,”® which shares a core

imidazopyrazinone structure with CTZ but different substitutions on the C-6 and C-8
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positions. This makes CLuc and VLuc evolutionarily unique. Since they do not cross-
react with CTZ or D-luciferin, they are suitable for simultaneous dual-luciferase assays

and multiplex imaging.”’

Fungi have long been observed to emit light during night. Although fungal
luciferases have not yet been cloned, research on the chemical basis of fungal
bioluminescence suggests that this light production process involves two steps.’”? The
precursor luciferin is firstly reduced by an NAD(P)H-dependent enzyme, and next,
oxidized by the luciferase. Recent studies demonstrated that the oxidation could yield
a high-energy endoperoxide intermediate and the emission could be tuned from 480
nm to 564 nm by modulating the chemical structures of their substrates.” And later its
luciferin biosynthetic pathway was identified and the whole fungal bioluminescence
system was successfully genetically encoded in eukaryotes, indicating that fungal
bioluminescence may have a great potential as a practical self-glow bioluminescent

reporter.”

Table 1. Common luciferase-luciferin pairs.

Original Species Luciferase Luciferin Size, Amax Ref.
(kDa) (nm)
Photinus pyralis FLuc D-luciferin 61 560 7
Akaluc AkaLumine 61 650 16
Pyrophorus plagiophthalamus CBR D-luciferin 61 615 21
Pyrearinus termitilluminans ELuc D-luciferin 61 538 2
Renilla reniformis RLuc8 CTz 36 480 2
RLuc8.6 CT1z 36 535 30

Gaussia princeps GLuc CTz 20 473 38
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Oplophorus gracilinostris NanolLuc furimazine 19 460 49

teLuc DTZ 19 502 5

Photorhabdus luminescens iLux fatty aldehyde >200? 490 69
and FMNH:

Note: 2the total size of luxA, luxB, luxC, luxD, and luxE.

1.3. in vivo Bioluminescence imaging (BLI)

As mentioned previously, bioluminescent reporters have been widely used for
live animal imaging. Bioluminescence is a superior optical imaging modality than
fluorescence at macro-scale, especially for whole-body imaging. Due to the fact that
bioluminescence imaging does not require incident light for chromophore excitation,
the dark background gives BLI much higher signal-to-noise ratio, leading to high
sensitivity and dynamic range (Figure 5). However, some factors, such as the
emission wavelength of bioluminescence, the photon flux of bioluminescence, and
tissue scattering & absorption, can significantly affect the in vivo BLI sensitivity.”®
Thanks to the discovery of tissue-specific promoters and response element sequences,
luciferase gene expression can be controlled at transcriptional level under selected
physiological and pathological conditions. Therefore, BLI has become a popular
imaging modality for non-invasively tracking tumor burden and metastasis. The
xenograft luciferase-expressed tumor models provide a robust preclinical strategy to
evaluate the effectiveness of anti-tumor therapeutics in vivo in a timely manner.”’
Beyond oncology and angiogenesis fields, a growing number of luciferase expressing
animal models are also available to toxicology, inflammation, metabolic diseases, and

neurodegenerative diseases.’®"®
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Figure 5. Comparison of live animal fluorescence and bioluminescence imaging.
Bioluminescence imaging modality shows low background from non-labeled area
than fluorescence imaging mode. Picture was reproduced from reference 76 with

permission of SAGE Publications.

1.4. Cell-based reporter assay in drug discovery

Bioluminescence reporters have been utilized in a variety of assays to measure
cell viability, toxicity, activation of signaling cascades, and production of biomarkers in
high-throughput (HTS) formats.?° Reporter assays based on the activation of luciferase
expression require long response times from hours to days. To facilitate high-content
screening that involves assays of more complex cellular phenotypes as outputs, the
development of bioluminescent biosensors by integrating fluorescence or
bioluminescence resonance energy transfer (FRET or BRET) or split complementation
approach provides instant biological response of the desired biological activation. The
improved optical instrumentation along with modern biosensor design described in the
following paragraphs can further facilitate the early phase of the drug discovery and
development with favorable features such as high-throughput, automation, cost-

effectiveness, and multiplexing.
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1.5. Design of BRET-based biosensors

Resonance energy transfer (RET) is a photophysical phenomenon describing
a donor chromophore at its excited state may transfer energy to an acceptor
chromophore via a non-radiative dipole-dipole coupling process. The RET efficiency
(E) is described by Forster equation where the Forster distance (Ro) is depended on
quantum yield (Qo), spectral overlap (J), extinction coefficient of the acceptor (¢,), and
the dipole orientation factor (k?). When the donor is excited by bioluminescent
reactions, this phenomenon is called bioluminescence resonance energy transfer
(BRET). The BRET efficiency is inversely proportional to the sixth power of the

distance between the donor and the acceptor.

6
E= %; where the Forster distance is given by R, = (2.8 x 1017 QpJe,x?)"/®
0

Therefore, BRET is a useful method for monitoring subtle distance changes
between donors and acceptors,®' leading to a large array of applications in monitoring
protein-protein interactions, biosensing, and functional imaging.#®* Previous studies
mostly used luciferases as BRET donors and fluorescent proteins as BRET acceptors
and fused them with various sensory elements to create diverse bioluminescent
biosensors. We below highlight some examples with a focus on applications in in vitro

assays, live cells, and animals.

1.5.1. Firefly luciferase-based BRET biosensors

Although FLuc is a widely used bioluminescent reporter, it is not a popular
choice for the development of BRET-based biosensors. First, FLuc is ATP-dependent,

making it a natural ATP sensor. For other live-cell or in vivo applications, the variations
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in the ATP level might be a problem. Moreover, consumption of cellular ATP by this
bioluminescence-generating process would definitely perturb cell physiology, since
ATP is not only the most important energy currency in living cells, but also a key
molecule connecting metabolism to signaling. Furthermore, the bulky size of FLuc (61
kDa) makes the designing of FLuc-based BRET biosensors difficult, because it is hard
to predict donor-acceptor distances and relative orientations. Finally, fluorescent
proteins that are suitable as BRET acceptors for FLuc are typically not bright,®® and
therefore, it is hard to gain sensitized emission from the acceptors. An early study
made a GST (glutathione S-transferase)-FLuc fusion and a PG (Protein G)-DsRed
fusion (Figure. 6a). The presence of an anti-GST antibody can bring these two fusion
proteins in close proximity, leading to increased BRET. This system was used to
measure the concentrations of the anti-GST antibody.® However, the emission overlap
between FLuc (Em: 560 nm) and DsRed (Ex: 558 nm; Em: 583 nm) is problematic. To
address this issue, another study further tagged cysteine residues on DsRed with an
Alexa Fluor 680 dye (Ex: 680 nm; Em: 705 nm), resulting in sequential resonance
energy transfer (SRET) for improved spectral separation.®” This strategy has been
further developed for probing caspase-3, thrombin, and factor Xa activities.!” In
another study, FLuc was combined with quantum dots to form BRET pairs and used

to develop protease assays.%®
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Figure 6. Representative BRET-based biosensors and their response mechanism.

(a) An immunoassay based on FLuc and DsRed to detect antibody concentrations.
(b) Monitoring of rapamycin-induced FRB-FKBP12 association with the RLuc8.6 and
TurboFP635 pair. (c) Sequential resonance energy transfer (SRET) to detect the
interactions of three proteins. (d) BRET from a donor luciferase to complementary
acceptor fragments (a.k.a., BiFC-BRET) to detect the interactions of three proteins,
and (e) BRET from two complementary luciferase fragments to an acceptor
fluorescent protein (a.k.a., CODA-RET) to detect the interactions of three proteins.
(f) Bioluminescence-assisted switching-on of Dronpa and BRET (a.k.a., BASFI) to
monitor the rapamycin-induced FRB-FKBP12 interaction in both bioluminescence
and fluorescence modes. (g) Monitoring of B-arrestin2 ubiquitination by using RLuc-
B-arrestin2 and GFP-ubiquitin fusion proteins. (h) An RLuc-YFP BRET-based cAMP
biosensor, CAMYEL. (i) A BRET-based Ca?" biosensor, Nano-lantern (Ca®"), via
Ca®*-induced reconstitution of RLuc8. (j) A NanoLuc-YFP BRET-based ATP
biosensor, BTeam. (k) A NanoLuc-YFP BRET-based voltage sensor, LOTUS-V. (l)

LUMinescent AntiBody Sensors (LUMABS) for highly sensitive detection of
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antibodies down to the picomolar range. (m) A bioluminescent Zn?** biosensor,
BLZIinCh-3, based on BRET from NanoLuc to CFP and YFP of an existing
fluorescent Zn?* biosensor. (n) Semisynthetic LUCiferase-based Indicators of Drugs,
LUCIDs and (o) Chemical Ligand-Associated Steric Hindrance, CLASH sensors for
the detection of therapeutic drugs and protein effectors. Abbreviations in this Figure:
GST: glutathione S-transferase; PG: IgG-binding protein G; GFP: green fluorescent
protein; YFP: yellow fluorescent protein; Ubi: ubiquitin; Epac: exchange protein
activated by cAMP; CaM: calmodulin; VSD: voltage sensing domain; CFP: cyan
fluorescent protein; TL: tethered ligand; SLP: self-labeling protein, such as SNAP-,

Halo- and CLIP-tags.

1.5.2 Renilla luciferase-based BRET biosensors

RLuc and its mutants have been widely used as the BRET donor, resulting in
diverse BRET pairs such as RLuc-CTZ and YFP, RLuc-bis-CTZ and GFP, RLuc8-CTZ
and mOrange, and RLuc8.6-CTZ and TurboFP635.8%% In one example, a caspase-1
substrate sequence was inserted between RLuc8 and YFP. Therefore, upon caspase
cleavage, BRET is disrupted. This sensor has been used as an ratiometric indicator
for pro-IL-1B processing.®’ Another successful example demonstrated the monitoring
of rapamycin-induced FRB-FKBP12 association by fusing RLuc8.6 to FRB and
TurboFP635 to FKBP12 (Figure. 6b). Rapamycin induces the dimerization of FRB and
FKBP12, and subsequently brings RLuc8.6 and TurboFP635 together for increased
BRET. Furthermore, the system was used to monitor FRB-FKBP12 dimerization in
HT1080 cells trapped in the lungs of living mice by measuring emission at 535 and

635 nm.*%

RLuc has also been used to monitor the interactions of three proteins. In one

study, an SRET system based on RLuc-bis-CTZ, YFP, and DsRed (Figure. 6c)
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enabled the BRET-FRET monitoring of three-protein interactions. Moreover, this
method has been applied to the identification of neurotransmitter receptor complexes
in live cells.® In another study, RLuc and two complementary fragments of a split YFP
were individually fused to partner proteins, leading to a BiFC-BRET method that can

also detect the interactions of three proteins (Figure. 6d).%

Similarly, RLuc has been
split into two complementary fragments and used for BRET with YFP (Figure. 6e).*
This so called “complemented donor-acceptor RET” (CODA-RET) method, which also

allowed the identification of heteromeric complexes of three different proteins, have

been used to investigate dynamic G-protein-associated signaling cascades.*

To take advantage of both BRET and high-intensity fluorescence imaging,
RLuc8 was paired with photoactivable fluorescent protein, Dronpa, to achieve
bioluminescence-assisted switching and fluorescence imaging (BASFI).** When
RLuc8 and Dronpa were brought into close proximity, Dronpa was photoswitched to a
fluorescence state by the luminescence generated from RLuc8 in the presence of its
substrate (Figure. 6f). This process can be detected as increased BRET and the

fluorescence turn-on of Dronpa.

Understanding extracellular and intracellular signal transduction is key to
unlock the mystery of cell biology. Ubiquitination is a type of post-translational
modification (PTM) controlling protein degradation, function, localization, and
interaction. Perroy et al. fused RLuc to B-arrestin2 and GFP to ubiquitin to study the
ubiquitination dynamics of arrestin2 triggered by G protein—coupled receptors (GPCRs)

).96

(Figure. 6g).”° The ubiquitination of arrestin2 brings RLuc and GFP in close proximity,
and thus, increases BRET from RLuc to GFP. Monitoring the ratiometric emission of
RLuc and GFP enables real-time measurement of ubiquitination in live cells. In another
study, a BRET sensor was developed to measure intracellular cAMP, a cyclic

nucleotide and an intracellular second messenger.®” In the resultant cAMP sensor

(CAMYEL), a cAMP-binding Epac (exchange protein activated by cAMP) domain was
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inserted between RLuc and YFP (Figure. 6h). cAMP binds to Epac and triggers a
conformational change to modulate the BRET from RLuc to YFP, and thus, the
determined BRET ratios can be use as optical readouts for live-cell cAMP levels. The
similar approach has been applied to create BRET-based biosensors for cGMP,%
Ca*",* and ATP.' In 2012, Nagai et al. reported a chimera of RLuc8 and Venus,
named Nano-lantern, which exhibited 10-fold increased brightness than RLuc8 alone
and allowed the real-time BLI of tumors in freely moving mice.'®" By inserting different
sensory domains into the N- and C-terminal domains of a split RLuc8 in Nano-lantern,
three sensors for Ca?*, ATP, or cAMP were derived (Figure. 6i). These sensors were
combined with optogenetic tools, such as halorhodopsin and channelrhodopsin2 for

live-cell imaging of rat hippocampal neurons.”’

1.5.3. NanoLuc-based BRET biosensors

Since the invention of NanoLuc which is much brighter than RLuc, many
NanoLuc-based biosensors have been developed, mirroring the development
processes of RLuc-based biosensors. For example, following the design of CAMYEL,
NanoLuc-based Ca?* and ATP sensors have been created. In particular, a Ca®* sensor,
CalfluxVTN, exhibits a larger dynamic range than Nano-lantern (Ca®") and can work
compatibly with optogenetic actuators in rat hippocampal neurons.'® Furthermore, an
ATP sensor, BTeam (Figure. 6j), which is a fusion protein of NanoLuc, an ATP-
binding-¢ subunit, and YFP, was developed and used to determined intracellular ATP
concentrations.'® Moreover, NanoLuc replaced RLuc8 in Nano-lantern, followed by
linker optimization, yielding a number of BRET-based, high-affinity Ca?* indicators for
multicolor BLI of Ca?* in multiple subcellular organelles of living cells.’® In addition, a
BRET-based ratiometric voltage indicator, LOTUS-V (Figure. 6k), was reported
showing robust signal-to-noise ratios. In its design, NanoLuc and YFP were fused to

the two termini of a voltage-sensing domain (VSD), and voltage-induced structural
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changes in VSD alter the BRET from NanoLuc to YFP. LOTUS-V is free from external
excitation, and thus, provides an excellent way to monitor neuronal activities in
combination with optogenetic actuators that typically overlap with GFP-based voltage
sensors.'™ The low phototoxicity of bioluminescent indicators also makes them ideal

for long-term imaging.

Antibodies are important immunological markers for infectious and
immunological diseases.'® A series of NanoLuc-based biosensors, called LUMABS,
were developed for fast detection of antibodies in blood plasma.’® All LUMABS
sensors share the similar design that comprises NanoLuc, mNeonGreen, two
antibody-binding epitopes, and a pair of weakly dimerizing helper domains that bring
NanoLuc and mNeonGreen close for high BRET (Figure. 6l). Upon the binding of an
antibody to the epitopes, the interaction between the two helper domains is disrupted,
resulting in a large decrease of BRET and a color change from green to blue. This
sensor has been demonstrated for the detection of picomolar antibodies in blood
plasma. This general strategy have been adapted for the detection of other antibodies,
such as trastuzumab (anti-HER2), obinutuzumab, rituximab (anti-CD20), and
cetuximab (anti-EGFR), providing an potential, alternative assay for monitoring
therapeutic drugs in patients.'”” Another strategy introduced unnatural amino acid, p-
azidophenylalanine, via genetic code expansion to replace the epitope of the original
LUMABS. The incorporated p-azidophenylalanine can be further site-specifically
coupled with dinitrophenol or creatinine through click chemistry, and become small
molecule epitopes to detect dinitrophenol or creatinine recognized antibodies.'®

Despite that many biosensors based on Forster resonance energy transfer

(FRET) have been developed,'®

it is typically not possible to gain responsive BRET
sensors by simply replacing FRET donors with luciferases. Fortunately, additional
strategies have been developed to simplify the conversion of existing FRET biosensors

into BRET biosensors."° In one example, NanoLuc was fused to existing, FRET-based
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Zn** biosensors, eCALWY'"" and ezZinCh-2,'? leading to dual BRET and FRET
sensors for quantitative detection of intracellular Zn** (Figure. 6m)."" The
bioluminescent reaction of NanoLuc was used to excite CFP and YFP while the
efficiencies of the RET processes were Zn?*-dependent. Since the sensors have two
chromophores competing with the bioluminescent light source, introducing a
chromophore-silencing mutation into CFP yielded a BRET biosensor with improved
responsiveness. Similarly, NanoLuc has been fused to GCaMP6s and thus gives
LUCI-GECO1 for monitoring Ca®* dynamics in live cells in the bioluminescence

mode."*

In addition to biosensors that are based on BRET between luciferases and
fluorescent proteins, Johnsson et al. developed a series of semisynthetic biosensors
that are based on BRET between luciferases and synthetic dyes (Figure. 6n). These
so-called LUCiferase-based Indicators of Drugs (LUCIDs) generally comprise of a
BRET donor luciferase (e.g., NanoLuc paired with furimazine), an analyte-binding
domain, and a self-labeling protein (SLP) through which a synthetic, fluorophore-
containing intramolecular tether could be linked.""® The corresponding intramolecular
tethers contain a motif for selective labeling reactions with SLPs, such as SNAP,"®
Halo,"” and CLIP tags,'"® a competitive ligand for the analyte-binding domain, and a
RET acceptor fluorophore (e.g., Cy3). Initially, the competitive ligand would interact
with the analyte-binding domain to form a closed state that keeps the RET acceptor in
close proximity to the RET donor, leading to high BRET. In the presence of an analyte
of interest, the analyte would compete with the tethered competitive ligand, leading to
an open state in which BRET from the acceptor to the donor becomes low. By

monitoring BRET, the concentration of the analyte can be quantitatively determined.

To date, a number of LUCIDs have been reported, showing excellent dynamic
range and sensitivity toward various therapeutic drugs,'"® such as methotrexate (MTX),

tacrolimus, sirolimus, cyclosporine A, topiramate, and digoxin. For this application,
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bioluminescence-based biosensors outperformed similar fluorescence-based
biosensors because blood serum is highly absorptive and autofluorescent. LUCIDs
can be readily modified and tuned for quantitative measurements of molecules other
than drugs. In one example, the analyte-binding domain of LUCIDs was substituted
with antigen-binding fragments of antibodies.'® This strategy provides a shortcut to
make bioluminescent biosensors for diverse antigens and its potential application
could lead to point-of-care diagnostics. In another study, LUCIDs were modified into
the so-called CLASH (Chemical Ligand-Associated Steric Hindrance) biosensors,'?!
which contained two exclusive ligands on the intramolecular tether (Figure. 60). One
ligand still has affinity with the analyte-binding domain, but the other ligand can bind to
a specific effector protein, which increases the overall steric hindrance and prevent the
interaction of the first ligand with the analyte-binding domain. CLASH allows an
unrelated effector to control the function of a designed protein and demonstrates a
general approach to the analysis of protein targets. Recently, a LUCID variant, LUPIN
(luciferase-based photocatalysis induced via nucleic acid template) has been
demonstrated to promote photocatalysis and facilitate a ruthenium-based uncaging
reaction, and thus, release a specific inhibitor to control enzyme function.'?® Overalll,
bioluminescent sensors have started to expand its applications to the point-of-care

testing for fast monitoring of clinically related metabolites.?®
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Chapter 2

Engineering of Red-shifted Luciferase-luciferin pairs for

Enhanced Bioluminescence Imaging

Abstract

Bioluminescence has broad applications in bioassays, optical imaging, and drug
discovery. In vitro and in cellulo studies prefer luciferase-luciferin pairs with high
quantum efficiencies and fast enzyme turnovers which subsequently result in high
photon fluxes for optimal detection, whereas in vivo bioluminescence imaging further
favors emission in the near-infrared (NIR) optical window because NIR photons can
travel far in biological tissues. Currently, no luciferase-luciferin pair combines all these
advantageous features; in order to maximize the performance, one has to use different
luciferase-luciferin pairs for in vitro and in vivo studies. Herein, we report novel
luciferase-luciferin pairs based on synthetic coelenterazine analogs and
correspondingly re-engineered luciferases. Because of the enhanced photon flux and
red-shifted emission, one of our new reporters outperforms other common
bioluminescent proteins, such as firefly luciferase (FLuc) and NanoLuc, under all
tested conditions from assays based on proteins, intact cells, and cell lysates to in vivo
bioluminescence imaging at superficial sites and in deep tissues of live mice. Our work
has provided a novel luciferase-luciferin pair with superior sensitivity to streamline

bioluminescence applications both in vitro and in vivo.
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2.1. Introduction

The process of bioluminescence involves a production of excited states for light
emission via enzyme (luciferase)-catalyzed oxidation of small-molecule substrates
(luciferins)." Due to the low autoluminescence of typical samples and a superior signal-
to-background ratio resulting from this, there is enormous interest in harnessing
bioluminescence for ultrasensitive bioassays, drug screening, and in vivo imaging of
biological processes from molecular and cellular levels to tissue and whole-body
scales.?® In contrast to fluorescent reporters whose emission intensities are
proportional to the amplitude of incident excitation, the photon fluxes of bioluminescent
reporters are determined by the quantum efficiencies and catalytic rates of
bioluminescence reactions. Although the quantum efficiencies of some luciferase
reactions are comparable to the quantum efficiencies of common fluorescent reporters
(e.g. the Photinus pyralis firefly luciferase (FLuc)/D-luciferin pair has a quantum
efficiency of 0.41),° their slow catalytic rates often result in bioluminescence emission
several orders of magnitude lower than that of fluorescence.” To enhance the
sensitivity and spatiotemporal resolution of bioluminescence measurements, there is
an urgent need for brighter bioluminescent reporters. One of the most exciting
advances in recent years was the engineering of NanoLuc luciferase from a naturally
occurring, coelenterazine (CTZ, Figure. 1a)-utilizing, deep-sea shrimp Oplophorus
gracilirostris luciferase (OLuc).® Because of the unusually high catalytic rate of
NanoLuc toward a synthetic furimazine substrate (Figure. 1b), the in vitro brightness
of the blue-emitting NanoLuc is way above that of the most popular bioluminescent

reporters such as FLuc and Renilla luciferase (RLuc).®

Despite excellent results gained with NanoLuc/furimazine in vitro and in cellulo,
the performance of this pair in vivo, particularly in deep tissues, is limited compared to
that of FLuc/D-luciferin, which has peak emission at 563 nm under physiological pH

(7.4).° For in vivo imaging, bioluminescence emission between 600 and 900 nm,
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namely a near-infrared (NIR) optical window, are highly preferred, because
mammalian tissues are minimally absorptive in this spectral region and red photons
are also less likely to scatter than blue photons.'®" FLuc/D-luciferin, for which a
significant portion of emission is above 600 nm, remains to be one of the best choices
for deep-tissue bioluminescence imaging.'? Recently, both FLuc and D-luciferin have
been engineered for redder emission, but the spectral shift is often penalized by a
substantially reduced total intensity.""” Therefore, most derivatives of FLuc and D-
luciferin failed to show improvement in terms of in vitro or in vivo detection sensitivity.'
Only a very few examples, such as the synthetic D-luciferin analogues CycLuc1 and
AkaLumine-HCI,'®?° have been shown to enhance the in vivo bioluminescence of FLuc
at certain concentration ranges, despite that the corresponding in vitro
bioluminescence was significantly lower than that of FLuc/D-luciferin.' 2°2' To date,
no single bioluminescent reporter is available to give the highest sensitivity both in vitro

and in vivo.

selenoterazine diphenylterazine

Figure 1. Chemical structures of coelenterazine (CTZ) and CTZ analogs.
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It can be reasoned that an improved luciferase-luciferin pair may be derived by
red-shifting the bioluminescence of NanoLuc, and at the same time, retaining its high
catalytic activity and quantum efficiency. Several early studies reported red-shifted
CTZ analogs for OLuc, the ancestor protein of NanoLuc®*%; however, the intensities
were low and it was unknown whether the spectral shift for OLuc could be extended to
NanoLuc. A few additional studies tested NanoLuc with synthetic CTZ analogs, but no
significantly red-shifted bioluminescence has been noted.?**® More recently, NanoLuc
has been genetically linked to a bright cyan-excitable orange fluorescent protein for
bioluminescence resonance energy transfer (BRET) and the resulting fusion protein
“‘Antares”, in spite of its reduced overall brightness, improved bioluminescence
detection in mammalian tissues.?’ Here we present novel luciferase-luciferin pairs
based on synthetic CTZ analogs and correspondingly re-engineered NanolLuc
luciferase mutants for highly bright, substantially red-shifted bioluminescence.
Although the emission peaks of our new reporters are still below 600 nm, because of
their high brightness, they emit considerably more photons above 600 nm than FLuc/D-

luciferin.

2.2. Experimental section
2.2.1. Material and methods

Synthetic DNA oligonucleotides were purchased from Integrated DNA Technologies
(San Diego, CA). Restriction endonucleases were purchased from Thermo Scientific
Fermentas (Vilnius, Lithuania). Accura high-fidelity DNA polymerase and EconoTaq
DNA polymerase were purchased from Lucigen (Middleton, WI). Products of PCR and
restriction digestion were purified using gel electrophoresis and Syd Laboratories Gel
Extraction columns (Malden, MA). Plasmid DNA was purified using Syd Laboratories

Miniprep columns (Malden, MA). DNA sequences were analyzed by Retrogen (San
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Diego, CA). D-luciferin was purchased from Thermo Fisher Scientific. Furimazine was
purchased from Promega. All other chemicals were purchased from Sigma-Aldrich (St.
Louis, MO), Fisher Scientific (Hampton, NH), or VWR (Radnor, PA), and used without
further purification. Varian Inova 500 with a 5-mm triple resonance (*H/ *C/ "°N) triple
axis gradient probe at the UCR ACIF NMR Facility was used to record all NMR spectra.
Chemical shift (8) is given in parts per million relative to 'H: 7.24 ppm and *C: 77.23
ppm for CDCls; and "H: 2.50 ppm and *C: 39.5 ppm for DMSO-ds. Splitting patterns
are reported as s (singlet), bs (broad singlet), d (doublet), t (triplet), dd (doublet of
doublets), m (multiplet). Coupling constant (J) was given in Hz. ESI-MS was run on an
Agilent LC-TOF system by direct infusion. A Gilson PLC 2020 Purification System
coupled with Agela Venusil XBP C18 HPLC Columns (10 uM, 100 A, 10*150mm) was
used for preparative reverse-phase HPLC purifications. BALB/c mice obtained from

the Jackson Laboratory (Cat. # 000651) were used to conduct the in vivo experiments.

2.2.2. Synthesis of diphenylterazine and selenoterazine

di-tert-butyl (5-bromo-3-iodopyrazin-2-yl)carbamate (2): To a solution of 2-amino-
5-bromopyrazine (1, 5g, 28.7 mmol) in acetonitrile (50 mL) were added trifluoroacetic
acid (1.1 mL, 14.3 mmol) and N-iodosuccinimide (NIS, 7.76g, 34.5 mmol) at 0 °C. The
mixture was stirred at reflux for 18 h under N». After cooling to room temperature, the
solvent was removed under reduced pressure. The residue was extracted with 50 mL
ethyl acetate, neutralized and washed twice with saturated aq. NaHCO3 (50 mL), dried
with anhydrous Na,SO, filtered, and concentrated to give black residue. The crude
was next dissolved in dry THF (50 mL), to which was added Boc.O (13.78g, 63.1 mmol)
and triethylamine (12.1 mL, 86.2 mmol). The mixture was stirred under N2 for additional
5 h. The progress of the reaction was monitored with TLC (hexane/ethyl acetate = 3:1).
After completion of the transformation, MeOH (10 mL) was added to quench the

reaction. The solvent was removed under reduced pressure. The residue was purified
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using column chromatography (silica gel; gradient elution with hexane/ethyl acetate
from 20:1 to 5:1) to give compound 2 as white solid (9.7 g, 85% over two steps). "H-
NMR (CDCls, 500 MHz): & 8.46 (s, 1H), 1.41 (s, 18H); "*C-NMR (CDCl;, 125 MHz) &
151.3, 149.0, 144.6, 136.8, 119.0, 84.7, 28.0; ESI-MS (C14H19BrIN;O4): [M+Na]* calcd:

521.96, found: 521.95.

tert-butyl (5-bromo-3-(phenylselanyl)pyrazin-2-yl)carbamate (3): To a mixture of
Cu20 (155 mg, 1.08 mmol), magnesium granule (196 mg, 8.16 mmol), 2,2’-bipyridine
(0.34 g, 2.2 mmol) in dry DMF (20 mL) were added compound 2 (2.7g, 5.4 mmol) and
diphenyl diselenide (0.9 g, 2.9 mmol). The mixture was stirred at 85 °C under N> for 6
h. After removing solvent in vacuo, the residue was dissolved in minimum CH2Cl, and
next purified with column chromatography (silica gel; hexane/ethyl acetate = 4:1) to
give compound 3(1.18 g, 51%) as yellow oil. "H-NMR (CDCls, 500 MHz) 6 7.95 (s, 1H),
7.49 (dd, 2H, J = 8.0, 1.2 Hz), 7.26 (t, 3H, J = 8.0 Hz), 1.47 (s, 9H); "*C-NMR (CDCl;,
125 MHz) 6 151.6, 148.6, 145.0, 141.5, 135.8, 135.1, 129.7, 127.7, 127.2, 84.2, 28.3;

ESI-MS (C1sH16BrNsO.Se): [M+Na]" calcd: 451.96, found: 451.91.

5-phenyl-3-(phenylselanyl)pyrazin-2-amine (5): To a solution of compound 3 (500
mg, 1.17 mmol) in CH.Cl> (6 mL) was added trifluoroacetic acid (5 mL). After stirring
at RT for 30 min, the reaction was diluted with 50 mL CH.Cl>, and neutralize with
saturated aq. NaHCOs. The organic layer was isolated, washed twice with saturated
aq. NaHCOs3 (30 mL) and brine (30 mL), dried over anhydrous Na>SO., filtered, and
concentrated to give the crude compound 4, which was next dissolved in 2 mL EtOH
for later use without further purification. In another round-bottle flask, 1,4-
bis(diphenylphosphino)butane (BDPB, 30 mg, 0.07 mmol) was added to a suspension
of bis(benzonitrile)dichloro palladium (23 mg, 0.06 mmol) in toluene (3 mL), and the

mixture was stirred at RT under N2 for 30 min. Next, to the solution of compound 4 in
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EtOH, phenylboronic acid (172 mg, 1.4 mmol), 1.0 M aq. Na>COs (1 mL), toluene (8
mL), and the mixture of BDPB and bis(benzonitrile)dichloro palladium in toluene were
added sequentially. The mixture was maintained at reflux under N, for 12 h. The
progress of the reaction was monitored by TLC (hexane/ethyl acetate = 2:1). Next, the
mixture was cooled down to RT, and the solvent was removed in vacuo. The residue
was extracted with ethyl acetate (30 mL), which was washed twice with water (30 mL),
dried over anhydrous Na>SOs, and concentrated in vacuo. The residue was next
purified with column chromatography (silica gel; gradient elution with hexane/ethyl
acetate from 4:1 to 2:1) to give compound 5 (209 mg, 55%). Compound 6 (37 mg, 13%)
was also isolated as a by-product. "H-NMR (CDCls, 500 MHz) & 8.21 (s, 1H), 7.71 (dd,
2H, J =8.5, 1.5 Hz), 7.61 (dd, 2H, J = 7.5, 1.5 Hz), 7.38-7.33 (m, 6H), 5.77 (bs, 2H);
"3C-NMR (CDCI3, 125 MHz) & 151.2, 143.3, 139.2, 135.7, 134.8, 134.7, 132.61, 129.9,
129.8, 129.0, 126.8, 125.7 ppm; ESI-MS (C16H13N3Se): [M+H]" calcd: 328.02; found:

328.05.

selenoterazine (7): To a solution of compound 5 (50 mg, 0.153 mmol) and 1,1-
diethoxy-3-phenylacetone (51 mg, 0.23 mmol) in degassed EtOH (2 mL) was added 6
N HCI (0.3 mL) under continuous N2 flow. The reaction flask was wrapped in aluminum
foil and heated to 80 °C with stirring for 12 h. The mixture was cooled down to RT.
Solvent was removed in vacuo, and the residue was re-dissolved in 1 mL acetonitrile,
which was next purified using preparative RP-HPLC (acetonitrile/water = 30:70 to 98:2,
2 mL/min, UV 254 nm). Product fractions were combined and lyophilized to give
selenoterazine (15.5 mg, 22%). The compound has to be stored as solid at
-80 °C for long-term stability. 'H-NMR (DMSO-ds, 500 MHz) & 7.98 (s, 1H), 7.57 (d,
2H, J = 8.5 Hz), 7.41 (d, 2H, J = 7.5), 7.35-7.26 (m, 11H), 4.05 (s, 2H); *C-NMR

(DMSO-ds, 125 MHz) 6 139.7, 136.0, 134.2, 132.8, 131.7, 129.3, 129.1, 128.8, 128.5,
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128.3, 127.7, 126.0, 114.9, 31.9; ESI-MS (C25H1sN30Se): [M+H]" cald: 458.07, found:

458.08.

2-amino-3,5-diphenylpyrazine (6): 1,4-Bis(diphenylphosphino)butane (BDPB, 30 mg,
0.07 mmol) was added to a suspension of bis(benzonitrile)dichloro palladium (23 mg,
0.06 mmol) in toluene (3 mL) and the mixture was stirred at RT for 30 min under No.
To this mixture were sequentially added compound 9 (303 mg, 1.2 mmol) in EtOH (2
mL), phenylboronic acid (318 mg, 2.6 mmol), 1.0 M aq. Na>COs (1 mL) and toluene (8
mL). The mixture was heated under reflux for 8 h. After cooling down to RT, the solvent
was removed under reduced pressure. The residue was extracted with ethyl acetate
(30 mL), which was washed twice with water (30 mL), dried over Na.SO., and
concentrated on rotary evaporator. The residue was purified with column
chromatography (silica gel; gradient elution with hexane/ethyl acetate from 4:1 to 2:1)
to give compound 6 (193mg, 66%). '"H NMR (CDCl3) 6 8.55 (s, 1H), 7.95 (d, 2H, J =
10.0 Hz), 7.78 (m, 2H), 7.47-7.24 (m, 6H), 5.21 (s, 2H) ppm; HRMS (ESI-TOF) calcd

for C16H13N3 [M + HJ": 248.11, found: m/z 248.12.

diphenylterazine (8): To a solution of compound 6 (50 mg, 0.2 mmol) and 1,1-
diethoxy-3-phenylacetone (67mg, 0.3 mmol) in degassed EtOH (3 mL) was added 6 N
HCI (0.3 mL) under continuous N2 flow. The reaction flask was wrapped with aluminum
foil and heated at 80 °C with stirring for 6 h. The mixture was cooled down to room
temperature, before the solvent was removed in vacuo. The residue was re-dissolved
in 1 mL acetonitrile, which was next purified with preparative RP-HPLC
(acetonitrile/water = 30:70 to 98:2, 2 mL/min, UV 254 nm). Product fractions were
combined and lyophilized to give diphenylterazine (26.7mg, 35%). The compound has
to be stored as solid at -80 °C for long-term stability. 'H-NMR (DMSO-d6, 500 MHz)

59.54 (s, 1H), 8.16 (d, 2H, J = 7.0 Hz), 7.57 (d, 2H, J = 7.5 Hz), 7.53 (d, 2H, J = 7.0
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Hz), 7.33-7.24 (m, 9H), 4.17 (s, 2H) ppm; "*C-NMR (DMSO-d6, 125 MHz) & 139.9,
136.0, 134.0, 130.5, 130.2, 129.8, 129.3, 128.8, 128.5, 128.3, 128.2, 127.8, 127.3,
126.3, 125.9, 32.0 ppm; HRMS (ESI-TOF) calcd for CasH19NsO [M - Hf : 376.15, found:

m/z 376.14.

2.2.3 Construction of plasmids and libraries.

Polymerase chain reactions (PCR) were used to amplify all genetic elements with
various synthetic oligonucleotide pairs (see Table 2). The gene for NanoLuc was
purchased from Integrated DNA Technologies as a gBlock, and further amplified with
oligos Xhol-NL-F and NL-R-Hindlll. To create a gene library with randomization at
residues 44, 45 and 138, oligo pairs Xhol-NL-F and 144154-NNK-R, 144154-NNK-F and
[138-NNK-R, and [138-NNK-F and NL-R-Hindlll were utilized to amplify three
individual fragments from NanoLuc. The resultant three fragments were purified by
agarose gel electrophoresis and utilized as templates for assembly in subsequent PCR
reactions by using oligos Xhol-NL-F and NL-R-Hindlll. The assembled full-length
fragment was next digested with Xho | and Hind Il restriction enzymes, and ligated
into a predigested compatible pBAD/His B plasmid (Life Technologies, Carlsbad, CA).
To create a library with randomization at residues 18, 19, 162 and 164, a similar multi-
step overlap PCR strategy was used. Xhol-NL-F and L18D19-NNK-R, L18D19-NNK-
F and R162C164-NNK-R were utilized to create two fragments, which were next
assembled by using Xhol-NL-F and NL-R-Hindlll. The resultant gene fragment was
also treated with Xho | and Hind Ill, and ligated into a predigested compatible pBAD/His
B plasmid. To introduce random mutations across the NanoLuc gene, Tag DNA
polymerase was used in all reactions and 0.2 mM MnCl, was also added into reaction
mixtures to promote amplification errors. To create mammalian expression plasmids,
HindllI-NL-F-Koz and NL-R-Xhol (or NL-R-164H and NL-R-164S) were used to amplify

NanoLuc and NanoLuc mutants. The products were treated with Hind Ill and Xho |
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restriction enzymes and ligated into a predigested compatible pcDNA3 plasmid (Life
Technologies, Carlsbad, CA). The Firefly luciferase (FLuc) gene was amplified from a
pGL2-GAL4-UAS-Luc plasmid by using Fluc-F and Fluc-R, and inserted into pcDNA3
between Hind Il and Xho | sites. Ant-Hindlll-F-koz and Ant-Xhol-R were used to
amplify a fragment contains Antares gene from pNCS-Antares (Addgene Cat# 74279).
The product was digested with Hind Il and Xho | and then ligated into a predigested
pcDNA3 plasmid as mentioned above. To replace the NanoLuc fragment in Antares
with our new teLuc, oligo pairs Ant-HindllI-F-koz and Te19DtoS_R, Te19DtoS_F and
Te85DtoN_R, Te85DtoN_F and Te164CtoH_R, Te164CtoH_F and Antares_R_Hindlll
were utilized to amplify four individual fragments from pNCS-Antares. The resultant
four fragments were used as templates and assembled via PCR reactions by using
oligo pairs Ant-Hindlll-F-koz and Ant-Xhol-R. The product was digested with Hind Il
and Xho |, purified by agarose gel electrophoresis, and ligated into a predigested
pcDNA3 plasmid to give pcDNA3-Antares2. To construct a bacterial expression
plasmid for Antares2, oligo paris Antares_F_Xhol and Antares_R_Hindlll were used
to amplify the whole gene from pcDNA3-Antares2, which was subsequently digested
with Xho | and Hind Il and inserted into a compatible, predigested pBAD/HisB plasmid.
All ligation products were used to transform Escherichia coli DH10B electrocompetent
cells, which were next plated on LB agar plates supplemented with ampicillin (100
pug/mL). Additional L-arabinose (0.02%, w/v%) was supplemented to induce protein

expression for direct bioluminescence imaging of bacterial colonies.

2.2.4 Library screening

DH10B cells containing NanoLuc mutants were plated on LB agar plates
supplemented with ampicillin (100 ug/mL) and L-arabinose (0.02%, w/v%) and

incubated at 37 °C overnight to form bacterial colonies. Agar plates were left at room
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temperature for another 6 hours, followed by bioluminescence imaging using a
luminescence dark box (Stanford Photonics) equipped with a Pixis 1024B CCD
camera (Princeton Instruments). Digital images were acquired after spraying ~ 100 uL
of 200 uM substrates to each agar plate, and next processed with the Fiji image
analysis software®® to derive bioluminescence intensities of individual colonies. For
each compound, the brightest ten colonies from a total of ~ 20,000 colonies were
chosen and inoculated in 5 mL liquid LB broth containing ampicillin (100 pg/mL) and
L-arabinose (0.02%, w/v%). After overnight growth at 37 °C and 250 rpm, the cultures
were moved onto a shaker at room temperature for another 6 h. Cells were next diluted
with the assay buffer (1 mM CDTA, 0.5% Tergitol NP-40, 0.05% Antifoam 204, 150
mM KCI, 100 mM MES, pH 6.0, 1 mM DTT, and 35 mM thiourea) to ODeoo = 0.1. Next,
bioluminescence activities of individual samples were measured in white 96-well plates
(Costar 3912) on a Synergy Mx Microplate Reader (BioTek, Winooski, VT) after
directly injecting substrates (final concentration of 30 uM). Kinetics were followed for
1-s signal integration every 60 s for a total of 40 min. Mutants showing exceptional
high bioluminescence activities were chosen for sequencing, protein preparation, and

other additional characterization.

2.2.5 Luciferase expression and purification

Luciferases were expressed and purified as Hiss-tagged fusion proteins. DH10B cells
containing corresponding pBAD plasmids were grown in a starter culture of 5 mL of LB
broth containing ampicillin (100 ug/mL) at 37 °C and 250 rpm overnight. Next, the
saturated starter culture was diluted 100-fold into 2YT medium containing the
appropriate antibiotics and grown under the same conditions. When ODeoo reached
0.7-0.9, the expression culture was induced with L-arabinose (0.2%, w/v%) and

incubated at room temperature with shaking at 250 rpm for another 16 h. Cells were
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harvested by centrifugation at 4700 rpm for 15 min and lysed by sonication. The
resulting cell lysate was clarified by centrifugation at 18,000 rpm for 30 min at 4 °C.
The supernatant was incubated with Ni-NTA agarose beads (Pierce, Rockford, IL) at
4 °C for 2 h. Agarose beads loaded to a plastic column were sequentially washed with
20 mL of wash buffer 1 (pH 8.0, 50 mM Tris HCI, 20 mM Imidazole, 300 mM NaCl, 1
mM DTT) and 3 ml of wash buffer 2 (pH 8.0, 50 mM Tris HCI, 50 mM Imidazole, 300
mM NacCl, 1 mM DTT), followed by elution with an elution buffer (pH 8.0, 50 mM Tris
HCI, 300 mM Imidazole, 300 mM NaCl, 1 mM DTT). Proteins were buffer-exchanged
into Tris HCI (50 mM, pH 7.4) containing 1mM DTT using Thermo Scientific Snakeskin
dialysis tubing, and next concentrated using 3-kDa Amicon Ultra Centrifugal Filters
(EMD Millipore). Protein concentrations were determined using the Pierce Coomassie
Bradford Protein Assay Kit (Thermo Fisher). For storage, glycerol was added to a final

concentration of 50% (v/v) and the resultant mixtures were kept at —20 °C.

2.2.6 Bioluminescence characterization in vitro

A Synergy Mx Microplate Reader (BioTek) was used for all in vitro bioluminescence
characterizations. For kinetics measurements, no emission filter or monochromator
was used. 50 pL of luciferin substrates in the assay buffer (1 mM CDTA, 0.5% Tergitol
NP-40, 0.05% Antifoam 204, 150 mM KCI, 100 mM MES pH 6.0, 1 mM DTT, and 35
mM thiourea) was injected into wells of white 96-well plates containing 50 uL of pure
enzymes also in the same assay buffer. The final concentrations of all enzymes and
substrates were 100 pM and 30 pM, respectively. Measurements were taken every 60
s after injection (1-s integration and 10-s shaking during intervals). FLuc
bioluminescence assays were performed similarly, except for that its assay buffer
contains 30 mM MOPS, pH 7.0, 1.5 mM ATP, and 5 mM MgSOs. To derive values for

apparent Michaelis constants (Km), substrate concentrations varied from 0.78 to 50 yM



45

and peak bioluminescence intensities at individual substrate concentrations were used
to fit the Michaelis-Menten equation. The Synergy Mx Microplate Reader is also
equipped with a monochromator for scanning of emission wavelengths. 50 uL of
individual substrates (60 uM) in assay buffers were injected into 50 yL of 2 nM pure
enzymes, and bioluminescence spectra were collected with 0.1-s integration and 1-nm

increments from 400 to 750 nm.

2.2.7 Mammalian cell culture and transfection

We utilized HEK 293T (purchased from ATCC and tested for mycoplasma by PCR),
which is one of the most widely used and readily transfectable cell lines. HEK 293T
cells were cultured at 37 °C with 5% CO: in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). Transfection mixtures
were prepared with 3 ug of plasmid DNA and 9 ug of PEI (polyethylenimine, linear,
MW 25 kDa) in DMEM and incubated for 20 min at room temperature. The medium
was first aspirated, and the transfection mixtures were added to cells at 70%
confluency on 35-mm culture dishes seeded the day before transfection. Incubation
lasted for 3 h at 37 °C. Fresh DMEM containing 10% FBS was next utilized to replace
the transfection mixtures. After incubation for another 24 hours at 37 °C in a CO:
incubator, the medium was removed and cells were collected and resuspended in

Dulbecco's phosphate-buffered saline (DPBS).

2.2.8 Bioluminescence measurements in HEK 293T cells

The number and density of cells in DPBS suspension were determined using a
hemocytometer. Cells were next diluted with DPBS to gain the needed numbers in

each 100 pL solution. To use the luminescence dark box to directly image cells, we
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added luciferase-expressing HEK293T cells (5000 cells per well with ~70%
transfection efficiency) and the corresponding luciferin substrates into wells of a white
96-well plate. Bioluminescence was imaged using a Pixis 1024B cooled CCD camera
equipped with a 50-mm f/0.95 lens at one min post substrate addition. The camera
exposure time was 1 s, and the field of view was 6x6 inches. A 695BP50 (Omega
Optical) filter was utilized to acquire NIR emission. All images were analyzed using the
Fiji image analysis software®®. To prepare cell lysates, cell suspensions were subjected
to 10-s sonication. Without further separation, substrates and 100 uL of additional

assay buffers were added to initiate bioluminescence reactions.

2.2.9 Bioluminescence imaging at superficial sites of live mice

BALB/c mice on a 37 °C electronic heat pad were anesthetized using 2% isoflurane in
100% oxygen with a flow of 0.5 L/min. We subcutaneously injected 2 million HEK 293T
cells transfected with luciferase genes and resuspended in 100 yL PBS to the upper
right back of each mouse, and another 2 million cells transfected with an empty vehicle
vector and also resuspended in 100 pL PBS to the lower left back of the same mouse.
After cells were settled for 5 min, the corresponding luciferase substrates with
indicated concentrations in 100 uyL PBS were also subcutaneously injected to each
site. Mice were next imaged continuously with 30-s exposure time per frame for a total
of 5 min using a luminescence dark box (Stanford Photonics) equipped with a Pixis
1024B cooled CCD camera. The Fiji image analysis software?® was used to analyze
images and integrate bioluminescence intensities over common regions of interest

encompassing all injected cells.

2.2.10 Bioluminescence imaging in deep tissue of live mice
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We followed a published procedure to hydrodynamically transfect BALB/c mice?.
Briefly, 20 pg of each luciferase-expressing plasmid in sterilized saline (volume
equivalent to 9% bodyweight of the treated mouse) was injected into individual mice
placed in a restrainer via tail vein in 4-8 sec. Mice were allowed to recover on the heat
pad and monitored until breathing resumed to a normal speed. Bioluminescentimages
were acquired at 12 h post injection. D-luciferin at the indicated dose was dissolved in
100 yL PBS and intraperitoneally injected into FLuc-transfected mice. Prior to the
intraperitoneal injection of CTZ analogs to teLuc or yeLuc transfected mice, DTZ or
STZ at the indicated dose was dissolved in a 100 pL solution containing 8% glycerol,
10% ethanol, 10% hydroxypropyl-B-cyclodextrin, 35% PEG 400 in water. To inject 3.3
pmol DTZ, the total volume was increased to 500 pyL. The luminescence dark box
(Stanford Photonics) equipped with a Pixis 1024B cooled CCD camera was again used
to image anesthetized mice with 1-min exposure time per frame for a total of 10 min.
The Fiji image analysis software?® was used to process images and derive integrated

intensities.

Statistical analysis. The two-tailed t-test was used to determine all P values. No
statistical method was used to pre-determine the sample size. No sample was
excluded from data analysis, and no blinding was employed. Animals were randomly
assigned to receive various treatments. Unless otherwise indicated, data are shown

as mean = s.d., and error bars in figures represent s.d..

2.3. Results
2.3.1 The design and synthesis of CTZ analogs

A few CTZ analogs have previously been prepared for red-shifted
bioluminescence®, although they typically give low emission with their tested

luciferases.?? *-3' They have not been directly tested with NanoLuc, and their impact
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on the bioluminescence of NanoLuc is still unknown because the spectral shift
observed for one CTZ-utilizing luciferase may not be transferable to another CTZ-
utilizing luciferase.?® In a recent report, 6-pi-OH-CTZ (Figure. 1c), which has an
extended conjugation at the C-6 position, was shown to red-shifted the
bioluminescence of an RLuc mutant, Rluc8, by 41 nm, but almost no bioluminescence
was observed for NanoLuc.?® We reasoned that NanoLuc might not well tolerate
substrate with structural changes at the C-6 position, so we mainly focused our effort
on the derivatization of CTZ at the C-8 position. Introducing heteroatoms, such as
selenium, into fluorescent dyes or D-luciferin, is a proven strategy via heavy atom effect
to red-shift fluorescence or bioluminescence emission.**3* Oxygen and sulfur atoms
haven also been introduced to the C-8 position of CTZ to shift the bioluminescence of
RLuc to longer wavelengths.**3' On the basis of these results, we hypothesized that
introducing selenium to the C-8 position of CTZ could be effective to red-shift the
bioluminescence of NanoLuc. We therefore designed selenoterazine (STZ, Figure.
1d) and developed a synthetic route (Scheme. 1) for this molecule. To build the
carbon-selenium bond in a chemoselective manner (Step ¢, Scheme 1), we identified
an optimal condition based on magnesium-induced Cu(l) catalysis at 85 °C.*® After
removing the t-Boc group from the resultant intermediate, we utilized Suzuki coupling
to introduce a phenyl group to the C-6 position,*® followed by acid-catalyzed
condensation with 1,1-diethoxy-3-phenylacetone to afford the final product
selenoterazine from inexpensive, commercially available chemicals in six steps with

5.2% overall yield.
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Scheme 1. The synthetic route to prepare selenoterazine (and diphenylterazine as a
minor product): (a) TFA, NIS, ACN, Reflux; (b) (Boc)O, NEts, THF, RT, 85% from 1;
(c) PhSez, Cu20, bpy, Mg, DMF, 85°C, 51%; (d) TFA, CH2Clz, RT; (e) (CeHsCN)2PdCl>,
(CsHs)2P(CH2)sP(CsHs)2, PhB(OH)2, Na2COs, toluene, EtOH, Reflux, 55% for 5 and
13% for 6 from 3; (f) PhCH.COC(OEt),, 6N HCI, EtOH, Reflux, 22% for 7 and 35% for

8.

We also serendipitously prepared another CTZ analog, diphenylterazine (DTZ,
Figure. 1e), which extends conjugation at C-8 through an aromatic ring. The precursor
of DTZ was initially derived as a side-product during the synthesis of STZ. We later
tested DTZ with NanoLuc and fortunately found it to be one of the most useful CTZ
analogs to enhance and red-shift the bioluminescence of NanoLuc. Because DTZ
exhibits red-shifted emission and maintain reasonable brightness over STZ, we
revised a reported procedure®” and prepare diphenylterazine in large quantities from

commercially available chemicals in two steps with 23.1% overall yield (Scheme. 2).
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Scheme 2. The synthetic route to prepare diphenylterazine as the major product.

2.3.2 Engineering of NanoLuc mutants and in vitro characterization

With selenoterazine (STZ) and diphenylterazine (DTZ) in hand, we next
determined their bioluminescence in the presence of the freshly purified NanoLuc
protein. Under our condition, the peak emission of NanoLuc/furimazine was at 450 nm,
whereas NanoLuc/DTZ and NanoLuc/ DTZ emitted maximally at 527 nm and 498 nm,
respectively (Table 1). We want to note that our determined emission maximum for
NanoLuc/furimazine is close to that reported by Hosoya et al.,?* but 10-nm blue-shifted
from that reported by Wood et al.® Nevertheless, DTZ and DTZ caused 77- and 48-nm
red-shifts from furimazine, respectively. Interestingly, DTZ is a better substrate for
NanoLuc than CTZ. The NanoLuc/DTZ pair retained ~ 44% of the intensity of
NanoLuc/furimazine, whereas the maximal bioluminescence intensity of NanoLuc/DTZ

was only 3.3% of NanoLuc/furimazine.
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Table 1. Photoluminescence properties of various luciferase/luciferin pairs.

Amax | Reporter Relative intensity =
(nm) size Protein® HEK 293T Cells © Mice
(kDa) |Total | > Intact Intact |Lysate [Subcutaneously | Hydrodynamic
600 |[(Total) |(695/50) injected cellsd transfection ¢
nm 0.3 umol |3 pumol

NanoLuc + 450 19 43.5 |0.66 | 307 7.4 167 7.2 NDf NDf
furimazine
teLuc + 500 19 113 | 13 793 56 317 54 53 119
DTZ
yeLuc + 527 19 13 | 43 89 21 6.5 1.8 3.5 NDf
STZ
FLuc + 563 61 1 1 1 1 1 1 1 3.7
D-luciferin
FLuc + 677 61 3.4 6 5.6 22 11 1.3 NDf 8.2
AkaLumine-
HCl
Antares + 450, 70.5 30 19 180 165 112 26 49 78
furimazine 582
Antares2 + 500, 70.5 79 76 636 275 252 57 86 155
DTZ 582

a. Intensity values normalized to FLuc/D-luciferin under comparable experimental conditions;

b. 30 uM substrate and 1 nM proteins. Values are based on intensities integrated over the first 10 min post
substrate injection;

c. 50 pM substrates and 5000 cells with an average transfection efficiency of ~ 70%;

d. Subcutaneous injection of 2 million HEK 293T cells and 100 pL of 100 uM each substrate;

e. Intraperitoneal injection of each substrate. All intensity values normalized to FLuc and 0.3 umol D-luciferin;

f. Not determined.

We next engineered NanoLuc for enhanced activities toward either DTZ or STZ
(Figure 2a). We simultaneously randomized residues 44, 54 and 138 (numbered
according to Protein Date Bank (PDB) ID 5B0U), since they have previously been
reported to modulate the substrate preference of NanoLuc.3® Unfortunately, screening
of this library did not give us any NanoLuc mutant showing improved activities. We
subsequently fully randomized residues 18, 19, 162, and 164, because they are close
to a putative substrate-binding site based on our analysis of a recently reported X-ray
crystal structure of the apo-form of NanoLuc.* In the meanwhile, we also introduced
random mutations across the gene under an error-prone PCR condition. We next
introduced the resultant gene library into DH10B E. coli cells and imaged bacterial
colonies for bioluminescence by directly spaying either DTZ or STZ. We examined ~
20,000 individual colonies for each substrate, and selected ten top clones for each

substrate for further investigation. Pure proteins for each clone were prepared and
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tested against DTZ or STZ. To our delight, we identified a mutant showing exceptional

activity toward DTZ (Figure 2b).

This mutant (NanoLuc-D19S/D85N/C164H), which enhanced the NanoLuc-
catalyzed bioluminescence of DTZ by 5.7-fold, was designated teLuc for its teal
bioluminescence (emission max: 500 nm) in the presence of DTZ. The
bioluminescence intensity of teLuc/DTZ is ~ 34-fold and ~ 2.5-fold of the intensities of
NanoLuc/CTZ and NanoLuc/furimazine, respectively (Table 1), making teLuc/DTZ one

of the brightest luciferase-luciferin pairs to date.

(a) (b)
1 6 1 16 21 26 31 36 41
NanoLuc MVFTLEDFVGDWRQTAGYNLDQVLEQGGVSSLFQNLGVSVTPI
teLuc MVFTLEDFVGDWRQTAGYNLIEIQVLEQGGVSSLFQNLGVSVTPI
144X L18X, yelLuc0.8 MVFTLEDFVGDWRQTAGYNQVLEQGGmSLFQNLGVSVTPI
156X, D19X, yeLuc MvTLeEDpFvGeDwRaTElcYNEIJQaVLEQGG SLFQNLGVSVTPI
1138X R162X,
C164X 46 51 56 61 66 71 76 81
EP-PCR NanoLur QR IVLSGENGLKIDIHVIIPYEGLSGDQMGQIEKIFKVVYPVD
X teLuc QRIVLSGENGLKIDIHVIIPYEGLSGDQMGQIEKIFKVVYPVD
yelue08 QRIVLSGENGLKIDIHVIIPYEGLSGDQMGQIEKIFKVVYPVD
+ yelLuc QRIVLSGENGLKIDIHVIIPYEGLSGDEMGQIEKIFKVVYPVD
EP.PCR 86 91 9 101 106 11 116 121 126
NanoLuc DHHFKVILHYGTL DGVTPNMIDYFGRPYEGIAVFDGKKI TV
Three rounds teLuc mHHFKVILHYGT DGVTPNMIDYFGRPYEGIAVFDGKKI TV

v
LV
yeluc08 DHHFKVILHYGTLVIDGVTPNMIDYFGRPYEGIAVFDGKKI TV
yelLuc DHHFKVILHYGTLVIDGVTPNMIDYFGEIPYEGIAVFDGKK I TV

131 136 141 146 151 156 161 166
NanolLuc TGTLWNGNKI IDERLINPDGSLLFRVTINGVTGWRLCERI LA -
teLuc TGTLWNGNKI IDERLINPDGSLLFRVTINGVTGWRLIHERI LA -
yelLuc0.8 TGTLWNGNKI IDERLINPDGSLLFRVTINGVTGWRLISIERI LA -
yeLuc TGTLWNGNKI|DEREINPDGSLLFRVTINGVTGWRL ERILA-

Figure 2. (a) lllustration of the process to engineer teLuc and yelLuc. (b) Sequence
alignment between NanolLuc and NanoLuc mutants described in this work. teLuc
mutations are highlighted in teal fonts and gray background, whereas all yelLuc
mutations are highlighted in yellow fonts and gray background. Residues in this figure

are numbered according to Protein Date Bank (PDB) ID 5B0U.

Due to its red-shifted spectrum, teLuc/DTZ can partially emit photons at
wavelengths above 600 nm, the NIR optical window suited for mammalian tissue

imaging. In comparison, NanoLuc/furimazine has little emission in this region. Because
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the total intensity of teLuc/DTZ is much higher than that of FLuc/D-luciferin, teLuc/DTZ
can emit 13-fold more photons than FLuc/D-luciferin in this NIR optical window (Table
1). In the meanwhile, we identified another NanoLuc mutant (designated yelLuc0.8;
NanoLuc-L18Q/D19A/S28T/C164S) showing enhanced activity toward STZ. To further
increase the brightness of the yeLuc0.8/STZ pair, we performed three additional
rounds of random mutagenesis and bacterial colony-based screening. We arrived at a
further enhanced variant which has 6 additional mutations and is ~ 51% brighter than
yeLuc0.8. This new mutant (Figure. 2a and 2b), which provides an overall 11.5-fold
enhancement of STZ bioluminescence from NanoLuc, was named yeLuc (NanoLuc-
F1L/A14D/L18Q/D19A/V27L/S28T/Q69R/R112Q/L142R /C164S). The peak intensity
of yeLuc/STZ is ~ 17-fold higher than that of FLuc/D-luciferin, with ~ 4.2-fold more
emission in the spectral region above 600 nm than FLuc/D-luciferin during a 10-min

integration (Table 1).
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Figure 3. Bioluminescence decay kinetics for pure enzymes. The final concentrations
of all enzymes and substrates were 100 pM and 30 uM, respectively. Measurements
were taken every 60 s after substrate addition. Individual data points from three

independent measurements are presented.
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We utilized the buffer previously reported for NanoLuc® in our protein-based
bioluminescence assays. Under this condition, teLuc/DTZ displayed sustained
bioluminescence with a half-life of ~ 40 min, whereas the decay of yelLuc/STZ
bioluminescent was fast with a half-life of ~ 5 min (Figure. 3). The relative intensities
(including peak intensities and integrated intensities) of various luciferase-luciferin
pairs, as compared to NanolLuc/furimazine, are reported in Table 1. We also
determined apparent Michaelis constants (Kn) for these luciferase-luciferin pairs, and
the Km values of teLuc and yeLuc were 10.6 yM and 11.8 uyM for DTZ and STZ,
respectively (Figure. 4a and Table 1). These values are close to that of
NanoLuc/furimazine, suggesting that the enzyme-substrate affinity was not

significantly altered during our engineering process.
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Figure 4. Substrate titrations with pure enzymes to determine apparent Michaelis
constants (Km). The final concentrations of all enzymes were 100 pM. Substrate
concentrations varied from 0.78 to 50 yM, and peak bioluminescence intensities at
individual substrate concentrations were used to fit the Michaelis-Menten equation.
Individual data points from three independent measurements at each substrate

concentration are presented.
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2.3.3 Further red-shifting the emission of teLuc/DTZ by BRET

Even though the NIR emission of teLuc has been improved comparing to
NanoLuc, the emission maximum is still far away from ideal NIR transparent window.
We next fused teLuc to two copies of cyan-excitable orange fluorescent protein
(CyOFP) to further red-shifting the emission by bioluminescence resonance electron
transfer (BRET) mechanism (Figure. 5a). The emission of teLuc/DTZ overlaps better
with the absorbance of CyOFP1 (Figure. 5b) and teLuc/DTZ is brighter than
NanoLuc/furimazine. Therefore, replacing NanoLuc in Antares with teLuc resulted in a
BRET-based Antares2 reporter emitting 76-fold more photons above 600 nm than

FLuc/D-luciferin (Table 1).
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Figure 5. Domain arrangement and spectral overlap of Antares2. (a) Primary structural
arrangement of Antares and Antares2. (b) Fluorescence and bioluminescence profiles
of CyOFP1, NanoLuc, and teLuc, showing a better BRET spectral overlap between
teLuc and CyOFP1 than between NanoLuc and CyOFP1. Two copies of CyOFP1 give
higher BRET efficiency. The BRET efficiency increased from 67% in Antares to 71%
Antares2 by comparing the intensities of Antares, Antares2, NanoLuc, and teLuc at

the same concentrations.
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2.3.4 Improved bioluminescence in mammalian cells and lysates

To evaluate the performance of newly engineered luciferase-luciferin pairs in
mammalian cell-based bioluminescence assays, we expressed our luciferase mutants
in Human Embryonic Kidney (HEK) 293T cells. Utilizing the same number of cells, we
determined bioluminescence intensities in the presence of their corresponding luciferin
substrates (30 uM). The peak intensities of bioluminescence generated by teLuc and
yeLuc were ~ 480-fold and ~ 56-fold, respectively, higher than that of FLuc/D-luciferin
in intact HEK 293T cells (Table 1 and Figure. 6b). These enhancements are even
more dramatic than the results observed in protein-based assays, suggesting that our
synthetic substrates have excellent cell permeability (Table 1). Moreover, teLuc/DTZ
displayed 2.4-fold higher bioluminescence than NanoLuc/furimazine. To the best of
our knowledge, among all bioluminescent reporters that have been tested in in live
mammalian cells, teLuc/DTZ is currently the brightest option. We next sonicated HEK
293T cells to disrupt cell membrane and determined bioluminescence activities in cell

lysates. We observed the same trend for their relative brightness (Table 1).
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Figure 6. (a) Chemical structures of diphenylterazine (DTZ) and selenoterazine (STZ).
(b) Bioluminescence emission of purified luciferases (1 nM) with their corresponding
luciferin substrates (30 uM). The spectra were normalized to peak emission of FLuc—
D-luciferin. (c—f) Representative pseudocolored images (c,e) and quantifications (d,f)
of luciferase-expressing HEK 293T cells in the presence of various luciferins. Images
were acquired without a filter (c) or with a 695 + 25-nm NIR emission filter (e). Panels
d and f are quantification results for panels ¢ and e, respectively. All values were
normalized to the intensities of FLuc—D-luciferin (50 yM) under the same imaging
conditions. The graphs show mean values and individual data points of three

independent measurements.
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To evaluate the substrate dependency of the bioluminescence reactions in live
cells, we next imaged HEK 293T cells transfected with each luciferase gene in the
presence of various concentrations of substrates (Figure. 6¢c and 6d). As the
concentrations increased from 3.125 yM to 200 uM, the bioluminescence intensities
also increased for all groups. In particular, teLuc/DTZ were several hundred times
brighter than FLuc/D-luciferin. This new pair also generated consistent improvement
from NanoLuc/furimazine at all tested concentrations. The improvement was even
more dramatic when cells were imaged with a NIR emission filter (Figure. 6e and 6f),
because the bioluminescence profile of teLuc/DTZ and Antares2/DTZ is more red-

shifted than that of NanoLuc/furimazine.

We also monitored bioluminescence decay kinetics for various luciferase-
luciferin pairs. Similar to NanoLuc/furimazine, both teLuc/DTZ and Antares2/DTZ
showed sustained bioluminescence with a half-life of > 2 h in both intact cells and cell
lysates (Figure. 7). In contrast, the bioluminescence of yeLuc/STZ and FLuc/D-
luciferin decayed quickly to show flash-type kinetics. Moreover, DTZ alone yielded very
little background and thus exhibited excellent signal-to-background ratios (Figure. 8).
Furthermore, DTZ elicited minimal cell toxicity at millimolar concentrations (Figure. 9).
In contrast, AkaLumine-HCI, furimazine, and STZ induced cell death within the tested

substrate concentration range.

Both teLuc/DTZ and Anteres2/DTZ pairs showed robust, red-shifted
bioluminescence in protein and cell based assays. More importantly, these two new
pairs give enhanced signals in the NIR spectral range, strongly suggesting their

usefulness for in vivo bioluminescent imaging.
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Figure 7. Bioluminescence decay kinetics in intact HEK 293T cells (a) and HEK 293T
cell lysates (b). The assay was performed with 30 uM substrates in a 96-well plate
format containing ~5000 luciferase-expressing HEK 293T cells or cell lysates.
Bioluminescence intensities were measured at 60 s intervals after substrate addition.

Individual data points from three independent measurements are presented.
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Figure 8. Evaluation of signal-to-background ratios (S/B) of various luciferase-luciferin

pairs in HEK 293T cell based assays. The addition of DTZ to untransfected HEK 293T

cells generated signals close to instrumental noises. S/B ratios were 2.5 x 10* for 30

uM DTZ and 5.0 x 10* for 100 uM DTZ in the presence or absence of teLuc, and 136

for 2 mM D-luciferin in the presence or absence of FLuc. Individual data points and

mean with s.d. from three independent experiments are presented.
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Figure 9. Evaluation of the cytotoxicity of various luciferins. (a) Viability of HEK 293T

cells determined using RealTime-Glo™ MT Cell Viability Assay (Promega) after
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incubation with individual luciferin substrates for 24 h at 37°C. Individual data points
from three independent measurements are presented. Lines were drawn to emphasize
the trends. (b) Evaluation of cell morphology and staining of dead cells. Cells incubated
with the indicated luciferins for 24 h at 37°C were stained with propidium iodide (Pl), a
fluorescent dye for dead cells. The cytotoxicity of STZ, furimazine, and AkaLumine
was further confirmed by the red fluorescence of PI. These experiments were

independently repeated three times.

2.3.5 Enhanced bioluminescence imaging in vivo

We next explored the use of our new reporters for in vivo bioluminescence
imaging. To compared bioluminescence at superficial sites, we subcutaneously
injected HEK 293T cells expressing individual luciferases to the upper right back of
BALB/c mice with hair unremoved. For comparison, we also administered cells
transfected with an empty vehicle vector to the same mice at the lower left back. After
cells were settled down, we subcutaneously injected luciferin substrates to both sites
of each mouse. No background bioluminescence was observed from sites injected
with vehicle-transfected cells. At the same substrate concentration (0.1 mM),
teLuc/DTZ was ~ 54-fold brighter than FLuc/D-luciferin and ~ 7.5-fold brighter than
NanoLuc/furimazine (Figure. 10a and 10b and Table 1), while the brightness of
Antares2 was comparable to that of teLuc. Very dim bioluminescence was observed
for yeLuc/STZ at this substrate concentration. However, when the STZ concentration
increased from 0.1 mM to 0.5 mM, yeLuc/STZ emitted more robustly than FLuc in the
presence of 1 mM D-luciferin. NanoLuc/furimazine was still quite bright at the
superficial sites, suggesting that tissue absorption and scattering had less impact on

photons from the body surface.
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Figure 10. Bioluminescence imaging of luciferase-luciferin pairs at superficial sites and
in deep tissues of live mice. (a,b) Representative bioluminescence images (a) and
quantitative analysis (b) of BALB/c mice with subcutaneously injected luciferase-
expressing HEK 293T cells and 100 pL luciferin substrates at the indicated
concentrations. The group numbers in panel b are aligned with these in panel a. Two
injection sites (one for luciferase-expressing cells and one for empty-vector controls)
of each mouse are illustrated with red arrows. Intensity values were normalized to the
intensity of FLuc/D-luciferin (0.1 mM) acquired under the same condition. (c,d)
Representative bioluminescence images (c) and quantitative analysis (d) of BALB/c
mice to which luciferase-coding plasmids were hydrodynamically delivered through tail
vein and luciferase substrates were intraperitoneally delivered at 12 h post plasmid
injection (n = 3). Intensity values were normalized to the intensity of FLuc/D-luciferin
(0.3 ymol) acquired under the same condition. Two-tailed t-tests were used to compare
values for teLuc/DTZ, Antares/furimazine, and Antares2/DTZ (*P< 0.05), indicating the

existence of significant enhancement of bioluminescence by teLuc or Antares2.
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To further evaluate the reporters for imaging deep-tissue targets, we utilized
hydrodynamic transfection to express exogenous luciferase genes in internal organs
of mice.? This procedure is known to lead to efficient expression of exogenous genes
in internal organs, such as the lung, heart, liver, spleen and kidney. After transgene
expression, we intraperitoneally injected various luciferin substrates of 0.3 umol
individual luciferin substrates into mice. Compared to FLuc/D-luciferin, teLuc/DTZ
displayed significantly enhanced bioluminescence signals. Injection of 0.01 pymol and
0.1 umol D-luciferin into FLuc-expressing mice did not produce noticeable
bioluminescence, whereas signals were detected for DTZ-expressing mice injected
with the same amounts of DTZ. teLuc/DTZ generated ~ 53-fold higher emission than
FLuc/D-luciferin (Figure. 10c and 10d). We further intraperitoneal injected 3.3 pmol
substrates, a dose used in many D-luciferin imaging experiments (~ 50 mg/kg) and
recommended for the use of AkaLumine-HCI?. teLuc/DTZ was still ~ 32-fold brighter
than FLuc/D-luciferin and ~14.5-fold brighter than FLuc/AkaLumine-HCI. When 10
pumol D-luciferin was utilized, the emission of FLuc-expressing mice increased by ~ 7.8-
fold. Despite that, the bioluminescence of teLuc-expressing mice in the presence of
10-fold less substrate was still ~ 2.7-fold higher than FLuc/D-luciferin. Injection of DTZ
into untransfected blank mice did not cause any background emission (Figure 10c).
When Antares2 was utilized for deep-tissue imaging, an additional 30%-60% increase
of signal was detected since its emission profile is more red-shifted than teLuc.
Furthermore, the bioluminescence resulting from intraperitoneal injected DTZ
displayed extended kinetics (Figure. 11), supporting that teLuc and Antares2 are

suitable for time-lapse bioluminescence imaging.
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Figure 11. Bioluminescence kinetics of IP injected luciferins (3.3 pymol each) in
hydrodynamically transfected mice. Values are normalized to the starting intensities (t
= 180 s post-injection) and shown as individual data points of three independent

experiments.

2.4. Discussion

Bioluminescence have been harnessed for a large array of applications in
biotechnology, drug discovery, and imaging of biological processes. Although several
luciferase-luciferin pairs are being broadly utilized, the NanoLuc/furimazine and
FLuc/D-luciferin pairs are among the brightest and most popular ones for in vitro and
in vivo bioluminescence measurements, respectively. NanoLuc/furimazine is highly
attractive because of its substantially high overall brightness. However, despite that it
improves in vitro and in cellulo detection limit, FLuc/D-luciferin remains as a better
option for in vivo imaging, in particular, forimaging targets in deep tissues.® Our studies
advanced the status quo by providing a new luciferase-luciferin pair, teLuc/DTZ, which

surpasses NanoLuc/furimazine and FLuc/D-luciferin under all tested conditions,
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including protein-based assays and bioluminescence measurements using live cells

and cell lysates and in surface and deep tissues of live mice.

We derived this new luciferase-luciferin pair by chemically synthesizing CTZ
analogs and re-engineering NanolLuc to accommodate the new substrates. In
particular, DTZ has previously been reported to red-shift the bioluminescence of OLuc
to 483 nm but with very low emission;?* we were able to generate bioluminescence at
500 nm and when paired with our further engineered teLuc luciferase, DTZ resulted in
the highest photon flux in vitro and in cellulo among all luciferase-luciferin pairs.
Moreover, it further improved bioluminescence detection in vivo. Even when D-luciferin
was used at a 10-fold higher concentration, teLuc/DTZ and Antares2/DTZ was still
significantly brighter than FLuc/D-luciferin in vivo. Therefore, we provided novel

luciferase-luciferin pairs with benefits for both in vitro and in vivo applications.

In summary, we have synthesized CTZ analogues with modifications at the C-
8 position and re-engineered NanoLuc luciferase for the new substrates, resulting in
bright, red-shifted bioluminescence. In particular, teLuc/DTZ is one of the brightest
bioluminescent systems showing robust performance for applications in vitro, in cellulo
and in live mice. This will streamline a variety of applications for high sensitivity and
consistency, enable new measurements in the bioluminescence mode, or improve
measurements in vitro and in vivo to allow the use of less demanding instrumentation
to track less abundant targets with higher spatiotemporal resolution. Our study
suggests that modification of CTZ at the C-8 position may be a viable way to red-shift
the bioluminescence of CTZ-utilizing enzymes. Moreover, it demonstrates the general
feasibility of co-engineering CTZ-utilizing luciferases and substrates for improved

bioluminescence.

The increased detection sensitivity is not the only benefit of teLuc/DTZ.

Compared to FLuc (61 kDa) and several other luciferases, NanoLuc and its derived
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teLuc and yeLuc (19 kDa) are small proteins. It is advantageous to use them to create
fusion proteins to track protein dynamics, or to construct viral vectors which may have
limited packing capacity. Furthermore, NanoLuc forms a B-barrel structure amenable
to various genetic and structural manipulations such as split and fragment
complementation. The bioluminescence is independent of ATP, Mg?, or Ca*. All
these suggest that teLuc may be an excellent scaffold for the development of
bioluminescent reporters and biosensors that will be well-compatible with popular
optogenetic tools. Fusing luciferases to fluorescent proteins is a widely-used method
to further enhance and red-shift bioluminescence. We fused teLuc with CyOFP1 to
derive Antares2, which improved detection in deep tissues. Antares2 is an optimal
bioluminescent reporter when the molecular size of the reporter does not matter and
there is no spectral crosstalk with CyOFP1. Overall, our work provides several robust
bioluminescent reporters, including teLuc and Antares2, which will have broad

applications in vitro and in vivo.



2.5. Appendix

NMR and MS characterization of

di-tert-butyl (5-bromo-3-iodopyrazin-2-yl)carbamate (2)
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NMR and MS characterization of

5-phenyl-3-(phenylselanyl)pyrazin-2-amine (5)
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NMR and MS characterization of

selenoterazine (7)
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NMR and MS characterization of

diphenylterazine (8)
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Table 2. Oligonucleotides used in this study.

Oligo name Nucleotide sequence

Xhol-NL-F GCAACTCGAGCATGGTCTTCACACTCGAAGATTTCGTTGG

NL-R-Hindlll TTGCCAAGCTTACGCCAGAATGCGTTCGCACAGCCGC

144154NNK-F CCGATCCAAAGGNNKGTCCTGAGCGGTGAAAATGGGCTGAAGNNKGACATCCATGTC
144154NNK-R GACATGGATGTCMNNCTTCAGCCCATTTTCACCGCTCAGGACMNNCCTTTGGATCGG
1138NNK-F TGGAACGGCAACAAAATTNNKGACGAGCGCCTGATCAAC

1138NNK-R GTTGATCAGGCGCTCGTCMNNAATTTTGTTGCCGTTCCA

L18D1SNNK-F

CAGACAGCCGGCTACAACNNKNNKCAAGTC CTTGAACAGGGAGGTGTG

L18D19NNK-R

CACACCTCCCTGTTCAAG GACTTGMNNMNNGTTGTAGCCGGCTGTCTG

R162C164NNK-R

TTGCCAAGCTTACGCCAGAATGCGTTCMNNCAGMNN CCAGCCGGTCACTCCGTT

HindllI-NL-F-Koz

AATAAAGCTTGCCGCCACCATGGTCTTCACACTCGAAGATTTCGTTGG

NL-R-Xhol TAATCTCGAGTTACGCCAGAATGCGTTCGCA

NL-R-164H TAATCTCGAGTTACGCCAGAATGCGTTCATG

NL-R-164S TAATCTCGAGTTACGCCAGAATGCGTTCACT

FLuc-F ATTATAAAGCTTGCCGCCACCATGGAAGACGCCAAAAACATAAAGAAAG
FLuc-R TTATTCTCGAGTTACAATTTGGACTTTCCGCCCTTCTTGG
Ant-Hindlll-F-koz | ATTATAAAGCTTGCCGCCACCATGGTGAGCAAGGGCGAGGAG
Ant-Xhol-R TTATTCTCGAGTTACTTGTACAGCTCGTCCAT

Tel9DtoS_F GGCTACAACTTGAGTCAAGTCCTTGAA

Tel9DtoS_R TTCAAGGACTTGACTCAAGTTGTAGCC

Te85DtoN_F TACCCTGTGGATAATCATCACTTTA

Te85DtoN_R TAAAGTGATGATTATCCACAGGGTA

Te164CtoH_F

TGACCGGCTGGCGTCTGCATGAACGCATTCTGG

Tel64CtoH_R

CCAGAATGCGTTCATGCAGACGCCAGCCGGTCA

Antares_F_Xhol

ATAACTCGAGCATGGTGAGCAAGGGCGAGGAG

Antares_R_Hindlll

TTGCCAAGCTTACTTGTACAGCTCGTCCAT

NL-Myc-R TGAGTTTTTGTTCGCCGGAGCCCGCCAGAATGCGTTCGCACAGCCGC

teLuc-Myc-R TGAGTTTTTGTTCGCCGGAGCCCGCCAGAATGCGTTCATGCAGACGC

yeLuc-Myc-R TGAGTTTTTGTTCGCCGGAGCCCGCCAGAATGCGTTCACTCAGACGC

FLuc-Myc-R TGAGTTTTTGTTCGCCGGAGCCCAATTTGGACTTTCCGCCCTTCTTGG

Antares-Myc-R TGAGTTTTTGTTCGCCGGAGCCCTTGTACAGCTCGTCCATGCCTCCG

Myc-R-Xhol TAATTCTCGAGTTACAGATCCTCTTCTGAGATGAGTTTTTGTTCGCCGGAGCC
P2A-FLuc-F GCAGGCTGGAGACGTGGAGGAGAACCCTGGACCTATGGAAGACGCCAAAAACATAAAGAA
P2A-ext-R CCAGGGTTCTCCTCCACGTCTCCAGCCTGCTTCAGCAGGCTGAAGTTAGTAGCTCCGCTT
teLuc-P2A-R AGGCTGAAGTTAGTAGCTCCGCTTCCCGCCAGAATGCGTTCATGCAGACGC
NLuc-P2A-R AGGCTGAAGTTAGTAGCTCCGCTTCCCGCCAGAATGCGTTCGCACAGCCGC
Luc2-F-HindllI- ATTATAAAGCTTGCCGCCACCATGGAAGATGCCAAAAACATTAAGA

Kozak

Luc2-Myc-R

TGAGTTTTTGTTCGCCGGAGCCCACGGCGATCTTGCCGCCCTTCTT
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Chapter 3

A New Palette of ATP-independent Bioluminescence

Reporters for Superior Biocompatibility and in vivo Sensitivity

Abstract

Coelenterazine (CTZ)-utilizing marine luciferases and their derivatives have attracted
significant attention because of their ATP-independency, fast enzymatic turnover, and
high bioluminescence brightness. However, marine luciferases typically emit blue
photons and their substrates, including CTZ and the recently developed
diphenylterazine (DTZ), have poor water solubility, hindering their in vivo applications.
Herein, we report a family of pyridyl CTZ and DTZ analogs that exhibit spectrally shifted
emission and improved water solubility. Through directed evolution, we engineered a
LumiLuc luciferase with broad substrate specificity. In the presence of corresponding
pyridyl substrates (i.e., pyCTZ, 6pyDTZ, or 8pyDTZ), LumiLuc generates highly bright
blue, teal, or yellow bioluminescence. We compared our LumiLuc-8pyDTZ pair with
several benchmark reporters in a tumor xenograft mouse model. Our new pair, which
does not need organic cosolvents for in vivo administration, surpasses other reporters
by detecting early tumors. We further fused LumiLuc to a red fluorescent protein,
resulting in a LumiScarlet reporter with further red-shifted emission and enhanced
tissue penetration. LumiScarlet-8pyDTZ was comparable to Akaluc-AkaLumine, the
brightest ATP-dependent luciferase-luciferin pair, for detecting cells in deep tissues of
mice. In summary, we have engineered a new palette of ATP-independent
bioluminescent reporters, which will have broad applications because of their ATP-

independency, excellent biocompatibility, and superior in vivo sensitivity.
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3.1. Introduction

In the past few decades, fluorescence imaging has evolved quickly and
become a dominant visualization method for live-cell studies.! However, fluorescence
imaging has several limitations, such as photobleaching, phototoxicity, and poor tissue
penetration, largely due to the need for light excitation. Unlike fluorescence,
bioluminescence produces photons via enzyme-catalyzed biochemical reactions in
which luciferases oxidize their corresponding small-molecule substrates (a.k.a.,
luciferins) to generate excited-state emitters. As a result, bioluminescence signals glow
essentially on dark background, leading to excellent signal-to-background ratios.
Moreover, even though the spatial resolution of bioluminescence imaging (BLI) is
usually worse than that of fluorescence imaging, the emitted photons can escape
through several centimeters of tissue.? BLI is thus especially suited for diverse,

noninvasive in vivo imaging applications.>®

Photinus pyralis firefly luciferase (FLuc) and D-luciferin (Amax: 563 nm) constitute
the most widely used luciferase-luciferin pair for in vivo BLI. Recently, research has
been performed to develop FLuc and D-luciferin derivatives for brighter and more red-
shifted emission. In particular, an Akaluc-AkaLumine luciferase-luciferin pair with near-
infrared (NIR) emission (Amax: 650 nm) was reported for highly sensitive deep-tissue in
vivo BLI.° Despite the progress, AkaLumine has been shown to induce cell morphology
changes and cytotoxicity.”® Moreover, FLuc, Akaluc, and other insect luciferases
consume ATP for photon production; the bioluminescence reaction between FLuc and
D-luciferin reduced the intracellular ATP-to-ADP ratio of live mammalian cells from >
40:1 to ~ 20:1,% suggesting metabolic disruption by all ATP-dependent luciferases.
Because ATP is required for the activation of the luciferin substrates, this metabolic
disruption issue cannot be addressed by simply improving insect luciferases and the

corresponding substrates.
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In contrast to insect luciferases, a large family of marine luciferases and
photoproteins, such as Renilla luciferase (RLuc), Gaussia luciferase (GLuc),
Oplophorus luciferase (OLuc), and aequorin, are ATP-independent and use
coelenterazine (CTZ, Figure 1) as their native substrate for bioluminescence
production.” The 19kDa catalytic domain of OLuc'' was recently engineered into
NanoLuc, which has a fast enzyme turnover and produces intense blue
bioluminescence (Amax: 456 nm) in the presence of a synthetic CTZ analog, furimazine
(FRZ, Figure 1)." To expand the color palette, NanoLuc was further engineered into
teLuc, which emits red-shifted photons (Amax: 502 nm) when paired with a synthetic
substrate diphenylterazine (DTZ, Figure 1).” Since biological tissues significantly
absorb and scatter short-wavelength photons,' NanoLuc and teLuc have been fused
to fluorescent proteins, resulting in Antares, Antares2, and enhanced Nano-Lanterns
for further red-shifted emission via bioluminescence resonance energy transfer
(BRET).” "% Despite the progress, in vivo applications of these bioluminescent
reporters are greatly hindered by the low solubility of their substrates. Typically,
hydroxypropyl-B-cyclodextrin, polyethylene glycols (PEGs), or other organic
cosolvents are used to formulate the substrates for in vivo administration.” '* &7
These formulation ingredients are not biologically inert and may cause irritation or
biotoxicity. It is also practically difficult to handle these highly viscous solutions for in
vivo operations. Furthermore, it is still of great interest to further red-shift marine

luciferases for enhanced tissue penetration.
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coelenterazine furimazine diphenylterazine
(CTZ) (FRZ) (DTZ2)

%@il@ e

3a, pyCTZ 3c, 8pyDTZ 3d, 6pyDTZ

Figure 1. Chemical structures of coelenterazine (CTZ), furimazine (FRZ),

diphenylterazine (DTZ), pyCTZ (3a), 8pyDTZ (3¢) and 6pyDTZ (3d).

In this work, we chemically modified CTZ and DTZ for spectrally shifted
emission and enhanced water solubility. Concurrently, we engineered teLuc into a
LumiLuc luciferase, which is highly active toward the new substrates for intense blue,
teal, and yellow emission. Moreover, by harnessing a recently reported high-quality
red fluorescent protein, mScarlet-l, we developed a LumiScarlet reporter with
significant emission longer than 600 nm. Our multipronged approach yielded a new
palette of ATP-independent bioluminescent reporters, which are expected to have

broad applications.

3.2. Experimental section
3.2.1. Material and methods

Synthetic DNA oligonucleotides were purchased from Integrated DNA Technologies.

Restriction endonucleases were purchased from Thermo Fisher Scientific. Q5 high-
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fidelity DNA polymerase and Tag DNA polymerase were purchased from NEB.
Products of PCR and restriction digestion were purified by gel electrophoresis and Syd
Laboratories Gel Extraction columns. Plasmid DNA was purified using Syd
Laboratories Miniprep columns. DNA sequences were analyzed by Eurofins.
Potassium D-luciferin was purchased from Thermo Fisher Scientific. Coelenterazine
was purchased from Gold Biotechnology. Furimazine (Nano-Glo®) was purchased
from Promega. AkaLumine-HCI was purchased from Aobious. CTZ was purchased
from GOLDBIO. DTZ was obtained from Haoyuan Chemexpress Co., Ltd. All other
chemicals were purchased from Sigma-Aldrich, Fisher Scientific, or VWR and used
without further purification. Bruker Avance DRX 600 and Varian NMRS 600 at the UVA
Biomolecular Magnetic Resonance Facility was used to record all NMR spectra.
Chemical shift (8) is given in parts per million relative to 'H (7.24 p.p.m.) and *C (77.23
p.p.m.) for CDCl3; 'H (2.50 p.p.m.) and *C (39.5 p.p.m.) for DMSO-ds; 'H (3.31 p.p.m.)
and *C (49.15 p.p.m.) for methanol-ds. Splitting patterns are reported as s (singlet),
bs (broad singlet), d (doublet), t (triplet), dd (doublet of doublets), and m (multiplet).
Coupling constant (J) is given in Hz. High resolution ESI-MS was run on an Agilent
6545 Q-TOF LC/MS system by direct infusion. A Waters Delta Prep ZQ 2000 LC-MS
Purification System equipped with a XBridge BEH Amide OBD Prep Column (1304, 5
pum, 30 mm X 150 mm) was used for preparative reverse-phase HPLC purifications.
Nu/J mice were obtained from the Jackson Laboratory (Cat. #002019) and maintained
and treated in standard conditions that complied with all relevant ethical regulations.
All animal procedures were approved by the UVA Institutional Animal Care and Use
Committee. Images were analyzed using the Fiji image analysis software. Microsoft

Excel and GraphPad Prism were used to analyze data and prepare figures.

3.2.2. Chemical synthesis

5-bromo-3-phenylpyrazin-2-amine (1a):
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Pd(PPhg),, N._ _NH

NarNH2  Na,CO4/EIOH S 2
| —_— _
Br N Br (HO),B Br N
© 1a

To a solution of Pd(PPhs)s (460 mg, 0.4 mmol, 0.1 equiv.) in 200 mL EtOH was added
2-Amino-3,5-dibromopyrazine (1010 mg, 4 mmol, 1 equiv.), TN Na,COssolution (8 mL,
8 mmol, 2 equiv.) and phenylboronic acid (490 mg, 4 mmol, 1 equiv.). The resultant
mixture was stirred at 80 °C under argon for 12 h. The solvent was removed in vacuo
and the residue was suspended in 200 mL ddH»0, which was extracted twice with
EtOAc (200 mL). The organic layers were combined and dried over anhydrous Na;SO4,
fitered and removed in vacuo. The residue was purified by silica column
chromatography with elution (DCM:MeOH = 100:1) to yield compound 1a as yellow
solid (360 mg, 36%). '"H NMR (600 MHz, CDCl3) & 8.07 (s, 1H), 7.71 (d, J = 7.4 Hz,
2H), 7.50 (t, J = 7.4 Hz, 2H), 7.45 (t, J = 7.4 Hz, 1H), 4.82 (s, 2H). *C NMR (151 MHz,
DMSO-ds) & 152.4, 142.4, 139.3, 135.9, 129.2, 128.8, 128.7, 128.1, 127.9, 123.9.

HRMS (ESI-TOF) calcd for C1oHsBrNs [M + H]*: 249.9902, found: m/z 249.9916.

5-bromo-3-(pyridin-4-yl)pyrazin-2-amine (1b):

Pd(PPhs),,
i I He NaZCO3/EtOH J:
HO)ZB

The synthesis of 1b followed the same procedure as 1a, whereas 4-pyridylboronic acid
(492 mg, 4 mmol, 1 equiv.) was used. Crude 1b was purified by column
chromatography with elution (DCM:MeOH = 10:1) to yield 1b as yellow solid (301 mg,
30%). '"H NMR (600 MHz, DMSO-ds) 6 8.69 (d, J = 6.0 Hz, 2H), 8.17 (s, 1H), 7.67 (d,
J = 6.0 Hz, 2H), 6.68 (s, 2H). *C NMR (151 MHz, DMSO-ds) 8 152.6, 150.1, 144.1,
143.3, 136.1, 124.0, 122.4. HRMS (ESI-TOF) calcd for CoH7BrN4 [M + H]*: 250.9854,

found: m/z 250.9845.
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3-benzyl-5-phenylpyrazin-2-amine (2a):

Ng_NH,
P
©):N
2a

2a was prepared following the published synthesis methods™. '"H NMR (600 MHz,

DMSO-ds) & 8.41 (s, 1H), 7.89 (d, J = 7.4 Hz, 2H), 7.39 (t, J = 7.7 Hz, 2H), 7.33 (d, J
= 7.6 Hz, 2H), 7.27 (9, J = 7.7, 7.1 Hz, 3H), 7.18 (t, J = 7.3 Hz, 1H), 6.39 (s, 2H), 4.07
(s, 2H). 3C NMR (150 MHz, DMSO-ds) 5 153.2, 140.5, 139.2, 138.6, 137.6, 137.4,
129.4, 129.1, 128.7, 127.8, 126.6, 125.2, 39.1. HRMS (ESI-TOF) calcd for Ci7H1sNs

[M + H]": 262.1266, found: m/z 262.1258.

3,5-diphenylpyrazin-2-amine (2b):

2b was reported in our previous paper.’

5-phenyl-3-(pyridin-4-yl)pyrazin-2-amine (2c):

Xphos Pd G2,

Ji He NazCO:,/EtOH
A HO )2B

A

The synthesis and purification of 2¢ followed the same procedure as 2d, whereas 1b
was used as the starting compound and phenylboronic acid (245 mg, 2 mmol, 2 equiv.)
was used as boron reagent. Yellow solid (87 mg, 70%). "H NMR (600 MHz, DMSO-ds)
5 7.88 —7.84 (m, 2H), 7.70 (s, 1H), 7.15 (dt, J = 7.8, 1.2 Hz, 2H), 7.12 - 7.08 (m, 2H),

6.65 — 6.59 (m, 2H), 6.57 — 6.51 (m, 1H). 3C NMR (150 MHz, DMSO-ds) & 152.3,
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150.1, 144.9, 140.0, 139.4, 136.6, 134.7,128.8, 127.9, 125.0, 122.7. HRMS (ESI-TOF)

calcd for C1sH12N4 [M + H]*: 249.1062, found: m/z 249.1059.

3-phenyl-5-(pyridin-4-yl)pyrazin-2-amine (2d):

Xphos Pd G2,
Ji He NaZCOS/EtOH
I@ (HO) 2B\©

To a mixture of XPhos Pd G2 (79 mg, 0.1 mmol, 0.2 equiv.) and XPhos (24 mg, 0.05
mmol, 0.1 equiv.) in 5 mL EtOH was added 1a (125 mg, 0.5 mmol, 1 euigv.), 1N
Na2COs (1 mL, 1 mmol, 2 equiv.) and 4-pyridylboronic acid (246 mg, 2 mmol, 4 equiv.).
The resulting mixture was stirred at 80 °C under argon for 12 h. The solvent was then
removed in vacuo and the residue was dissolved in 1N HCI (30 mL) and subsequently
washed with EtOAc (30 mL). The aqueous layer was collected and the pH was then
adjusted to 10 by the addition of 1N NaOH. Product 2d precipitated as yellow solid,
which was filtered, washed with EtOAc and dried under reduced pressure overnight.
(93 mg, 75%). '"H NMR (600 MHz, DMSO-dg) 8 8.71 (s, 1H), 8.58 (d, J = 6.2 Hz, 2H),
7.94 (d,J=6.2Hz, 2H),7.78 (d, J=7.2Hz, 2H), 7.52 (t, J = 7.5 Hz, 2H), 7.46 (t, J =
7.3 Hz, 1H), 6.63 (s, 2H). *C NMR (150 MHz, DMSO-ds) & 153.3, 150.1, 144.0, 139.2,
138.6, 137.1, 128.8, 128.2, 119.0. HRMS (ESI-TOF) calcd for CisH12N4 [M + H]™:

249.1062, found: m/z 249.1060.

4-(5-amino-6-benzylpyrazin-2-yl)phenol (2e):
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2e was prepared following the published synthesis methods™. '"H NMR (600 MHz,
DMSO-ds) 5 9.49 (s, 1H), 8.29 (s, 1H), 7.72 (d, J = 8.6 Hz, 2H), 7.33 (d, J = 7.3 Hz,
2H), 7.28 (t, J = 7.6 Hz, 2H), 7.18 (t, J = 7.3 Hz, 1H), 6.79 (d, J = 8.6 Hz, 2H), 6.19 (s,
2H), 4.06 (s, 2H). "*C NMR (150 MHz, DMSO-ds) & 157.1, 152.0, 139.7, 139.5, 138.3,
135.9, 135.9, 128.9,128.2,126.2, 126.1, 115.5, 115.4, 38.7. HRMS (ESI-TOF) calcd

for C17H1sN3O [M + H]": 278.1215, found: m/z 278.1208.

3-phenyl-5-(pyridin-3-yl)pyrazin-2-amine (2f):

Xphos Pd G2,
/[ He NaZCOS/EtOH
1@ (HO) gB\(j

The synthesis and purification of 2f followed the same procedure as 2d, whereas 3-
pyridylboronic acid (246 mg, 2 mmol, 4 equiv.) was used. Yellow solid (95 mg, 77%).
'"H NMR (600 MHz, DMSO-dg) & 9.19 (s, 1H), 8.64 (s, 1H), 8.54 (d, J = 3.9 Hz, 1H),
8.39 (d,J=8.1Hz 1H),7.79 (d, J =7.3 Hz, 2H), 7.53 - 7.49 (m, 3H), 7.46 (t, J= 7.3
Hz, 1H), 6.47 (s, 2H). *C NMR (151 MHz, DMSO-ds) & 152.6, 148.5, 146.3, 138.4,
138.4,137.3,137.2,132.6, 132.3, 132.2, 128.8, 128.6, 128.3. HRMS (ESI-TOF) calcd

for C1sH12N4 [M + H]*: 249.1062, found: m/z 249.1060.

3-pyridin-4-yl-1,1-diethoxyacetone (4):

EtO\[H\OEt OEt

= o X OEt

To a solution of 4-methylpyridine (931 mg, 10 mmol, 1 equiv.) in 50 mL anhydrous THF

was added potassium tert-butoxide (5.6 g, 50 mmol, 5 equiv.), and the mixture was
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stirred at room temperature for 10 min. Ethyl diethoxyacetate (3.52 g, 20 mmol, 2
equiv.) in 20 mL THF was then added dropwise over 10 min. The resulting mixture was
stirred overnight, and solvent was removed under vacuo. The residue was purified by
silica column chromatography with elution (Hexane:EtOAc = 1:3 to 100% EtOAc) to
yield product as light yellow solid (669 mg, 30%). '"H NMR (600 MHz, DMSO-de) & 8.47
(d, d =5.8 Hz, 2H), 7.18 (d, J = 5.8 Hz, 2H), 4.81 (s, 1H), 3.91 (s, 2H), 3.63 (dq, J =
9.7, 7.1 Hz, 2H), 3.54 (dqg, J = 9.7, 7.1 Hz, 2H), 1.15 (t, J = 7.1 Hz, 6H). "*C NMR (150
MHz, DMSO-dg) & 202.0, 149.3, 143.2, 125.3, 101.6, 62.8, 42.6, 15.1. HRMS (ESI-

TOF) calcd for C12H17NO3 [M + H]": 224.1208, found: m/z 224.1195.

8-benzyl-6-phenyl-2-(pyridin-4-yimethyl)imidazo[1,2-aJpyrazin-3(7H)-one (3a):

HCI/Dloxane :

To a solution of 2a (26 mg, 0.1 mmol, 1 equiv.) and 4 (89 mg, 0.4 mmol 4 equiv) in 5
mL degassed 1,4-dioxane was added 0.8 mL 6N HCI. The resulting mixture was stirred
at 80°C in a sealed tube for 12 h. The solvent was then removed in vacuo and the
residue was dissolved in 1 mL (ACN:H20 = 1:1) and purified with preparative RP-HPLC.
(acetonitrile/water = 1:99 to 90:10, 20 mL/min, UV 254 nm). Product fractions were
combined and lyophilized to give 3a as yellow powder (15 mg, 38%), which has to be
stored as solid at -80 °C for long-term stability. '"H NMR (600 MHz, Methanol-d4) 5 8.43
(d, d =6.2 Hz, 2H), 7.74 (s, 1H), 7.65 (d, J = 6.8 Hz, 2H), 7.49 — 7.38 (m, 7H), 7.29 (t,
J=7.6 Hz, 2H), 7.23 (t, J = 7.4 Hz, 1H), 4.42 (s, 2H), 4.23 (s, 2H). *C NMR (150 MHz,
Methanol-d4) 6 142.6, 137.9, 131.1, 130.4, 130.0, 129.9, 129.1, 128.5, 128.3, 110.1,

49.7. HRMS (ESI-TOF) calcd for C2sH20N4O [M + H]*: 393.1637, found: m/z 393.1630.
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6,8-diphenyl-2-(pyridin-4-yimethyl)imidazo[1,2-a]pyrazin-3(7H)-one (3b):

OEt -
OEt
©/[ 1@ HCI/Dioxane @i L(j

The synthesis and purification of 3b followed the same procedure as 3a, whereas 2b

(25 mg, 0.1 mmol, 1 equiv.) was used as the starting compound. Orange powder (8
mg, 21%). TH NMR (600 MHz, Methanol-d4) & 8.79 (d, J = 6.5 Hz, 2H), 8.50 (s, 1H),
8.15 (d, J = 7.2 Hz, 2H), 8.06 (d, J = 6.5 Hz, 2H), 8.00 (d, J = 7.4 Hz, 2H), 7.69 (t, J =
7.4 Hz, 1H), 7.65 (t, J = 7.2 Hz, 2H), 7.58 (t, = 7.2 Hz, 2H), 7.56 — 7.53 (m, 1H), 4.66
(s, 2H). C NMR (150 MHz, Methanol-ds) & 161.0, 146.2, 142.7, 139.3, 134.7, 133.3,
133.0, 131.3, 131.0, 130.4, 130.3, 128.8, 128.5, 112.2. HRMS (ESI-TOF) calcd for

C24H18N4O [M + H]*: 379.1481, found: m/z 379.1480.

2-benzyl-6-phenyl-8-(pyridin-4-yl)imidazo[1,2-aJoyrazin-3(7H)-one (3c):

OEt

ey T o 1@

To a solution of 2¢ (25 mg, 0.1 mmol, 1 equiv.) and 1,1-diethoxy-3-phenylpropan-2-
one (89 mg, 0.4 mmol, 4 equiv.) in 5 mL degassed 1,4-dioxane was added 0.8 mL 6
N HCI, and the resulting mixture was stirred at 80°C in a sealed tube for 12 h. The
solvent was then removed in vacuo and the residue was dissolved in 1 mL (ACN:H20O
=1:1) and next purified with preparative RP-HPLC. (acetonitrile/water = 1:99 to 90:10,

20 mL/min, UV 254 nm). Product fractions were combined and lyophilized to give 3¢
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as brown powder (9 mg, 23%). 'H NMR (600 MHz, Acetonitrile-d; and D20, ratio = 9:1)
6 9.31 (d, J = 6.8 Hz, 2H), 8.84 (d, J = 6.8 Hz, 2H), 8.54 (s, 1H), 8.09 (d, J = 8.0 Hz,
2H), 7.52 (t, J = 7.6 Hz, 2H), 7.44 (t, = 7.3 Hz, 1H), 7.35 (d, J = 7.7 Hz, 2H), 7.28 (1,
J =7.7Hz, 2H), 7.24 — 7.21 (m, 1H), 4.19 (s, 2H). *C NMR (150 MHz, Methanol-d4) &
143.0, 140.7, 140.1, 139.5, 137.5, 132.0, 130.2, 129.9, 129.6, 129.4, 127.8, 127.5,
127.4, 126.5, 113.8, 33.6. HRMS (ESI-TOF) calcd for C24H1gN4O [M + H]*: 379.1481,

found: m/z 379.1477.

2-benzyl-8-phenyl-6-(pyridin-4-yl)imidazo[1,2-aJoyrazin-3(7H)-one (3d):

OEt

o T 1©

The synthesis and purification of 3d followed the same procedure as 3¢, whereas 2d
(25 mg, 0.1 mmol, 1 equiv.) was used as the starting compound. Yellow powder (6 mg,
16%). 'H NMR (600 MHz, Methanol-ds) & 9.52 (s, 1H), 9.01 (d, J = 6.8 Hz, 2H), 8.97
(d, J =6.8 Hz, 2H), 8.15-8.11 (m, 2H), 7.71-7.66 (m, 3H), 7.35-7.30 (m, 7.4 Hz, 4H),
7.25(t, J =7.4 Hz, 1H), 4.36 (s, 2H). *C NMR (150 MHz, Methanol-ds) & 154.5, 148.8,
143.5, 140.4, 138.4, 137.2, 135.0, 133.1, 130.6, 130.4, 130.4, 130.1, 129.8, 129.5,
128.7, 128.3, 125.3, 117.2, 30.5. HRMS (ESI-TOF) calcd for C24H1gN4O [M + H]":

379.1481, found: m/z 379.1476.

8-benzyl-6-(4-hydroxyphenyl)-2-(pyridin-4-yimethyl)imidazo[1,2-a]pyrazin-3(7H)-one

(3e):
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/©): HCI/Dloxane /©)i }

The synthesis and purification of 3e followed the same procedure as 3a, whereas 2e
(28 mg, 0.1 mmol, 1 equiv.) was used as the starting compound. Yellow powder (14
mg, 34%). 'H NMR 'H NMR (600 MHz, Methanol-ds) & 8.78 (d, J = 5.2 Hz, 2H), 8.08
(d, J=5.2Hz, 2H), 8.01 (s, 1H), 7.72 (d, J= 7.7 Hz, 2H), 7.53 (d, J = 7.7 Hz, 3H), 7.42
(d,J=7.4Hz, 2H),7.31 (t, J=7.4 Hz, 2H), 7.25 (t, J = 7.7 Hz, 1H), 4.58 (s, 2H), 4.52
(s, 2H). *C NMR (150 MHz, Methanol-ds) & 161.2, 142.6, 137.1, 130.3, 130.2, 130.1,
129.1,128.7,117.3, 111.3. HRMS (ESI-TOF) calcd for C2sH20N4+O2 [M + H]*: 409.1586,

found: m/z 409.1585.

2-benzyl-8-phenyl-6-(pyridin-3-yl)imidazo[1,2-aJoyrazin-3(7H)-one (3f):

OEt

L@ HCl/Dioxane (j)i 1@

The synthesis and purification of 3f followed the same procedure as 3c, whereas 2f
(25 mg, 0.1 mmol, 1 equiv.) was used as the starting compound. Orange powder (8
mg, 21%). 'H NMR (600 MHz, Methanol-ds) & 9.73 (s, 1H), 9.47 (d, J = 8.3 Hz, 1H),
9.36 (s, 1H), 8.99 (d, J = 5.6 Hz, 1H), 8.32 — 8.27 (m, 1H), 8.09 (d, J = 6.6 Hz, 2H),
7.72 — 7.66 (m, 3H), 7.32 (7.67-7.30, 4H), 7.25 (t, J = 7.0 Hz, 1H), 4.36 (s, 2H). "*C

NMR (150 MHz, Methanol-d.) 6 148.6, 145.3, 142.9, 141.5, 138.3, 137.4,137.2, 134.8,
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133.1, 130.5, 130.4, 130.1, 129.5, 129.1, 128.3, 128.2, 121.6, 114.8, 30.3. HRMS

(ESI-TOF) calcd for C24H1sN4O [M + H]™: 379.1481, found: m/z 379.1478.

3.2.3 Construction of plasmids and libraries

Polymerase chain reactions (PCRs) with various synthetic oligonucleotide pairs (see
Table 3) were used to amplify genetic elements. To create a gene library with
randomization at residues 18 and 19, oligo pairs pBAD-F and L18D19NNK-R,
L18D19NNK-F and pBAD-R, were used to amplify two individual fragments from
pBAD-teLuc; the corresponding products were used for assembly in a subsequent
overlap PCR reaction by using oligos pBAD-F and pBAD-R. The assembled full-length
fragment was digested with Xho | and Hind Il restriction enzymes and ligated into a
predigested, compatible pBAD/His B plasmid. Similarly, pBAD-F, 27VSSNNK-R,
27VSSNNK-F, and pBAD-R were used to create a library with randomization at
residues 27, 28, and 29. To introduce random mutations across the gene, Taqg DNA
polymerase was used in all reactions with 0.2 mM MnCl; along with unbalanced dNTPs
to promote amplification errors. To create mammalian expression plasmids, Hindlll-
pyr-F-Koz and pyr-R-Xhol were used to amplify the LumiLuc gene fragment, which
was further treated with Hind Ill and Xho | restriction enzymes and ligated into a
predigested, compatible pcDNA3 plasmid. The Akaluc gene was synthesized by
Eurofins, and cloned into a pBAD plasmid for bacterial expression and a pcDNA3
plasmid for mammalian expression, by using Aka-F-Xhol and Aka-R-HindlIl or Aka-F-
Hindlll-Kozak and Aka-R-Xhol oligonucleotides. To build mScarlet-LumiLuc fusion
library, mScarlet-F-Xhol and mScar-NNK-pyr-R oligonucleotides were used to amplify
mScarlet-l gene, while mScar-NNK-pyr-F and pyr-R-Hindlll oligonucleotides were
used for LumiLuc cloning, which were subsequently assembled by overlap PCR
reaction. The product was digested with Xho | and Hind Ill restriction enzymes and

ligated into a predigested, compatible pBAD/His B plasmid. The LumiScarlet gene was
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cloned into pcDNA3 for mammalian expression using Hindlll-mScarlet-F-Koz and pyr-
R-Xhol oligonucleotides. All ligation products were used to transform Escherichia coli
DH10B electrocompetent cells, which were next plated on LB agar plates

supplemented with ampicillin (100 pg/mL).

3.2.4 Library screening

DH10B cells containing luciferase mutants were plated on LB agar plates
supplemented with ampicillin (100 ug/mL) and L-arabinose (0.02%, w/v%) and
incubated at 37°C overnight to form bacterial colonies. Agar plates were left at room
temperature for another 6 h, and this was followed by bioluminescence imaging using
a luminescence dark box (UVP Bio Spectrum) equipped with a QSI 628 cooled CCD
camera (Quantum Scientific Imaging). Digital images were acquired after spraying ~
200 pL of 10 uM substrates to each agar plate, and next, images were processed with
the Fiji image analysis software to derive bioluminescence intensities of individual
colonies. For each round of selection, the brightest 20 colonies from a total of ~10,000
colonies were chosen and inoculated in 5 mL liquid LB broth containing ampicillin (100
pug/mL) and L-arabinose (0.02%, w/v%). After overnight growth at 37°C and 250 r.p.m.,
the cultures were moved onto a shaker at room temperature for another 6 h. 500 uL
cell cultures were centrifuged and next lysed with 100 yL B-PER (Thermo Fisher
Scientific). Next, to 1 pL lysate from each sample was added 100 pL substrate at a
final concentration of 20 uM in assay buffer. Bioluminescence activities of individual
samples were measured on a Synergy Mx Microplate Reader (BioTek). Kinetics were
followed for 0.1 s signal integration every 60 s for a total of 20 min. Top three Mutants
showing exceptionally high bioluminescence activities or extended kinetics were
chosen for next-round selection, sequencing, and other additional characterization.

mScarlet-l and LumiLuc fusion libraries were screened for high BRET efficiency using
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a 600-700 nm bandpass filter. 20 colonies were picked from each library and
inoculated in 5 mL liquid LB broth containing ampicillin (100 ug/mL) and L-arabinose
(0.02%, wiv%). The cell lysates were prepared with B-PER and the bioluminescence
emission spectra were measured by adding 20 uM 8pyDTZ. The construct showed

highest BRET efficiency was designated LumiScarlet.

3.2.5 Chemiluminescence measurement

0.63 g ammonium bicarbonate was dissolved in 12 mL water and 24 mL acetonitrile
containing 30% aqueous hydrogen peroxide, resulting in an active
peroxymonocarbonate solution. The solution was left at room temperature for 10 min.
Each stock solution containing synthetic analogues (500 uM, 100 pL) was dispensed
into wells of a 96-well plate, and chemiluminescence was triggered by addition of 100
WL of the peroxymonocarbonate solution. Light emission was recorded on a Synergy
Mx Microplate Reader (BioTek) with 0.1 s integration and 1 nm increments from 350

to 750 nm.

3.2.6 Mammalian cell culture, transfection, and imaging

HEK 293T cells were cultured and transfected as previously described.” The number
and density of cells in Dulbecco's phosphate-buffered saline (DPBS) were determined
using a hemocytometer. Cells were next diluted in DPBS to gain the desired numbers
in each 50 pL solution. To use the luminescence dark box to directly image cells, we
added luciferase-expressing HEK 293T cells (5,000 cells per well with ~70%
transfection efficiency) and the corresponding luciferin substrates into wells of a white-
wall, 96-well plate. Bioluminescence was imaged using a luminescence dark box

immediately after substrate addition. The camera exposure time was set at 2 s. A
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Chroma Red 600-700 nm filter was used to acquire far-red emission. All images were

analyzed using the Fiji image analysis software.

3.2.7 in vitro Bioluminescence characterization

Luciferases were expressed and purified as previously described.” A Synergy Mx
Microplate Reader (BioTek) was used for all in vitro bioluminescence characterizations.
50 pL of luciferin substrates was injected into the wells of white 96-well plates
containing 50 uL of pure enzymes in assay buffer (1 mM CDTA, 0.5% Tergitol NP-40,
0.05% Antifoam 204, 150 mM KCI, 100 mM MES pH 6.0, 1 mM DTT, and 35 mM
thiourea). The final concentrations of all enzymes were 20 pM. Measurements were
taken every 30 s post injection (0.1 s integration and 10 s shaking during intervals).
Akaluc bioluminescence assays were performed at final concentration of 10 nM Akaluc
and 100 uM AkaLumine in an assay buffer contained 30 mM MOPS (pH 7.0), 1.5 mM
ATP, and 5 mM MgSO4. To derive values for apparent Michaelis constants (Km),
substrate concentrations varied from 0.78 to 50 uM, and peak bioluminescence
intensities at individual substrate concentrations were used to fit the Michaelis—Menten
equation. To record emission spectra, 50 uL of 20 uM substrates were injected into 50
WL of 2 nM pure enzymes, and the bioluminescence spectra were collected with 0.1 s

integration and 1 nm increments from 350 to 750 nm.

3.2.8 Generation of luciferase-expressing stable cell lines

HeLa cells were cultured at 37°C with 5% CO2 in Dulbecco's Modified Eagle's Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). HelLa cells were
transfected with pcDNA3-teLuc, pcDNA3-Antares2, pcDNA3-LumiLuc, pcDNAS3-
LumiScarlet, or pcDNA3-Akaluc as previously described.” 48 h after transfection, cells

were passed into fresh DMEM containing 10% FBS and 1 mg/mL G418. The medium
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was removed and replaced every 3 days. Stable polyclonal cell lines were generated

after ~ 2 weeks of G418 selection.

3.2.9 Xenograft mouse model

HelLa cells stably expressing luciferases were dissociated with trypsin and re-
suspended in 10 mL DMEM. Cell numbers were determined using a hemocytometer,
and cell viability was determined using a trypan blue exclusion test. 10* or 10° cells
were re-suspended in 100 yL FBS-free DMEM containing 50% Matrigel matrix
(Corning). 8-week-old female nude mice were first anesthetized using isoflurane. Cells
were subcutaneously injected into the left and right dorsolateral trapezius regions or
thoracolumbar regions. Mice were recovered on heat pads for 5 min while cells were
allowed to settle. On day 1, 3, 5, 7, 14, and 28 post tumor implants, mice were
subsequently imaged using a Caliper IVIS Spectrum (Perkin Elmer) approximately 5
min after intravenous (i.v.) administration of corresponding luciferins (100 pL solution
for indicated doses). DTZ was dissolved in a 100 yL solution containing 8% glycerol,
10% ethanol, 10% hydroxypropyl-B-cyclodextrin, and 35% PEG 400 in water. 8pyDTZ
and AkaLumine-HCI was dissolved in normal saline. All solutions were passed through
0.22 um pore filters before administrations. The following conditions were used for
image acquisition: open filter for total bioluminescence, exposure time = 60 s (Day 1,
3, and 5); 30 s (Day 7); 10 s (Day 14); 3 s (Day 28), binning = small, field of view =
21.6 x 21.6 cm, and f/stop = 1. Image analysis was performed using the Living Image

4 3.1 software.
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3.2.10 Deep-tissue BLI mouse model

10°® Hela cells stably expressing either LumiLuc, LumiScarlet or Akaluc were i.v.
injected to female nude mice. After 4 h, images were acquired using a Caliper IVIS
Spectrum immediately after i.v. delivery 0.2 ymol 8pyDTZ or 1.5 ymol AkaLumine-
HCI in 100 yL normal saline. The following conditions were used for image
acquisition: open filter for total bioluminescence, exposure time = 10 s, binning =

small, field of view = 21.6 x 21.6 cm, and f/stop = 1.

Statistical analysis. Unpaired two-tailed t-tests were used to determine all p-values.
No statistical methods were used to predetermine the sample size. Animals were
randomly assigned to receive various treatments. Unless otherwise indicated, data are

shown as mean = s.d., and error bars in figures represent s.d.

3.3. Results
3.3.1 Design and synthesis of pyridyl CTZ and DTZ analogs

Recent studies have synthesized and tested a number of CTZ analogs with
NanoLuc®2"; however the luciferase has not yet been optimized to pair with these new
substrates and the water solubility issue of the substrates has not yet been tackled
systematically. We sought to develop CTZ and DTZ analogs with improved water
solubility by using the concept of bioisostere replacements in medicinal chemistry.
Pyridine is considered a biocompatible N-heterocycle substituent for benzene with
enhanced water solubility, because pyridine-containing molecules can be readily
turned into pyridinium salts. Therefore, we designed a convergent synthetic route to
prepare a series of CTZ and DTZ analogs with pyridyl isomer substitutions at the C-2,
C-6 and C-8 positions of the imidazopyrazinone core (Scheme 1). Briefly, we first used

Suzuki or Negishi cross-coupling reactions to regioselectively functionalize 2-amino-
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3,5-dibromopyrazine with either pyridyl, phenyl, or benzyl functional groups to give
monosubstituted products (1a-c), which were subsequently derivatized via Suzuki
cross-coupling reactions to afford disubstituted intermediates (2a-f, see structures and
synthetic methods in the chemical synthesis section). In the second cross-coupling
step, the XPhos-Pd-G2 catalyst was used to enhance reaction yields and minimize the
protodeboronation of pyridyl boronic acids.?> We further used the acid-catalyzed ring
closing reaction' in dioxane to derive various pyridyl CTZ and DTZ analogs (3a-f,

Table 1) from the disubstituted intermediates and corresponding a-ketoacetals.

owﬁz
e e T

1a-c 2a-f
3a f

Scheme 1. Synthesis of pyridyl CTZ and DTZ analogs. (a) Suzuki coupling: Pd(PPhs)a,
Na>COs3, Re-B(OH),, and EtOH; (b) Negishi coupling: PhCH-MgCl, ZnCl., (PPh3).PdCl>,
and THF; (c) Suzuki coupling: XPhos-Pd-G2, Na,COs, Re-B(OH)., and EtOH; (d) Acid-

catalyzed ring closing: corresponding a-ketoacetal, HCI, and dioxane.

We next used turbidimetric solubility assays? to evaluate water solubility of
these CTZ and DTZ analogs (Table 1). Our newly synthesized pyridyl analogs
enhanced the solubility by 4- to 14-fold from CTZ and DTZ. We further investigated
their chemiluminescence, in addition to their bioluminescence in the presence of
several representative luciferases such as RLuc8, NanoLuc, teLuc, and aequorin
(Figure 1 and Figure 2). Although each luciferase has different substrate preferences,
the compound 3a (pyCTZ) generated strong blue bioluminescence in the presence of
each of these tested luciferases. When paired with aequorin, the bioluminescence

intensity of pyCTZ was comparable to native CTZ, suggesting that pyCTZ may be
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directly used to replace CTZ for aequorin-based calcium sensing.?* Furthermore,
compared to DTZ, compounds 3c, and 3f were able to emit red-shifted
chemiluminescence and/or bioluminescence, while 3b and 3d (6pyDTZ) caused
hypsochromic shift (Figures 1 and Table 1). Chemiluminescence spectra revealed the
relaxation patterns of emitter in solution, while bioluminescence spectra indicated the
overall interactions between emitter and luciferase catalytic pocket. Because 3c
(8pyDTZ) showed the most red-shifted emission and red-shifted photons can
penetrate through tissue better,? we selected 3¢ (8pyDTZ) as our candidate substrate

for further development of an optimized, red-shifted luciferase-luciferin pair.

Table 1. Chemical and photoluminescence properties of synthetic pyridyl CTZ and DTZ analogs.

Compound Re Rs Rz Bioluminescence @ | Chemiluminescenceb | Water Solubility

Amax (nm) Amax (nm) (uM)
3a @’%’ ;@ 'E@N 451 505 1416
3b e ¥ 3 497 506 1813

®j o | o
3c @’t fl /\N ;@ 532 555 1711
3d N' :“‘i ‘f@ ;@ 483 492 1736
3e HO/@A’ g¢© _;@N 450 465 987
e E
3f ‘ p f@ ;.@ 518 503 1562
5

CTZ HO/@ \g/@ _;OOH 455 461 256
DTZ ©)¥ ‘f@ g@ 502 510 131

Note: aDetermined with 1 nM teLuc in PBS; b Triggered by peroxymonocarbonate formed in situ.

N

(a) (b
3 3
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Figure 1. Chemiluminescence (a) and bioluminescence (b) spectra for synthetic CTZ
and DTZ analogs described in this work. Chemiluminescence was initiated with
peroxymonocarbonate generated in situ. Bioluminescence was determined with 1 nM

teLuc in PBS.
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Figure 2. Relative bioluminescence intensities of various luciferases. Total signals
were integrated for the first 10 min after injection of indicated substrates (the final
concentrations were 25 uM) in the presence of 1 nM purified (a) teLuc and (b) NanoLuc,
or 10 nM (c) RLuc8 and (d) aequorin in PBS. Values were normalized to the intensity

of CTZ in each group.

3.3.2 Directed evolution of teLuc luciferase for improved brightness

8pyDTZ exhibits ~ 30 nm red-shift but the emission of teLuc-8pyDTZ has been

greatly attenuated compared to teLuc-DTZ. Since teLuc was previously engineered for
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diphenyl substitutions of the imidazopyrazinone core, we next engineered teLuc for
increased photon flux in the presence of 8pyDTZ. On the basis of a published apo-
nanoKAZ structure?® and our computational model,” we first introduced random
mutations to residues 18 and 19 close to a putative substrate-binding pocket (Figure
2). After screening for improved mutants, we further randomized residues 27, 28, and
29 located deeper in the putative catalytic site. From the first two rounds of protein
engineering, a teLuc-L18Q/S19A/V27L/S28T mutant was identified, to which we
further introduced random mutations using error-prone PCR. After eight additional
rounds of mutagenesis and screening, we derived a LumilLuc luciferase with 12 total
mutations and ~ 5-fold enhancement of 8pyDTZ bioluminescence from teLuc (Figure

3 and Figure 4).

(@)

teLuc
Round 1:
J, L18X, S19X 136T
L18Q, S19A ‘
Round 2- .
LumiLuc:
V27X, 828X, S29X E4G, L18Q,
V27L, S28T S19A, V27L,
S28T, G67C,
"8 rounds of EP-PCR G71A, N85D,
. VI0A, R112Q,
LumiLuc V19K, K136T

- =

%107 M pyCTZ 100 — pyCTZ
1 M 6pyDTZ ] — 6pyDTZ
8x106 W 8pyDTZ 80- — 8pyDTZ
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Figure 3. Engineering of a LumiLuc luciferase. (a) Procedure to derive LumiLuc from

teLuc. (b) lllustration of the putative substrate-binding site and LumiLuc mutations from
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teLuc. CTZ is shown as spheres and mutated residues are presented in sticks. (c)
Bioluminescence of pyCTZ, 6pyDTZ, or 8pyDTZ in the presence of either teLuc or
LumiLuc. (d) Normalized bioluminescence emission spectra of pyCTZ, 6pyDTZ, and

8pyDTZ in the presence of LumiLuc.

10 20

1 30 40 50
NanoLuc RDEVGDWROTAGYNIBBOVLEQGGWS]SLFONLGVSVTPIQRIVLSGENGLKIDIH
teLuc MDEVGDWROTAGYNIBSIOVLEQGGWSSLFONLGVSVTPIQRIVLSGENGLKIDIH
K] A

LumiLuc EDFVGDWROTAGYN@AOVLEQGGIMYSLFONLGVSVTPIQRIVLSGENGLKIDIH
60 70 80 90 100 110
NanoLuc IIPYEGLSEDOMEOIEKIFKVVYPVDIHHFKILHYGTLVIDGVTPNMIDYFGRPYEGIA
teLuc ITPYEGLSEDOMEOIEKIFKVVYPVDNHHFKYILHYGTLVIDGVTPNMIDYFGINPYEGIA
LumiLuc ITIPYEGLSEDOMRMOIEKIFKVVYPVDIHHFKINILHYGTLVIDGVTPNMIDYFGOPYEGIA

120 130 140 150 160
NanoLuc FDGKKITVTGTLWNGNNI IDERLINPDGSLLEFRVTINGVTGWRL@ERI LA
teluc FDGKKITVTGTLWNGNNI IDERLINPDGSLLEFRVTINGVTGWRLBIERI LA
LumiLuc FDGKKITVTGTLWNGNISIIDERLINPDGSLLEFRVTINGVTGWRLBIERTI LA

Figure 4. Alignments of primary sequences of NanoLuc, teLuc, and LumiLuc. teLuc

mutations are highlighted in teal background, whereas all LumiLuc mutations are
highlighted in green background. Residues in this figure are numbered according to

Protein Date Bank (PDB) ID 5B0OU.

LumiLuc has broad substrate specificity. It improved the photon flux of pyCTZ
and 6pyDTZ from teLuc by ~ 120% and ~ 150%, respectively (Figure 3c). The directed
evolution process to enhance photon flux of teLuc for 8pyDTZ did not preclude the
luciferase from catalyzing other structurally relevant substrates. LumilLuc is capable of
efficiently generating blue, teal, or yellow bioluminescence when paired with pyCTZ,
6pyDTZ or 8pyDTZ (Amax: 450, 476, and 525 nm, respectively; Figure 3d), thereby
leading to a new palette of ATP-independent bioluminescent reporters with water-

soluble substrates.
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The resultant LumiLuc-8pyDTZ pair has an emission peak at 525 nm. Its in
vitro maximal photon emission rate (Vimax) is ~ 60% and ~ 36% of NanoLuc-FRZ and
teLuc-DTZ, respectively. The apparent Michaelis constant (Ku) of LumiLuc-8pyDTZ
was 4.6 uyM, lower than that of teLuc-DTZ or NanoLuc-FRZ (Figure 5a). This reduced
Kw is practically beneficial, since LumiLuc-8pyDTZ would be relatively brighter when
effective substrate concentrations are limited, such as in live cells (Figure 5b) and in
vivo. Similar to NanoLuc and teLuc, the bioluminescence kinetics of LumiLuc is flash-
type in phosphate buffer saline (PBS) and glow-type in a specially formulated assay

buffer (Figure 5¢)."
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Figure 5. Comparison of luciferase-luciferin pairs in enzyme-based assays. (a)
Determination of apparent Michaelis constants (Ku) by substrate titrations (teLuc-DTZ:
9.9 + 0.9 uyM; NanoLuc-FRZ: 9.1 £ 0.6 yM; LumiLuc-8pyDTZ: 4.6 + 0.6 pM; LumiLuc-
pyCTZ: 13.1 + 0.8 uyM; LumiLuc-6pyDTZ: 11.0 £ 1.2 yM). Final concentrations of all

enzymes were 20 pM. Substrate concentrations varied from 0.78 to 50 uM, and peak
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bioluminescence intensities at individual substrate concentrations were used to fit the
Michaelis-Menten equation. (b) Total bioluminescence over the first 10 min post
addition of corresponding luciferins. Final concentrations for luciferins were 10 uM and
final concentrations for luciferases were 50 pM. Data are normalized to the intensity of
Akaluc-AkaLumine and shown as mean and s.d. from three independent
measurements. Under this condition, LumiLuc-8pyDTZ produced ~ 1200-fold higher
photon flux than Akaluc-AkaLumine. Assays in panels a and b were all performed in
PBS. (c) Bioluminescence kinetic of LumiLuc-8pyDTZ in PBS or in a formulated assay
buffer containing 1 mM CDTA, 0.5% Tergitol NP-40, 0.05% Antifoam 204, 150 mM
KCIl, 100 mM MES, pH 6.0, 1 mM DTT, and 35 mM thiourea. (d) Normalized
bioluminescence emission spectra of NanoLuc-FRZ, teLuc-DTZ, and LumiLuc-
8pyDTZ. Note: the detected bioluminescence signal intensity by detector can vary from
multiple factors, including but not limited to enzyme concentration, enzyme activity,
substrate concentration, assay buffer pH, buffer additives and surfactants, emission
kinetic, integration time, self-inhibition effect, instrument sensitivity, data processing,

etc.

3.3.3 LumiLuc-8pyDTZ in cultured mammalian cells

We next evaluated LumiLuc-8pyDTZ in human embryonic kidney (HEK) 293T
cells transiently expressing the luciferase (Figure 6). The LumiLuc-8pyDTZ pair
produced ~ 3- to 5-fold more bioluminescence than teLuc-8pyDTZ at all tested
substrate concentrations (Figure 7). Moreover, despite that LumiLuc-8pyDTZ is less
bright than teLuc-DTZ at saturated substrate concentrations, LumiLuc-8pyDTZ is
notably brighter than teLuc-DTZ at low substrate concentrations (from 6.25 to 25 uM;
Figure 8a). Far-red emission at wavelengths longer than 600 nm is more indicative of

the in vivo performance of bioluminescent reporters, because mammalian tissue is
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more transparent in this spectral region.?® To compare far-red emission intensities of
bioluminescent reporters, we imaged HEK 293T cells in the presence of a 600-700 nm
bandpass filter. At substrate concentrations from 6.25 to 100 yM, LumiLuc-8pyDTZ

consistently produces 1.6- to 3.9-fold higher photon flux than teLuc-DTZ (Figure 8b).
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Figure 6. Comparison of luciferase-luciferin pairs in live mammalian cells.
Measurements were performed with 5000 luciferase-expressing HEK 293T cells in
PBS. Final concentrations for FRZ, DTZ, and 8pyDTZ were 20 uM, and final
concentrations for AkaLumine and D-luciferin were 100 uM. Signals were integrated
over the first 10 min post injection of substrates. Data are presented as mean and s.d.
from three independent measurements. Under this condition, LumiLuc-8pyDTZ

produced ~ 300-fold higher photon flux than Akaluc-AkaLumine.
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Figure 7. Bioluminescence kinetics (a) and intensities (b) of 8pyDTZ in the presence
of teLuc- or LumiLuc-expressing HEK 293T cells. 20 uM 8pyDTZ and 5000 cells were
used. Data are presented as mean and s.d. from three independent measurements.

For panel b, signals were integrated for the first 10 min post injection of substrates.
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Figure 8. Bioluminescence of teLuc- and LumiLuc-expressing HEK 293T cells. Images
were acquired (a) without or (b) with a 600-700 nm bandpass filter. Values for relative

brightness were normalized to teLuc in the presence of 6.25 yM DTZ.
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3.3.4 LumiLuc-8pyDTZ to track tumor growth in a mouse xenograft

model

BLI has been a popular imaging modality for various animal models.”™ ?° The
recently reported Akaluc-AkaLumine and Antares2-DTZ pairs are two benchmark
reporters for in vivo BLI.*” We adapted a biologically-relevant tumor xenograft mouse

model®’

to compare these bioluminescent reporters. We first generated cervical cancer
HelLa cell lines stably expressing individual luciferases, including teLuc, Antares2,

LumiLuc, and Akaluc (Figure 9).

Next, we injected 10* or 10° luciferase-expressing HelLa cells into the left or
right dorsolateral trapezius and thoracolumbar regions of immunodeficient NU/J mice
(day 0) and monitored tumor growth over 4 weeks. Bioluminescence was quantified in
days 1, 3, 5, 7, 14, and 28 after tail vein injection of corresponding substrates.
AkaLumine-HCI was delivered at a dose of 1.5 ymol per mouse. This dosage (~ 75
nmol/g), which is normalized against the body weights of mice, is identical to the
previously reported dosage.® Moreover, when 3 umol of AkaLumine-HCI per mouse (~
150 nmol/g) was used, we observed death for 2 out of 3 mice in our pilot experiment.
8pyDTZ was dissolved in normal saline to its saturation concentration and
intravenously injected, resulting in a dose of 0.2 ymol per mouse (~ 10 nmol/g). The
LumiLuc-8pyDTZ pair showed detectable bioluminescence on day 1 at sites inoculated
with 10* cells, and kept exhibiting ~ 3-fold higher photon flux over Akaluc-AkaLumine
up to day 7 (Figures 10a and 10b). The signals for Akaluc-AkaLumine at sites
inoculated 10* cells were not consistently higher than background until day 3.
Furthermore, the in vivo brightness of LumiLuc-8pyDTZ is comparable to, if not higher
than, the Antares2-DTZ pair, despite the fact that the majority of emitted photons from
LumiLuc-8pyDTZ has not yet exceeded 600 nm. These data collectively support that
LumiLuc-8pyDTZ is a superior bioluminescent reporter system for high-sensitivity in

vivo BLI.
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AkaLumine-HCI could be delivered into mice at a much higher dose than
8pyDTZ due to the higher solubility of AkaLumine-HCI. We thus interpret that 8pyDTZ
may be a limiting reagent in large tumors. Presumably, we may further enhance the in
vivo performance of marine luciferases and their derivatives by further increasing the

water solubility and thus the administration dosage of CTZ and DTZ analogs.
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Figure 9. Bioluminescence characterizations of HelLa cells stably expressing
luciferases. (a) Bioluminescence intensities integrated over the first 10 mins post
injection of substrates in a logarithmic scale. (b) Decay kinetics. Assays were
performed with 20 uM substrates and 500 HelLa cells. Under this condition, LumiLuc-
8pyDTZ produced ~ 190-fold higher photon flux than Akaluc-AkaLumine. Data are

presented as mean and s.d. from three independent measurements.
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Figure 10. Tracking of tumor growth in a xenograft mouse model with various
luciferase-luciferin pairs. (a) BLI (n = 4) on day 1, 3, 5, and day 7. 10* luciferase-
expressing HelLa cells were injected to the left and right dorsolateral trapezius regions
and 10° cells were injected to the left and right dorsolateral thoracolumbar regions of
NU/J mice. For i.v. administration of substrates, AkaLumine-HCI and 8pyDTZ were
dissolved in normal saline, and DTZ was formulated with a mixture of organic
cosolvents. (b) Comparison of luciferase-luciferin pairs at tumor sites inoculated with
10* cells. (*p < 0.05 for LumiLuc-8pyDTZ and teLuc-DTZ, and for LumiLuc-8pyDTZ

and Akaluc-AkaLumine; **p < 0.05 for LumiLuc-8pyDTZ and Antares2-DTZ).

3.3.5 Engineering of BRET-based LumiScarlet for deep-tissue BLI

mScarlet-l is a recently reported red fluorescent protein with high quantum yield
and excellent performance as a Férster resonance energy transfer (FRET) acceptor.?®
We thus hypothesized that LumiLuc could be genetically fused to mScarlet-I for BRET,
thereby red-shifting the emission of LumiLuc. We explored three fusion strategies
between LumiLuc and mScarlet-l, constructed libraries by randomizing the linkers, and

screened for mutants with high BRET efficiency (Figures 11a and 11b). We identified
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a mutant, namely LumiScarlet (Figure 12a), which is a fusion protein of truncated
mScarlet-l (residues 1-225) linked to the N-terminus of LumiLuc (residues 2-169)

through a single-residue “Lys” linker.

High BRET efficiency was achieved with LumiScarlet in the presence of either
pyCTZ, or 6pyDTZ, or 8pyDTZ (Figure 12b). In particular, because the emission
spectrum of LumiLuc-8pyDTZ overlaps well with the excitation spectrum of mScarlet-I
(Figure 11c), ~ 51% of the total emission of LumiScarlet, when paired with 8pyDTZ,

was longer than 600 nm (Table 2).
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Figure 11. Engineering and characterization of BRET-based LumiScarlet. (a) Libraries
screened for high BRET. Each “X” represents an amino acid residue randomized with
the NNK codon, in which N = A/C/G/T and K = G/T. (b) Bioluminescence spectra of
constructs selected from each library in the presence of 8pyDTZ. (¢) Normalized
fluorescence excitation and emission spectra of mScarlet-l and bioluminescence

emission of LumiLuc-8pyDTZ, showing excellent spectral overlap for BRET. (d)
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Comparison of LumiLuc and LumiScarlet (100 pM purified enzymes) for

bioluminescence integrated over the first 10 min post injection of 20 uM 8pyDTZ.

Table 2. BRET-based bioluminescent reporters that are based on NanolLuc and its derivatives.

BRET BRET BRET Size Amax Luciferin Photon > 600 Ref
Construct Donor Acceptor (kDa) (nm) nm (%) ’
Lumiluc | mScarlet | 44 | 527 | gpyDTZ 51

. . 476, This
LumiScarlet | LumiLuc | mScarlet-I 44 600 6pyDTZ 38 work
LumiLuc | mScarlet-| 44 ‘é%% pyCTZ 26
Antares NanoLuc CyOFP 70 ‘:358% FRZ 23 (1
Antares2 | teluc | CyOFP 70 o DTZ 33 )

ReNL NanoLuc | tdTomato 72 ‘:3%% FRZ 24 (3)

We next compared our newly engineered LumiLuc-8pyDTZ and LumiScarlet-
8pyDTZ with Akaluc-AkaLumine for deep-tissue BLI. We injected a million HeLa cells
stably expressing corresponding luciferases into each of NU/J mice via tail vein and
performed BL imaging 4 h later. Immunodeficient mice were used here to minimize
immune responses to HelLa cells, so that signals will be mostly from live cells trapped
in the lungs. LumiScarlet gave ~ 3-fold higher detectable signals than LumiLuc under
this condition (Figure 12c and 12d), even though the in vitro brightness of LumiScarlet
is only ~ 70% of LumiLuc (Figure 11d). Moreover, the signals from LumiScarlet-

8pyDTZ were comparable to the signals from Akaluc-AkaLumine.

We want to note that we observed some diffuse signals from areas other than
just the lungs. These signals were not caused by substrate background, as injection
of 8pyDTZ into blank mice resulted in only weak background much lower than what
we observed in Figure 12c. Collectively, our deep-tissue BLI results confirm that red-
shifted BRET-based LumiScarlet has better mammalian tissue penetration than

LumiLuc. Moreover, LumiScarlet-8pyDTZ is a novel, ATP-independent bioluminescent
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reporter with exceptional deep-tissue BLI performance comparable to ATP-dependent

Akaluc-AkaLumine.

- — pyCTZ
120_ — 6pyDTZ
100 — 8pyDTZ

Relative Bioluminescence

400 450 500 550 600 650 700 750
Wavelength (nm)
d) 15 ns.
P <0.05

(€)

LumiLuc LumiScarlet Akaluc
8pyDTZ 8pyDTZ AkaLumine
0.2 pmol 0.2 pmol 1.5 pmol

"

a
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N

Total Flux x10°
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w
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8pyDTZ 8pyDTZ AkalLumine

—_

Figure 12. BRET-based LumiScarlet for deep tissue BLI. (a) Schematic diagram of
LumiScarlet, a genetic fusion of mScarlet-l and LumiLuc. (b) Bioluminescence
emission of LumiScarlet in the presence of pyCTZ, 6pyDTZ, or 8pyDTZ, showing
significant emission longer than 600 nm. (c) Comparison of LumiLuc-8pyDTZ,
LumiScarlet-8pyDTZ, and Akaluc-AkaLumine in NU/J mice (n = 4) at 4 h post i.v.
injection of 10° luciferase-expressing Hela cells. (d) Quantitative analysis of

bioluminescence from the regions around the lungs in panel ¢ (n.s.: not significant).
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3.4. Discussion

Conventionally, ATP-dependent bioluminescent reporters, such as FLuc and
Akaluc, are considered to be more useful for in vivo BLI than ATP-independent marine
luciferases, because the emission of ATP-dependent insect luciferases is often at the
red end of the visible spectrum where the mammalian tissue is relatively transparent.
However, these insect luciferases require ATP and Mg?* for bioluminescence. The
ATP- and Mg*-dependency is sometimes problematic because ATP and Mg* levels
may vary under different biological circumstances.?® In particular, ATP-dependent
luciferases are inactive in extracellular space and common biological fluids such as
blood and urine, where ATP accessibility is limited.® Moreover, ATP-dependent
luciferases consume ATP in bioluminescence reactions and may cause concerns such
as metabolic disruption.® In contrast, most ATP-independent marine luciferases are
enzymatically active in extracellular space and common biological fluids; they do not
consume ATP for bioluminescence. Furthermore, some marine luciferase derivatives
have fast catalytic turnover and thus give high photon flux. It is therefore not surprising
that marine luciferase and their derivatives, such as NanoLuc and Gaussia luciferase,
have been widely used for in vitro bioluminescence assays. Currently, the in vivo
applications of marine luciferases are hindered by their blue emission and poor
substrate water solubility. In this study, we combined chemical synthesis and protein
engineering approaches to enhance ATP-independent marine luciferases for in vivo

BLI by developing red-shifted colors and water-soluble substrates.

First, we prepared a series of pyridyl CTZ and DTZ analogs with diverse
emission profiles. The water solubility of these synthetic analogs generally increased
by ~10-fold from their ancestors. These substrate analogs can not only be paired with
the new luciferases engineered here, but also existing ones, such as RLuc and

aequorin.
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We further engineered a luciferase for the 8pyDTZ substrate via directed
protein evolution. The resultant LumiLuc-8pyDTZ bioluminescent reporter system
exhibited reduced Ku and red-shifted emission. These factors favored in vivo BLI. As
a result, LumiLuc-8pyDTZ showed high sensitivity in a mouse xenograft model. In
addition, LumiLuc-8pyDTZ did not perturb the intracellular ATP/ADP level, and
8pyDTZ could be dissolved up to ~ 2 mM in low-viscosity saline without organic
cosolvent. Therefore, our effort enhanced not only the biocompatibility of

bioluminescent reporters, but also reproducibility for intravenous injections.

Furthermore, we developed a BRET-based LumiScarlet reporter for further red-
shifted emission. The emission of LumiLuc-8pyDTZ overlaps well with the excitation
of mScarlet-l, an excellent red-emitting resonance energy transfer acceptor.
LumiScarlet-8pyDTZ exhibited high brightness, significant emission longer than 600
nm, and excellent tissue penetration. LumiScarlet-8pyDTZ was comparable to NIR-
emitting Akaluc-AkaLumine in a mouse model for deep-tissue BLI. Moreover, because
LumiScarlet is enzymatically active in blood, we envision that it would be an excellent

reporter for monitoring targets of interest in the blood of in vivo models.

LumiLuc is a luciferase with broad substrate specificity. When it was paired
with different substrates, intense blue, teal, and yellow bioluminescence was
generated. Subsequently, we gained different emission profiles from LumiScarlet in
the presence of different substrates. We demonstrated the use of LumiScarlet-8pyDTZ
for deep-tissue imaging. In addition, because the two emission peaks of LumiScarlet-
pyCTZ or LumiScarlet-6pyDTZ are more separated than LumiScarlet-8pyDTZ, we
envision that LumiScarlet-pyCTZ and LumiScarlet-6pyDTZ would be useful for

studying protein-protein interactions or constructing BRET-based biosensors.

In summary, we have developed several engineered luciferase-luciferin pairs
that emit photons spanning an appreciable range in the visible spectrum. Our effort

has greatly enhanced the biocompatibility and sensitivity of ATP-independent
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bioluminescent reporters for in vivo BLI while the stability of these newly synthesized
analogs is moderate. We expect that future studies will continuously increase the
water-solubility and biodistribution of CTZ and DTZ analogs and red-shift the emission
of marine luciferases. Subsequently, we expect that a large array of bioluminescent
biosensors will be developed on the basis of these bright, ATP-independent
bioluminescent reporters.®® The new reporters and biosensors will further ease non-

invasive imaging of freely moving animals, leading to new biological insights.
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Table 3. Oligonucleotides used in this study.

Oligo name Nucleotide sequence (5'—> 3')

L18D19NNK-F CAGACAGCCGGCTACAACNNKNNKCAAGTC CTTGAACAGGGAGGTGTG

L18D19NNK-R CACACCTCCCTGTTCAAG GACTTGMNNMNNGTTGTAGCCGGCTGTCTG

27VSSNNK-F CAAGTCCTTGAACAGGGAGGTNNKNNKNNKTTGTTTCAGAATCTCGGGG
TG

27VSSNNK-R CACCCCGAGATTCTGAAACAAMNNMNNMNNACCTCCCTGTTCAAGGACT
TG

pBAD-F ATGCCATAGCATTTTTATCC

pBAD-R GATTTAATCTGTATCAGG

Hindlll-pyr-F-Koz AATAAAGCTTGCCGCCACCATGGTCTTCACTCTCGGGGATTTT

pyr-R-Xhol TAATTCTCGAGTTACGCCAGAATGCGTTCATGCAG

Aka-F-Hindlll- ATTATAAAGCTTGCCGCCACCATGGAAGATG CCAAAAACATTAAGA

Kozak

Aka-R-Xhol TTATTCTCGAGTTACACGGCGATCTTGCCGTCCTTCTT

Aka-F-Xhol ATAACTCGAGCATGGAAGATGCCAAAAACATTAAGA

Aka-R-Hindlll TTGCCAAGCTTACACGGCGATCTTGCCGTCCTTCTT

Hindlll-mScarlet-F-
Koz

ATTATAAAGCTTGCCGCCACCATGGTGAGCAAGGGCGAGGCAGT

mScarlet-F-Xhol

ATAACTCGAGCATGGTGAGCAAGGGCGAGGCAGTG

pyr-R-Hindlll

TTGCCAAGCTTACGCCAGAATGCGTTCATGCA

mScar-NNK-pyr-F

GAGGGCCGCCACTCCACCGGANNKACTCTCGGGGATTTTGTTGGG

mScar-NNK-pyr-R

CCCAACAAAATCCCCGAGAGTMNNTCCGGTGGAGTGGCGGCCCTC
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Chapter 4

Development of Spectral-resolved and Orthogonal Triple
Luciferase System to Enable Multiplexed Bioluminescence

Assays

Abstract

Bioluminescent reporter assays, providing high sensitivity and high dynamic range,
has become a routine method to monitor gene expression. Commercial bioluminescent
reporter assays suffer from the lack of orthogonal luciferase-luciferin pairs and
spectral-resolved emission, so they are limited to the monitoring of only one
transcriptional event. Here, we combined both advantageous features by utilizing
different colors and luciferin selectivity, meanwhile we designed a screening strategy
emphasizing on substrate selectivity to engineer a luciferase (OpyLuc) that exhibits
the unique preference for our synthetic luciferin analog. When pairing with Renilla
Luciferase and Akaluc, the cross-reactivity between each luciferase-luciferin pair is
minimized, while the respective emission spectra are well resolved. This work yields a
triple luciferase system to monitor up to three gene expression events simultaneously.
We present a proof-of-concept to engineer the orthogonality of coelenterazine-utilizing

luciferase via directed evolution for the development of multiplexed bioassays.
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4.1. Introduction

In the past few decades, a number of bioluminescent reporters have been
discovered and further developed for a wide range of applications, such as bioassays,
in vivo imaging, and visualizing biology at subcellular resolution." Bioluminescence (BL)
light is produced by an enzyme (a.k.a., luciferase) that catalyzes an oxidative reaction
of a substrate (a.k.a., luciferin). The BL emission process, in contrast to fluorescence,
does not require excitation light, thereby providing excellent signal-to-background ratio.
As an analytical modality, bioluminescence measurement is more sensitive and
exhibits wide dynamic range that gives highly compatible adaptability to high-
throughput screening than other typical reporters, such as B-galactosidase and
fluorescent proteins.?? Therefore, bioluminescent probes are ideally suited as genetic
reporters for the biomedical research, including drug screening, cell-based assays,
studying gene expression, signal transduction, and transcriptional factor-promoter

interactions.*®

The majority of luciferases used in laboratory are derived from insects, beetles,
and marine organisms, which consume their respective luciferins to generate different
colors of emission photon. Insertion of a luciferase gene at the downstream of the
targeted promoter yields several commercial luciferase assays for the quantitative
measurement of gene expression.® However, cell signaling is a complicated network
cascade. It has been increasingly demanded to monitor multiple gene regulations at
once, in which multiplexed BL assay could reveal unanticipated facets of signaling from
the molecular basis to various biological functions. To achieve multiplexed BL assay,
the setup of a specific assay has to produce more than one distinguishable BL signal
in order to report more than one gene expression. Retrospectively, several attempts
to monitor multiple gene regulation have been investigated by a set of luciferases that
either exhibiting mutually exclusive substrate selectivity (i.e., orthogonal) or producing

distinct colors of light.”"°
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For instance, Promega Dual-Luciferase Reporter Assay system utilized the
firefly luciferase (FLuc, Amax: 560 nm) from Photinus pyralis and the Renilla luciferase
(RLuc, Amax: 480 nm) from Renilla reniformis in combination with their corresponding
substrate, D-luciferin and coelenterazine (CTZ). Nevertheless, this assay has to be
performed in a sequential manner where the emission from FLuc has to be first
measured and then quenched before the second acquisition of RLuc signals, thereby
compromising its high-throughput capability. On the other hand, Pierce Cypridina-
Firefly Luciferase Dual Assay combined the cypridina luciferase (CLuC, Amax: ~470 nm)
from Cypridina noctiluca and the red firefly luciferase (Amax: ~610 nm) from Luciola
cruciate with a unique substrate combination — vargulin and D-luciferin. Because the
emission spectra from CLuc and red firefly luciferase are well spectrally resolved, this
assay enables simultaneous monitoring of both luciferase activities in a single-read
event by adding a mixture solution containing both substrates. These two commercial
systems take advantage of the natural substrate preferences of two bioluminescence
systems and their spectrally resolved emission, to more accurately quantify single
gene expression by performing one experimental reporter and one internal control for

the normalizations of cell number, transfection efficiency, and cell viability.

On the other hand, dual-color BL assay has also been developed by employing
the combination of a green- and a red-emitting insect luciferase to monitor
multicomponent, while the BL emission is produced by a single substrate (D-luciferin).
In fact, the emission spectra of these two luciferases (Amax: ~550 nm and ~610 nm)
were not well-separated due to their broad bandwidths, thereby it required un-mixing
calculation by considering the filter correction factors to determine the intensities of
each signal.""® Even though efforts have been devoted to monitor three genes
expression, it is still unlikely to circumvent their spectral overlap because the same

substrate, D-luciferin, initiates all color emission at the same time.” ' Therefore,
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substrate selectivity has again attracted attention to potentially achieve truly orthogonal

multicomponent BL assay.®*

Substrate selectivity has been explored for some ATP-dependent insect
luciferases.®® '® However, BL assay using two marine luciferases usually do not show
substrate selectivity because CTZ is the shared substrate of most marine luciferases.
For example, two nonhomologous marine luciferases — NanoLuc, and Gaussia
luciferase (GLuc) were used together in a secreted assay. The need for calculation
and subtraction to determine individual luciferase activities is essential because a
significant signal from NanoLuc-CTZ was also observed and equivalent to ~25% signal

from GLuc-CTZ pair."°

To overcome the limitations of current reporter assay systems, we aimed to
combine the pros and cons of previous BL technologies, and to engineer a triple-color
BL system in which the emission spectra are well-resolved. By accessing engineered
luciferase with our synthetic substrate via directed evolution, each single luciferase
orthogonally processes its corresponding luciferin, providing a set of feasible toolkit to
facilitate multiplexed BL assay. This system will allow unprecedented flexibility for the

design of multiplexed assay to track two or more gene expression events.

4.2. Experimental section
4.2.1. Material and methods

Synthetic DNA oligonucleotides were purchased from Integrated DNA Technologies.
Restriction endonucleases were purchased from Thermo Fisher Scientific. Q5 high-
fidelity DNA polymerase and Tag DNA polymerase were purchased from NEB.
Products of PCR and restriction digestion were purified by gel electrophoresis and Syd
Laboratories Gel Extraction columns. Plasmid DNA was purified using Syd

Laboratories Miniprep columns. DNA sequences were analyzed by Eurofins.
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AkaLumine-HCI was purchased from Aobious. All other chemicals were purchased
from Sigma-Aldrich, Fisher Scientific, or VWR and used without further purification.
Bruker Avance DRX 600 and Varian NMRS 600 at the UVA Biomolecular Magnetic
Resonance Facility was used to record all NMR spectra. Chemical shift (8) is given in
parts per million relative to 'H (7.24 p.p.m.) and *C (77.23 p.p.m.) for CDClz; 'H (2.50
p.p.m.) and *C (39.5 p.p.m.) for DMSO-ds; 'H (3.31 p.p.m.) and "*C (49.15 p.p.m.) for
methanol-ds. Splitting patterns are reported as s (singlet), bs (broad singlet), d
(doublet), t (triplet), dd (doublet of doublets), and m (multiplet). Coupling constant (J)
is given in Hz. High resolution ESI-MS was run on an Agilent 6545 Q-TOF LC/MS
system by direct infusion. A Waters Delta Prep ZQ 2000 LC-MS Purification System
equipped with a XBridge BEH Amide OBD Prep Column (130A, 5 ym, 30 mm X 150
mm) was used for preparative reverse-phase HPLC purifications. Images were
analyzed using the Fiji image analysis software. Microsoft Excel and GraphPad Prism

were used to analyze data and prepare figures.

4.2.2. Chemical synthesis

3-benzyl-5-(4-methoxyphenyl)pyrazin-2-amine (2):

NH2 Na2002
i Pd( PPh3 /EtOH
o

1 was prepared following the published synthesis methods'™. To a solution of
Pd(PPhs)s (230 mg, 0.2 mmol, 0.1 equiv.) in 50 mL EtOH was added 1 (528 mg, 2
mmol, 1 equiv.), 1N NaxCOs solution (4 mL, 4 mmol, 2 equiv.) and 4-
Methoxylphenylboronic acid (304 mg, 2 mmol, 1 equiv.). The resultant mixture was
stirred at 80 °C under argon for 12 h. The solvent was removed in vacuo and the

residue was suspended in 100 mL ddH-O, which was extracted twice with EtOAc (100
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mL). The organic layers were combined and dried over anhydrous Na>SOy, filtered and
removed in vacuo. The residue was purified by silica column chromatography with
elution (Ethyl acatate:Hexane = 1:1) to yield compound 2 as yellow solid (413 mg,
71%). "H NMR (600 MHz, DMSO-ds) 6 8.33 (s, 1H), 7.82 (d, J = 8.8 Hz, 2H), 7.32 (d,
J=6.7 Hz, 2H), 7.26 (t, J = 7.6 Hz, 2H), 7.17 (t, = 7.4 Hz, 1H), 6.95 (d, J = 8.8 Hz,
2H), 6.26 (s, 2H), 4.05 (s, 2H), 3.76 (s, 3H). *C NMR (150 MHz, DMSO-ds) 158.9,
152.2,139.8, 139.0, 138.2, 136.2, 128.9, 128.2, 126.1, 126.1, 114.1, 55.1, 38.6. HRMS

(ESI-TOF) calcd for C1gH17N3O [M + H]*: 292.1372, found: m/z 292.1369.

8-benzyl-6-(4-methoxyphenyl)-2-(pyridin-4-ylmethyl)imidazo[1,2-aJoyrazin-3(7H)-one

(pyOMeCTZ):

@*

To a solution of 2 (29 mg, 0.1 mmol, 1 equiv.) and 3-pyridin-4-yl-1,1-diethoxyacetone

HCI/Dloxane

pyOMeCTZ

(45 mg, 0.2 mmol, 2 equiv) in 2 mL degassed 1,4-dioxane was added 1 mL 6N HCI.
The resulting mixture was stirred at 80°C in a sealed tube for 12 h. The solvent was
then removed in vacuo and the residue was dissolved in 1 mL (ACN:H-O = 1:1) and
next purified with preparative RP-HPLC. (acetonitrile/water = 1:99 to 90:10, 20
mL/min, UV 254 nm). Product fractions were combined and lyophilized to give
pyOMeCTZ as yellow powder (10 mg, 24%), which has to be stored as solid at -80
°C for long-term stability. 'H NMR (600 MHz, Methanol-ds) & 8.82 (d, J = 6.4 Hz, 2H),
8.27 (s, 1H), 8.09 (d, J = 6.2 Hz, 2H), 7.73 (d, J = 8.7 Hz, 2H), 7.43 (d, J = 7.5 Hz,
2H), 7.32 (t, J=7.6 Hz, 2H), 7.26 (t, = 7.2 Hz, 1H), 7.10 (d, J = 8.7 Hz, 2H), 4.66 (s,

2H), 4.61 (s, 2H), 3.87 (s, 3H). *C NMR (150 MHz, Methanol-ds) & 142.7, 137.0,
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130.2, 130.1, 129.1, 128.7, 126.5, 115.9, 56.2. HRMS (ESI-TOF) calcd for

C26H22N402 [M + H]": 423.1743, found: m/z 423.1740.

4.2.3 Plasmid construction

Polymerase chain reactions with various synthetic oligonucleotide pairs (see Table 1)
were used to amplify genetic elements. Generating gene libraries with randomizations
were previously described. The above-mentioned screening approach was applied to
the selection process of random mutagenesis by Error prone-PCR. Oligonucleotides
pBAD-F and pBAD-R were used to create a library with randomization by using Taq
DNA polymerase, 0.2 mM MnClz, and unbalanced dNTPs to promote amplification
errors. The PCR product was digested with Xho | and Hind Il restriction enzymes and
ligated into a predigested, compatible pBAD/His B plasmid. To create mammalian
expression plasmids containing NFkB response element, NFkB_Sacl F and
NFkB_Bglll_R were used to amplify the fragment from pHAGE NFkB-TA-LUC-UBC-
GFP-W plasmid (Addgene:49343), which was further treated with Sac | and Bgl Il
restriction enzymes and ligated into a predigested, compatible SRE reporter
vector_559 plasmid (Addgene:82686). For Antioxidant response element, the DNA
fragment was synthesized by IDT and ligated into Sac | and Bgl Il predigested SRE
reporter vector_559 plasmid. The OpyLuc, RLuc8, and Akaluc gene were cloned into
corresponding plasmids containing desired response element by using
opyluc_Ascl_Kozak F/opyluc_Fsel R, Rluc_ Ascl_Kozak F/Rluc_Fsel R, or
Akaluc_Ascl_Kozak_F/Akaluc_Fsel_R oligonucleotide pairs with Asc | and Fse |
double digestion. All ligation products were used to transform Escherichia coli DH10B
electrocompetent cells, which were next plated on LB agar plates supplemented with

ampicillin (100 pg/mL).



136

4.2.4 Library screening

DH10B cells containing luciferase mutants were plated on LB agar plates
supplemented with ampicillin (100 pg/mL) and l-arabinose (0.02%, w/v%) and
incubated at 37°C overnight to form bacterial colonies. Agar plates were left at room
temperature for another 6 h, and this was followed by bioluminescence imaging using
a luminescence dark box (UVP Bio Spectrum) equipped with a QSI 628 cooled CCD
camera (Quantum Scientific Imaging). Digital images were acquired after spraying ~
200 pL of 50 uM pyDTZ to each agar plate, and next, images were processed with the
Fiji image analysis software to derive bioluminescence intensities of individual colonies.
For each round of selection, colonies showed bright bioluminescence were chosen
and inoculated in 1 mL liquid LB broth containing ampicillin (100 pg/mL) and L-
arabinose (0.02%, w/v%) in 96-well deep plates. After overnight growth at 37°C and
250 r.p.m., the cultures were moved onto a shaker at room temperature for another 6
h. The 96-well plates were centrifuged and the pellet in each well was lysed with 200
uL B-PER. After 30-minute incubation, the 96-well plates were centrifuged again. Next,
2 uL lysate from each sample was transferred to the wells of new white 96-well plates
where 100 pL of 20 pM pyDTZ in assay buffer was added to each well.
Bioluminescence activities of individual samples were measured on a microplate
reader. Kinetics were followed for 0.1 s signal integration every 30 s for a total of 10
min. Meanwhile, 2 uL lysate from each sample was added 100 pL of 20 yM pyOMeCTZ
in assay buffer. The selectivity was determined by the specific activity toward
pyDTZ/activity toward pyOMeCTZ. Top three mutants showing exceptionally high
bioluminescence selectivity of pyDTZ over pyOMeCTZ were chosen for next-round

selection, sequencing, and other additional characterization.
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4.2.5 Mammalian cell culture, transfection, and imaging

HEK 293T cells were cultured and transfected as previously described.” The number
and density of cells in Dulbecco's phosphate-buffered saline (DPBS) were determined
using a hemocytometer. Cells were next diluted in DPBS to gain the desired numbers
in each 50 uL solution. Cell lysates were obtained by incubating desired number of cell
in a CelLytic M solution for 15 minutes and centrifuged. UVP Bio Spectrum
luminescence dark box was used for all bioluminescence imaging. To record
bioluminescence imaging with pure enzymes, 50 uL of 60 uM substrates were injected
into corresponding 50 pL pure enzymes (final concentration: 10 nM for RLuc8 and
OpyLuc; 100 nM for Akaluc), and the bioluminescence imaging was collected with 10
s exposure time. A filter wheel equipped with a Chroma Blue 360-500 nm, a Chroma
Green 495-580 nm, and a Chroma Red 600-700 nm filter was used to acquire emission
in each channel. To use the luminescence dark box to directly image cells, we added
luciferase-expressing HEK 293T cells (5,000 cells per well for RLuc8 and OpyLuc;
30,000 cells per well for Akaluc) and the indicated luciferin substrates solution were
injected into wells of a white 96-well plate. Final concentration of each substrate were
25 pyM for pyOMeCTZ, 10 uM for pyDTZ, and 100 uM for AkaLumine-HCI.
Bioluminescence was imaged in the luminescence dark box immediately after
substrate addition. The camera exposure time was set at 30 s. All images were

analyzed using the Fiji image analysis software.

4.2.6 in vitro Bioluminescence characterization

Luciferases were expressed and purified as previously described."” A microplate
reader was used for all in vitro bioluminescence characterizations. To record
bioluminescence emission spectra, 50 pL of luciferin substrates was injected into the

wells of white 96-well plates containing 50 pL of pure enzymes in PBS (1.5 mM ATP
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and 5 mM MgSO4 were supplemented for Akaluc). Kinetic measurements were taken
every 30 s post injection with 0.1 s integration and 10 s shaking during intervals) To
derive values for apparent Michaelis constants (Km), substrate concentrations varied
from 0.78 to 50 yM, and 10-min integrated bioluminescence at individual substrate

concentrations were used to fit the Michaelis—Menten equation.

4.2.7 Activation of signaling pathways in HEK293T cells

HEK293T cells were transfected at ~70% confluency by using plasmid DNA : PEI =3 :
9 mixture. Plasmids used in this study included SRE-RLuc8, ARE-OpyLuc, and NF-
kB-Akaluc, NF-kB-RLuc8, SRE-OpyLuc, ARE-Akaluc and CMV-Akaluc. 3 h after
transfection, the medium was removed and replaced by fresh medium. The cells were
allowed to recover for another 3 h. 20% fetal bovine serum (FBS), 50 uM tert-
butylhydroquinone (tBHQ), or 10 ng/mL tumor necrosis factor alpha (TNFa) were used
to activate serum response element (SRE), antioxidant response element (ARE), or
nuclear factor kappa B (NF-kB) responsive element. Bioluminescence signals were
acquired 16 h post induction. An un-transfected sample was used for background

subtraction and an un-induced sample was used as a negative control.

Statistical analysis. Unpaired two-tailed t-tests were used to determine all p-values.
No statistical methods were used to predetermine the sample size. Unless otherwise

indicated, data are shown as mean % s.d., and error bars in figures represent s.d.
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4.3. Results and discussion
4.3.1 Design of triple luciferase system

To choose bioluminescent reporters that can generate different colors of
emission, we first screened the available luciferase-luciferin pairs that have been
reported previously in literature.” RLuc8 is able to produce intense bioluminescence
in a violet wavelength range (Amax: ~405 nm) when methoxy-eCoelenterazine (me-
eCTZ) was used as the substrate.'® Renilla lucicferase (RLuc) is also known to be not
tolerant to C-8 chemical modifications.?® We reasoned that the blue-shifted emission
of me-eCTZ might be due to dihedral angle twist in the catalytic pocket caused by the
bulky C-6 methoxyphenyl substitution. This twist can break the coplanar property of
emitter and cause blue-shifted emission. Therefore, we synthesized a me-eCTZ
analog, pyOMeCTZ (Figure 1A), with a pyridyl substitution on C-2 to improve the water
solubility by taking advantage of the fact that pyridine-containing molecules can be
readily turned into pyridinium salts. As a result, RLuc8-pyOMeCTZ pair is able to

generate violet emission with Amax at ~416 nm.

(A) _ (B) (C)
o\>,(—<\DN
N OW© COOH
N N
| ] NN 7 T
N™ | I \ / S
6 H N A /N
? Ho 1w
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Figure 1. Chemical structures and maximum BL emission wavelength of (A)
pyOMeCTZ, (B) pyDTZ, and (C) AkaLumine in the presence of its corresponding

luciferase.
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According to our previous result, teLuc is tolerant to a variety of C-8 chemical
modifications, including both electronic and steric derivatives."”” Herein, we
synthesized pyDTZ (Figure 1B) that can emit green to yellow photons (Amax: ~530 nm)
when paired with teLuc. Since the emission wavelength between RLuc8-pyOMeCTZ
and teLuc-pyDTZ pairs are well resolved, they are readily available to pair with Akaluc-
AkaLumine pair that produces near infrared (NIR) photons?' (Amax: ~650 nm, Figure
1C) to yield a triple-color luciferase reporter system. It has been known that CTZ-
utilizing murine luciferases do not have substrate cross-talk with D-luciferin-utilizing
insect luciferases, so the remaining issue is the substrate selectivity between RLuc8

and teLuc to engineer a fully orthogonal triple-color luciferase system.

4.3.2 Directed evolution of luciferase to improve pyDTZ selectivity

To address this issue, we noticed that teLuc exhibited a substrate preference
to pyDTZ over pyOMeCTZ by ~ 50-fold activity, suggesting that it might be feasible to
engineer a mutant via directed evolution to more selectively access pyDTZ rather than
pyOMeCTZ. Instead of screening the library for only enhanced bioluminescence output,
we designed a method where we screened the BL activity of the mutants to both of
pyDTZ (positive screening) and pyOMeCTZ (negative screening) in parallel. We
selected the “hit” mutants showing not only high specific activity in positive screening
but also low activity in negative screening for the next round selection (Figure 2A).
After 8 rounds of selection, a mutant (designated OpyLuc) carried 11 mutations was
obtained (Figure 2B, and Figure 3) and showed ~250-fold selectivity to pyDTZ over
pyOMeCTZ (Figure 2C). Notably, Q20K and V21A mutations were acquired during
random mutagenesis, suggesting residues nearby the catalytic site contribute to the

substrate selectivity.
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Collectively, we have three luciferase-luciferin pairs (RLuc8-pyOMeCTZ; Amax:
416 nm, OpyLuc-pyDTZ; Amax: 520 nm, and Akaluc-AkaLumine; Amax: 650 nm) in hand
that can access its specific luciferin and produce distinct colors of emission across the
visible spectrum (Figure 4A). Their emission spectra are well separated and with only
minimal spectra cross-talk. These features allow researcher to either initiate a specific
luciferase activity by adding its corresponding luciferin substrate or scan the full
spectra or use commercial filters to determine individual luciferase signals, thereby

providing flexible data acquisition methods for any chosen purpose (Figure 4B).
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Figure 2. Engineering of OpyLuc luciferase for pyDTZ selectivity over pyOMeCTZ. (A)
The schematic representation of directed evolution to derive OpyLuc. (B) lllustration
of the putative substrate-binding site and OpyLuc mutations. CTZ is shown as spheres

and mutated residues near the binding site are highlighted in yellow. (C) Normalized
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bioluminescence activity ratio of pyCTZ/pyOMeCTZ in the presence of either teLuc or

OpyLuc.
1 10 20 30 40 50
OpyLuc VETLEDEVGDWRQTAGYN LEQGGIESLFONLGVSVTPIQRIVLSGENGLKIDIH
teluc [VETLEDEVGDWRQTAGYNIBSIONT.EQGGUS|SLEFONLGVSVTPIQRIVLSGENGLKIDIH
60 70 80 90 100 110
OpyLuc IIPYEGLSEDOMAQIEKIFKVVYPVDEHHFKVILHYGTLVIDGVTPNMIDYFGOPYEGIA
telLuc ITPYEGLSEDOMEOTIEKIFKVVYPVDNHHFKVILHYGTLVIDGVTPNMIDYFGIRPYEGIA
120 130 140 150 160

OpyLuc FDGKKITVTGTLWNGNKIIDERLINPDGSLLFRVTINGVTGWRLHERILA
teLuc FDGKKITVTGTLWNGNKIIDERLINPDGSLLFRVTINGVTGWRLHERILA

Figure 3. Alignments of primary sequences of OpyLuc and teLuc. OpyLuc mutations
are highlighted in magenta background. Residues in this figure are numbered

according to Protein Date Bank (PDB) ID 5B0OU.
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Figure 4. (A) Schematic representation of spectral-resolved and orthogonal luciferase-
luciferin pairs. (B) Normalized bioluminescence emission spectra of RLuc8-

pyOMeCTZ (purple), OpyLuc-pyDTZ (green), and Akaluc-AkaLumine pairs (red).



143

4.3.3 Triple luciferase system can produce orthogonal BL signals

To validate that the emission of these three luciferase-luciferin pairs are indeed
spectrally separated, and can be resolved by filters, we first purified recombinant
luciferases from E. coli and imaged the respective BL signals with/without 360-500 nm,
495-580 nm, or 600-700 nm bandpass filters (Figure 5A and 5B). The result indicated
RLuc8-pyOMeCTZ, OpyLuc-pyDTZ, and Akaluc-AkaLumine pairs all give the highest
signal under the filter set-up that matches its respective emission color, suggesting
their emission spectra can be well separated simultaneously by a set of commercial
filters. Since these signals can be recorded in the same time, it solved the need of

sequential sampling by Promega Dual-Luciferase Reporter assay.

To demonstrate that our triple luciferase system is a practical tool to monitor gene
expression levels in live mammalian cells, we first evaluated the photon flux of each
luciferase in the presence of a series of substrate concentrations (Figure 6). Ideally,
we would like to explore an optimal concentration for each luciferin (pyOMeCTZ,
pyDTZ, and AkaLumine) that can provide a similar level of photon flux from individual
luciferase-luciferin pair. Unfortunately, the photon flux of Akaluc-AkaLumine at
saturated concentration is at least 10-fold lower than that of RLuc8-pyOMeCTZ and
OpyLuc-pyDTZ pairs, possibly due to its nature BL mechanism of ATP-dependency
and two-step reaction. In order to at least keep the photon flux of RLuc8-pyOMeCTZ
and OpyLuc-pyDTZ pairs at the same level, we selected a condition containing 25 uM
pyOMeCTZ, 10 yM pyDTZ, and 100 uM AkaLumine-HCI as the “Optimal Mix” for live
cell imaging. By comparing Optimal Mix and only its respective substrate, only OpyLuc
exhibited slightly unspecific inhibition by Optimal Mix while RLuc8 and Akaluc

remained unaffected (Figure 7).

Next, we examined the performance of each luciferase for in cellulo imaging in

the presence of chosen luciferin concentration. We injected the indicated luciferin
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substrate solution into luciferase-expressing HEK 293T cells in a 96-well plate. As
expected, pyDTZ initiated the BL emission only in the presence of OpyLuc. The
excellent substrate selectivity was also observed in both Akaluc for AkaLumine and
RLuc8 for pyOMeCTZ (Figure 5C and 5D). Taken together, the results indicated again
that each of luciferase in our triple luciferase system can process its distinct substrate
and generate distinguishable emission wavelength. To briefly sum up, each luciferase
can be selectively activated by its specific luciferin and the emission photons can also
be distinguished by wavelength, which provided the flexibility to monitor multiple
transcriptional activities specifically, stepwise, or simultaneously as a versatile
experimental design. Moreover, the equations to calculate the activities of the
individual luciferases by splitting emissions is not necessarily required since the

spectra cross-talks are minimized.

While reporter assays are typically performed in lysates from cultured cells, we
also evaluated our triple luciferase system in lysates. The results indicated that RLuc8-
pyOMeCTZ and OpyLuc-pyDTZ pairs showed ~2 to 3-fold higher BL signals in lysates
while Akaluc-AkaLumine exhibited decreased signal even after supplementing with
additional ATP (Figure 8). Therefore, using lysates in not required in our triple
luciferase system because all three luciferins described here are cell-permeable and
work well with intact mammalian cells. This feature is beneficial to expand the real-

time measurement of BL assays without lysing cultured cells.
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Figure 5. Bioluminescence imaging of (AB) purified recombinant RLuc8, OpyLuc, and
Akaluc and (CD) luciferase-expressing HEK 293T cells. (A) Images were acquired
without a filter or with either a 360-500 nm, 495-580 nm, or 600-700 nm bandpass filter.
(B) Quantitative values for each tested luciferase-luciferin pair. Final concentrations
were 10 nM for RLuc8 and OpyLuc; 100 nM for Akaluc; 30 uM corresponding luciferin.
(C) Live HEK293T cells were transfected with either RLuc8, Akaluc, or OpyLuc. 5000
cells per well for RLuc8 and OpyLuc; 30,000 cells per well for Akaluc. Images were
acquired without a filter after addition of 1: 10 yM pyDTZ, 2: 100 uM AkaLumine, or 3:

25 yM pyOMeCTZ. (D) Quantitative analysis of BL signals gained from (C).
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Figure 6. Bioluminescence emission of three luciferase-luciferin pairs in live
mammalian cells. Measurements were performed with 2000 luciferase-expressing
HEK 293T cells in PBS for RLuc8 and OpyLuc; 20000 HEK 293T cells for Akaluc.

Signals were integrated over the first 10 min post injection of substrates.
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Figure 7. Bioluminescence spectra and intensity comparison of (A) RLuc8, (B)
OpyLuc, and (C) Akaluc in the presence of its corresponding substrate versus Optimal

Mix containing 25 yM pyOMeCTZ, 10 uM pyDTZ, and 100 yuM AkaLumine-HCI.
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Figure 8. Comparative bioluminescence intensity detected from cell lysates (CL) and
intact cells (IC) of RLuc8-pyOMeCTZ, OpyLuc-pyDTZ, and Akaluc-AkaLumine-HCI in
the presence of Optimal mix containing 25 yM pyOMeCTZ, 10 uM pyDTZ, and 100

MM AkaLumine-HCI.

4.3.4 Monitor serum response, antioxidant, and NF-kB promotor

activities in HEK293T cells by triple luciferase system

Subsequently, we used our triple luciferase system to monitor three signaling
pathway activations in HEK293T cells where each of the luciferase expression was
under control by a growth factor-regulated promoter element (serum response element,
SRE),? a Nrf2-antioxidant response element (ARE),? or a transcription factor—nuclear
factor kappa B (NF-kB) responsive promoter element (Table 2).>* We designed a
reporter system based on SRE promoter driving the expression of RLuc8, ARE
promoter driving the expression of OpyLuc, and NF-kB promoter driving the expression
of Akaluc. The response element promoters can be specifically activated by its
respective stimuli — fetal bovine serum (FBS), tert-butylhydroquinone (tBHQ), and

tumor necrosis factor alpha (TNFa) (Figure 9A).
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The basal promoter activities of all SRE, ARE, and NF-kB response elements
were low (Figure 10B). We measured the individual luciferase activity (RLuc8, OpyLuc,
and Akaluc) by adding its corresponding luciferin (pyOMeCTZ, pyDTZ, and
AkaLumine). As expected, treating with single stimuli enabled the activation of its
specific pathway and drove the downstream expression of genetically encoded
luciferase. Stimulating the cells with either two or three stimuli resulted in activation of

multi-pathway and were reported correctly by our triple luciferase system (Figure 9B).
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Figure 9. (A) Triple Iuciferase assay in live HEK293T after co-transfection of SRE-
RLuc8, ARE-OpyLuc, and NFkB-Akaluc plasmids. (B) The BL signals from each
luciferase were acquired from intact cells after adding its corresponding luciferin. The
cells were induced by 1: 10 ng/mL TNFa; 2: 20% FBS; 3: 50 uM tBHQ; 4: 20% FBS +
50 uM tBHQ; 5: 20% FBS + 10 ng/mL TNFa, 6: 50 uM tBHQ + 10 ng/mL TNFa; 7: 20%

FBS + 50 uM tBHQ + 10 ng/mL TNFa for 16 h post PEI transfection.
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Next, the emission spectra were recorded after injection of Optimal Mix solution
to the transfected HEK293T cells (Figure 9B and Figure 10C, D, and E). Due to the
fact that all three emission spectra are well-separated, this system demonstrated a
proof-of-concept of simultaneous recording of three pathway activations. Again, the
results suggested that there is no cross-reactivity between each luciferase-luciferin
pair, providing an advantage in future studies that require either sequential or

simultaneous multicomponent monitoring.

Herein, we demonstrated the ability of our triple luciferase system to monitor
the simultaneous activation of two or all three labeled pathways. Under this complexed
circumstances, we cannot exclude the possible cross-talk between each signaling
pathways. Therefore, we tested all three response elements under the treatment of
each single stimuli (Figure 11). The result indicated that the up-regulation of each
labeled luciferase has proportional relationship to the concentration of stimuli in a
dose-dependent manner. FBS does induce the transcriptional events of NF-kB
response element and ARE, but the strength of FBS to activate SRE is ~15 to 30 times
stronger than NF-kB and ARE. tBHQ and TNFa can stimulate minimal activation of
SRE, but again the cross-talk is less than 10%. To confirm that the increase of
bioluminescence is indeed correlated with the corresponding expression level of
luciferase after treated with respective stimuli, we will perform western blot to further

quantify the up-regulation of labeled luciferases.

In addition, we observed the luciferase expression levels can vary between
each sampling. It can be due to the lack of an internal control in this experiment. More
quantitative and reproducible results can be obtained if an internal control is used to
normalize the cell number, viability, and transfection efficiency, especially when using
transiently transfected cells. Nevertheless, we were still able to qualitatively detect
three signaling activation states after treating with stimuli mixtures (Figure 10F, G, H,

and I).
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Figure 10. (A) Triple luciferase assay in live HEK293T after co-transfection of SRE-

RLuc8, ARE-OpyLuc, and NFkB-Akaluc plasmids. The emission spectra were

acquired from intact cells after adding Optimal Mix solution. The cells were (B) non-

treated, induced by (C) 20% FBS, (D) 50 uM tBHQ, (E) 10 ng/mL TNFa, (F) 20% FBS

+ 10 ng/mL TNFaq, (G) 20% FBS + 50 uM tBHQ, (H) 50 uM tBHQ + 10 ng/mL TNFa,

(1) 20% FBS + 50 yM tBHQ 10 ng/mL + TNFa for 16 h post PEI transfection.
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Figure 11. HEK293T cells were transfected with either (A) NFkB-Opyluc, (B) SRE-
Opyluc or (C) ARE-Opyluc plasmids and assayed in 96-well format after 16 hours
stimulation with various concentrations of TNFa, FBS, and tBHQ. The

bioluminescence signals were recorded by the addition of 10 uM pyDTZ.

We next switched over the promoters to drive the downstream luciferase
expression by using an alternative combination (NF-kB-RLuc8, SRE-OpyLuc, and
ARE-Akaluc). After inducing with all stimuli (TNFa, FBS, and tBHQ), the signals from
RLuc8 and OpyLuc were obvious as expected, while the signal from Akaluc was
overwritten by the broad emission tailing of OpyLuc (Figure 12). This result suggested
that Akaluc is only suitable to monitor strong promoter activity when paired with the

other two luciferases, because the photon flux of Akaluc is relatively lower. This is a
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factor that needs to be taken into account when researchers conducting the initial

experimental design.
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Figure 12. (A) Triple luciferase assay in live HEK293T by co-transfection of NFkB-
RLuc8, SRE-OpyLuc, and ARE-Akaluc plasmids. The cells were induced by 10 ng/mL
TNFa, 50 uM tBHQ, and 20% FBS for 12 h. (B) The bioluminescence emission spectra
were recorded by the addition of Optimal mix containing 25 yM pyOMeCTZ, 10 uM

pyDTZ, and 100 yuM AkaLumine-HCI.

4.3.5 Akaluc-AkaLumine pair is more suitable as an internal control

As mentioned above, it is recommended to normalize the BL assay results by
an internal control for cell number, and transfection efficiency normalizations. We
prepared another set of plasmids containing NF-kB-RLuc8, SRE-OpyLuc, and a
control of the constitutively active cytomegalovirus (CMV) promoter (CMV-Akaluc). We
transfected the cells with all three plasmids and incubated cells with two stimuli (TNFa
and FBS) for 16 h. In this case, we selectively triggered the BL signal from individual

luciferase by adding its respective luciferin to intact cells (Figure 12A). The BL kinetics
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were monitored for each luciferase after the addition of its respective luciferin (Figure
12B). All three luciferase generated BL signal, and the BL signal decayed by the
function of time. The advantage of incorporating an internal control here is not only
limited to the normalization of cell number and transfection efficiency of each sample,
but also the kinetic of each BL signal can be normalized to give a more constant ratio
readout, which is more amenable to high-throughput screening (Figure 12C). Thus,
this system enabled the monitoring of two signaling activations and improved the
accuracy of assay by including another orthogonal control to exclude factors such as

cell number, transfection efficiency, and BL emission kinetic.
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Figure 12. (A) Triple luciferase assay in live HEK293T by co-transfection of NFkB-
RLuc8, SRE-OpyLuc, and CMV-Akaluc plasmids. The cells were induced by 10 ng/mL
TNFa and 20% FBS for 16 h. (B) The bioluminescence kinetics were measured by
adding either 25 yM pyOMeCTZ, 10 yM pyDTZ, or 100 uM AkaLumine to intact
transfected HEK293T cells. (C) The BL signals from OpyLuc-pyDTZ and RLuc8-
pyOMeCTZ pairs were normalized to the signal value generated by Akaluc-AkaLumine

as an internal control.
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4.4. Conclusion

Herein, we utilized the substrate selectivity and engineered a mutually
orthogonal luciferase-luciferin pair for multiplexed cell-based BL assay. In combination
with RLuc8 and Akaluc, this triple-color BL system features the selectivity of synthetic
substrates and production of well separated emission spectra from 400 nm to 650 nm.
We combined several advantages of previous bioluminescence technology and
described a spectral-resolved triple-color BL system, which provides flexible and
convenient approach to monitor multiple biological events in either qualitative or

quantitative manners.

By using this triple luciferase system, we demonstrated that the activations of
cell signaling can be detected simultaneously or separately from live cells in a single
experiment where each individual BL signal can be distinguished from the other two
luciferase-luciferin pairs. In future experimental design, it may be possible to combine
newly discovered luciferase-luciferin pairs?®® to independently activate even more
innate processes in the same sample to study the cross-talks of cellular signaling
pathways. Moreover, multiplexed BL assay is compatible with modern genetically
encoded fluorescent biosensors to further investigate complexed biological events via
functional imaging.?® We believe the development of a such versatile tool that ensures
an accurate and precise analysis of signaling pathways, can be extended to study
other physiologically transcriptional activation and is critical to improve the design and

screening of new drugs, as well as the diagnosis and treatment of disease.
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Table 1. Oligonucleotides used in this study.

Oligo name Nucleotide sequence (5'—> 3')

pBAD-F ATGCCATAGCATTTTTATCC

pBAD-R GATTTAATCTGTATCAGG

NFkB_Sacl_F TACCGAGCTCATCCAGTTTGGACTAGTGG
NFkB_Bglll_R AGCCCAGATCTCCTCTAGAGTCTAGATCTGG

opyluc_Ascl_Koza
k_F

AAAGCCACCGGCGCGCCGCCGCCACCATGGTCTTCACTCTCGAAGATTT
TGT

opyluc_Fsel R

TCGAAGCGGCCGGCCTTACGCCAGAATGCGTTCATGCA

Akaluc_Ascl_Koza
k_F

AAAGCCACCGGCGCGCCGCCGCCACCATGGAAGATGCCAAAAACATTAA
GA

Akaluc Fsel R TCGAAGCGGCCGGCCTTACACGGCGATCTTGCCGTCCTTCTT

Rluc_ AAAGCCACCGGCGCGCCGCCGCCACCATGGCTTCCAAGGTGTACGACC
Ascl Kozak F

Rluc Fsel R TCGAAGCGGCCGGCCTTACTGCTCGTTCTTCAGCACGCGCT

Table 2. Response element sequences used in this study.

Response
Element

DNA sequence (5'—> 3)

Nuclear factor
kappa-light-chain-
enhancer of
activated B cells
(NFkB)

ATCCAGTTTGGACTAGTGGGAATTTCCGGGAATTTCCGGGAATTTCCGG
GAATTTCC

Serum response
factor (SRE)

GCTAGCAGGATGTCCATATTAGGACATCTAGGATGTCCATATTAGGACAT
CTAGGATGTCCATATTAGGACATCTAGGATGTCCATATTAGGACATCTAG
GATGTCCATATTAGGACATCT

Antioxidant Nrf2
response element
(ARE)

TAGCTTGGAAATGACATTGCTAATGGTGACAAAGCAACTTTTAGCTTGGA
AATGACATTGCTAATGGTGACAAAGCAACTTT
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Table 3. Qualitative comparison of this study and commercial luciferase reporter

Required

systems.
Promega Promega  Pierce Cypridina- Orthogonal Triple
Dual- . . .
. Chroma-  Firefly Luciferase Luciferase Assay
Luciferase :
Glo Dual Assay (this work)
Assay
Number of
Substrates 2 L 2 g
Types of 1(2 2 (VLuc, Red
Enzymes 2 (Riuc, FLuc) CBLucs) FLuc) 3
Gene Identity low >99% low low
O_rthogonal Yes No Yes Yes
Signals
Simultaneous
Detection of 2 No Yes Yes Yes
Signals
Simultaneous
Detection of 3 No No No Yes
Signals
Data _CaIcuIatlons No Yes No Yes/No
Required
Luminometer
Filters Required No Yes Yes Yes/No
Single Reagent ~ No (CTZ, D-  Yes (D-  Yes (Vargulin, D- xg,f/ﬁ’é’gg
Solution luciferin) luciferin) luciferin) Akalumine-HC)
Emission Signals
Well-Separated Yes No Yes Yes
Call Lysts Yes Yes Yes Yes/No
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Chapter 5

General Conclusions and Perspectives
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In the past two decades, bioluminescence tools have shown tremendous ability
and potential to reveal the mystery of biology as well as to accelerate drug discovery
and development. However, bioluminescence systems found in nature are not yet ideal
for what scientific community intends to do, e.g. visualizing chosen cells in living
animals, molecular imaging or multiplexed assays. The vast applications of
bioluminescence technology have been limited due to the following reasons. First, the
blue-emissive photons of native marine luciferase do not penetrate through the
biological tissue very efficiently, thus hindering their in vivo sensitivity. Second, the
water solubility of coelenterazine (CTZ) and its analogs are poor, limiting its in vivo
administration dosage. Third, the available choices of bioluminescence color are

significantly less than the current color palette of fluorescent proteins.

An ideal bioluminescence toolkit that allows scientists to efficiently explore
biology has to satisfy the following: high luminescence efficiency, red-shifted emission,
thermostable, sustained light output, and proper in vivo luciferin biodistribution. CTZ-
consuming bioluminescent reporters have several intrinsic advantages, such as small
size, high catalytic turnover, high brightness, high stability, and no need of cofactors
such as adenosine triphosphate (ATP). For live cell and animal imaging, ATP-
dependent luciferases may consume a significant portion of intracellular ATP and
disturb normal physiology. Moreover, in blood plasma, urine, and other biological fluids
where the ATP level is low, ATP-dependent luciferases would not give out signals.’
Therefore, we chose a family of ATP-independent luciferase, which was previously

cloned and characterized from Oplophorus gracilirostris as our starting point.

In this dissertation, we have addressed several hurdles of luciferase-luciferin
pairs, which were originally derived from nature. We integrated two approaches:
synthetic chemistry and protein directed evolution to expand the capabilities of native
bioluminescent pairs, beyond the design by nature. We synthesized coelenterazine

(marine luciferin) analogs with red-shifted photophysical property and improved water
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solubility, and concurrently re-engineered luciferase to maintain the high
bioluminescence brightness. These newly engineered luciferase-luciferin pairs with
red-shifted emission enable highly sensitive bioluminescence imaging (BLI) to non-
invasively tracking biological events in live animal. Since we have also expanded the
color palette of current bioluminescence toolkits, we are excited about the possibility
to accelerate the drug screening process by multi-color bioluminescence assay.
Meanwhile, we are enthusiastic in the development of the next generation

bioluminescent biosensors on the basis of these engineered bioluminescent pairs.

With our efforts and recent advances in sharpening bioluminescence toolkits,
several sets of bioluminescent pairs have provided fundamental for diverse in vitro to
in vivo applications. At the cellular level, it is now possible to use multiple orthogonal
bioluminescent reporters to track multiple targets. The recent development of highly
bright luciferases, such as NanoLuc and teLuc also opened the door for cellular and
subcellular bioluminescence microscopy. At the macro-scale level, bioluminescence
imaging (BLI) has been one of the best options for in vivo imaging. FLuc-D-luciferin
pair has already been broadly used, and the recently developed Antareas2-DTZ,
LumiScarlet-8pyDTZ, and Akaluc-AkaLumine pairs are new benchmarks for in vivo

BLI.**

On the other hand, CTZ-consuming bioluminescent reporters still have
limitations that need to be further addressed. First, the peak emission of these
reporters has not yet reached the far-red and NIR spectral region. Also, the
biodistribution of CTZ seems to be dependent on the route of injection (e.g., via i.v. or
i.p.).° Moreover, the auto-oxidation of CTZ analogs in biological fluid may limit their use
in detection of very low-abundant targets.® Compare to the oxidation reaction of D-
luciferin, CTZ oxidation does not involve ATP as the additional energy source. It can
be reasoned that the internal energy of CTZ chemical structure is high, making the C-

2 position and C-3 carbonyl group more vulnerable to molecular oxygen. In addition, it
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has been known that the C-2 substitutions can alter the oxidative reaction rate of CTZ
analogs, which is the primary site to determine the stability and reaction kinetics.” To
address abovementioned issues, we have several ongoing projects to continuously
explore CTZ analogs with extended conjugation for redder emission, and we also set
up further studies to investigate novel CTZ analogs that have better solubility,
bioavailability, and stability. Re-engineering of luciferases for these new substrates
may lead to novel luciferase-luciferin pairs that further enhance in vivo BLI by a few
orders of magnitude. The ultimate goal of an ideal bioluminescence is to provide high
spatiotemporal resolution to study the dynamic of a biological event in live animal, e.g.

imaging single neuronal activity at 20 Hz acquisition rate.

Recently, the density functional theory (DFT) simulation suggested that the
CTZ oxidative reaction occurs with a single electron-transfer mechanism and the
emission is based on a gradually reversible charge-transfer-induced luminescence
mechanism, so substitutions on C-6 and C-8 can alter the overall charge-transfer-
induced luminescent intermediate, which further supports our work as a promising
approach to tune the emission wavelength.®'® Recent research also reported CTZ
analogs that have peak emission up to 598 nm, but with very limited activity toward
NanoLuc." Fortunately, the low activity issue may be solved by directed evolution of

luciferase to further enhance the enzymatic turnover.

Recently available fluorescent/bioluminescent reporters and their derived
biosensors have allowed the visualization and probing of specific biological events, e.g.
enzyme activity, metabolism, communication, and signaling."”? To date,
bioluminescence resonance energy transfer (BRET) biosensors are not as popular as
many biosensors in the field of cellular imaging that have been developed by the
principle of fluorescence resonance energy transfer (FRET),” because luciferase
generates lower photon flux, which is usually below the detection limit of common

detectors at single-cell resolution. However, newly developed bioluminescence
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systems are significantly brighter along with more advanced photon detection
techniques,™ showing promising power for single-cell level BRET imaging. With our
current effort on the development of ATP-independent bioluminescence reporters, it is
expectable that more genetically encodable biosensors with molecular precision will

be developed and will soon become available to facilitate further biological discoveries.

By the assist from modern gene-editing techniques, the applications of
genetically encoded bioluminescent reporters and biosensors will be quickly expanded
in terms of the development of bioluminescent cell lines and transgenic animals to
advance the next-generation biomedical revolution. Moreover, we envision the
possible elucidation of luciferin biosynthetic pathway. With the growing tools in the field
of synthetic biology, it is expectable to see the development of a self-illuminated
bioluminescence system other than bacterial bioluminescence in the foreseeable
future."® By then, engineered bioluminescence toolkits could even play more important
roles not only in both preclinical and clinical fields,” but also could be a clean light

source toward a future powered by bioluminescence.
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