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Chapter 1 General Introduction

1.1. Molecular Imaging

Molecular imaging provides opportunities for better “seeing” and “understanding” the complex
and interesting living subject. Recent progress in imaging technologies have made it possible to image
the actual amount / function of genes and specific molecules such as target proteins in cells and in
vivo. In addition, visualizing the amount/ function of “molecules” can promote the treatment and
diagnosis of various diseases. The essential requirements for imaging technologies, especially in vivo
imaging, are as follows; 1) Safety (non-toxicity and non-invasiveness), 2) High spatial and temporal
resolution, 3) Deep penetration depth, 4) Sensitivity, 5) Selectivity, 6) Low cost. The typically available
imaging modalities for in vivo are magnetic resonance imaging (MRI), positron electron tomography
(PET), single photon emission computed tomography (SPECT), computed tomography (CT),
ultrasound and optical imaging (fluorescence and bioluminescence) (summarized in Table 1.1, Figure

1.1)." However, no imaging modalities are available that meets all these requirements.

Table 1.1. Currently available imaging modalities. (based on Gambhir, S. S. et al, Chem. Rev., 2017, 117, 901-986.)

resolution penetration
modality signal type sensitivity cost
spatial temporal depth
Magnetic resonance imaging 25-100 um (preclinical)
Radio frequency min-h Unlimited 103-10° M $$%
(MRI) ~1mm (clinical)
Positron electron tomography Radionuclide <1 mm (preclinical)
s-min Unlimited 1010 M $$$
(PET) (positron) ~5 mm (clinical)
Single photon emission computed Radionuclide 0.5-2 mm (preclinical)
min Unlimited 10-10"M  $$$
tomography (SPECT) (y-rays detected) 8-10 mm (clinical)
25-200 pm
Computed tomography
X-rays (preclinical) s-min Unlimited ~10°M $$
€n
0.5-1 mm (clinical)
10-100 pm
(at ~mm depth)
Ultra sound Sound waves s-min 10 ms 105-10° M $
1-2.cm
(at ~cm depth)
Optical imaging
UV-NIR light 2-3mm s-min < 2cm 10°-10"2 M $

(fluorescence / bioluminescence)

Abbreviations: $, Inexpensive; $$, Moderately Priced; $$$, Expensive.
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MR is a clinically applied technology that uses strong magnetic fields and radio waves to detect nuclei
of water molecules in the tissue by nuclear magnetic resonance. Sometimes a small molecular tracer
such as gadolinium chelates are utilized to improve image contrast specifically. Although MRI afford
high spatial resolution and soft-tissue contrast, it takes long time (20-60 min) and is high costs.

PET/SPECT are also clinical imaging methods using radioactive tracers. The PET system detects
positrons and a pair of y-rays emitted from drugs labeled with radionuclides such as ''C, N, O and
'8F. The advantage of PET imaging is high sensitivity with unlimited depth penetration. However, since
the lifetimes of radionuclides for PET are short ("'C: ~20 min, ®*N: ~10 min, O: ~2 min. "8F; ~110 min),
a cyclotron for producing them must be required.? Furthermore, the synthesis and quality control of
labeled drugs must be carried out, except for them labeled with a relatively long half-life radionuclides.
On the other hand, SPECT system requires a drug labeled with a y-emitting radioisotope, directly
detects y-rays. The synthesis labeled drugs can be easily performed with a commercially available kit.
The radioisotopes used in SPECT (*"™Tc: ~6 h, 2°'Tl: =73 h, """In: ~2.8 d, "3I: =~13 h, *°Xe: 5.24 d) have
a longer half-life than those in PET.*

CT utilizes X-rays to image the difference in polarization and absorption in tissue without any small
molecular tracers. The advantages of CT are a high spatial resolution and easily obtained tomographic
images specializing in bone/lung imaging. In contrast, CT duffers from lack of target specificity and
poor soft-tissue contrast.”

Ultra sound imaging is an imaging method that detects the echoes of ultrasonic waves. This
imaging modality is an extremely non-invasive technique with high spatial and temporal resolution.

Optical imaging technologies are currently playing an important role in the biomedical research
fields, although they are limited clinical translation. In this modality, fluorescence and bioluminescence
probes are adopted to see inside a cell or tissue. For fluorescence imaging, various fluorescent tracers
such as genetically encodable fluorescent proteins, organic fluorescent dyes and metal complexes etc.
are mainly used depending on the applications. In fluorescence imaging, fluorescent probes are
excited by light-irradiation, then the excited molecules release a photon. The fluorescence method
can be observed with relatively high spatial and temporal resolution. In addition, multichannel imaging
is possible by combining probes with different fluorescence wavelengths. However, fluorescence
method sometimes suffers from an inherent “barrier” caused by an excitation light source. Nowadays,
bioluminescence imaging has become a standard non-invasive modality for tracking biological
functions because it does not require any excitation light sources. The photon productions on
bioluminescence relies on a light emitting molecule “luciferin” and a genetically encodable enzyme
“luciferase”. Recent numerous efforts have successfully imaged even single cell in an animal. Therefore,
bioluminescence imaging potentially has the possibility to realize “trans-scale imaging” from a cell to
whole body.
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Optical imaging PET imaging

Advantages: Disadvantages:
« Clinical translation + Cost

Advantages: Disadvantages:
« High-throughput screening | | « Limited clinical

for target confirmation and translation « High sensitivity with
compound optimization « Low depth unlimited depth
« High sensitivity penetration penetration

Magnetic resonance imaging SPECT imaging

Advantages: Disadvantages: Advantages: Disadvantages:
« Clinical translation « Costs « Clinical translation = Limited spatial resolution
= High resolution and « Imaging time « Unlimited depth
soft-tissue contrast penetration
Ultrasound imaging CT imaging
Advantages: Disadvantages: Advantages: Disadvantages:
« Clinical translation « Operator dependency + High spatial resolution * No target-specific
= High spatial and « Targeted imaging (bone/lung) imaging
temporal resolution limited to vascular « Clinical translation + Radiation
*Low costs compartment » Poor soft-tissue contrast

Figure 1.1. A summary of modalities used for molecular imaging. Each modality has particular characteristics,
advantages and limitations, which are highlighted here. Most imaging modalities are used clinically and can be
translated from animals to humans in the drug development process. The different imaging modalities are
generally considered complementary rather than competitive. CT, computed tomography; PET, positron-
electron tomography; SPECT, single-photon-emission computed tomography. Adapted by permission from Ref

5, Springer Nature, Nature Reviews Drug Discovery, Copyright 2008.
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1.2. Bioluminescence

The history of bioluminescence research dates back to 1667. Robert Boyle, a scientist from Irish
Lismore, has discovered a glowing decayed tree. He confirmed that the light emitted from the tree
was extinguished when it was put into a self-made experimental glass box and the air was evacuated
by a vacuum pump. This luminescence was actually due to the luminescent mycelium, and his
experiment is the first example to probe that air (e.g. oxygen) is required for bioluminescence reaction.
Later, Lazzaro Spallanzani, an Italian naturalist, has revealed that bioluminescence is caused by
chemical reactions, regardless of “life”. In 1885, a major turning point on bioluminescence research,
Raphael Dubois has discovered that the bioluminescence reaction requires two kinds of “substances”.
The experiment conducted by Dubois were as follows; “The bioluminescent organs of pyrophorus were
collected and extracted with cold water. Then, it became clear that the extract emitted for a while, but
gradually decayed. On the other hand, no luminescence was observed from extracts with hot water.
Once mixed these two extracts, strong luminescence was recovered”. From this experiment, he has
identified two kinds of chemicals, a heat-stable organic compound and an enzyme catalyzing
oxidation, named the former compound as luciferin, and the latter as luciferase.

The principle chemical reaction in bioluminescence is the oxidation of luciferin catalyzed by
luciferase. During the oxidative process, an excited molecule, oxyluciferin, is produced, and then the
relaxation of this molecule to ground state release a photon. Nowadays, several types of luciferins and
corresponding several types of luciferases have been identified in nature (Figure 1.2). Moreover, some
of them have already been utilized as an imaging probe to track cellular functions and protein-protein

interactions and so on.
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Figure 1.2. Chemical structures of luciferins.

Among the many of luciferin-luciferase pairs, the most commonly adopted luciferin-luciferase
pairs in bioluminescence imaging originate from insects, such as fireflies and click beetles. These
bioluminescence systems consist of D-luciferin and the corresponding insect luciferases, for example
Fluc from photinus pylalis, and emit yellow-green to orange light (530-640 nm) (for further details,
please see the section 1.3).87° In 2004, Troy and colleagues quantitively compared the sensitivity of
fluorescent and bioluminescent reporters (e.g. D-luciferin/Fluc pair) in mice model. including various
factors such as autoluminescence, autofluorescence and so on.” A brief results of their work are

described follows.

For highly contrasted in vivo imaging, the background signal from a mouse (or an animal) should
be as low as possible. However, many endogenous chromophores such as elastin, collagen,

tryptophan, NADH, porphyrins, and flavins often causes serious autofluorescence, making difficult to
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obtain high signal to noise ratio. Generally, the autofluorescence spectra are higher at short
wavelengths (359-550 nm) than near-infrared (NIR) wavelengths (650-900 nm, see the section 1.3.3.2).
In addition, the alfalfa containing in the regular mouse food has significant fluorescent signature over
the entire wavelengths from visible to NIR. The concentrated photon outputs in around liver are often
found due to the chlorophyll. Therefore, the food that do not contain alfalfa must be selected for

optical imaging, especially for fluorescence imaging.

Troy and colleagues have also evaluated autoluminescence from a mouse body due to the internal
chemiluminescence. As a result, averaged photon flux was confirmed to be about 1000~1600
photons/sec/cm?/sr by an IVIS imaging system, which are above the detection limit of photon flux of
IVIS imaging systems (100 photons/sec/cm?/sr). For information, the autoluminescence spectrum is

located in around 590-740 nm, which roughly agree with tissue transmission curve.

Quantitative comparison of bioluminescence and fluorescence imaging in vivo have been
performed in a Nu/nu mouse subcutaneously implanted with PC-3M-luc/DsRed cells. Direct
comparison of fluorescence signal from DsRed and bioluminescence revealed the significance of
bioluminescence imaging. Although fluorescence signal was 110-times higher than that of
bioluminescence, fluorescence methods resulted in terrible signal to background ratio; 7.8 for
fluorescence, 7500 for bioluminescence. Troy and colleagues have concluded that fluorescence
imaging requires at least 3.8 x 10° cells to afford signal above autofluorescence whereas
bioluminescence imaging only requires 400 cells to detect photon outputs above autoluminescence.
These investigations clearly demonstrated the potential of bioluminescence imaging as a “trans-scale

imaging” modality.

As an example showing the significance of bioluminescence imaging, the results of monitoring the
infiltration of bone marrow cells into the brain are introduced here. Akimoto and colleagues have
demonstrated monitoring the infiltration of cells into brain during brain inflammation by fluorescence
(GFP) and bioluminescence (Firefly luciferin/luciferase) imaging. As a result, only bioluminescence
imaging successfully reflected the increase in signal, proving that cells infiltrate into the brain from

bone marrow cells and regenerate cells in the brain (Figure 1.3)."
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Figure 1.3. In vivo imaging of bone marrow-derived cells. (A) Fluorescence (B) Bioluminescence. Right graphs
show quantitative analysis of bone marrow-derived cells related photon emissions. Robust signals were detected
in both saline- and LPS-injected mice and observed no significant differences over time in saline vs LPS (means
+ SD, n = 3 (Fluorescence), 6 (bioluminescence)). For statistical evaluation, ANOVA with Dunnett’s test was
applied, symbol * and ** denote P < 0.05 and P < 0.01 vs Day O, respectively. Adapted by permission from Ref

11, Elsevier, Biochemical and Biophysical Research Communications, Copyright 2009.

A major limitation of imaging technology is that there is no translation between targets. In order
to truly understand complex biological phenomena, it is necessary to measure, analyze, and verify a
huge system in “all space” and “all time". For this purpose, an imaging system that can visualize
"molecules-cells-organs" across scales is required. This is achieved by compensating for the
shortcomings of each imaging modality.” In particular, bioluminescence has a minimal background

signal, so it may contribute to imaging of a minority of cells or targets.
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1.3. Firefly Bioluminescence as Imaging
Probes

Light emitting reaction on firefly bioluminescence proceeds in two stages; A) adenylation, B)

oxidation, and reaction process is currently proposed as follows (Figure 1.4);"

A) D-luciferin reacts with ATP catalysed by a luciferase in the presence of Mg to form a
chemically activated luciferyl adenylate.

B) Luciferyl adenylate is chemically converted to an unstable dioxetanone intermediate through
oxidative reaction. Subsequently, excited oxyluciferin is generated in the process of
decomposition of dioxetanone structure, this molecule emits light when it transitions to the
ground state.

NH,
N
(A) o o «j\//g"
"o NN ATP, Mg?* o NN
T T e Y
N S OH
l-H+
NH NH,
® 0% o (’Nl//\sz an
HO. s Nol i ,B\o o N N/J 02 HO i LP< o N N//l
07\ S, N ()
O 2 e e
N S HO  ©oH N s HO  oH
l -AMP
9-0 -002 Photon

e T peesag B Seiag

Figure 1.4. Light emitting reaction pathway of D-luciferin catalysed by firefly luciferase.’
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Theoretically, one excited oxyluciferin is generated from a D-luciferin, thus the one photon is
emitted from a D-luciferin. The bioluminescence quantum yield is defined as the ratio of the number
of photons emitted from bioluminescence reaction to the number of luciferins, and is expressed by

the following equation (eq. 1).

PBL = PFIPRPES (M
where @ is the fluorescence quantum yield of the oxyluciferin, ¢r is the reaction yield of the
oxyluciferin formation from the corresponding luciferin, and ks is the production yield of oxyluciferin
in the excited state.""> The quantum yields of firefly bioluminescence have been reported as 0.15-

0.61 depending the luciferases.’®'®

Many kinds of beetle luciferases have been identified and cloned, but all luciferases from insects
share the D-luciferin as a light emitting substrate. Interestingly, beetle bioluminescence reactions
exhibit different emission colors from green to red (530-640 nm) depending on luciferases even
though D-luciferin is the only substrate (Table 1.2)2' Multicolor light emission results from
environmental responsive chromic effect of oxyluciferin, the oxidized from of D-luciferin. However,
this mysterious chromic mechanism still remains unclear. As an example, this section describes the
emission color control mechanism focusing on the solvatochromism of oxyluciferin. Firefly luciferin
has a carboxyl group as an electron withdrawing group (EWG) and a hydroxyl group as an electron
donating group (EDG). Oxyluciferin also has a pair of EWG and EDG. This internal charge transfer (ICT)
molecular structure causes a solvatochromism, a property that changes its absorption and/or
fluorescence wavelengths depending on the environment polarity surrounding the substrate. In 2009,
Hirano and colleagues have worked to elucidate the color control mechanism on firefly
bioluminescence by focusing on the solvatochromic effect of luciferin.” For this purpose, they have
synthesized two types of oxyluciferin analogues (Figure 1.5A), and examined the fluorescence
properties under several solvents in combination with some bases. Finally, they proposed a following
color modulation model as follows (Figure 1.5B, 1.6);

1) The actual light emitter is the excited sate of the oxyluciferin phenolate anion.
2) Emission color is modulated by following two factors: 1) the polarity of the active site of a
luciferase, 2) covalent strength of the hydrogen bond between the phenolate anion of

(oxy)luciferin and the protonated amino acid residues at the active site.

10
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Table 1.2. Molecular properties of beetle luciferases.

(based on Gambhir, V. R. Viviani, Cell. Mol. Life Sci, 2002, 59, 1833-1850.)

Luciferase Residues dentity with pl  Amax [nm] Genebank
Phtinus pyralis luciferase [%)] assignment

pH-sensitive
Lampyridae (fireflies)
Photinus pyralis 550 1 6.4 562 M15077
Pyrocoelia miyako 548 82 6.1 550 L39928
Hotaria parvula 548 68 6.3 568 L39929
Luciola mingrelica 548 67 6.2 570 S61961
Luciola cruciate 548 67 7.1 562 M26194
Luciola lateralis 548 67 6.5 552 X66919
Lampyris noctiluca 547 83 6.1 550 X89479
Photuris pennsilvanica 545 58 84 538 U31240
pH-insensitive
Phengodidae (railroad worms)
Phenogodes 546 54 - 546
Phrixothrix Viviani 545 55 6.3 548 AF139644
P. hirtus 546 47 7.0 623 AF139645
Ragophthalmus ohbai 543 53 - 555 -
Elateridae (click beetles)
Pyrophorus plagiophthalamus

GR 543 47 6.5 546 -

YG 543 46 6.5 560 -

YE 543 47 6.5 578 -

OR 542 46 6.4 593 -
Pyrearinus termitilluminans 543 46 6.75 536 AF116843

The pl was calculated from protein sequences.
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Figure 1.5. (A) Chemical structures of oxyluciferin analogue, 1-OCHs; and 1-O". (B) Emission color
modulation mechanism of firefly (beetle) bioluminescence. "The solid line of the correlation between
photon energy (PE) and Er(30) was made by combining the E¢-versus- Er(30) plots for 1-O" in polar solvents with
those fir 1-O/H-TBA* in less polar solvents”. “Yellow-green colors cannot be reproduced in polar media”.”

Adapted with permission from Ref. 19. Copyright 2009 American Chemical Society.
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Figure 1.6. Schematic illustration of color modulation in the active site of a luciferase. Adapted with

permission from Ref. 19. Copyright 2009 American Chemical Society.

Although D-luciferin, the native substrate of firefly (beetle) bioluminescence, has been widely
applied to imaging applications, it is sometimes not the ideal substrate for in vivo applications. Herein,

| described the three points to be improved for future progress of firefly bioluminescence imaging.

As already described above, all firefly (beetle) luciferases share the D-luciferin as their luminescent
substrate to produce unique light emissions. This fact can be applied to multicolour bioluminescence
imaging in combination with appropriate emission filter.”* However, if want to “see” the different
cell types or functions, sometimes it hard to distinguish in a single subject.?*** Some approaches
combining the other bioluminescent reporters, especially coelenterazine/Renilla luciferase pairs, have
been proposed as a distinguishable bioluminescent reporter system (Figure 1.7),%> but coelenterazine

is less ideal substrate because of instable properties in vivo.2* %
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Figure 1.7. Triple in vivo bioluminescence imaging. (A) U87 glioma cells stably expressing Gluc, Vluc orFluc
were injected subcutaneously in nude mice at different sites. Ten days later, sequential imaging Fluc, Gluc and
Vluc was performed (1 day apart) after injection of D-luciferin, coelenterazine, and vargulin. A representative
mouse from each imaging session is shown (n = 3). (B) A region of interest (ROIl) was drawn around each tumor
location and photons/second were calculated. *P = 0.016. Reprinted from ref. 25 by permission from Macmillan

Publishers, Lt: Molecular Therapy — Nucleic Acids.

The various emission colors from firefly bioluminescence reaction have undoubtedly pushed firefly
bioluminescence into the gold standard as a bioluminescence imaging tool. However, especially for
in vivo applications, the emissions from firefly bioluminescence suffer from strong absorption of light
by biological components such as water and haemoglobin.?” This means that a great portion of light
from firefly luciferase catalysed reaction is easily absorbed by the surrounding tissue and almost no
light could be detected in vivo applications. Near-infrared (NIR) light ranging from 650-900 nm is
effective for in vivo because this range has less absorption by endogenous biochemicals described
above. In fact, Weissleder, a specialist for molecular optical imaging, stated as follows in an important

review on optical imaging;®

“One of the key strategies for imaging deeper tissues (that is, more than a few millimetres inside the
sample) has been the use of NIR light. This is because hemoglobin (the principal absorber of visible
light) and water and lipids (the principal absorbers of infrared light) have their lowest absorption
coefficient in the NIR region of around 650-900 nm”. (Figure 1.8)

Another advantage in NIR range is less autofluorescence from tissue, making it higher contrasted

imaging (high signal to noise ratio) (Figure 1.8). For these reasons, bioluminescence emission in NIR
range is prefer characteristics for in vivo applications, especially for deep tissue.
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Figure 1.8. Interaction of light with tissue. The absorption coefficient of light in tissue is dependent on
wavelength and results from absorbers such as hemoglobins, lipids and water. The graph is calculated assuming
normally oxygenated tissue (saturation of 70%), a hemoglobin concentration of 50 mM, and a composition of
50% water and 15% lipids. The graph also lists the emission range of several common fluorochromes and
luciferases used for imaging. The insert shows autofluorescence spectra obtained in vivo at different excitation
wavelengths. The excitation range, denoted as Ay, is from 337 to 610 nm, and the emission range (Am) is from
360 to 750 nm. Note the much lower tissue autofluorescence at longer wavelengths. The mouse images at the
bottom show experimentally measured photon counts through the body of a nude mouse at 532 nm (left) and
670 nm (right). The excitation source was a point illumination placed on the posterior chest wall. Signal in the
NIR range is ~4 orders of magnitude stronger for illumination in the NIR compared with illumination with green
light under otherwise identical conditions, illustrating the advantages for imaging with NIR photons. Adapted

by permission from Ref 28, Springer Nature, Nature Medicine, Copyright 2003.
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The behavior of D-luciferin as a “drug” in vivo should be mentioned here. Generally, D-luciferin is
injected to an animal through an intravenous or intraperitoneal administration. B. T. Kim and
colleagues have investigated the cellular uptake and in vivo biodistribution by synthesizing
radiolabeled D-luciferin analogue, ['*’lJiodo-D-luciferin. Their results indicated a low level of cellular
uptake and rapid washout of luciferin. Biodistribution study in ICR mice revealed that early uptakes
especially in liver, myocardium and muscle were lower with intraperitoneal than intravenous
administration. In addition, uptake in brain was extremely low level, therefore, luciferin concentration
might be a limiting factor for luminescence reaction (Figure 1.9).%

(o] 125| 0
HO S N OH . . HO. s N OH
\©:N,> 4 ])L Rad:oéa;ehng ‘C[Nb 4 ])\
D-luciferin [125|]iodo-D-luciferin
Intraperitoneal Intravenous
5 min {

5 min
304 El 45 min 30- T El 45 min

Uptake [%ID/g]
S
Uptake [%ID/g]
N
o

Figure 1.9. Biodistribution of ['?’l]liodo-D-luciferin in ICR mice. Adapted by permission from Ref 29,
Copyright © 2003, © 2003 Lippincott Williams.

The corresponding luciferases are expressed inside cells. Therefore, D-luciferin must be delivered
through cell membrane to emit light. However, cell membrane permeability of D-luciferin is moderate

due to its anionic property. In addition, D-luciferin has a relatively modest affinity to luciferase (ca. 28
uM for Fluc),”™ making it difficult to achieve saturate conditions.
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Synthetic luciferins are a solution to overcome the limitations of “native” firefly bioluminescence.®®
31 Fortunately, firefly (beetle) luciferases, commonly Fluc is often adopted, tolerate synthetic luciferins
as light emitting substrates. The chemical structure of D-luciferin is divided into two main fragments:

1) thiazoline ring and 2) benzothiazole ring including an electron donor at C-6 position (Figure 1.10).

Molecular design for synthetic luciferins

Direct
Connection Emission
“Fluorophore” Site
=+’ t==== D-luciferin Only D-isomer acts as

Electron Donating Group HO

| . S it NerCOOM: gt emitt
Convertible to amino groups / \©: Nig ]’\ Ight emitter
cmmmmmenmnn NS Important for
Modifiable site luminescence acitivity

Figure 1.10. Structure activity relationship of D-luciferin. The chemical structure of D-luciferin is divided into

two fragments: 1) thiazoline ring and 2) benzothiazole ring.

During the light emitting reaction, firefly luciferin has to react with ATP to produce an activated
luciferin-AMP intermediate (Figure 1.4). Therefore, carboxyl group on the thiazoline ring plays an
important role in enzyme recognition and luminescence. Representative thiazoline analogues are
summarized in Figure 1.11. L-luciferin (1), the optical isomer of D-luciferin, does not act as a light
emitting substrate.? On the contrary, L-luciferin is known to be a strong inhibitor for firefly (beetle)
luciferases. Non-carboxylated analogue (2) and esterified analogue (3) were also non luminogenic
substrate for luciferase.®*3*

Some analogues modified or converted to different (hetero)cyclics have also been reported. One
methylated analogue (4) at C-5 position was luminogenic, but demethylated analogue (5) was not.
Interestingly, adenylated analogue (6) of 5 displayed relatively strong emission catalyzed by a
luciferase.®® These results suggested that the sterically hindered substituent causes inhibition of
adenylation. In 2011, Moerner and colleagues have developed a selenium analogue (7) in which sulfur
atom was replaced. This selenium analogue (7) was successfully recognized by a native luciferase,
resulting red-shifted bioluminescence emission (Amax = 600 nm) due to an increased electron density
on the heterocycle®* The analogue (8) converted thiazoline to imidazoline was also non-

luminogenic.>’ The carboluciferin (9) which was replaced sulfur atom to carbon afforded slightly blue-
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shifted emission (Amax = 547 nm). Moreover, all non-cyclic analogues (10-12) were completely non-

luminogenic.®®
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Figure 1.11. Structures of thiazoline analogues.

In contrast to severity of thiazoline modifications, synthetic approaches on the benzothiazole
moiety usually bring better results. Herein, the synthetic analogues are summarized by three

classifications: i) Altered push-pull, ii) Steric appendages and iii) Core replacements.

i) Altered push-pull (Figure 1.12)
From 1965 to 1966, White and colleagues have reported non luminogenic analogues lacking the

hydroxyl group (13) and methylated (14).*"** However, It is well-known that the aminoluciferin (15),
in which hydroxyl group is replaced into an amino group is a highly bright analogue. Moreover, the
emission wavelength of aminoluciferin was 610 nm, which are more red-shifted the D-luciferin. This
bathochromic effect is due to more strongly electron donation from an amino group. In fact,
dimethylated aminoluciferin (16) resulted in further red-shifted emission.** In 2010, Miller and
colleagues have developed a series of conformationally restricted alkylaminoluciferins ,CycLucs.
Overall light emission from CycLuc1 (17) with Ultra-Glo™, a modified luciferase, was greatly higher
than that of D-luciferin and acyclic alkylaminoluciferins.*® CycLuc1 (17) has been applied to in vivo
imaging and afforded much better signals than that of D-luciferin.*' They have also extended this
strategy to develop deep red-shifted emitting luciferins (18-26) and successfully achieved 642 nm

emission.*? The amino donor can be replaced to cyclic amino derivatives (29, 30).
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i) Altered push-pull
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Figure 1.12. Structures of altered push-pull analogues.

ii) Steric appendages (Figure 1.13)

In recent years, Prescher and colleagues have focused on the creation of orthogonal
luciferin/luciferase pairs by introducing steric appendages to D-luciferin.®® Especially, they have
focused on the C-4° and C-7° position on the benzothiazole ring, and attached some steric
modifications (31-38).

ii) Steric appendages

|
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CH, Br N N
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Figure 1.13. Structures of steric modified analogues.

More recently, they have successfully established multicomponent bioluminescence imaging with

orthogonal luciferins through parallel evolution of luciferases (Figure 1.14).
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Figure 1.14. Rapid BLI in vitro and in vivo. (a) Pecan and Cashew were plated in a gradient fashion (as shown).
The samples were treated with 4'-BrLuc (100 uM), followed by D-luc (100 uM). Raw images were acquired after
each substrate addition. The substrate-specific signals were unmixed, assigned false colors and overlaid. (b)
Quantification of the images from (a), fit via linear regression. Error bars represent the standard error of the
mean for n = 3 experiments. (c-d) Orthogonal bioluminescent probes can be distinguished in mice. (c) Ratios of
Cashew-and Pecan expressing cells implanted in mice. Orthogonal substrates (65 mM) were administered
sequentially via i.p. injection (100 pL). Images were acquired 35 min after each injection. (d) Unmixed channels
for each mouse replicate are shown. Color bars indicate normalized luminescence values. Reproduced from “C.
M. Rathbun, J. A. Prescher et al, "Rapid multicomponent bioluminescence imaging via substrate unmixing”,

bioRxiv, 2019 (DOI: https://doi.org/10.1101/811026), Ref 44.
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iii) Core replacements (Figure 1.15)

Fortunately, luciferases can accept benzothiazole core replaced analogues as a luminogenic
substrate. Branchini have replaced a benzothiazole core to naphthyl (39) quinolyl (40) core.** In 2013,
Maki and colleagues have introduced a styrenyl scaffold.* A series of styrenyl luciferins (41-46) were
well tolerated by Fluc. Worthy of attention is a modulation of emission wavelengths in styrenyl
analogues. Extension of olefin or replacement of a hydroxyl group with a dimethylamino group results
in a larger (ca. 100 nm) or smaller bathochromic shifts (ca. 30 nm), respectively.*’ Importantly, the
luciferin (46), AkaLumine, is one of the landmark for NIR emission (Amax = 675 nm/Fluc).*® Starting
with the discovery of AkaLumine, various types of NIR emitting luciferins (47-53) have been developed
so far.*® %53 Nowadays, parallel design of luciferases optimized for synthetic luciferins is enabling

single-cell bioluminescence imaging in freely moving animals (Figure 1.16, 17).>*

iii) Core replacements
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Figure 1.15. Structures of benzothiazole core replaced analogues.
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expressing Fluc or Akaluc were treated with 250 pM D-luciferin (left) or 250 uM AkaLumine (right) and imaged
using a cooled charge-coupled device (CCD) camera (1-min exposure time). Similar results were obtained from
two other experiments. Bioluminescence signals were quantified and normalized to that of the D-luciferin/Fluc
system. Data are presented as mean = SEM of three independent experiments. (D) Bioluminescence images of
mice intravenously injected with 103 Hela cells expressing Fluc (left) or Akaluc (right). Substrate administration
was performed intraperitoneally. Images were acquired using a cooled CCD camera (1-min exposure time). The
AkaLumine-HCl/Akaluc signals were statistically compared to D-luciferin/Fluc signals. Data are presented as
mean + SEM of n = 3 mice. (E) Bioluminescence images of mice 2 weeks after viral infection for expression of
Fluc (left) and Akaluc (right) in the right striatum. Immediately after substrate administration (intraperitoneal),
anesthetized mice were imaged using a cooled CCD camera (top). The AkaLumine-HCl/Akaluc signals were
statistically compared to D-luciferin/Fluc signals (middle). Data are presented as mean + SEM of n = 3 mice.
After intravenous injection with their respective substrates, mice were allowed to behave naturally in the arena
(bottom). Bioluminescence and bright-field images (30-msec exposure time for each) were alternately acquired
using an electron-multiplying CCD (EM-CCD) camera. An integrated image spanning 5 s is shown.
Bioluminescence signals are shown in green (D-luciferin/Fluc) and red (AkaLumine-HCl/Akaluc). Bright-field
signals are shown in black and white. Mice were injected with 100 to 200 pl of D-luciferin (100 mM) or
AkaLumine-HClI (30 mM) [(D) and (E)]. The color bars indicate the total bioluminescence radiance
(photons/sec/cm?/sr) [(C) and (D)] and counts/min (E). R.S.l, relative signal intensity [(C) to (E)]. “Single-cell
bioluminescence imaging of deep tissue in freely moving animals”, By Satoshi Iwano, Mayu Sugiyama, Hiroshi
Hama, Akiya Watakabe, Naomi Hasegawa, Takahiro Kuchimaru, Kazumasa Z. Tanaka, Megumu Takahashi, Yoko
Ishida, Junichi Hata, Satoshi Shimozono, Kana Namiki, Takashi Fukano, Masahiro Kiyama, Hideyuki Okano, Shinae
Kizaka-Kondoh, Thomas J. McHugh, Tetsuo Yamamori, Hiroyuki Hioki, Shojiro Maki, Atsushi Miyawaki, Science,
23 Feb 2018 : 935-939, Reprinted from Ref 54 with permission from AAAS.
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Figure 1.17. Chronic video-rate AkaBLI of brain striatal neurons in a common marmoset. (A) Brain MRI

picture (T2 weighted image) showing guided AAV injection into the right striatum of a 4-year-old female
marmoset for expression of Venus-Akaluc. (B) A bioluminescence image 4 months after injection. After the
AkaLumine-HCI (75 nmol/g body weight) administration (intraperitoneal), the head of the anesthetized
marmoset was imaged using an EM-CCD camera (30-s exposure time). (C) Bioluminescence signals were
quantified and plotted against time after injection. Due to growth with various degrees of sdepilation during the
long time period, the efficiency of bioluminescence collection varied, and the data are displayed by a bar graph.
(D) Bioluminescence images 12 months after injection. After AkaLumine-HCI administration (intraperitoneal),
the entire marmoset (naturally behaving) was imaged using an EM-CCD camera (100-msec exposure time). An
eye blink was recorded in three consecutives, expanded images. The color bars indicate the total
bioluminescence counts/30 s (B) and counts/100 msec (D). “Single-cell bioluminescence imaging of deep tissue
in freely moving animals”, By Satoshi lwano, Mayu Sugiyama, Hiroshi Hama, Akiya Watakabe, Naomi Hasegawa,
Takahiro Kuchimaru, Kazumasa Z. Tanaka, Megumu Takahashi, Yoko Ishida, Junichi Hata, Satoshi Shimozono,
Kana Namiki, Takashi Fukano, Masahiro Kiyama, Hideyuki Okano, Shinae Kizaka-Kondoh, Thomas J. McHugh,
Tetsuo Yamamori, Hiroyuki Hioki, Shojiro Maki, Atsushi Miyawaki, Science, 23 Feb 2018 : 935-939, Reprinted from
Ref 54 with permission from AAAS.
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1.4. Scope of This Thesis

Firefly bioluminescence is a promising imaging tool to track biological functions inside cells or a
whole body. However, in contrast to the numerous efforts to develop fluorescent indicators or probes,
few varieties of luciferins are still currently available. In order to evolve firefly bioluminescence imaging
as a next generation imaging tool, expanded palettes of firefly luciferins are indispensable. In,
particular, 1) orthogonality 2) brightness and 3) NIR emission have the potential to expand the
applications of firefly bioluminescence. For this purpose, several synthetic luciferins have been
developed through each unique approach.

This thesis includes three parts as outlined below:

Chapter 2 describes an orthogonal responsive firefly luciferin analogue, 7’-AllylLuc, substituted
an allyl group. 7’-AllylLuc can be easily accessed from commercially available starting materials in 4
steps with 68% overall yield. This analogue displayed luciferase orthogonal emission in combination
with living cells expressing luciferase Eluc from Pyrearinus termitilluminans. In addition, the photon
production from 7’-AllylLuc/Eluc pairs lasted over 100 minutes, which is a desirable property for
bioluminescence applications.

Chapter 3 describes an approach to improve photon production on firefly luciferin analogues
through an azetidine-substituent strategy. Replacing the N, N-dimethylamino group in classical
fluorophores with a four membered azetidine ring provides improved luminescence quantum yields.
This strategy was extended to bioluminescent firefly luciferin analogues and its general applicability
was demonstrated. For this purpose, five-types of luciferin cores were employed, and a total of 10
analogues were evaluated. Among them, only the benzothiazole core analogue benefited from
azetidine substitution and improved the fluorescence and bioluminescence emission.

Chapter 4 describes a series of near-infrared emitting luciferin analogues, NIRLucs, designed
through a ring fusion strategy. One limitation in firefly bioluminescence imaging is the limited variety
of luciferins emitting in the near-infrared (NIR) region (650-900 nm), where tissue penetration is high.
NIRLucs resulted in pH-independent structure-inherent NIR emission with a native firefly luciferase.
When applied to cells, NIRLucs displayed dose-independent improved NIR emission even at low
substrate concentrations where the native D-luciferin does not emit. Additionally, excellent blood
retention and brighter photon flux (7-fold overall, 16-fold in the NIR spectral range) than in the case
of D-luciferin have been observed with one of the NIRLucs in mice bearing subcutaneous tumors.

Finally, I concluded this thesis with the significance of my studies and future outlook of firefly

bioluminescence imaging platform as Chapter 5.
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An Allylated Firefly Luciferin Analogue
with Luciferase Specific Response
In Living Cells

This chapter is based on “An Allylated Firefly Luciferin Analogue with Luciferase Specific Response in Living
Cells, Yuma lIkeda, Tsuyoshi Saitoh, Kazuki Niwa, Takahiro Nakajima, Nobuo Kitada, Shojiro A. Maki,
Moritoshi Sato, Daniel Citterio, Shigeru Nishiyama and Koji Suzuki, Chem. Commun., 2018, 54, 1774-1777".
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An allylated firefly luciferin was successfully synthesized and its bioluminescence properties were evaluated.
When applied to cellular imaging in combination with Eluc, which is one of the commercially available
luciferases, this analogue displayed a luciferase-specific bioluminescence signal with prolonged emission
(>100 min).
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2.7 Introduction

Bioluminescence-based assays with luciferin—luciferase pairs are widely used as in vitro and in vivo
reporters of biologically relevant substances, gene expression, and tumor progression, among
others.”? Since bioluminescence-based assays do not require excitation light, they exhibit much lower
background signals than fluorescence-based assays and are applicable to highly sensitive
bioimaging.?> Among the available systems, the firefly luciferin-luciferase reaction is one of the most
well-studied emission systems, due to its high quantum yield (¢s. = 0.23-0.61) and relatively long
emission wavelength (Aem 530-620 nm).* In the firefly bioluminescence reaction, the luciferase
catalyzes the oxidation of D-luciferin in the presence of adenosine triphosphate (ATP) and Mg?* acting
as co-factors to release a light photon (Figure 2.1a). A variety of luciferases has been discovered and
cloned>®, and many of them have been adapted to “spy” on cells in whole animals utilizing their
different bioluminescence colors and superior properties, such as prolonged light emission and high
luminescence efficiency, among others.”® However, it is widely known that D-luciferin is the only
substrate that results in light emission in combination with these luciferases. Although different
luciferases can be selectively expressed to a specific target, they all result in bioluminescence emission
upon introduction of D-luciferin. For this reason, it is basically not possible to distinguish between
multiple targets within a single cell. Although the development of luciferases has been a very active
field of research, there are unfortunately only few reports of successful development of synthetic
luciferins, presumably due to the difficulty in designing and synthesizing bioluminescence active

luciferins.

This chapter describes a firefly luciferin analogue modified with an allyl group at the C-7' position
of its benzothiazole core (Figure 2.1b), exhibiting bioluminescence emission with various luciferases
in analogy to D-luciferin. In mammalian cells transiently expressing luciferase, | have confirmed its

utility for bioluminescence imaging as a luciferase-specific synthetic substrate.
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Figure 2.1. Chemical structures of luciferins. a) Firefly bioluminescence reaction: luciferase catalyzes the

adenylation and oxidation of its substrate D-luciferin to release a photon. b) Chemical structures of D-luciferin

and 7'-AllylLuc. Reproduced from “Y. lkeda et al, Chem. Commun. 2018, 54, 1774-1777 (DOI:

10.1039/C7CC09720D) with permission from The Royal Society of Chemistry.
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2.2Results and Discussion

Many details regarding bioluminescence of the firefly system still remain unknown, and random
modifications of the luciferin structure may lead to the loss of the luminescence activity. Therefore, |
referred to previously performed studies on the structure—-activity relationship of firefly luciferin to
more efficiently design analogues. The molecular structure of D-luciferin is mainly composed of two
subunits, the thiazoline and the benzothiazole substructures. The position and the stereochemistry of
the carboxyl group on the thiazoline ring is a crucial factor for the luminescence activity.”"" In contrast
to the luminescence activity of the D-form, it is widely known that the optical isomer L-luciferin works
as a potential luminescence inhibitor."? Additionally, many of the heteroatom variants and substituent
modifications of this thiazoline ring have resulted in a dramatic reduction or loss of luminescence

activity,”> ™

and thus, the thiazoline ring subunit is regarded as an essential site for substrate
recognition by the luciferase enzyme and the luminescence activity. On the other hand, it has been
reported that most analogues with modification at the benzothiazole ring subunit retain their

luminescent activities. Actually, analogues with heteroatom substitution in the benzothiazole ring™ "

and modification of its chemical structure’®'®

maintained the luminescence activity with shifts in the
emission wavelength. Therefore, it can be said that the benzothiazole ring is the modifiable site of D-
luciferin. A recent study revealed that modifications of the benzothiazole ring at the C-7’ position with
sterically demanding residues potentially lead to bolstered bioluminescence properties.’ Furthermore,
it was also shown that mutant luciferases can effectively result in substrate specific luminescent
properties with structurally modified luciferin analogues.?®'

In order to expand the applications of bioluminescent systems, | have designed a firefly luciferin
analogue modified with an allyl group at the C-7' position of its benzothiazole core (Figure 2.1b),
exhibiting bioluminescence emission with various luciferases in analogy to D-luciferin, and confirmed
its utility for bioluminescence imaging. To access the desired allyl-modified luciferin structure, focus
was set on the Claisen rearrangement for introduction of an allyl-group (Scheme 2.1). The synthesis
of allyl luciferin begins with pyridine hydrochloride promoted thermal deprotection of commercially
available 2-cyano-6-methoxybenzothiazole (1), which is transformed to its phenol form, 2-cyano-6-
hydroxybenzothiazole (2). It is then converted to the allyloxy-benzothiazole (3) by treatment with allyl
bromide/K>COs, which on regioselective Claisen rearrangement of the allyl group results in compound

(4). The coupling reaction of 2-cyano-benzothiazole derivative (4) with D-cysteine generated 7'-
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AllylLuc via the standard procedure. Thus, 7'-AllylLuc can be prepared in 4 steps from commercially

available starting materials in 68% overall yield.
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Lo 22 on L2 e
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Scheme 2.1. Synthesis of 7°-AllylLuc. Reproduced from “Y. lkeda et al, Chem. Commun., 2018, 54, 1774-1777
(DOI: 10.1039/C7CC09720D) with permission from The Royal Society of Chemistry.

To explore the potential emission ability of 7'-AllylLuc, a conventional chemiluminescence assay
was first conducted. This non-enzymatic emission process is a useful method for verifying the
luminescence ability of the substrate itself. For this purpose, luciferin methyl esters were synthesized.™
When 7'-AllylLuc methyl ester was subjected to chemiluminescence assay conditions, luminescence

was observed (Figure 2.2). This suggested that 7'-AllylLuc is a potential emitter for luciferases.
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Figure 2.2. Chemiluminescence spectra of D-luciferin methyl ester (black) and 7’-AllylLuc methyl ester

(red) with t-BuOK in DMSO. Reproduced from “Y. lkeda et al, Chem. Commun., 2018, 54, 1774-1777 (DOI:
10.1039/C7CC09720D) with permission from The Royal Society of Chemistry.
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Next, it was investigated, whether firefly or beetle luciferases are able to recognize 7'-AllylLuc as
their substrate to release a photon of light. Bioluminescence measurements with commonly used
luciferases were carried out using commercially available enzymes, including firefly luciferase (Fluc)
from Photinus pyralis, Emerald Luc (Eluc) from Pyrearinus termitilluminans, Stable Luciferase Green
(SLG) from Rhagophthalmus ohbai, as well as Stable Luciferase Orange (SLO) and Stable Luciferase Red
(SLR) from Phrixothrix hirtus. 7'-AllylLuc exhibited bioluminescence catalysed by all of these luciferases
similar to that of the native luminescent substrate D-luciferin (Figure 2.3). Upon using Fluc as the
luciferase, the bioluminescence spectra of 7'-AllylLuc showed a significant red-shift (maximum
emission wavelength at 605 nm) compared with that of D-luciferin (Figure 2.3 and 2.4), despite having
almost identical fluorescence spectra (Figure 2.5), whereas such a shift was not observed when using
the other luciferases (Eluc, SLG, SLO and SLR). Moreover, the bioluminescence spectra obtained under
several pH conditions with Fluc, known to be a pH sensitive luciferase, were completely identical like

previously reported C-7' modified analogues (Figure 2.6)."®
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Figure 2.3. Normalized bioluminescence emission spectra obtained with various luciferases for (a) D-
luciferin and (b) 7’-AllylLuc at pH 8.0. Adapted from Y. lkeda et al., Chem. Commun., 2018, 54, 1774-1777
(DOI: 10.1039/C7CC09720D) with permission from The Royal Society of Chemistry.
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Figure 2.4. Fluc-catalyzed bioluminescence emission of D-luciferin and 7’-AllylLuc: a) bioluminescence
images of D-luciferin and 7’-AllylLuc incubated with high concentrations of Fluc (1.0 pg/mL), b) bioluminescence

emission spectra for D-luciferin and 7'-AllylLuc.
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Figure 2.5. Absorbance (dotted line) and fluorescence (solid line) spectra of D-luciferin (black) and 7'-

AllylLuc (red) recorded at pH 8.0 in 0.1M GTA buffer; excited at 330 nm.
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Figure 2.6. Bioluminescence spectra of D-luciferin and 7’-AllylLuc with Fluc at various pH values. It is
widely known that the luminescence color of D-luciferin in combination with Fluc changes from green to red

with increasing pH values.?? In contrast, the luminescence color of 7-AllylLuc remains unaffected by pH changes.

In the crystalline structure of Luciola cruciate luciferase, which is a type of luciferase with an amino
acid sequence resembling that of Fluc, complexed with an inhibitor (5'-O-[N-(dehydroluciferyl)-
sulfamoyl]adenosine; DLSA) structurally similar to D-luciferyl-AMP, it has been clarified that luciferin
is tightly sandwiched in the extremely hydrophobic microenvironment of the enzyme.” However,
collapse of the planar structure of luciferin by structural modification causes a disruption of the
hydrogen-bonding network around the luciferin,® which may result in a more polar microenvironment
(Figure 2.7). Finally, the energy level of the excited state oxyluciferin is stabilized, and red-shifted
bioluminescence emission is observed. Actually, previous studies have described similar red-shifted
behaviour for sterically hindered luciferins (e.g. alkyn- or halogen-substituted) with Fluc.?** The
results obtained in this study suggested that allyl modification at the C-7" position influences the
hydrophobic environment of the active site of Fluc, only. While continuous emission was observed for
D-luciferin in all luciferases, the emission of 7'-AllylLuc with Fluc gradually decreased with time, with
the emission intensity reaching half of its original value 12 seconds after the start of the reaction
(Figure 2.8a). This decrease in bioluminescence intensity with Fluc may be due to inhibition by the
reaction product. Surprisingly, the emission intensity with ELuc was the highest among all the
luciferases, and the maximum emission intensity was sustained (Figure 2.8b). Since bioluminescence
imaging generally requires long-term exposure, prolonged luminescence is a very important

characteristic for both in vitro and in vivo imaging.
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diagram of luciferase active site with 7'-AllylLuc.
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Figure 2.8. Light emission time courses obtained with various luciferases for a) D-luciferin and b) 7'-AllylLuc

at pH 8.0. Adapted from "Y. lkeda et al, Chem. Commun., 2018, 54, 1774-1777 (DOI: 10.1039/C7CC09720D) with

permission from The Royal Society of Chemistry.
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To further understand the enzymatic reaction, the apparent Michaelis constants K, (defined as the
concentration at half of the maximum reaction rate) and the maximum velocities Vmax for 7'-AllylLuc
with each luciferase were evaluated. The initial luminescence intensity was measured as a function of
luciferin concentration (Figure 2.9). All 7°-AllylLuc - luciferase pairs showed typical Michaelis-Menten
plots. The Kmn and Vmax values were calculated from the Lineweaver-Burk plots. Little variation among
Km values was observed for allyl luciferin (Table 2.1). On the other hand, there were notable differences
in the Vmax values, which displayed a strong correlation with the emission intensity shown in Figure
2.8. Moreover, the Vmax values were 3~100-fold lower compared with that of the D-luciferin - Fluc pair,
the most commonly used luciferin-luciferase pair (data not shown). In order to further discuss the
difference in luminescence efficiency between D-luciferin and 7'-AllylLuc, bioluminescence quantum
yield measurements with Fluc and Eluc were performed (Figure 2.10). They revealed that 7'-AllylLuc
has about 10% of the luminous efficiency with both luciferases (Fluc and Eluc) compared to the natural
substrate D-luciferin (Table 2.2). These results suggest that while allyl modification at the C-7’ position
enables enzyme recognition; it may interfere with the catalysis necessary to emit light. Steric hindrance
by modification with an allyl group may prevent effective luminescence processing of allyl luciferin,

like it has been previously reported in the case of brominated luciferins.?®
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Figure 2.9. Initial bioluminescence intensity from 7’-AllylLuc with purified luciferases (1 pg/mL) at
various luciferin concentrations (1-20 uM). Data were recorded immediately after addition of ATP-Mg?*
solution. The initial luminescence intensity is defined as the peak intensity within the first 10 s of ATP-Mg?*

solution addition. Error bars represent the standard deviation of 3 experiments.
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Table 2.1. Kinetic properties of allyl luciferin in combination with various luciferases.

Apparent Viax?

Luciferase Apparent Km [UM] [x10° photons ]
Fluc 23.8+6.9 7.69
Eluc 188 + 6.4 6.93
SLG 406 + 84 0.0725
SLO 10.2 £ 4.8 0.0292
SLR 125+72 0.0751

@ Vmax Values are within 5% error.
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Figure 2.10. Quantum yield measurements. Temporal behavior of total photon flux (solid line, left-hand axis)

and time-integrated total number of photons (dotted line, right-hand axis) for 7'-AllylLuc with Fluc or Eluc.

Table 2.2. Bioluminescence quantum yields (n = 3).

Bioluminescence quantum yield st [-]

Luciferase

Fluc Eluc
D-luciferin 041 + 0.07 0.61 + 0.08
7"-AllylLuc 0.043 + 0.007 056 0013
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Encouraged by these results in vitro, the bioluminescent properties of 7'-AllylLuc were further
evaluated in live luciferase-expressing COS-7 monkey kidney tissue cells. The cells were cultured in
96-well microplates and monitored with a luminometer over 100 minutes with various substrate
concentrations. While the light output from 7’'-AllylLuc was weaker compared to D-luciferin (Figure
2.11, 2.12 and 2.13), a dose-dependent response was observed (Figure 2.11a). No detectable signal
could be obtained at low concentrations (5 uM) of luciferin, presumably due to the low cell membrane
permeability of the luciferins. Surprisingly, specific light emission was observed with Eluc-expressing
cells, only (Figure 2.11). Furthermore, the 7'-AllylLuc-based light emission from Eluc-expressing cells
was sustained like in the case of the native D-luciferin emitting system and lasted over 100 minutes,

which is a desirable property for bioluminescence applications, as already noted before.

a b
) _ ) 100 uM Substrate
S 12 - — 800
X 10 n=4 5uM 2 —Fluc
n € 600 —Eluc
£ 08 B 100 puM 2 SLG
) %ﬂ —SLO
£ 00 I 500 uM 3 400 —SLR
S 0.4 g
Q S 200 F
-E 0.2 % L
. 2 e
" Y n 0 p— -
o Fluc Eluc SLG SLO SLR 0 20 40 60 80 100 120
Time [min]
c)
High (2220)
Fluc Eluc SLG Fluc Eluc SLG 1=
= 2
HO S N pCOH HO CO,H 5
4 S N 2 )
\©:N/>_<Sj N/>—</Sj/ I En
D-luciferin 7-AllylLuc 2
SLO SLR Cell SLO SLR Cell I“‘

Low (482)

Figure 2.11. Light emission from luciferase-expressing COS-7 cells treated with 7’-AllylLuc: (a) total
intensities of dose-response emission; (b) time courses at 100 uM substrate; error bars represent the standard
deviation of 4 experiments; (c) imaging of luciferase-expressing COS-7 cells treated with D-luciferin or 7'-AllylLuc.
Adapted from "Y. lkeda et al, Chem. Commun., 2018, 54, 1774-1777 (DOI: 10.1039/C7CC09720D) with

permission from The Royal Society of Chemistry.
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Figure 2.12. Light emission from luciferase-expressing COS-7 cells treated with D-luciferin: a) total

intensities of dose-response emission, b) time courses at 100 pM substrate. Error bars represent the standard

deviation of 4 experiments.
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Cell viability evaluation by a standard MTT assay revealed that there was no significant cytotoxicity
of 7'-AllylLuc even after treatment with a high dosage of 7'-AllylLuc (500 uM) for 24 h (Figure 2.14).
Despite 7'-AllylLuc having weaker emission intensity, a significant benefit of this analogue is its high
luciferase specificity for Eluc, making it a potentially promising tool for multi-target imaging.
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Figure 2.14. Cell viability evaluated by MTT assay. Cell viabilities were measured after 24 h treatment with 7°-

AllylLuc at the indicated concentration. Error bars represent means + SEM (n = 4). *Not Significant (t-test).
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2.3. Conclusions

In conclusion, a novel luciferin analogue modified with an allyl group at the C-7' position was
successfully synthesized. In cellular imaging, this 7'-AllylLuc displayed a luciferase-selective
bioluminescence signal in combination with Eluc, which is one of the commercially available beetle
luciferases from Pyrearinus termitilluminans. Studies are now in progress to develop artificial beetle
luciferases that display stronger bioluminescence emission with 7'-AllylLuc compared to that of D-
luciferin, and to apply its selective response to bioluminescence-based reporter assays.

In addition, besides of being a promising luciferase substrate by itself, the terminal olefin function
of the allyl group is available as a linker for further covalent modifications. It is convertible to aldehyde
groups by Lemieux—Johnson oxidation, which can then easily react with various functional groups."’
Therefore, allyl group introduction into firefly luciferin enables further useful possibilities, such as the
development of various analogues and labelling applications. It is believed that this new synthetic
luciferin will contribute to the expansion of bioluminescence imaging applications both in vitro and in

vivo.

44



Chapter 2 An Allylated Firefly Luciferin Analogue with Luciferase Specific Response in Living Cells

2.4. Experimental Section

Reagents were purchased from Wako Pure Chemical, Tokyo Chemical Industries and Aldrich
Chemical Company and were used without further purification. "H-NMR and "*C-NMR spectra were
obtained on JEOL JNM AL-400, JEOL JNM ECX-400, and JEOL JNM-0400 spectrometers in CD30D
solution using tetramethyl silane as an internal standard. Reference values for residual solvents were
taken as & = 3.30 (CDs;OD) ppm for 'H-NMR and & = 49.00 (CDs;OD) ppm for *CNMR. Coupling
constants (J) are given in Hz and are uncorrected. High-resolution mass spectra were obtained on a
Waters LCT Premier XE (ESI) instrument. For preparative and analytical TLC, silica gel plates (Kieselgel
60 F254, E. Merck AG, Germany) were used, with UV light (254 nm) and ninhydrin visualization of spots.
For column chromatography, Kanto Chemical Silica 60N (spherical, neutral, 63-210 um) was used. All

reactions were carried out under an inert (Ar or N») atmosphere unless stated otherwise.

The chemiluminescence emission from the luciferin methyl esters with t-BuOK in DMSO was
measured on an AB-2270 luminometer. A solution of the luciferin methyl ester (2.5 mM) in DMSO
(200 pL) was placed in a polystyrene tube. This solution was treated with t-BuOK (250 mM) in DMSO
(40 pL), which was injected with a syringe, to initiate the chemiluminescence reaction. The emission
spectra were measured on an AB-1850 spectrophotometer for 180 s (slit width: 1.0 mm; exposure
time: 180 s) with final concentrations of 1.25 mM (substrate) and 125 mM (t-BuOK).

Luciferins (5 pM) were dissolved in 0.1 M GTA buffer (pH 8.0) and absorbance and fluorescence
spectra were obtained using a VARIOSKAN FLASH (Thermo Scientific, USA) microplate reader with the
excitation light and excitation/emission slit widths set to 330 nm and 1 nm, respectively. Spectral data
were recorded at 25 °C in a 96-well microplate over the wavelength range of 300-800 nm. The
composition of GTA buffer is 3,3-dimethylglutaric acid, tris(hydroxymethyl)aminomethane, 2-amino-

2-methyl-1,3-propanediol, and pH was adjusted with TM HCl or TM NaOH solution.
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All bioluminescence emission spectra with luciferases were recorded on an integrating sphere
based multichannel spectrometer equipped with a liquid Nz-cooled CCD detector as described
previously.2 The absolute spectral sensitivity was calibrated with a spectral irradiance standard lamp.
Bioluminescence reactions were carried out at ambient temperature in 10 L of reaction cocktail
containing substrates and luciferase. Reactions were initiated by injection of 90 uL of ATP-Mg?*
solution (3 mM ATP-2Na, 8 mM MgSO4 7H,0 in 0.1 M GTA buffer).

Kinetic reaction analysis was performed with a custom-built luminometer equipped with a
Hamamatsu H11890-01 photomultiplier tube (PMT). Bioluminescence reactions were carried out at
ambient temperature in reaction cocktails containing 10 L of 10-200 uM luciferin and 10 pL of 10
ug/mL luciferase. The reaction was initiated by injection of 80 uL of ATP-Mg?* solution (3 mM ATP-
2Na, 8 mM MgSO; 7H;0O in 0.1 M GTA buffer, pH 8.0). The relative light intensity was collected
immediately and integrated over 10 s. The values of Michaelis-Menten constants K and maximum

velocities Vinax were determined by Lineweaver-Burk plots.
4,26

The custom-built luminometer equipped with the Hamamatsu H11890-01 PMT was used to
determine the bioluminescence quantum yield values. The absolute responsivity of the luminometer
was calibrated with an integrating sphere-based multichannel spectrometer equipped with a liquid
N2-cooled CCD detector and was determined from linear fittings of the plots of the relative count
value measured by the luminometer and the absolute value measure by the integrating sphere. The
time-integrated total number of photons emitted in the bioluminescence reaction was measured
using the calibrated luminometer. The reaction was initiated by injection of 200 uL of ATP-Mg**
solution (3 mM ATP-2Na, 8 mM MgSO. 7H:0 in 0.1 M GTA buffer, pH 8.0) to the mixed solution of 10
uL of 10 nM luciferin solution and 10 pL of 1.0 mg/mL luciferase solution in a test tube, which was
placed in advance into the luminometer. The reaction was monitored until the light-emitting reaction
was complete. The quantum yield values were calculated from the obtained total number of photons

and that of the luciferin molecules.
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For expression in mammalian cells, the genes of Fluc, Eluc, SLG, SLO, and SLR were cloned into
pcDNA 3.1/V5-His A vector (Invitrogen, USA) using standard molecular biology techniques as follows.
The gene of Fluc was amplified by polymerase chain reaction (PCR) from pGL4.13 (Promega, USA)
using primers 5'- ATGCAAGCTTGCCACCATGGAAGATGCCAAAAAC-3! and 5'-
GCATCTCGAGCACGGCGATCTTGCC-3'". The gene of Eluc was amplified by PCR from pEluc-test (Toyobo,
Japan) using primers 5'- ATGCAAGCTTGCCACCATGGAGAGAGAGAAG-3! and 5'-
GCATCTCGAGCAGCTTAGAAGCCTT-3". The gene of SLG was amplified by PCR from pSLG-SV40
(Toyobo, Japan) using primers 5'- ATGCAAGCTTGCCACCATGGCTAACGAGATCATC-3' and 5'-
GCATCTCGAGCAGCTTGGACTTCTT-3". The gene of SLO was amplified by PCR from pSLO-SV40 (Toyobo,
Japan) using  primers 5'-  ATGCAAGCTTGCCACCATGGCTAACGAGATCATC-3' and  5'-
GCATCTCGAGCAGCTTGGACTTCTT-3". The gene of SLR was amplified by PCR from pSLR-SV40 (Toyobo,
Japan) using primers 5'-  ATGCAAGCTTGCCACCATGGAAGAAGAGAACATC-3' and 5'-
GCATCTCGAGCAGCTTGGACTTGGC-3'". All the PCR-amplified fragments were digested with Hind IlI
and Xho | and subsequently ligated into pcDNA 3.1/V5-His A. The sequences of the amplified regions
were confirmed by DNA sequencing (Eurofins Genomics, Japan). All the expression plasmids were
purified using a QIAGEN plasmid kit (Qiagen, USA).

COS-7 cells, fibroblast-like cell line derived from monkey kidney tissues, were selected for live cell
bioluminescence assays because artificial genes introduced from outside of the cells often function
very efficiently. COS-7 cells were cultured in Dulbecco’s modified Eagle’s medium (Sigma, USA)
supplemented with 10% fetal bovine serum (Gibco, USA), 100 U/mL penicillin and 100 pg/mL
streptomycin (Gibco, USA) at 37°C in 5% CO,. The day before plasmid transfection, cells were plated
onto black 96-well plates (Greiner, Austria) at a density of 10,000 cells per well. Plasmid transfection
was performed using Lipofectamine 3000 (Life Technologies, USA) according to the manufacturer’s
instructions. Forty-eight hours after plasmid transfection, live cell bioluminescence assays were

performed.

Transfected COS-7 cells were washed with HBSS once. For live cell assays, the cells in 96-well plates
were incubated with 100 pL of luciferin in HBSS. Live cell bioluminescence assays were performed
using a microplate luminometer (Centro XS3 LB960; Berthold Technologies, Germany) without filter.
Imaging of cells was performed by using an in vivo imaging system (Lumazone FA, SHOSIN EM
CORPORATION, Japan) equipped with EM-CCD (Electron Multiplying Charge Coupled Device, Nippon

Roper) as a detector without emission filter. For this purpose, the cells were plated in 24-well plates.
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The light emission 5 min after incubation of luciferin (500 uM) was integrated. Exposure time = 10 s.

The cytotoxicity of 7'-AllylLuc on COS-7 cells was evaluated by the MTT assay. The cells were
seeded in 96-well plates at a density of 10,000 cells per well and cultured for 48 h in Dulbecco's
modified Eagle’s medium (Sigma, USA) supplemented with 10% fetal bovine serum (Gibco, USA), 100
U/mL penicillin and 100 pg/mL streptomycin (Gibco, USA) at 37°C in 5% CO.. The cultured cells were
then exposed to 7'-AllylLuc in DMEM with 10% FBS at 37°C for 24 h in a 5% CO2 incubator.
Subsequently, MTT in PBS (-) was added to each well (finally diluted to 500 ug/mL). After an additional
4 h incubation, the medium was removed and washed with 200 uL of PBS (-). Then, 200 uL of acidified
isopropanol (0.04 mol/L HCl) was added to each well. The culture plates were shaken for 10 min on
an oscillator. The absorbance at 570 nm was measured with a hybrid multi-mode microplate reader.
The relative percentage of cell survival was calculated based on the 100% arbitrary absorbance
obtained for the blank control. Reported values represent the mean s.e.m. of 4 replicates on the same
plate.

2-Cyano-6-hydroxybenzothiazole (2): Pyridine hydrochloride (excess) and 1 (1.18 g, 6.22 mmol) were
combined in a flask and stirred at 180 °C for 2 h. The resulting brown residue was suspended in ethyl
acetate and washed with saturated NaHCOs ag., H20, and brine. The organic layers were combined, dried
over NaxSOsq, filtered and concentrated in vacuo. The crude product was purified by silica gel column
chromatography (ethyl acetate/n-hexane = 1/3) to give 2 (839.3 mg, 77%) as a pale yellow solid. "H-NMR
(400 MHz, CD30D): § 7.98 (d, J = 8.8 Hz, TH), 7.39 (d, J = 2.4 Hz, 1H), 7.16 (dd, J = 2.4, 8.8 Hz, 1H) ppm; "*C-
NMR (100 MHz, CDsOD): § 160.3, 147.3, 139.0, 133.9, 126.6, 119.6, 114.3, 107.0 ppm; HRMS (ESI-) Calcd for
CsH3N20S [M+H]*: 174.9966, Found: 174.9971.

6-Allyloxy-2-cyanobenzothiazole (3): A solution of 2 (429.3 mg, 2.44 mmol) and allyl bromide (0.60 mL,
7.09 mmol) in DMF (5 mL) was treated with K2COs3 (368.1 mg, 2.66 mmol) and stirred at r.t. for 20 h. The
reaction mixture was then added into water and extracted with ethyl acetate. The organic layers were
combined, dried over NazSOy, filtered and concentrated in vacuo. The crude product was purified by silica
gel column chromatography (ethyl acetate/n-hexane = 1/5) to give 3 (504.9 mg, 96%) as a white solid. "H-
NMR (400 MHz, CDsOD): § 8.05 (d, / = 9.3 Hz, 1H), 7.63 (d, J = 2.4 Hz, 1H), 7.30 (dd, J = 2.4, 9.3 Hz, 1H),
6.10 (tdd, 1H), 5.45 (ddd, J = 9.3 Hz, 1H), 5.31 (ddd, J = 9.3 Hz, 1H), 4.67 (td, J = 9.3 Hz, 2H) ppm; 3 C-NMR
(100 MHz, CDsOD): 6 160.9, 148.1, 138.9, 135.0, 134.0, 126.4, 120.1, 118.3, 114.2, 105.6, 70.5 ppm; HRMS
(ESI+) Calcd for C11H9N20S [M+H]*: 217.0436, Found: 217.0458.
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7-Allyl-2-cyano-6-hydroxybenzothiazole (4): 3 (504.9 mg, 2.34 mmol) was heated at 180 °C under an
Ar atmosphere for 1 h. The residue was dissolved and extracted with ethyl acetate. The organic layers were
combined, dried over NazSOy, filtered and concentrated in vacuo. The crude product was purified by silica
gel column chromatography (ethyl acetate/n-hexane = 1/10) to give 4 (304.0 mg, 95% (b.r.s.m.)) as a white
solid. The remaining starting material (3) (184.0 mg, 36%) was recovered as a white solid. "H-NMR (400
MHz, CD30D): § 8.05 (d, J = 9.3 Hz, 1H), 7.63 (d, J = 2.4 Hz, 1H), 7.30 (dd, J = 2.4, 9.3 Hz, 1H), 6.10 (tdd, TH),
5.45 (ddd, J = 9.3 Hz, 1H), 5.31 (ddd, J = 9.3 Hz, TH), 4.67 (td, J = 9.3 Hz, 2H) ppm; '*C-NMR (100 MHz,
CDs0D): § 156.9, 147.2, 139.2, 134.7, 133.8, 124.6, 119.2, 119.0, 117.2, 114.3, 34.7 ppm; HRMS (ESI-) Calcd
for C11H7N20S [M-H]": 215.0279, Found: 215.0266.

(S)-2-(7-Allyl-6-hydroxybenzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid

(7’-AllylLuc): 4 (66.2 mg, 0.307 mmol) was dissolved in methanol (2 mL), and then D-cysteine
hydrochloride monohydrate (56.6 mg, 0.322 mmol) in aqueous K2COs solution (1.5 mL, pH 7.8) was added
and stirred at r.t. for 1 h. After complete reaction, the mixture was diluted with saturated NaHCO3 solution
and washed with ethyl acetate. Then, the aqueous layer was acidified with 1 M HCl aq. and extracted with
ethyl acetate. The combined organic layers were dried over Na2SOg, filtered and concentrated in vacuo to
give 7'-AllylLuc (95.6 mg, 97%) as a yellow solid. "H-NMR (400 MHz, CD30D): § 7.78 (d, J/ = 8.8 Hz, 1H),
7.09 (d, J = 8.8 Hz, 1H), 5.92 (m, 1H), 5.39 (t, J/ = 9.2 Hz, 1H), 5.08 (ddd, J = 2.0, 10.4, 17.2 Hz, 2H), 3.75 (ddd,
J = 9.3 Hz, 2H), 3.59 (m, 2H) ppm; *C-NMR (100 MHz, CD30D): § 173.4, 167.7, 158.5, 155.7, 148.1, 139.5,
123.9,119.5,117.7,116.7, 79.5, 79.4, 35.9, 34.8 ppm; HRMS (ESI+) Calcd for C14H13N203S2 [M+H]*: 321.0368,
Found: 321.0378. The optical purity was determined by CSP HPLC analysis (Chiracel OZ-RH, eluent: 10-90%
H20/CH3sCN, flow 0.3 mL/min) > 99 % ee [tk (minor) = 16.4 min, tr (major) = 19.1 min].

Methyl (S)-2-(7-allyl-6-hydroxybenzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylate (7'-
AllylLuc methyl ester): To a solution of 7'-AllylLuc (22.8 mg, 71.1 umol) in Toluene/MeOH (7.0 mL, v/v=1:7)
was added TMSCH2N2 (130 pL, ca. 0.6 M solution in hexane) at r.t., and the reaction mixture was stirred for
2 h. After concentration in vacuo, the crude product was purified by silica gel column chromatography
(methanol/chloroform = 1/9) to give 7°-AllylLuc methyl ester (23.4 mg, 99%) as a pale yellow solid. "H-
NMR (400 MHz, CDsOD): § 7.77 (d, J = 8.8 Hz, TH), 7.09 (d, J = 8.8 Hz, TH), 5.97-5.87 (m, 1H), 5.41 (t,/ = 9.2
Hz, 1H), 5.08 (ddd, J = 2.0, 10.4, 17.2 Hz, 2H), 3.96 (s, 3H), 3.78 (dd, J = 1.6, 6.4 Hz, 2H), 3.31 (m, 2H) ppm;
13C-NMR (100 MHz, CD30D): § 172.2, 168.0, 158.3, 155.7, 148.1, 139.5, 135.1, 123.9, 119.5, 117.7, 116.7,
79.3,53.2, 35.7, 34.8 ppm; HRMS (ESI+) Calcd for C15H15N203S2

[M+H]*: 335.0519, Found: 335.0524. The optical purity was not determined.
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2.4.3.NMR spectra

6-Allyloxy-2-cyanobenzothiazole (3)
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7-Allyl-2-cyano-6-hydroxybenzothiazole (4)
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(S)-2-(7-Allyl-6-hydroxybenzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid

(7’-AllylLuc)

;
:

CENUC

OBFRQ 400.05 MEz
OBSET 0.00 KEx
L 5.30 usse
POINT

SAMPO

TIMES

0,000

(@]
Q
"

L.

HO |
8 /N | 2.0000 sec
N/> ( ADBIT 16

RGATH
IRFRQ 400.05 MEx
7'-A”y”_uc IRSET 0.00 FKm=

(3
0.12 Bz
0.00
0.00
50.00
100.00
4202.64 Bz
101.07 B=

20150824 allylLE2 C

nen
HS
0.00 KNz
180
18
318
872
21.6 ¢
14 He
516
T
10
EROD  SINGL
IFMOD BOM
‘9-.\D‘.“*‘_b-'(’\'!"..’).-‘:"m“"l.lxl'“‘?.\?. 111 al — 2 OBNUC  13C
OBFRQ 100.50 Mz
w - oo n o oweao Ve - AT oena o
¢ STH: b oae Lead 4 EINRSELRAA ety 490 naea
| r 885 $ 28 2393 a g2 | POINT 32768
| ™ dhelin B 5 o ! SRMEO 32768
i ] 1t Y | LL By i s 1200
i ] [T b Y ¥l | It | SCANS 1200
e 1
FREQU 27100.27 Hx
FILTR 13550 Hs
Z AcomH 1.2091 sec
DEADT 19.74 usec
HO. ) N COoH | DELAY 14.76 usec
pA 1 =® 1.0000 sec
7 | ot 16
N | RGAIN a3
| IRMOC 18
i TRYRQ 400.05
i ’ |
= ! IRSET 0.00
7’-AllylLuc . ks o
| IRATH s11
| IRRNS o
! preest 30
182 &
B 0.10 Bz
i L 0.00
| ) i Tz a.00
! ! T3 90.00
| [ 100.00
i x= 27100.27 He
x8 0.00 Bz
REFVL
DFILE 20160111 allylza ¢
MENUF bem
SEMFL ms_‘zulsol
LRSET 0.00 XEx
LRLEV 180
LGAIN 23
LEPES 318
LESIG 2438
CTEMP 21.8 o
C3SPED 11 Hz
PIELD 871

52



Chapter 2 An Allylated Firefly Luciferin Analogue with Luciferase Specific Response in Living Cells

Methyl (S)-2-(7-allyl-6-hydroxybenzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-

carboxylate (7'-AllylLuc methyl ester)
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Demonstration of an Azetidine-
Substituent Effect on Firefly Luciferin
Analogues

This chapter is based on “Demonstration of an Azetizine-Substituent Effect on Firefly Luciferin Analogues,

Yuma lkeda, Takahiro Nomoto, Yuki Hiruta, Nobuhiro Nishiyama and Daniel Citterio, unpublished".

i :“o%
5 e Ve tiall o
Replacement with

four-membered azetidine rings
on firefly luciferins

Rectoai

Replacing a N,N-dimethylamino group in a classical fluorophore with a four membered azetidine ring
provides the improved luminescence quantum vyield. Herein, | extended this strategy to firefly
bioluminescent luciferin analogues, and demonstrated its generalizability. For this purpose, the five-types
of luciferin core were employed, and totally 10 analogues were evaluated. Among these analogues,
unexpectedly, only the benzothiazole core analogue benefited from an azetidine substitution and
improved the bioluminescence. In addition, the fluorescence measurement revealed that an azetidine
substitution improved 2.3-times the fluorescence quantum yield compared to a N,N-dimethylamino group.
My findings clarified that the azetidine-substituent effect was not general for luciferins, but presented one

strategy for enhancing photon outputs in bioluminescence through a synthetic approach.
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3.1. Introduction

Recent progress in bioluminescence imaging with luciferin-luciferase pairs has enabled
imaging from the level of single cell to brain tissue of freely moving marmosets.'” A typical
example of bioluminescent luciferin-luciferase pairs is the firefly luciferin, D-luciferin, and firefly
luciferase (Fluc) from photinus pyralis. During the firefly bioluminescence reaction, D-luciferin
reacts with adenosine triphosphate (ATP) and oxygen to generate electronically excited state
of oxyluciferin (Figure 3.1A).

Researchers have great interest in this light emitting reaction, and are working on the
discovery of synthetic firefly luciferins to enhance their performance as a biological reporter.>
" The chemical structure of D-luciferin can be categorized as a donor-acceptor type dipolar
fluorophore. Especially, the amino luciferins, in which the hydroxyl group at C-6" position of
D-luciferin was replaced by an amino-substituent, has been extensively studied because of
their bioluminescence activity and applicability.* #'° The electron-donating substituents at the
C-6" position of D-luciferin strongly affect the m-electronic system and spectroscopic
properties. In 2010, Millar and co-workers have developed several alkylamino analogues and
demonstrated that rigid and strong C-6" electron-donation enables robust and red-shifted
emission similar to the trend of other donor-acceptor fluorophores.”’ "2 Thus, the modification
strategies for D-luciferin appear to be similar to those for fluorophores.

In 2015, Lavis and co-workers demonstrated a general structural modification improving
the brightness of a classical family of fluorophores, such as rhodamines, coumarins and
naphthalimides. One landmark discovery is that a minor alteration of an N,N-dimethylamino
substituent in a classical dye with a cyclic amine, especially azetidine, greatly improved the
fluorescence quantum yield by suppressing twisted internal charge transfer (Figure 3.1B)."* In
addition, this simple structural modification preserved spectral properties and cell membrane
permeability. Also, in the design of luciferin, Hirano and co-workers developed firefly luciferin
analogues which have a cyclic amine substituent (pyrrolidinyl, piperidino, azepanyl and
morpholino), and compared their bioluminescent activities with an acyclic dimethylamino
luciferin." Their photochemical evaluation suggested that a minor structural change might
improve the luminescent activity, as reported by Lavis. In parallel, Miller and co-workers
synthesized azetidine-substituted analogues (A-1) through Buchwald-Hartwig amination.'
The azetidine-substituted analogue (A-1) displayed a brighter bioluminescent signal in live
cells expressing Fluc than that of dimethylamino luciferin (D-1). This result may also suggest
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an azetidine-substituent effect like rhodamines. However, they did not mention the detailed
characteristics of the analogue (A-1), and effect of an azetidine-substituent on the firefly
luciferin analogues remain to be elucidated.

This chapter describes investigation of an azetidine-substituent effect on firefly bioluminescence.
For this purpose, 10 types luciferin analogues were selected and synthesized based on the five
different luciferin core structures with dimethylamino- or azetidine-substituent as an electron
donating group (Figure 3.1C). With these analogues in hand, | have characterized the bioluminescent
properties in combination with Fluc. Furthermore, | have performed a cellular application to confirm
that the analogues were sufficiently cell-membrane permeable and photon emitter even in cells for
an imaging application.

(A)
ATP, Mg2+
OH
< Roesag
Lumferase
~N C\N
O 0 Replacement with
co2 four-membered
azetidine rings
TMR JFsy9
@ : 0.41 ¥ - 0.88
(C) .,  Electron-donating .
. \ . groups .
E /N-§- VS CN%‘ E E-I-:fg.)ll‘-.....-é..:
: Dimethylamino Azetidine : '\T)_
RO - AN o' S
RLLLLLLL Structure_varlable Slte ----------------- ",

/>— /4 -3

4
3

Figure 3.1. Azetidine-substituent approach on firefly bioluminescence. (A) Firefly bioluminescence reaction.
(B) The chemical structures and the fluorescence quantum yields of tetramethyl rhodamine (TMR) and azetidine

substituted rhodamine dye, JFs49. (C) Molecular structures of analogues investigated in this work.

58



Chapter 3 Demonstration of an Azetidine-Substituent Effect on Firefly Luciferin Analogues

3.2. Results and Discussion

The 5 types of luciferin core structures were employed to probe the scope of azetidine-substituent
effect on firefly bioluminescence (Figure 3.1C). Their chemical structures are roughly classified into
three types; benzothiazole, naphtyl and styrenyl scaffold. All azetidine-substituted analogues were
prepared according to the reported synthetic routes. The corresponding azetidine-substituted
precursors were prepared via nucleophilic aromatic substitution (for styrenyl analogues) or Pd-
catalyzed Buchwald-Hartwig amination (for benzothiazole and naphtyl analogues). The benzothiazole
analogue (A-1) was readily accessed through D-cysteine condensation reaction with the nitrile
precursor (Scheme 3.1).

o
C\N S D-cysteine C\N s N OH
\©: N/>—CN aq. MeOH \©:N/>—<’S
pH 8.0

6 r.t. A-1
46%

Scheme 3.1. Synthesis of the azetidine-substituent benzothiazole core analogue (A-1).

The synthesis of styrenyl analogues (A-2, A-3) was based on the previously reported synthetic
route (Scheme 3.2)."° Olefination of azetidinyl benzaldehyde (8) via Wittig reaction or Horner-
Wadsworth-Emmons reaction, followed by condensation with protected cysteine gave the amide
precursors (13, 14). Intramolecular cyclization to the thiazoline (A-2-OMe, A-3-OMe) was achieved
by treatment with Tf,O-TPPO complex at 0 °C. The synthesis of naphtyl analogues (A-4, A-5) was
carried out in the similar manner as described above (Scheme 3.3).
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Scheme 3.2. Synthesis of the azetidine-substituent styrenyl core analogues (A-2, 3-OMe)
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Scheme 3.3. Synthesis of the azetidine-substituent naphtyl core analogues (A) A-4-OMe, (B) A-5-OMe.
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Finally, the deprotection of methyl esters was performed (Scheme 3.4). Attempted acid-
catalyzed deprotection of luciferin esters afforded the undesired ring opened analogues. |
therefore switched the synthetic route to enzymatic hydrolysis using lipase, and luciferin
analogues (A-2, 3, 4, 5) were successfully synthesized. All dimethylamino analogues except
for D-5, and azetidinyl analogues (A-1 and A-2) have been reported previously.® > 7"'% The
synthesis of D-5 was achieved from the methyl 6-Amino-2-naphthoate by the same manner
as described for the preparation of naphtyl analogues (A-5).

(o]
/NJ)LOH
Ci =
4 M HCl _\—\ ) I
> HN
o H,O
])L r.t. Undesired ring opened analogues
/N OMe
L=t e
/ /\ / n s o
<:N Novozyme 435 _ /"‘])LOH
A-2-OMe (Lipase acrylic resin) ""“"/\ / n s
-2-
A-3-OMe THF Cn
A-4-OMe 0.1 M PB (pH 6.8)
A-5-OMe 37 °C A-2: 51% A-4: 80%

A-3: 82% A-5: 53%

Scheme 3.4. Synthesis of the azetidine-substituent analogues (A-2, A-3, A-4 and A-5) through lipase-

promoted ester hydrolysis. Acid-catalyzed hydrolysis gave the undesired corresponding ring opened products.

Firstly, the bioluminescence photon production from azetidinyl analogues were evaluated
in combination with the recombinant Fluc (Figure 3.2A, B). Dose-response photon production
was observed for both azetidinyl and dimethylamino analogues as seen in previously reported
luciferin analogues. For each luciferin analogue, the kinds of saturations of emitted photons at
around 0.5 uM for each luciferin were confirmed (Figure 3.2C, D). These results mean that all
synthetic luciferins have high affinity for luciferase. The Michaelis-Menten analysis was
conducted to estimate the Michaelis constant K and Vmax for each luciferin (Figure 3.3). The
bioluminescence apparent K, values of synthetic luciferins fall within the range of 0.015-0.5
MM, which are lower than that of native D-luciferin substrate (Km: 19 uM, data not shown)
(Table 3.1).
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Figure 3.2. Bioluminescence intensities for dimethylamino and azetidinyl analogues. (A and B) Images of
dose-response bioluminescence photon production: 0.05-100 uM luciferins were incubated with recombinant
Fluc in the presence of ATP. (A) Azetidinyl analogues, (B) Dimethylamino analogues. (C and D) Quantification of
the photon flux from 0.05-100 uM luciferins incubated with Fluc. (C) Azetidinyl analogues, (D) Dimethylamino

analogues. Error bars represent the standard deviation of the mean for triplicate experiments.
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Figure 3.3. Michaelis-Menten plots. (A) Azetidinyl analogues. (B) Dimethylamino analogues.

Table 3.1. Characteristics of dimethylamino and azetidinyl luciferins.

ABL a Km b Vmax b
Luciferin core Electron donor
[nm] [UM] [x107 photons/sec]
o w 620 0.02 + 0.01 102 0.7
1 x@s/)_(;:j)LOH \
N s $> 615 002000 193+ 05
i + 559 0.16 + 0.01 171+ 03
N OH
2 ])L
O §0> 563 012:002 160 + 0.5
‘ ji°” + 675 0.10 £ 0.02 157 + 0.6
3 7=
-+ 7 +0> 675 0.17 + 0.04 9.16 + 0.41
(o) -§-N/
\ 559  0.21 + 0.09 6.23 + 0.58
N OH
4 j)L
—
+(> 562 008+ 003 8.37 + 0.55
o] /
\ j)L°” LRt 684 049 £ 0.12 9.15 + 0.60
5 Vo
)
-§ #0679 032+006 672+ 031

2 Bioluminescence emission maxima with Fluc, ® Km and Vmax were determined using nonlinear Michaelis-

Menten regression analyses in GraphPad Prism (version 7.03 for Windows, GraphPad Software).
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3.2.3. Verification of an azetidine-replacement effect

Subsequently, in order to clarify the aspect of the azetidine-substituent effect, the photon flux
from dimethylamino and azetidinyl analogues were compared for each luciferin core structures. The
photon flux at 5 uM luciferin where the Fluc was sufficiently saturated (Vmax) were selected to be
evaluated. As a result, two different core structural analogues, benzothiazole (1) and phenylbutadiene

(3), were found to show the statistically significant differences (p<0.05, t-test) (Figure 3.4).

| n.s. ,
® Dimethylamino 4~
|ns. ® Azetidine -§-N<>

0.0 0.5 1.0 1.5 2.0 2.5

Total flux [*1 08 photons/sec]

Figure 3.4. Comparison of the photon flux from azetidinyl and dimethylamino analogues for each
luciferin core structures at 5 uM luciferin. Error bars represent the standard deviation of the mean for triplicate

experiments. *P<0.05 (t-test), n.s.; not significant (P>0.05).

Interestingly, in the benzothiazole core analogues (A-1, D-1), replacement of a dimethylamino group
by an azetidine ring importantly improved the photon output as previously reported,’ but the other
cores (2-5) did not. The fluorescence quantum yields for all core analogues (1-5) in water (50 mM GTA
buffer, pH 8.0) were then investigated by absolute measurements using a fluorometer equipped with
an integrated sphere (Table 3.2). The results clearly indicated the difference in substituent effect
between the benzothiazole (1) and the others core (2-5) on the fluorescence quantum yields. It was
confirmed that an azetidine substituent contributed to the improvement of fluorescence quantum
yields only in the benzothiazole (1) core. Further comparison of the fluorescence quantum yields for
benzothiazole analogues (A-1, D-1) in various solvent (DMSQO, acetonitrile, 2-propanol, methanol and
water) demonstrated the TICT resistance on the azetidine-substituent analogue (A-1) in analogy to

the previously
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Table 3.2. Comparison of the fluorescence quantum yields in buffer (pH 8.0).

Luciferin core Electron donor  ¢r 2 [-]
o] -§-N< 0.28
1 ?(©:i>_<;4])L0H
N S
_%N<> 0.65
0 Y 0.015
N OH
2 y j)L
S
§<:> _§_N<> 0.015
o /
N ])LOH -%N\ 0.025
3 7 s
- 4 > 0.029
0 Y 0.23
N OH
4 j)L
_
%NO 0.19
o /
oo RASE
5 Y am
S
-i > 011

@ Absolute fluorescence quantum yield in 50 mM GTA buffer (pH 8.0).

reported work (Figure 3.5).%°

The relationship of the fluorescence quantum yields between luciferin
and oxyluciferin, an actual light emitter, has not been clarified, but this substituent effect may be
involved. In contrast, the reduced photon flux in the phenylbutadiene (3) core might be considered
probably due to the reduced light-emitting reaction rate as a dominant factor.

In order to support TICT resistance by azetidine-substituent effect theoretically, | computed the
potential energy surfaces of the oxidized form of benzothiazole core analogues (A-1, D-1) in water as
a function of C-N bond rotation (Figure 3.6). The calculated results clearly showed the TICT formation
faces a larger energy barrier in A-1 (0.37 eV) than that in D-1 (0.21 eV).

The bioluminescence spectra of dimethylamino and azetidinyl analogues with recombinant Fluc
were recorded on a multichannel spectrometer equipped with charge-coupled devices (CCD) detector
(Figure 3.7). As reported for fluorescent dyes, an azetidine substitution of a dimethylamino group did
not affect their bioluminescence spectra except for the benzothiazole (1) core analogues. The
azetidine substituted benzothiazole core analogue (A-1) showed a sharper spectrum width than that
of corresponding dimethyl analogue (D-1), although their fluorescence spectra were completely
identical (Figure 3.8). This behavior was also observed in the previous research about cyclic amino
analogues reported by Hirano,™ which presumably due to the suppression of free rotation of the C-

N bond during bioluminescence reaction.
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Figure 3.5. Absolute fluorescence quantum yields of D-1 and A-1 in various solvent (DMSO, acetonitrile,

2-propanol, methanol and water).
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Figure 3.6. Calculated potential energy surfaces of benzothiazole core analogues in water.
(A) A-1 (B) D-1. All quantum chemistry calculations are performed using Gaussian 16 software. The solvation

effect is simulated through SMD solvent model.

66



Chapter 3 Demonstration of an Azetidine-Substituent Effect on Firefly Luciferin Analogues

- - D-1
1.0_ - D'2
D-3
-. D-4
-- D5

0.5-

o
o

Normalized Bioluminescence [-]

y
600 700 800

Wavelength [nm]

500

Figure 3.7. Bioluminescence spectra of azetidinyl (A, solid line) and dimethylamino (D, dotted line)

analogues with Fluc.
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Figure 3.8. Comparison of the fluorescence and bioluminescence spectra for benzothiazole core
analogues (D-1, A-1). The fluorescence spectra in water (50 mM GTA buffer, pH 8.0) were measured with the

excitation light set to 375 nm.
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Finally, a cell-based application was performed to confirm that the analogues were sufficiently cell-
membrane permeable and photon emitter even in cells for an imaging application. The 0.25-25 uM
of luciferins were incubated with stably Fluc expressing B16-F10 cells, a mouse melanoma cell line.
The photon outputs were imaged 1 min after post luciferins addition. At saturating dose conditions
(25 M), The luciferins displayed sufficiently detectable signals (Figure 3.9A) and a similar emission
trend described above in vitro results (Figure 3.9B). Once the luciferin concentrations were diluted 10
times (2.5 uyM), 100 times (0.25 pM), meaning below K, the emission trend presented different
behavior, especially for the benzothiazole (1) core analogues (Figure 3.10). This is thought to be due
to the difference in the cell-membrane permeability of each luciferin. Time dependent imaging of the
emitted photon revealed that the azetidine replacement did not affect the luminescent behavior over
time (Figure 3.11).
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& D-luciferin EW@}{]’L’" (8) ‘@}{3}\’ —-

"""""""""""""""""""" L™
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Figure 3.9. Photon flux from the Fluc-expressing cells. (A) Bioluminescence image of Fluc-expressing B16F10
cells incubated with luciferins. Images were acquired 1 min after luciferin addition. (B) Quantitative analysis of

the photon flux from cells. Error bars represent the standard error of the mean for quadruplicate experiments.

68



Chapter 3 Demonstration of an Azetidine-Substituent Effect on Firefly Luciferin Analogues

(A) 0.25 pM Luciferins

”°1£I:H:J’L°"l_

D-luciferin

n=4

B Dimethylamino «}N(

4
P B Azetidine £

Wl

0.0 0.2 0.4 0.6
Total flux [><108 photons/sec]
(B) 2.5 pM Luciferins
T
D-luciferin
T4

n=4

B Dimethylamino %N(
B Azetidine +v>

0.0 0.5 1.0 1.5 2.0 25

Total flux [*10% photons/sec]

Figure 3.10. Quantitative analysis of the photon flux from Fluc-expressing cells. The cells were treated with
(A) 0.25 uM, (B) 2.5 uM luciferins and imaged 1 min after post luciferin addition. Error bars represent the standard

error of the mean for triplicate experiments.
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Figure 3.11. Time courses of photon outputs from Fluc expressing B16F10 cells. The cells were treated with
(A) 0.25 pM, (B) 2.5 puM, (C) 25 pM luciferins and imaged immediately post luciferin addition. The photon flux
was measured over 40 minutes. Azetidinyl analogues (middle). Dimethylamino analogues (right). The photon

flux was provided as log scale. Error bars represent the standard error of the mean for triplicate experiments.
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3.3. Conclusions

In summary, an azetidine-substituent effect on firefly luciferin analogues has been investigated
with the ten analogues having five different types of luciferin core. Unlike the previously published

reports on classical fluorescent dyes, ' %

only the benzothiazole core analogue (A-1) benefited from
an azetidine substitution and improved the bioluminescence compared to the corresponding N,N-
dimethylamino analogue (D-1). After evaluation of fluorescence properties of luciferins in water, this
enhancement is presumably due to an effective suppression of the TICT formation caused by the C-N
bond rotation as reported in fluorescent dyes." ?° In the live cells based assays, azetidine-substituent
analogues were also cell-membrane permeable and potent light emitter. The azetidine-substituent
strategy was not general for luciferins. However, this strategy offers an opportunity for enhancing
photon production, and will inspire the rational design of brighter luciferin analogues through a

synthetic approach.
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3.4. Experimental Section

Reagents and solvents were of the best grade available, supplied by Tokyo Chemical
Industries (Japan), Wako Pure Chemical (Japan), Aldrich Chemical Co. (USA), Kanto Chemical
Co. (Japan) or Watanabe Chemical Industries (Japan) and were used without further
purification. NMR spectra were recorded on a JEOL ECA-500 instrument at 500 MHz for "H
NMR and at 125 MHz for "*C NMR. All chemical shifts (5) are reported in ppm relative to
tetramethyl silane (& = 0.0 ppm) or residual non-deuterated NMR solvent CDCls (7.26 ppm for
H, 77.16 ppm for *C), CD30D (3.31 ppm for 'H, 49.00 ppm for '*C), or DMSO-ds (2.50 ppm for
'H, 39.52 ppm for *C) and coupling constants (J) are provided in Hz. Mass spectra (MS) were
measured on a Waters LCT Premier XE (ESI-TOF). A 1.0 mg/mL stock solution of commercially
available luciferase (Promega, QuantiLum® recombinant Photinus pyralis luciferase, E1701) in
GTA buffer (50 mM, pH 8.0) containing 10% glycerol was prepared and stored at -80 °C. The
composition of the 50 mM GTA buffer is 50 mM 3,3-dimethylglutaric acid, 50 mM
tris(hydroxymethyl)aminomethane, 50 mM 2-amino-2-methyl-1,3-propanediol and the pH
was adjusted with 2 M HCl or 1 M NaOH solution. GraphPad Prism (version 7.03 for Windows,

GraphPad Software) was used to analyze data and generate graphs.

The bioluminescence emission spectra for all luciferins were recorded on an AB-1850
spectrophotometer (ATTO, Japan). A solution of the luciferins (100 uM) in GTA buffer (50 mM, pH 8.0,
5 uL) and Fluc (1.0 mg/mL) in GTA buffer (50 mM, pH 8.0) containing 10% glycerol (5 pL) were placed
in a polystyrene tube. The bioluminescence reaction was initiated by injection of 90 plL of reaction
buffer (4 mM ATP-2Na, 8 mM MgSQO4 in 50 mM GTA buffer, pH 8.0). Emission data were collected for

60 s (slit width: 0.25 mm), and the luminescence intensities were normalized.

Measurements were acquired on an IVIS Spectrum (PerkinElmer, USA) with open filter. Reactions
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were performed in a black 96-well flat-bottom plate. Solutions of luciferins in GTA buffer (50 mM, pH
7.0) were prepared (0.5 pM - 1 mM luciferin), and 10 pL was added to each well. Following the addition
of Fluc (0.05 mg/mL) in GTA buffer (50 mM, pH 8.0) containing 10% glycerol (10 pL), the luminescence
reaction was initiated by addition of 80 uL of reaction buffer (4 mM ATP-2Na, 8 mM MgSO4 in 50 mM
GTA buffer, pH 8.0). Emission data was recorded over a 30 sec period. Samples were analyzed in
triplicate and three runs of each compound-enzyme pair were performed. Initial velocities were
estimated as integrated values of the light emission intensities for 30 s. Ky and relative Vinax values
were determined using nonlinear regression analyses and robust fit outlier removal in GraphPad Prism
(version 7.03 for Windows, GraphPad Software).

The fluorescence spectra for luciferins (10 uM) in 50 mM GTA buffer (pH 8.0) were
measured using a VARIOSKAN FLASH (Thermo Scientific, USA) microplate reader with the
excitation light and excitation/emission slit widths set to 375 nm and 1 nm, respectively.
Spectral data were recorded at 25 °C in a clear bottom 96-well microplate over the wavelength
range of 400-750 nm. The absolute fluorescence quantum yields were collected using a

Quantaurus-QY (Hamamatsu Photonics, Japan) with the excitation light set to 375 nm.

All quantum chemistry calculations are performed using Gaussian 16 software. The
solvation effect is simulated through SMD solvent model. The ground and excited state
geometries are optimized using density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) at the B3LYP/6-31+G(d) levels of theory in water, respectively.
Frequency checks were carried out after each geometry optimization to ensure that the minima

on the potential energy surfaces (PES) were found.

The B16-F10 cells expressing luciferase (B16-F10/CMV-Luc#2 cells) were obtained from the
Japanese Collection of Research Bioresources Cell Bank (Ibaraki, Japan). Transiently transfected B16-
F10/CMV-Luc cells were cultured in DMEM medium supplemented with FBS (10%), penicillin (100
U/mL) and streptomycin (100 pg/mL) at 37 °C in 5% CO,. For bioluminescence emission assays,
approximately 4.5x10° cells/well were plated in black 96-well plates in 75 pL of DMEM containing 10%
FBS. The cells were then incubated with 75 uL of luciferins (0.5-500 uM) in PBS. Bioluminescence
images were acquired on an IVIS Spectrum (PerkinElmer, USA) imaging system equipped with a cooled
CCD camera with the following settings: open filter; exposure time: 30 sec; binning: medium 8; and

f/stop: 1. The bioluminescence images were analyzed by Living Image 4.4 software (PerkinElmer, USA).
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All dimethylamino analogues except for D-5, and azetidinyl analogues (A-1 and A-2) have been

reported previously.™ 7

4-(Azetidin-1-yl)benzaldehyde (8): To a solution of 4-fluorobenzaldehyde (1.75 g, 14.1 mmol) in
anhydrous DMSO (40 mL) was added K2COs (5.82 g, 42.1 mmol, 3.0 eq.) followed by addition of
azetidine hydrochloride (1.98 g, 21.2 mmol, 1.5 eq.) with stirring at 110 °C overnight. After cooling
to room temperature, the reaction was diluted with water (200 mL) and extracted with EtOAc
(3x100 mL). The combined organic layer was washed with brine, dried over Na>SO4 and filtered.
The filtrate was concentrated under reduced pressure. The crude material was purified by silica gel
column chromatography (20% ethyl acetate/n-hexane) to afford title compound 8 (919 mg, 40%)
as a pale yellow solid. "H-NMR (500 MHz, CDCl3) § 9.72 (s, 1H), 7.71 (d, J = 8.5 Hz, 2H), 6.39 (d, J =
8.5 Hz, 2H), 4.04 (t, J = 7.3 Hz, 4H), 2.45 (quint, J = 7.3 Hz, 2H) ppm; *C-NMR (125 MHz, CDCl3) &
190.5, 155.2,132.1, 125.9, 109.9, 51.5, 16.6 ppm; HRMS (ESI+) calcd for C10H12NO [M+H]* : 162.0919,
found: m/z 162.0942.

Ethyl (E)-3-(4-(azetidin-1-yl)phenyl)acrylate (9): To a solution of 8 (471 mg, 2.92 mmol) in benzene
(10.0 mL) was added (carbethoxymethylene)triphenylphosphorane (1.23 g, 3.53 mmol, 1.2 eqg.) and the
mixture was stirred at reflux temperature for 3 h. After cooling to room temperature, the reaction was
concentrated under reduced pressure. The crude material was purified by silica gel column
chromatography (5-10% ethyl acetate/n-hexane) to afford title compound 9 (384 mg, 57%) as a light yellow
crystalline solid. "TH-NMR (400 MHz, CDCl3) § 7.61 (d, J = 15.6 Hz, 1H), 7.39 (d, J = 8.8 Hz, 2H), 6.37 (d, J =
8.8 Hz, 2H), 6.21 (d, / = 15.6 Hz, TH), 4.23 (q, / = 7.2 Hz, 2H), 3.94 (t, J/ = 7.4 Hz, 4H), 2.39 (quint, J/ = 7.2 Hz,
2H), 1.32 (t, J = 7.2 Hz, 3H) ppm; *C-NMR (100 MHz, CDCl3) § 168.0, 153.2, 145.3,129.7, 123.2, 112.9, 110.9,
60.2, 52.0, 16.8, 14.6 ppm; HRMS (ESI+) calcd for C14H1sNO2 [M+H]* : 232.1332, found: m/z 232.1334.

Ethyl (2E,4E)-5-(4-(azetidin-1-yl)phenyl)penta-2,4-dienoate (10): To a suspension of 60% NaH (205
mg, 5.13 mmol, 1.5 eq.) in anhydrous THF (10.0 mL) at 0 °C was added triethyl 4-phosphonocrotonate (1.28
g, 5.13 mmol, 1.5 eq.). Stirring for 20 min yielded an orange colored solution. To this solution was added 8
(551 mg, 3.42 mmol) in anhydrous THF (2.0 mL) dropwise over 5 min at 0 °C. The reaction was stirred for 3
h at room temperature, quenched with water (ca. 20 mL) and extracted with EtOAc (3x50 mL). The
combined organic layer was washed with brine, dried over Na:SOs and filtered. The filtrate was
concentrated under reduced pressure. The crude material was purified by silica gel column
chromatography (11-32% ethyl acetate/n-hexane) to afford title compound 10 (560 mg, 64%) as a yellow
solid. "TH-NMR (500 MHz, CDCls) § 7.43 (dd, J = 15.5, 11.5 Hz, 1H), 7.32 (d, / = 8.5 Hz, 2H), 6.82 (d, J = 15.5
Hz, 1H), 6.68 (dd, J = 15.5, 11.0 Hz, 1H), 6.38 (d, J/ = 9.0 Hz, 2H), 5.87 (d, J = 15.0 Hz, 1H), 4.21 (q, / =7.0 Hz,
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2H), 3.93 (t, J = 7.3 Hz, 4H), 2.39 (quint, J = 7.3 Hz, 2H), 1.31 (t, J = 7.0 Hz, TH) ppm; 3C-NMR (125 MHz,
CDCl3) 6 167.7, 152.5, 145.8, 141.4, 128.6, 125.1, 122.1, 118.5, 111.2, 60.2, 52.2, 16.9, 14.5 ppm; HRMS (ESI*)
calcd for Ci6H20NO2 [M+H]* : 258.1494, found: m/z 258.1467.

(E)-3-(4-(Azetidin-1-yl)phenyl)acrylic acid (11): To a solution of 9 (330 mg, 1.43 mmol) in iso-PrOH (8.0
mL) was added 1 M NaOH aqueous solution (2.90 mL), and the mixture was stirred at reflux temperature
for 8 h. After cooling to room temperature, iso-PrOH was removed under reduced pressure. The residue
was acidified with 1 N HCl aqueous solution, and extracted with CHCl3 (3x50 mL). The combined organic
layer was washed with brine, dried over Na2SO4 and filtered. The filtrate was concentrated under reduced
pressure to afford title compound 11 (279 mg, 96%) as a yellow solid. This crude product was used for
the next reaction without further purification. "H-NMR (400 MHz, CD30D) &§ 7.57 (d, J = 16.0 Hz, 1H), 7.41
(d, J = 8.8 Hz, 2H), 6.42 (d, J = 8.8 Hz, 2H), 6.20 (d, J = 15.6 Hz, 1H), 3.93 (t, J = 7.4 Hz, 4H), 2.40 (quint, J =
7.4 Hz, 2H) ppm; HRMS (ESI*) calcd for C12H14NO2 [M+H]* : 204.1025, found: m/z 204.1026.

(2E,AE)-5-(4-(azetidin-1-yl)phenyl)penta-2,4-dienoic acid (12): 12 was synthesized in the same manner
as described for the preparation of 11; yield 86%, a yellow solid. "TH-NMR (500 MHz, DMSO-ds) & 7.37 (d,
J =8.0Hz 2H), 7.28 (dd, J = 15.0, 11.0 Hz, 1H), 6.90 (d, J = 15.5 Hz, 1H), 6.82 (dd, J = 15.5, 11.0 Hz, 1H), 6.38
(d, J = 8.0 Hz, 2H), 5.85 (d, J = 15.0 Hz, 1H), 3.85 (t, J = 7.0 Hz, 4H), 2.32 (quint, J = 7.0 Hz, 2H) ppm; *C-
NMR (125 MHz, DMSO-des) § 167.9, 152.2, 145.2, 140.8, 130.2, 128.4, 124.5, 121.8, 110.9, 51.7, 16.2 ppm;
HRMS (ESI+) calcd for C1aH16NO2 [M+H]* : 230.1181, found: m/z 230.1171.

Methyl (E)-N-(3-(4-(azetidin-1-yl)phenyl)acryloyl)-S-trityl-D-cysteinate (13): To a solution of 11 (121
mg, 0.595 mmol) and H-D-Cys-S(Trt)-OMe hydrochloric acid (281 mg, 0.744 mmol, 1.3 eq.) in anhydrous
DMF (2.0 mL) were added DMT-MM (198 mg, 0.716 mmol, 1.2 eq.) and TEA (100 pL, 0.717 mmol, 1.2 eq.),
and the mixrture was stirred at 0 °C for 4.5 h. The reaction was diluted with water (ca. 20 mL) at 0 °C, and
then extracted with EtOAc (3x50 mL). The combined organic layer was washed with brine, dried over
NazSOa4 and filtered. The crude material was purified by silica gel column chromatography (25-40% ethyl
acetate/n-hexane) to afford title compound 13 (322 mg, 96%) as a yellow solid. "TH-NMR (500 MHz, CDCls)
6 7.39-7.21 (m, 18H), 6.39 (d, J = 8.5, 2H), 6.14 (d, J = 15.5 Hz, 1H), 4.79-4.76 (m. TH), 3.95 (t, / = 7.3 Hz, 4H),
3.73 (s, 3H), 2.76-2.68 (m, 2H), 2.40 (quint, J = 7.3 Hz, 2H) ppm; *C-NMR (125 MHz, CDCl3) § 171.3, 166.2,
153.0, 144.5, 142.5, 129.6, 129.4, 128.1, 127.0, 123.5, 114.9, 111.0, 67.0, 52.8, 52.1, 51.2, 34.3, 16.8 ppm;
HRMS (ESI+) calcd for C14H1eNO2 [M+H]* : 563.2363, found: m/z 563.2354.
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Methyl N-((2E,4E)-5-(4-(azetidin-1-yl)phenyl)penta-2,4-dienoyl)-S-trityl-D-cysteinate (14): 14 was
synthesized in the same manner as described for the preparation of 13; yield 81%, a yellow solid. "H-NMR
(500 MHz, CDCls) § 7.39-7.20 (m, 17H), 6.80 (d, J = 15.5 Hz, 1H), 6.67 (dd, J = 15.5, 11.0 Hz, 1H), 6.39(d, J =
8.5 Hz, 2H), 5.96 (d, J = 7.5 Hz, 1H), 5.83 (d, J/ = 15.0 Hz, 1H), 4.77-4.73 (m, 1H), 3.93 (t, / = 7.3 Hz, 4H), 3.72
(s, 3H), 2.73-2.66 (m, 2H), 2.39 (quint, J = 7.3 Hz, 2H) ppm; *C-NMR (125 MHz, CDCl3) § 171.3, 166.0, 152.4,
144.5, 143.0, 140.8, 129.6, 128.5, 128.1, 127.0, 125.4, 122.1, 1204, 111.2, 67.0, 66.8, 52.8, 52.2, 51.2, 16.9
ppm; HRMS (ESI+) calcd for C37H37N203S [M+H]* : 589.2525, found: m/z 589.2497.

Methyl (S,E)-2-(4-(azetidin-1-yl)styryl)-4,5-dihydrothiazole-4-carboxylate (A-2-OMe): To a solution
of triphenylphosphine oxide (350 mg, 1.26 mmol, 3.0 eq.) in anhydrous CH2Cl> (5.0 mL) was added
trifluoromethane sulfonic anhydride (99.0 pL, 0.604 mmol, 1.5 eq.) slowly dropwise at 0 °C. After stirring
for 30 min, this solution was added to a solution of 13 (225 mg, 0.401 mmol, 1.0 eq.) in anhydrous CH2Cl2
(4.0 mL) dropwise carefully at 0 °C, at which point the reaction solution turned deep red in color, and the
reaction mixture was stirred for 2 h. The reaction was quenched with saturated NaHCOs solution and
extracted with CH2Cl2 (100 mL). The combined organic layer was washed with brine, dried over Na2SO4 and
filtered. The filtrate was concentrated under reduced pressure. The crude material was purified by silica gel
column chromatography (30% ethyl acetate/n-hexane) to afford the A-2-OMe (40.1 mg, 33%) as a yellow
solid. "H-NMR (500 MHz, CDCl3) § 7.35 (d, J = 8.5, 2H), 7.05 (d, J = 16.0 Hz, 1H), 6.90 (d, J = 16.0 Hz, 1H),
6.38 (d, J = 9.0 Hz, 2H), 5.17 (t, J = 9.3 Hz, 1H), 3.94 (t, J/ =7.3 Hz, 4H), 3.83 (s, 3H), 3.62-3.52 (m, 2H), 2.39
(quint, J = 7.3 Hz, 2H) ppm; '*C-NMR (125 MHz, CDCl3) § 171.7, 170.7, 152.9, 143.1, 129.1, 123.9, 117.6,
111.1, 77.9, 52.9, 52.1, 34.6, 16.8 ppm; HRMS (ESI*) calcd for Ci6H19N202S [M+H]* : 303.1167, found: m/z
303.1162.

Methyl (S)-2-((1E,3E)-4-(4-(azetidin-1-yl)phenyl)buta-1,3-dien-1-yl)-4,5-dihydrothiazole-4-ca-

rboxylate (A-3-OMe): A-3-OMe was synthesized in the same manner as described for the preparation of
A-2-OMe; yield 74%, a yellow solid. 'TH-NMR (500 MHz, CDCl3) § 7.32 (d, J = 8.5 Hz, 2H), 6.92 (dd, J = 15.5,
10.0 Hz, 1H), 6.75 (d, J/ = 15.5 Hz, 1H), 6.69 (dd, J = 15.5, 10.0 Hz, 1H), 6.53 (d, J = 15.5 Hz, 1H), 6.37 (d, J =
8.5 Hz, 2H), 5.16 (t, / = 9.0 Hz, 1H), 3.92 (t, J = 7.3 Hz, 4H), 3.81 (s, 3H), 3.60-3.50 (m, 2H), 2.38 (quint, J = 7.3
Hz, 2H) ppm; > C-NMR (125 MHz, CDCl3) § 171.6, 170.3, 152.4, 143.8, 139.7, 130.5, 128.5, 125.3, 122.9, 111.2,
78.0,52.9,52.2,34.7, 16.9 ppm; HRMS (ESI+) calcd for C1sH21N202S [M+H]* : 329.1324, found: m/z 329.1297.

Methyl 6-(azetidin-1-yl)-2-naphthoate (16): A round bottom flask was charged with methyl-6-bromo-
2-naphthoate (780 mg, 2.94 mmol), azetidine hydrochloride (331 mg, 3.54 mmol, 1.2 eq),
tris(dibenzylideneacetone)palladium (135 mg, 0.147 mmol), xantphos (170 mg, 0.294 mmol), Cs2COs (1.91
g, 5.86 mmol, 2.0 eq.) and toluene(8.0 mL) under argon. The resulting solution was heated at 100 °C with
rapid stirring for 24 h. The reaction mixture was allowed to cool to room temperature and then diluted
with water (10 mL) and extracted with ethyl acetate (3x50 mL). The combined organic layer was washed

with brine, dried over Na2SO4 and filtered. The filtrate was concentrated under reduced pressure. The crude
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material was purified by silica gel column chromatography (0-10% ethyl acetate/n-hexane) to afford title
compound 16 (193 mg, 27%) as a yellow solid. "TH-NMR (400 MHz, CDCl3) § 8.44 (s, 1H), 7.93 (dd, J = 8.4,
1.6 Hz, 1H), 7.76 (d, J = 8.8 Hz, 1H), 7.60 (d, J = 8.4 Hz, 1H), 6.80 (dd, J = 8.8, 2.4 Hz, 1H), 6.61 (d, J = 2.0 Hz,
1H), 4.02 (t, J =7.4 Hz, 4H), 3.94 (s, 3H), 2.43 (quint, J = 7.3 Hz, 2H) ppm; >*C-NMR (100 MHz, CDCl3) § 167.8,
1514, 137.4,131.4, 130.6, 126.0, 125.9, 125.8, 123.2, 114.9, 104.1, 52.2, 52.1, 16.9 ppm; HRMS (ESI+) calcd
for C1sH16NO2 [M+H]* : 242.1181, found: m/z 242.1161.

6-(Azetidin-1-yl)-2-naphthoic acid (17): 17 was synthesized in the same manner as described for the
preparation of 11; yield quantitative, a yellow solid. This crude product was used for next reaction directly.
"TH-NMR (400 MHz, CDClz + CD30D) & 8.43 (s, 1H), 7.91 (dd, J = 8.4, 1.6 Hz, 1H), 7.78 (d, J = 8.8 Hz, 1H),
7.62 (d, J = 8.8 Hz, 1H), 6.85 (dd, J = 8.8, 2.0 Hz, 1H), 6.67 (d, J = 2.0 Hz, TH), 4.04 (t, / =7.3 Hz, 4H), 3.94 (s,
3H), 2.46 (quint, J = 7.3 Hz, 2H) ppm. HRMS (ESI*) calcd for C14aH14NO2 [M+H]* : 228.1025, found: m/z
228.1035.

Methyl N-(6-(azetidin-1-yl)-2-naphthoyl)-S-trityl-D-cysteinate (18): 18 was synthesized in the same
manner as described for the preparation of 13; yield 90%, a yellow solid. "TH-NMR (500 MHz, CDCl3) & 8.17
(s, TH), 7.80 (d, J = 8.5 Hz, 1H), 7.73 (d, J = 9.0 Hz, 1H), 7.67 (d, J = 9.0 Hz, 1H), 7.44-7.38 (m, 5H), 7.29-7.16
(m, 9H), 6.86 (dd, J = 8.5, 1.5 Hz, 1H), 6.79 (d, J = 7.5 Hz, TH), 6.67 (s, 1H), 4.95-4.91 (m, 1H), 4.06 (t, J =7.3
Hz, 4H), 3.79 (s, 3H), 2.84 (dd, J =12.5, 5.5 Hz, 1H), 2.79 (dd, J =12.5, 5.0 Hz, 1H), 2.47 (quint, J = 7.1 Hz, 2H)
ppm; 3C-NMR (125 MHz, CDCl3) § 171.4, 167.2, 151.1, 144.4, 136.8, 130.3, 129.6, 128.2, 128.1, 127.0, 126.7,
126.1, 126.0, 124.4, 115.2, 104.2, 67.1, 52.9, 52.3, 51.5, 34.4, 16.9, ppm. HRMS (ESI*) calcd for C37H35N202S
[M+H]* : 587.2368, found: m/z 587.2357.

Methyl (S)-2-(6-(azetidin-1-yl)naphthalen-2-yl)-4,5-dihydrothiazole-4-carboxylate (A-4-OMe): A-
4-OMe was synthesized in the same manner as described for the preparation of A-2-OMe; yield 46%, an
orange solid. 'TH-NMR (500 MHz, CDClz) § 8.14 (s, 1H), 7.88 (dd, J = 8.5, 1.0 Hz, 1H), 7.73 (d, J = 8.5 Hz, 1H),
7.59 (d, J = 8.5 Hz, 1H), 6.79 (dd, J = 8.5, 1.5 Hz, 1H), 6.61 (d, J = 1.5 Hz, 1H), 5.31 (t, / =9.0 Hz, TH), 4.01 (t,
J =7.3 Hz, 4H), 3.84 (s, 3H), 3.74-3.62 (m, 2H), 2.42 (quint, J = 7.3 Hz, 2H) ppm; *C-NMR (125 MHz, CDCl5)
6171.8,171.2,151.1, 136.8, 130.2, 130.1, 126.2, 126.1, 126.0, 125.6, 115.0, 104.3, 78.5, 52.9, 52.3, 35.4, 16.9
ppm; HRMS (ESI*) calcd for C1sH19N202S [M+H]* : 327.1167, found: m/z 327.1168.

(6-(Azetidin-1-yl)naphthalen-2-yl)methanol (19): To a solution of LiAlH4 (37.1 mg, 0.977 mmol, 1.5 eq.)
in anhydrous THF (4.0 mL) was added a solution of 16 (157 mg, 0.651 mmol) in anhydrous THF (10.0 mL)
dropwise carefully at -78 °C, and the mixture was stirred at room temperature overnight. The reaction was
diluted with water (40 mL), 10% NaOH (40 mL) and water (120 mL) at 0 °C, and then a gray precipitate was
formed. After the filtration through celite pad, the filtrate was concentrated under reduced pressure. The
crude material was purified by silica gel column chromatography (20-50% ethyl acetate/n-hexane) to afford
title compound 19 (123 mg, 89%) as a beige solid. '"H-NMR (500 MHz, CDCl3) § 7.67 (m, 3H), 7.37 (dd, J =
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8.5, 1.5 Hz, 1H), 6.80 (dd, J = 8.5, 2.5 Hz, TH), 6.66 (d, J = 2.0 Hz, 1H), 4.76(s, 2H), 3.98 (t, J/ =7.0 Hz, 4H), 2.41
(quint, J = 7.0 Hz, 2H), 1.73 (br, 1H) ppm; *C-NMR (125 MHz, CDCl3) § 150.2, 134.5, 134.4, 128.9, 127.1,
126.5, 126.1, 126.0, 114.9, 105.0, 65.9, 52.6, 17.1 ppm; HRMS (ESI+) calcd for C1aH16NO [M+H]* : 214.1232,
found: m/z 214.1208.

6-(Azetidin-1-yl)-2-naphthaldehyde (20): To a solution of 19 (124 mg, 0.579 mmol), NMO (102 mg,
0.869 mmol, 1.5 eq.) and activated molecular sieves 4A (MS4A) in anhydrous CH2Clz (5.0 mL) was added
TPAP (10.2 mg, 29.0 umol, 5 mol%), and the mixture was stirred at room temperature 3.5 h. After the
filtration through celite pad to remove MS4A, the filtrate was concentrated under reduced pressure. The
crude material was purified by silica gel column chromatography (10-20% ethyl acetate/n-hexane) to afford
title compound 20 (84.1 mg, 69%) as a yellow solid. "H-NMR (500 MHz, CDCl3) § 10.00 (s, 1H), 8.14 (s, TH),
7.82 (dd, J = 8.5, 1.5 Hz, 1H), 7.79 (d, J = 9.0 Hz, 1H), 7.63 (d, J/ = 8.0 Hz, 1H), 6.81 (dd, J = 9.0, 2.5 Hz, 1H),
6.60 (d, J = 2.0 Hz, TH), 4.05 (t, J =7.3 Hz, 4H), 2.45 (quint, J = 7.3 Hz, 2H) ppm; *C-NMR (125 MHz, CDCls)
6 192.0, 166.0, 151.9, 138.5, 135.2, 131.0, 126.7, 125.7, 123.8, 115.0, 104.2, 52.1, 16.8 ppm; HRMS (ESI+)
calcd for C14H1aNO [M+H]* : 212.1075, found: m/z 212.1081.

Ethyl (E)-3-(6-(azetidin-1-yl)naphthalen-2-yl)acrylate (21): 21 was synthesized in the same manner as
described for the preparation of 9; yield 84%, a yellow solid. "H-NMR (500 MHz, CDCl3) § 7.79 (d, J = 15.5
Hz, 1H), 7.76 (s, 1H), 7.67 (d, J = 9.0 Hz, 1H), 7.58 (d, J = 8.5 Hz, 1H), 7.55 (dd, J = 8.5, 1.5 Hz, 1H), 6.77 (dd,
J =90, 20 Hz, 1H), 6.60 (d, J = 2.0 Hz, 1H), 6.44 (d, J = 16.0 Hz, 1H), 4.27 (q, / =7.2 Hz, 2H), 4.00 (t, J =7.3
Hz, 4H), 2.42 (quint, J = 7.3 Hz, 2H), 1.34 (t, J =7.3 Hz, 3H) ppm; "*C-NMR (125 MHz, CDCl3) § 167.7, 150.9,
145.4, 136.0, 130.5, 129.8, 128.2, 126.7, 126.6, 124.2, 115.9, 114.9, 104.6, 60.4, 52.3, 16.9, 14.5 ppm; HRMS
(ESI+) calcd for C1sH20NO2 [M+H]* : 282.1494, found: m/z 282.1474.

(E)-3-(6-(Azetidin-1-yl)naphthalen-2-yl)acrylic acid (22): 22 was synthesized in the same manner as
described for the preparation of 11; yield quantitative, a yellow solid. This crude product was used for next
reaction directly. HRMS (ESI+) calcd for C16H1sNO2 [M+H]* : 254.1181, found: m/z 254.1174.

Methyl (E)-N-(3-(6-(azetidin-1-yl)naphthalen-2-yl)acryloyl)-S-trityl-D-cysteinate (23): 23 was
synthesized in the same manner as described for the preparation of 13; yield 90%, a yellow solid. "H-NMR
(500 MHz, CDCl3) & 7.73 (s, TH), 7.71-7.67 (m, 2H), 7.59 (d, J = 8.5 Hz, 1H), 7.54 (dd, J = 8.5, 1.5 Hz, 1H),
7.43-7.37 (m, 7H), 7.29-7.19 (m, 7H), 6.78 (dd, J = 8.5, 2.0 Hz, TH), 6.61 (d, J = 2.0 Hz, 1H), 6.36 (d, J = 15.5
Hz, TH), 6.11 (d, J = 8.0 Hz, 1H), 4.81-4.78 (m, 1H), 4.00 (t, J = 7.5 Hz, 4H), 3.73 (s, 3H), 2.77 (dd, J = 12.5, 5.0
Hz, TH), 2.72 (dd, J = 12.5, 5.0 Hz, 1H), 2.42 (quint, J = 7.3 Hz, 2H) ppm; *C-NMR (125 MHz, CDCl3) § 171.2,
165.8, 150.8, 144.4, 142.6, 135.8, 130.1, 129.8, 129.7, 129.6, 128.1, 128.0, 127.0, 126.6, 124.2, 117.8, 114.9,
104.7, 67.1, 52.8, 52.4, 51.3, 34.2 17.0 ppm; HRMS (ESI+) calcd for C39H37N203S [M+H]* : 613.2525, found:
m/z 613.2512.
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Methyl (S,E)-2-(2-(6-(azetidin-1-yl)naphthalen-2-yl)vinyl)-4,5-dihydrothiazole-4-carboxylate (A-5-
OMe): A-5-OMe was synthesized in the same manner as described for the preparation of A-2-OMe; yield
33%, a yellow solid. "TH-NMR (500 MHz, CDCl3) § 7.72 (s, 1H), 7.67 (d, J = 8.5 Hz, 1H), 7.58 (d, J = 8.5 Hz,
1H), 7.54 (dd, J = 8.5, 1.5 Hz, 1H), 7.23 (d, J = 15.0 Hz, 1H), 7.11 (d, / = 16.0 Hz, 1H), 6.78 (dd, J = 9.0, 2.0 Hz,
1H), 6.61 (d, J = 2.0 Hz, 1H), 5.21 (t, J = 9.0 Hz, 1H), 4.01 (t, / = 7.3 Hz, 4H), 3.84 (s, 3H), 3.64 (dd, J = 11.0,
9.0 Hz, 1H), 3.57 (dd, / = 11.0, 9.0 Hz, 1H), 2.43 (quint, J = 7.3 Hz, 2H) ppm; *C-NMR (125 MHz, CDCl3) &
171.6, 170.6, 150.8, 143.2, 135.7, 129.7, 129.6, 128.8, 126.8, 126.7, 123.9, 120.3, 115.0, 104.7, 78.0, 53.0, 52.4,
34.7, 17.0 ppm; HRMS (ESI*) calcd for CaoH21N202S [M+H]* : 353.1324, found: m/z 353.1336.

(S,E)-2-(4-(Azetidin-1-yl)styryl)-4,5-dihydrothiazole-4-carboxylic acid (A-2): To a solution of A-2-
OMe (40.1 mg, 0.132 mmol) in THF (5.0 mL) were added 0.1 M sodium phosphate buffer (2.0 mL, pH 6.8)
and lipase acrylic resin (8.40 mg), and the clear yellow mixture was stirred at 37 °C for 44 h. After filtration
through celite pad, the filtrate was concentrated under reduced pressure. The residue was purified by flash
column chromatography (RP: 10-90% CH3CN/Hz0) to afford the A-2 (19.4 mg, 51%) as an orange solid.
This compound has been already synthesized through a different synthetic route."” "H-NMR (500 MHz,
CDsOD) 6 7.39 (d, J = 8.5, 2H), 7.07 (d, J = 16.0 Hz, 1H), 6.88 (d, J/ = 16.0 Hz, 1H), 6.42 (d, J = 8.5 Hz, 2H),
4.97 (t,J = 9.3 Hz, TH), 3.92 (t, J =7.3 Hz, 4H), 3.61-3.47 (m, 2H), 2.39 (quint, J = 7.3 Hz, 2H) ppm; *C-NMR
(125 MHz, CDs0OD) 6 154.6, 144.3, 130.1, 125.3, 117.9, 113.2, 112.2, 81.2, 53.0, 40.3, 36.5, 17.6 ppm; HRMS
(ESI*) calcd for C1sH17N202S [M+H]* : 289.1011, found: m/z 289.1103.

(S)-2-((1E,3E)-4-(4-(Azetidin-1-yl)phenyl)buta-1,3-dien-1-yl)-4,5-dihydrothiazole-4-carboxylic acid
(A-3): A-3 was synthesized in the same manner as described for the preparation of A-2; yield 82%, a red
solid. "TH-NMR (500 MHz, CD3OD + Acetone-ds) § 7.38 (d, J = 8.5 Hz, 2H), 7.14 (dd, J = 15.0, 10.0 Hz, 1H),
6.91 (d, J = 15.5 Hz, 1H), 6.83 (dd, J = 15.5, 10.0 Hz, 1H), 6.53 (d, J/ = 15.0 Hz, 1H), 6.41 (d, J = 8.5 Hz, 2H),
5.08 (t,J = 8.8 Hz, TH), 3.92 (t, J = 7.3 Hz, 4H), 3.70-3.60 (m, 2H), 2.39 (quint, J = 7.3 Hz, 2H) ppm; *C-NMR
(125 MHz, CD3OD + Acetone-de) & 175.3, 174.5, 154.3, 147.9, 143.7, 130.0, 126.5, 123.4, 120.7, 112.2, 76.9,
53.1, 35.6, 17.6 ppm; HRMS (ESI+) calcd for C17H19N202S [M+H]* : 315.1167, found: m/z 315.1141.

(S)-2-(6-(Azetidin-1-yl)naphthalen-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (A-4): A-4 was
synthesized in the same manner as described for the preparation of A-2; yield 80%, a yellow solid. 'H-NMR
(500 MHz, CDs0OD) 6 8.02 (s, 1H), 7.78 (dd, J = 8.5, 1.0 Hz, 1H), 7.64 (d, J = 9.0 Hz, 1H), 7.50 (d, J = 8.5 Hz,
1H), 6.74 (dd, J = 8.5, 1.5 Hz, 1H), 6.57 (d, J = 1.5 Hz, TH), 5.00 (t, J =9.3 Hz, 1H), 3.88 (t, / =7.3 Hz, 4H), 3.61-
3.48 (m, 2H), 2.31 (quint, J = 7.3 Hz, 2H) ppm; *C-NMR (125 MHz, CD30D) & 178.6, 171.1, 152.7, 137.9,
131.0, 130.7, 128.1, 127.6, 126.9, 126.3, 116.1, 105.5, 83.1, 53.3, 37.4, 17.7 ppm; HRMS (ESI*) calcd for
C17H17N202S [M+H]* :313.1011, found: m/z 313.1009.
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(S,E)-2-(2-(6-(Azetidin-1-yl)naphthalen-2-yl)vinyl)-4,5-dihydrothiazole-4-carboxylic acid (A-5): A-5
was synthesized in the same manner as described for the preparation of A-2; yield 53%, a yellow solid. "H-
NMR (500 MHz, CD3OD) § 7.69 (s, 1H), 7.61 (d, J = 8.5 Hz, 1H), 7.51 (br, 2H), 7.16 (d, / = 16.0 Hz, 1H), 7.02
(d,J = 15.5Hz, 1H), 6.73 (dd, J = 8.5, 2.0 Hz, 1H), 6.57 (d, J = 2.0 Hz, 1TH), 4.91 (t, / = 9.5 Hz, 1H), 3.89 (t, J =
7.5 Hz, 4H), 3.54-3.50 (m, 1H), 3.45-3.41 (m, 1H), 2.33 (quint, J = 7.3 Hz, 2H) ppm; *C-NMR (125 MHz,
CDsOD) § 178.7,171.9, 149.6, 143.8, 136.5, 130.7, 130.4, 130.2, 128.6, 127.8, 124.9, 121.1, 116.6, 107.2, 81.2,
53.9, 36.7, 17.7 ppm; HRMS (ESI*) calcd for C19H19N202S [M+H]* : 339.1167, found: m/z 339.1173.
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Ring-Fused Firefly Luciferins:
Expanded Palette of Near-Infrared
Emitting Bioluminescent Substrates

This chapter is based on “Ring-Fused Firefly Luciferins: Expanded Palette of Near-Infrared Emitting

Bioluminescent Substrates, Yuma Ikeda, Takahiro Nomoto, Yuki Hiruta, Nobuhiro Nishiyama and Daniel
Citterio, Anal. Chem., 2020, accepted (DOI: 10.1021/acs.analchem.9b04562).
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One limitation in firefly bioluminescence imaging is the limited variety of luciferins emitting in the near-
infrared (NIR) region (650-900 nm), where tissue penetration is high. Herein, | describe a series of structure-
inherent NIR emitting firefly luciferin analogues, NIRLucs, designed through a ring fusion strategy. This
strategy resulted in pH-independent structure-inherent NIR emission with a native firefly luciferase, which
was theoretically supported by quantum chemical calculations of the oxidized form of each luciferin. When
applied to cells, NIRLucs displayed dose-independent improved NIR emission even at low concentrations
where the native D-luciferin substrate does not emit. Additionally, excellent blood retention and brighter
photon flux (7-fold overall, 16-fold in the NIR spectral range) than in the case of D-luciferin have been
observed with one of the NIRLucs in mice bearing subcutaneous tumors. | believe that these synthetic
luciferins provide a solution to the longstanding limitation in the variety of NIR emitting luciferins, and

pave the way to the further development of NIR bioluminescence imaging platforms.
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4.1. Introduction

Optical imaging technologies play important roles in the biomedical research field.
Nowadays, bioluminescence has become a standard non-invasive modality to trace biological
functions in vivo without having to sacrifice animals, which for example enables the
spatiotemporally monitoring of cancer metastasis over time."? The light emitting process relies
on the enzymatic reaction catalyzed by a luciferase to yield the excited-state oxyluciferin, which
emits light upon relaxation to the ground state (Figure 4.1A). The most commonly used
luciferin-luciferase pairs in these assays originate from insects, such as the firefly and click
beetles. These bioluminescent systems consist of D-luciferin (1) and the corresponding insect
luciferases, for example Fluc from photinus pylalis. They emit yellow-green to red light (560-
620 nm) depending on the luciferase type and the environment surrounding the luciferase
active site, such as pH, metal ions and temperature.?

Although D-luciferin (1) has been routinely adopted as a reliable reporter for in vitro and in vivo
imaging, it is sometimes not the ideal substrate for in vivo imaging, especially in deep tissues such as
mouse lung, liver or brain. The light emitted from D-luciferin suffers from strong light absorption by
blood components and tissue, making in vivo imaging difficult.* In optical imaging, particularly in deep
tissues, emission in the near-infrared (NIR) region, called the "bio-optical window" ranging from 650-
900 nm, is desirable.> Mutations to luciferases have successfully afforded red-shifted light production
utilizing D-luciferin (1) as a substrate, but were not an effective strategy to achieve NIR emission. This
is potentially due to the inherent limitation in electronic energy level differences between excited and
ground states of the oxidized form of D-luciferin, the light emitting molecule in firefly
bioluminescence.® Fortunately, luciferases also tolerate synthetic luciferins to catalyze light emitting
reactions.” Recent studies have seen a great surge of interest in accessing synthetic luciferins emitting
in the NIR region to improve bioluminescence imaging resolution for deep tissues (Figure 4.1B).2 In
2014, James and co-workers synthesized the mt-extended firefly luciferin analogue, infraluciferin (3),
that emits NIR bioluminescence (706 nm) with a Fluc mutant.’ Infraluciferin (3) showed weaker
bioluminescence output compared to other synthetic luciferins, but 95% of the light from infraluciferin
(3) was above 600 nm, where less attenuation by blood components occurs.’ Another success story
of luciferin development are naphtyl-luciferins (4a, b), which have an additional phenyl ring fused to
the luciferin benzothiazole core of the D-luciferin to increase conjugation. These synthetic luciferins
showed remarkable red-shifted NIR emission (4a: 743 nm, 4b: 730 nm) with CBR2opt, which is a

mutant luciferase from click beetle. Less scattering of signals from napthyl-luciferin (4b) enabled
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highly resolved bioluminescence imaging combined with a precise tomography.'® However, these
synthetic luciferins (3, 4a and 4b) show much lower photon production in vivo than D-luciferin (1).
Maki and co-workers replaced the benzothiazole fragment with a m-conjugated phenyl group, and
successfully developed a significantly red-shifted analogue, AkaLumine (5), whose emission maximum
with native Fluc is located in the NIR (675 nm)."""> More recently, Iwano and co-workers have created
a highly optimized engineered luciferase for AkaLumine (5), named Akaluc. The bioluminescence
wavelength of the AkaLumine (5)/Akaluc pair is slightly blue-shifted, but still in the NIR region (650
nm). This fully-engineered bioluminescence imaging system known as “AkaBLI" allowed imaging of
single-cells trapped in the mouse lung vasculature.” Hence, it can be said that the creation of both
synthetic luciferins and mutant luciferases offers the potential to generate improved bioluminescence
systems.

Although NIR bioluminescence imaging opens up the possibilities of in vivo deep tissue
imaging even at single cell level, there is still less variety in NIR luciferins compared to the
development of artificial luciferases.” Therefore, creation of a broad pallet of NIR luciferins
would promote the expansion of bioluminescence applications as in vivo reporter systems. In
particular AkaLumine (5) is a promising scaffold for bioluminescence imaging, since NIR
emission is achieved with Fluc, the most commonly utilized luciferase. Although there is the
possibility of additional structural modifications to AkaLumine (5), the structural elements
required for NIR emission of AkaLumine still remain unclear. Some researchers have developed
new analogues based on AkaLumine (5), but they have achieved only one further red-shifted

analogue with significantly reduced bioluminescence activity.'*'®

This chapter describes the expanded palette of NIR emitting luciferins in order to clarify
the possibility of further red-shifted emission of AkaLumine (5)-based luciferins. | designed
and synthesized a series of synthetic NIR luciferins (NIRLucs) via a ring fusion strategy, using
AkalLumine (5) as a framework (Figure 4.1C). We also evaluated the basic and theoretical
characteristics of NIRLucs and found that effective suppression of free rotation of the C-N
bond of AkaLumine (5) resulted in a new class of structure-inherent NIR emitting luciferins
with further bathochromic shift. NIRLucs were cell-membrane permeable and displayed dose-
independent NIR emission when applied to cells expressing luciferase even at low
concentrations where D-luciferin (1) does not emit. Finally, we demonstrated the in vivo
application with one of the NIRLucs in mice bearing subcutaneous tumors. This work provides
a variety of NIR emitting luciferins and is expected to have the potential for expanding in vivo

bioluminescence imaging applications.
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Figure 4.1. Reaction of firefly luciferin and chemical structures of NIR emitting luciferins. (A) Firefly
bioluminescence: Luciferase catalyzes the adenylation and oxidation of luciferin to release a photon. (B)

Previously reported synthetic NIR emitting luciferins. (C) Newly synthesized NIR emitting analogues based on

the AkaLumine (5) scaffold.
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4.2. Results and Discussion

It is well known that the thiazoline fragment in firefly luciferin plays a crucial role in light emission.™” In
fact, most successful luciferin analogues retain the thiazoline moiety in their structure.” '8-20 Contrariwise,
the benzothiazole fragment is the moiety tolerant to chemical modification, controlling the emission
wavelength. A wide variety of luciferin analogues, including those with NIR emission, have been developed
based on alterations to this subunit. | selected the AkaLumine (5) structure, one of the successful NIR
emitting analogues, as the framework for the development of a series of NIR emitting luciferins. Previous
studies revealed that a minor alteration of the N, N-dimethyl amino group in AkaLumine (5) might retain
the NIR emission in vitro.” In order to  develop the pallet of structure-inherent NIR luciferins, | focused
on the ring fusion strategy in anticipation of further extension of the bioluminescence emission into the
deeper NIR. In classical xanthene dyes such as rhodamine, Atto and Alexa fluorophores, it has been
reported that red-shifted fluorescence emission can be achieved by introducing cyclization of the aryl
amine.?! This is explained by a decrease in the HOMO-LUMO energy gap due to the extension of the
conjugated system. A similar modification has also been reported for firefly luciferin by Miller and co-
workers and led to successful extension of bioluminescence emission up to 648 nm.?>2 |t was speculated
that increased rigidity of the luciferin would lead to NIR bioluminescence emission. With all of these
previous results in mind, it was envisioned that a panel of novel luciferins emitting in the NIR range beyond
675 nm (maximal emission wavelength for AkaLumine (5)/Fluc) can be developed based on the ring fusion
structure. The NIRLucs have been prepared from the corresponding benzaldehydes according to the
reported scheme (Scheme 4.1)."> Olefination of each aldehyde via Horner-Wadsworth-Emmons reaction
furnished the desired stereoselective diene esters (7), which were hydrolyzed under alkaline condition to
give carboxylic acid products (8). The condensation reaction with S-trityl protected D-cysteine methyl ester
afforded amides (9). The thiazoline ring (10) was formed via Tf20-TPPO mediated intramolecular cyclization.
Finally, acid catalyzed hydrolysis gave luciferins (11) as a single pure product with acceptable enantiopurity
(>80% e.r.).

109



Chapter 4 Ring-Fused Firefly Luciferins: Expanded Palette of Near-Infrared Emitting Bioluminescent Substrates

(o} o
o] E\O/ZNOH o o
/@)LH NaH Woa NaOH agq. /@/\MOH
RN THF RN iso-PrOH RN
R 0¢ R reflux R D-Cys(Trt)-OMe-HCI
6af 7a, 64% 7d, 74% 8a,93% 8d, 96% TEA
7b, 48% Te, 66% 8b, 100% 8e, 84% DMT-MM
7c, 66% Tf, 36% 8c, 100% 8f, 100% DMF, r.t
Q o}

OH OMe
TH,0 _sTrt
N 4 MHCI N Ph,PO 9 7
NN Asg - oA «— SNy OMe
. H,0 CH,Cl, H/W
°N rt. RN 0°C Rey 0

R R R
11a (NIRLuc1), 59% 11d (NIRLuc4), 75% 10a, 40% 10d, 28% 9a, 61% 9d, 79%
11b (NIRLuc2), 93% 11e (NIRLuc5), 60% 10b, 41% 10e, 40% 9b, 97% 9e, 89%
11c (NIRLuc3), 97% 11f (NIRLuc6), 86% 10c, 38% 10f, 83% 9c, 84% 9f, 71%
. 0
OF - gOF OOF CoF COF Ioss
R. = N
N N N N N N
R \ \
a b c d e f

Scheme 4.1. Synthesis of NIRLucs

With the synthesized analogues in hand, | firstly evaluated the light emitting potential of the
synthetic luciferins. Firefly luciferin is known to glow chemiluminescence induced by n-
propylphosphonic anhydride (T3P) and triethyl amine (TEA) in DMF.** This non-enzymatic light
production involves the formation of an activated acyl-phosphonic acid intermediate followed by
oxidative reaction, which mimics the luciferase catalyzed bioluminescence reaction (Figure 4.2A).
Once T3P was added into luciferin solutions, robust light emission was observed from all synthesized
analogues. Their chemiluminescence emission wavelengths were found to be located in the NIR region
as expected (Figure 4.2B, Table 4.1). In addition, all ring fusion luciferins showed up to 32 nm longer
emission wavelength (NIRLuc5: 697 nm) than the non-fused luciferin, AkaLumine (5). These results
suggested that further bathochromically-shifted bioluminescence emission might be elicited on the
basis of the AkaLumine (5) scaffold through effective restriction of the freely rotatable C-N bond.

In order to clarify whether these wavelength shifts are an inherent capacity of the luciferins,
fluorescence spectroscopic assays were performed. Previous studies revealed that fluorescence and
bioluminescence emission are well correlated, meaning that the photophysical properties of the
luciferin are an important factor to determine the potential emission color.?? In the luminescence
reaction, the actual light emitter is the oxidized form of the luciferin. However, firefly oxyluciferin is
known to be chemically unstable, and it is difficult to evaluate. Hirano and co-workers have reported
that there is a strong correlation between fluorescence properties of luciferins and oxyluciferins.®

Instead of evaluation of oxyluciferin, it was decided to study the fluorescence properties of the
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luciferins. When determining their fluorescence emission wavelength in 50 mM GTA buffer (pH 8.0), it
was found that all analogues show longer fluorescence wavelength than AkaLumine (5), similar to the
chemiluminescence spectra (Figure 4.3, Table 4.1). Therefore, each luciferin were evaluated.
Bioluminescence quantum vyield ¢g, indicating the number of photons emitted in the
bioluminescence reaction, is expressed by the following equation (eq. 1):
@BL = PFIPRPES ey

where @r is the fluorescence quantum yield of the oxyluciferin, ¢r is the reaction yield of the
oxyluciferin formation from the corresponding luciferin, and ks is the production yield of oxyluciferin
in the excited state.?*" Therefore, the fluorescence quantum yield of the oxyluciferin is one of the
dominant factors determining the photon output. It has been reported that styrenyl analogues show
much lower fluorescence quantum yields than benzothiazole-type luciferins such as native D-luciferin
(1).” I simply evaluated the fluorescence quantum yields of NIRLucs compared to AkaLumine (5) in
order to confirm the effect of restriction of C-N bond rotation. The fluorescence quantum yields of
each luciferin were determined by absolute measurements using a fluorometer equipped with an
integral sphere. Against all expectations, the fluorescence quantum yields of ring-fused luciferins
remained unchanged as compared to AkaLumine (5), even though C-N bond rotation was suppressed
by the rigid chemical structure (Table 4.1). Therefore, the restriction of freely rotatable C-N bond was
not considered to be a dominant factor in the reduced fluorescence quantum yield of the styrenyl

analogues.
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Figure 4.3. Normalized fluorescence emission spectra of AkaLumine and NIRLucs in 50 mM GTA buffer

(pH 8.0). A = 375 nm
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The bioluminescence emission wavelengths of NIRLucs with Fluc were evaluated. The results
clearly indicate that all synthetic luciferins are competent light emitters and can be accommodated by
native Fluc, like the native D-luciferin (1) substrate. As expected, peak bioluminescence emission for
NIRLucs was almost identical to chemiluminescence emission wavelengths and ranged from 680 nm
to 690 nm, which is longer than the wavelength of AkaLumine (5) (Figure 4.4, Table 4.1). It should be
noted that the near-infrared emission of NIRLucs is of significance when it comes to light transmission
through biological tissues. NIRLuc2 displayed a smaller blue-shifted peak emission around 560 nm,
in addition to the NIR peak. This minor peak suggests that the light emitter of NIRLuc2 produced
inside the active site of the luciferase has two different conformations. Similar behavior has been

reported for other synthetic luciferins.'® ">
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Figure 4.4. Bioluminescence emission spectra of AkaLumine (5) and the NIRLucs with native Fluc.

Dose-dependent bioluminescent emission intensities were measured using a PMT-based
luminometer. As a result, with the luciferin concentration increased, emission intensities integrated
over 60 sec were enhanced and reached saturation around at 1 uM (Figure 4.5). Although NIRLuc2
and NIRLuc4 showed robust light emission, NIRLuc3, NIRLuc5 and NIRLuc6 gave particularly weaker

(less than one tenth) light output than the other compounds. These analogues have a relatively bulky
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chemical structure, which could likely inhibit the luciferase catalyzed light emitting reaction. As with
other firefly luciferins, NIRLucs displayed a sharp increase in photon output after addition of ATP-
Mg?* solution (Figure 4.6). AkaLumine (5), NIRLuc1 and NIRLuc4 showed an immediate onset of
light emission reduction. This is presumably due to product inhibition as previously discussed for
synthetic luciferins.?>* 28 |n contrast, NIRLuc2, NIRLuc3, NIRLuc5 and NIRLuc6 emitted a relatively
sustained emission. In particular, NIRLuc2 exhibited more stable emission rates compared to those
of AkaLumine (5).
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Figure 4.5. Dose-dependent bioluminescent emission intensities: 0.05-100 uM luciferins incubated with 5.0
pg/mL native Fluc in 50 mM GTA buffer (pH 8.0). Integrated values of the light emission intensities for the first
60 sec post addition of an ATP-Mg solution. Error bars represent the standard deviation of the mean for triplicate

experiments.
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Figure 4.6. Burst kinetic profiles of 10 uM of each luciferin with 5.0 pg/mL native Fluc in 50 mM GTA
buffer (pH 8.0). The bioluminescence reaction was initiated by addition of ATP-Mg?*, and monitored every 1
sec for 60 sec. The background signal in the absence of substrate is shown as a reference. Error bars represent

the standard deviation of the mean for triplicate experiments.
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The kinetic analysis revealed that NIRLuc3, NIRLuc5 and NIRLuc6 had relatively larger apparent
Km values and reduced Viax values (Figure 4.7, Table 4.1). As mentioned earlier, steric modification
might hamper the efficiency of the light emission reaction process. The K value for NIRLuc1 was
comparable to that of AkaLumine (5), but it showed a 10-fold reduced Vmax value. This result suggests
that NIRLuc1 fits inside the luciferase, but the catalytic luminescence reaction might be hindered.
Although NIRLuc2 and NIRLuc4 have slightly inferior K and Vimax values, respectively, they are latent
light emitters that can be used for imaging applications.
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Figure 4.7. Luciferin saturation assay with increasing concentration of luciferins (0.05-10 pM). The Kn,
and Vmax values of each luciferin were determined by Michaelis—Menten nonlinear regression analyses in
GraphPad Prism (version 7.03 for Windows, GraphPad Software). The theoretical equation is described as
follows:

 VaaxlS]
" K + I8]

(2)

Error bars represent the standard deviation of the mean for triplicate experiments.

For practical applications, the emission spectra were also investigated under physiological pH
conditions. It is widely known that bioluminescence spectra of D-luciferin (1) are strongly affected by
pH values.?® pH-Insensitivity of the emission wavelength is most desirable, because pH-dependent
spectral shifts are sometimes problematic for imaging applications. The bioluminescence emission of
AkaLumine (5) and NIRLucs was measured at various pH values ranging from 5.5-8.5. Consequently,

all NIRLucs exhibited similar emission trends across the physiological pH range (Figure 4.8, 4.9).
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Figure 4.8. pH-Dependence of bioluminescence spectra of D-luciferin (a), AkaLumine (b) and NIRLucs (c-
h) with Fluc in 50 mM GTA buffer (pH 5.5-8.5). The emission wavelength of D-luciferin with Fluc changes
from green to red under acidic condition. In contrast, the bioluminescence emission wavelengths of AkaLumine
and NIRLucs were pH independent. The spectra for NIRLuc5 and NIRLuc6 at pH 5.5 could not obtained due to
poor light emission.
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Figure 4.9. pH-Dependence of bioluminescence emission intensities: 10 uM luciferins incubated with 5.0
pg/mL native Fluc in 50 mM GTA buffer (pH 5.5-8.5). Light emission intensities integrated over 60 s. Error bars
represent the standard deviation of the mean for triplicate experiments.
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Table 4.1. Characteristics of AkaLumine (5) and NIRLucs.

Compound Ar® [nm] @ [-] Act® [nm] As? [nm] K¢ [uM] Vinax® [x10°]

AkaLumine 583 0.025 665 675 0.20+0.01 28.2+04
NIRLucT 606 0.017 684 684 0.41+0.05 2.90+0.07
NIRLuc2 594 0.029 679 561* 683** 1.05+0.10 20.0£0.5
NIRLuc3 601 0.030 675 684 29.1+1.2 2.17+0.04
NIRLuc4 596 0.021 682 680 0.28+0.02 12.6+0.2
NIRLuc5 613 0.021 697 686 3.55+1.65 0.13+0.02
NIRLuc6 613 0.025 690 690 13.8+1.5 1.43+0.10

2 Aex = 375 nm, ° Absolute fluorescence quantum yield in 50 mM GTA buffer (pH 8.0), © Chemiluminescence
emission maxima, ¢ Bioluminescence emission maxima with native Fluc, © Km and Vmax values were determined
using nonlinear Michaelis -Menten regression analyses in GraphPad Prism (version 7.03 for Windows, GraphPad
Software). * minor peak, ** major peak.

In order to theoretically support the cause of the red-shifted emission of NIRLucs, density
functional theory (DFT) and time-dependent density functional theory (TD-DFT) calculations were
employed. Quantum chemical calculations of the oxidized form of each luciferin were carried out at
the B3LYP/6-31+G (d) level theory (Figure 4.10, 4.11). The results showed that restriction of the
conformational flexibility of the rotatable N,N-dimethyl amino group in AkaLumine (5) tends to greatly
influence the HOMO energy level. (Figure 4.10, Table 4.2). The electron distributions for the HOMO
and LUMO of NIRlucs are similar to those of AkaLumine (5), suggesting that they exhibit charge-
transfer characteristics during the light emitting process as previously reported.’® The theoretically
calculated transition wavelengths (Ay) between HOMO-LUMO are also support the trend towards red-
shifted emission as in the spectroscopic measurements of NIRLucs shown above. The computationally
calculated wavelengths correlated with the experimentally observed values (Figure 4.12). Thus, the
structure-inherent bathochromic-shifts in NIRLucs are theoretically supported through quantum

chemical calculations.
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Figure 4.10. Chemical structures of oxidized forms of AkaLumine (5) and NIRLucs.
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Figure 4.11. Comparison of HOMO (bottom) and LUMO (top) energy levels for the oxidized form of
AkaLumine (5) and NIRLucs, calculated at the B3LYP/6-31+G (d) level. Red dashed lines indicate the HOMO
and LUMO energy level of AkaLumine (5).
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Table 4.2. Calculated Frontier orbitals and oscillator strengths of AkaLumine (5) and NIRLucs at the basis
of B3LYP/6-31+G(d).

Compound HOMO [eV] LUMO [eV] AE? [eV] Aw® [nm] Oscillation ®r © [-]

strength [-]

AkalLumine -5.54 -2.65 2.89 429 1.38 0.025
NIRLucT -5.53 -2.66 2.86 433 1.33 0.017
NIRLuc2 -5.46 -2.63 2.83 439 1.34 0.029
NIRLuc3 -5.46 -2.63 2.83 438 1.34 0.030
NIRLuc4 -5.55 -2.68 2.87 432 1.20 0.021
NIRLuc5 -5.28 -2.54 2.74 452 1.39 0.021
NIRLuc6 -5.34 -2.60 2.74 452 1.25 0.025

2 Energy band gap between HOMO-LUMO, ® calculated transition wavelengths from energy band gap, ©
Absolute fluorescence quantum yield in 50 mM GTA buffer (pH 8.0).
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Figure 4.12. Correlation between calculated wavelengths and experimentally obtained wavelengths.

Computationally predicted wavelengths were calculated at the B3LYP/6-31+G(d) level without inclusion of

solvent effects using the Gaussian 09 program. r: Pearson correlation value.
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Encouraged by the in vitro results, the utility of NIRLucs as optical reporter in more practical
applications was examined. For this purpose, stably luciferase expressing B16-F10 cells, a mouse
melanoma cell line forming malignant melanoma, were selected. The NIRLucs were compared with
AkaLumine (5) and the conventionally utilized native D-luciferin (1) substrate in live cells. When used
as optical reporters, the light output from luciferins should reflect the luciferase expression level. It
was first confirmed that the photon flux from NIRLucs showed a linear correlation with increasing

number of luciferase-expressing B16-F10 cells (Figure 4.13).

Ty 5.0x10°%+ e
3 —o— D-luciferin
7':3 4.0x10°4 —o~ AkalLumine
2 3.0x1054 = NIRLuc1
= — NIRLUG2
— 2.0x105
a NIRLuc3
':_; 1.0x10°+ NIRLuc4
2 0 NIRLuc5

I T T 1 - NIRLuc6

0 5 10 15 20 25
Cell Number [x10%]

Figure 4.13. Cell number-dependent bioluminescence of stably luciferase-expressing B16F10 cells with

25 pM luciferins. Error bars represent the standard error of the mean. Exposure time: 180 sec.

Then, the dose-dependent photon output after treatment of B16-F10 cells with different
concentrations of luciferins (0.25-250 pM) was assessed in a black 96-well clear bottom plate by
photon flux imaging. The photon output generated by AkaLumine (5) and NIRLucs displayed less
dose-dependency, whereas the signals from D-luciferin (1) showed significant decrease as the
substrate concentration was lowered (Figure 4.14A). Compared to D-luciferin (1), NIRLuc1 (7-fold),
NIRLuc2 (22-fold) and NIRLuc4 (16-fold) presented brighter signals at <2.5 uM concentration. This
is due to their relatively lower Ky, values, which leads to saturation of luciferase inside cells at much

lower concentrations. In fact, the bioluminescence emission from NIRLucs with relatively higher K,
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values such as NIRLuc3, NIRLuc5 and NIRluc6 were dramatically reduced below 250 uM substrate
concentration. This dose-independency of photon output is a suitable feature for a luminescent
reporter, since the in vivo luciferin concentrations commonly reach low values. The bioluminescence
emission in the NIR range, where tissue is more light transparent, was also evaluated using a 680 *
10 nm band pass filter. The signals emitted in the NIR range from NIRLuc1, NIRLuc2 and NIRLuc4
were also less dose-dependent, and clearly stronger than that of D-luciferin (1) even at a substrate
concentration as low as 0.25 pM, owing to their structure-inherent NIR emission (Figure 4.14B). From
time dependent imaging of luminescence signals, it was found that the light output of NIRLuc4 was
greatly reduced to less than 25% of its initial level already 5 min after substrate addition, despite
NIRLuc4 showing a high initial rate of light emission (Figure 4.15). This effect was also observed in
in vitro experiments (Figure 4.6) and presumed to be due to product inhibition as the primary factor.?
The results from cellular experiments strongly support the advantage of NIRLucs, which appear to be
preferable substrates compared to D-luciferin (1) especially for in vivo imaging, as they work at lower
doses (0.25 uM) and show NIR emission (684~698 nm).
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Figure 4.14. Dose-response photon flux from luciferase-expressing cells: 0.25-250 pyM luciferins were
incubated into stably luciferase-expressing B16-F10 cells with open filter (A) or NIR (680 = 10 nm) filter (B). Error

bars represent the standard error of the mean for triplicate experiments. Exposure time: 60 sec.
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Figure 4.15. Time-dependent photon output from stably Fluc-expressing B16F10 cells treated with 0.25
uM luciferins. (A, C) Bioluminescence imaging of cells with open filter (A) or NIR (680+10 nm) filter (C). (B, D)
Quantification of the imaged bioluminescent signals with open filter (B) or NIR (680+10 nm) filter (D). Error bars

represent the standard error of the mean for triplicate experiments. Exposure time: 60 sec.

Comprehensively considering the in vitro and in cellulo performance, NIRLuc2 was selected as a
preferred candidate for in vivo applications and studied accordingly. Firstly, the blood retention of
NIRLuc2 was evaluated in comparison with D-luciferin (1) and AkaLumine (5) by intravenous injection
of 5 mM of each luciferin solution (100 pL) in PBS (-) into ICR mice. The blood was sampled from the
tail vein and mixed with Fluc to produce bioluminescence signals. It is noteworthy that the blood
retention of NIRLuc2 was relatively longer (t1,> = 17.8 min) than that of D-luciferin (1) (ti2 = 3.5 min)
and AkaLumine (5) (ti2. = 7.9 min) (Figure 4.16). This different behavior might be due to the
differences in pharmacokinetics depending on the hydrophobicity of each luciferin. The luciferins are
considered to be predominantly existing in the carboxylate form in blood (pH ~ 7.4).*° The ClogP
values estimated for the carboxylate form of luciferins are -0.02 for D-luciferin (1), 1.27 for AkaLumine

(5) and 1.93 for NIRLuc2, respectively, suggesting a correlation with blood retention.

122



Chapter 4 Ring-Fused Firefly Luciferins: Expanded Palette of Near-Infrared Emitting Bioluminescent Substrates

N
o

-6~ D-luciferin t,;, = 3.5 min
= AkaLumine t;, =7.9 min
- NIRLuc2 t,,=17.8 min

©
(@)
1

Normalized photon flux [-]

O
o

Time [min]

Figure 4.16. Blood retention of NIRLuc2, D-luciferin (1) and AkaLumine (5) in ICR mice (n = 4). *P<0.05
(t-test), compared to AkaLumine (5). Error bars represent the standard error of the mean for quadruplicate

experiments.

Finally, a comparative bioluminescence imaging study in mice bearing subcutaneous tumors was
conducted to evaluate the performance of NIRLuc2 in vivo. 5x10° stably luciferase expressing B16-
F10 cells were subcutaneously implanted to the right dorsolateral side of C57BL/6J mice and grown
tumors were monitored 2 weeks later. The luciferins (5 mM, 100 yL) were intravenously injected to the
tumor bearing mice and the bioluminescence signals imaged. NIRLuc2 also displayed structure-
inherent NIR bioluminescence from subcutaneous tumors as well as the reaction with recombinant
Fluc in vitro (Figure 4.17). The photon flux from D-luciferin (1) significantly decreased over time after
intravenous injection, whereas those from AkaLumine (5) and NIRLuc2 reached a peak 6 min after
administration (Figure 4.18). Moreover, the photon output from NIRLuc2 was less strongly time-
dependent than that from AkaLumine (5), presumably owing to longer blood retention and higher
affinity to the luciferase. Quantitative analysis revealed that the photon flux of NIRLuc2 from tumors
15 min after intravenous injection outperformed the one from D-luciferin (1) (7-fold for open filter,
16-fold for NIR) and was not statistically different (P>0.05, t-test) from that of AkaLumine (5) (Figure
4.19). This imaging data illustrates the utility of NIRLuc2 as a new class of NIR emitting bioluminescent

probe.
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Figure 4.17. Bioluminescence spectra from subcutaneous tumors of B16-F10-Fluc cells. Data is

representative of four independent experiments.
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Figure 4.18. Time course of bioluminescent photon flux from subcutaneous tumors in vivo with open

filter (A) or NIR (680110 nm) filter (B). Error bars represent the standard error of the mean for quadruplicate

experiments. Photon flux was normalized by tumor volume.
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Figure 4.19. Tumor bioluminescence imaging with NIRLuc2 in vivo. (A) Bioluminescence images of C57BL/6J
mice bearing subcutaneous tumors of B16-F10-Fluc cells with open filter (upper) or NIR (680 + 10 nm) filter
(bottom) recorded 15 min after intravenous injection of luciferins. (B) Quantitative analysis of the photon flux
from subcutaneous tumors (n = 4). Photon flux was normalized by tumor volume. *P<0.05 (t-test), compared to
D-luciferin (1). n.s; not significant (P>0.05). Error bars represent the standard error of the mean for quadruplicate
experiments. The number on the red purple bars indicate the ratio of NIR emission (680 nm filter) relative to

the total emission (OPEN).
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4.3. Conclusions

In summary, a panel of luminogenic luciferins, NIRLucs, emitting NIR photons suitable for in vivo
imaging has been developed. NIRLucs were synthesized based on the NIR emitting firefly luciferin
analogue AkaLumine (5) through a ring fusion strategy. This strategy resulted in theoretically
supported pH-independent structure-inherent NIR emission with the commonly used native luciferase
Fluc. When applied to cellular imaging, NIRLucs showed cell-membrane permeability and linear
correlation between the photon flux and the cell-number, suggesting their utility as bioluminescent
reporters. Their photon flux was dose-independent with NIR emission even at 1000-times diluted
concentration compared to D-luciferin (1). Furthermore, an initial comparative in vivo application was
performed with NIRLuc2 as a candidate. NIRLuc2 displayed noteworthy blood retention and 16-fold
brighter NIR photon flux in mice bearing subcutaneous tumors compared to that of native substrate
D-luciferin (1). It was also shown that photon production of NIRLuc2 was less time-dependent after
intravenous injection owing to the long half-life in blood and high affinity to luciferase. In total, our
approach provides a solution to the longstanding limitation in variety of NIR emitting luciferins. This
study also suggests the possibility of multi-component NIR bioluminescence imaging in combination

with mutant luciferases.
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4.4. Experimental Section

Reagents and solvents were of the best grade available, supplied by Tokyo Chemical
Industries (Japan), Wako Pure Chemical (Japan), Aldrich Chemical Co. (USA), Kanto Chemical
Co. (Japan) or Watanabe Chemical Industries (Japan) and were used without further
purification. NMR spectra were recorded on a JEOL ECA-500 instrument at 500 MHz for "H
NMR and at 125 MHz for "*C NMR. All chemical shifts (5) are reported in ppm relative to
tetramethylsilane (& = 0.0 ppm) or residual non-deuterated NMR solvent CDClz (7.26 ppm for
H, 77.16 ppm for *C), CD30D (3.31 ppm for 'H, 49.00 ppm for '*C), or DMSO-ds (2.50 ppm for
'H, 39.52 ppm for *C) and coupling constants (J) are provided in Hz. Mass spectra (MS) were
measured on a Waters LCT Premier XE (ESI-TOF). A 1.0 mg/mL stock solution of commercially
available luciferase (Promega, QuantiLum® recombinant Photinus pyralis luciferase, E1701) in
GTA buffer (50 mM, pH 8.0) containing 10% glycerol was prepared and stored at -80 °C. The
composition of the 50 mM GTA buffer is 50 mM 3,3-dimethylglutaric acid, 50 mM
tris(hydroxymethyl)aminomethane, 50 mM 2-amino-2-methyl-1,3-propanediol and the pH
was adjusted with 2 M HC| or 1 M NaOH solution. The enantiopurity was analyzed on an
analytical HPLC (Agilent 1100 Series, USA) using Chiralcel® OD-3R (150 X 4.6 mm ID, DAICEL,
Japan) with a linear gradient of 10%-90% CH3sCN in H>O over 30 min (flow rate 0.6 mL/min) as
eluent. A UV detector set at 370 nm was used for peak detection. GraphPad Prism (version
7.03 for Windows, GraphPad Software) was used to analyze data and generate graphs. The

calculated logP (ClogP) values were calculated by ChemDraw 13.0.

The chemiluminescence emission spectra for all luciferins with n-propylphosphonic anhydride
(T3P) and triethylamine (TEA) in DMF were measured on an AB-1850 spectrophotometer (ATTO, Japan).
A solution of the luciferins (2 mM) in DMF (20 uL) and TEA (2 M) in DMF (20 uL) were placed in a
polystyrene tube. This solution was treated with T3P (110 mM) in DMF (60 uL), which was injected with
a syringe, to initiate the chemiluminescence reaction. Emission data were collected for 5 s (slit width:

1.0 mm), and the luminescence intensities were normalized.
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The fluorescence spectra for luciferins (10 uM) in 50 mM GTA buffer (pH 8.0) were measured using
a VARIOSKAN FLASH (Thermo Scientificc, USA) microplate reader with the excitation light and
excitation/emission slit widths set to 375 nm and 1 nm, respectively. Spectral data were recorded at
25 °C in a clear bottom 96-well microplate over the wavelength range of 400-750 nm. The absolute
fluorescence quantum yields were collected using a Quantaurus-QY (Hamamatsu Photonics, Japan)
with the excitation light set to 375 nm.

The bioluminescence emission spectra for all luciferins were recorded on an AB-1850
spectrophotometer (ATTO, Japan). A solution of the luciferins (100 uM) in GTA buffer (50 mM, pH 8.0,
5 pL) and Fluc (1.0 mg/mL) in GTA buffer (50 mM, pH 8.0) containing 10% glycerol (5 uL) were placed
in a polystyrene tube. The bioluminescence reaction was initiated by injection of 90 pL of reaction
buffer (4 mM ATP-2Na, 8 mM MgSQO4 in 50 mM GTA buffer, pH 8.0). Emission data were collected for
60 s (slit width: 0.25 mm), and the luminescence intensities were normalized. The pH dependence of

the spectra was assessed in a similar manner in GTA buffer (50 mM, pH5.5-8.5).

Measurements were acquired on a TriStar? LB942 luminometer (BERTHOLD, Germany) without filter.
Reactions were performed in white 96-well flat-bottom plates (Grenier). Solutions of luciferins in GTA
buffer (50 mM, pH 7.0) were prepared (0.5 uM - 100 uM luciferin), and 10 pL was added to each well.
Following the addition of Fluc (0.05 mg/mL) in GTA buffer (50 mM, pH 8.0) containing 10% glycerol
(10 pL), the luminescence reaction was initiated by injection of 80 uL of reaction buffer (4 mM ATP-
2Na, 8 mM MgSO4 in 50 mM GTA buffer, pH 8.0). Emission data was recorded every 1 s over a 60 s
period. Samples were analyzed in triplicate and three runs of each compound-enzyme pair were
performed. Initial velocities were estimated as integrated values of the light emission intensities for
30 s. Km and relative Vinax values were determined using nonlinear regression analyses and robust fit
outlier removal in GraphPad Prism (version 7.03 for Windows, GraphPad Software). The pH
dependence of luminescence intensities was assessed with 10 uM luciferins in GTA buffer (50 mM,
pH5.5-8.5).
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All calculations of HOMO and LUMO energy levels were carried out using the Gaussian 09 program.
The geometries of the ground state and excited state structures were optimized using Density
Functional Theory (DFT) and Time-Dependent Density Functional Theory (TD-DFT) at the B3LYP level.
The 6-31+G(d) basis set was adopted for all atoms.

B16-F10 cells expressing luciferase (B16-F10/CMV-Luc#2 cells) were obtained from Japanese
Collection of Research Bioresources Cell Bank (Ibaraki, Japan).Transiently transfected B16-F10/CMV-
Luc cells were cultured in DMEM medium supplemented with FBS (10%), penicillin (100 U/mL) and
streptomycin (100 pg/mL) at 37 °C in 5% CO.. For bioluminescence emission assays, approximately
3.5x10° cells/well were plated in black 96-well plates in 75 uL of DMEM containing 10% FBS. The cells
then incubated with 75 pL of luciferins (0.5-500 uM) in PBS (-). Bioluminescence images were acquired
on an VIS Spectrum (PerkinElmer, USA) system equipped with a cooled CCD camera with following
conditions; OPEN for total or 680+10 nm emission filter for NIR bioluminescence, exposure time: 180
sec, binning: medium 8, and f/stop: 1. The bioluminescence images were analyzed by Living Image 4.4
software (PerkinElmer, USA).

For cell number-dependent assays, 7.5x10° - 2.4x10° cells/well were plated in black 96-well plates
in 50 uL of DMEM containing 10% FBS. The cells then incubated with 50 L of luciferins (50 pM) in

PBS. Bioluminescence images were acquired 1 min after adding the luciferins and analyzed as above.

The ICR mice (female, 4 weeks old) and C57BL/6J mice (female, 4 weeks old) were obtained from
Japan SLC, Inc (Hamamatsu, Japan). The mice were provided access to food and water ad libitum. All
the animal experiments were approved by the Animal Care and Use Committee of Tokyo Institute of
Technology. The experiments were performed in accordance with the Guidelines for the Care and Use

of Laboratory Animals as stated by Tokyo Institute of Technology.

100 pL of luciferins (5 mM) in PBS (-) containing 5% DMSO were intravenously injected to ICR mice
(female, 4 weeks old). 5 pL of blood was sampled from tail vein at each time point and then mixed
with 45 uL of PBS (-) in a black 96-well plate. The bioluminescence was initiated by adding 25 pL of
ATP-Mg (80 uM) and 25 pL of Fluc (20 pg/mL) and the bioluminescence images were taken
immediately on an IVIS Spectrum (PerkinElmer, USA) system equipped with a cooled CCD camera with

following conditions; OPEN, exposure time: 10 sec, binning: medium 8, and f/stop: 1. The
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bioluminescence images were analyzed by Living Image 4.4 software (PerkinElmer, USA). The results

were normalized by the photon flux at the 3 min after intravenous injection in each individual.

A subcutaneous tumor model was prepared by subcutaneously inoculating a C57BL/6J mouce with
B16-F10/CMV-Luc cells (5x10° cells/mouse). The experiments were performed 14 days after
engraftment. The mice were anesthetized with 2% isoflurane and placed on a temperature-controlled
stage. 100 pL of luciferins (5 mM) in PBS (-) containing 5% DMSO were intravenously injected to mice
and bioluminescence images were acquired on an IVIS Spectrum (PerkinElmer, USA) system equipped
with a cooled CCD camera with following conditions; OPEN for total or 680+10 nm emission filter for
NIR bioluminescence, exposure time: 60 sec, binning: medium 8, and f/stop: 1. The bioluminescence
images were analyzed by Living Image 4.4 software (PerkinElmer, USA).

The photon flux from a subcutaneous tumor were normalized by the tumor volume (V) estimated
by the following equation:

V=axb?/2 3)
where a and b are the major and minor axes of the tumor, respectively, as measured by a caliper.
The statistical significance was determined by two-tailed Student's t-test. The results were considered

statistically significance if the P-values were lower than 0.05.

The NIRLucs have been successfully accessed from the corresponding benzaldehydes according to the
reported scheme (Scheme 4.1)."> The benzaldehydes (6) were synthesized as previously reported (6a,b*’,

6c¢*2, 6d*, 6f**). Compound 6e is commercially available from Tokyo Chemical Industries (Japan).

Compound 7a: To a suspension of 60% NaH (273 mg, 6.83 mmol, 2.0 eq.) in anhydrous THF (3.8 mL) at 0
°C was added triethyl 4-phosphonocrotonate (1.28 g, 5.13 mmol, 1.5 eq.). Stirring for 20 min yielded an
orange colored solution. To this solution was added 6a (548 mg, 3.40 mmol) in anhydrous THF (3.0 mL)
dropwise over 5 min at 0 °C. The reaction was stirred for 3 h at room temperature, quenched with water
(ca. 20 mL) and extracted with EtOAc (3x50 mL). The combined organic layer was washed with brine, dried
over Naz2S04 and filtered. The filtrate was concentrated under reduced pressure. The crude material was
purified by silica gel column chromatography (11-32% ethyl acetate/n-hexane) to afford 7a (561 mg, 64%)
as a yellow solid. '"H NMR (500 MHz, CDCl3) § 7.43 (dd, J = 15.0, 11.0 Hz, 1H), 7.24 (s, 1H), 7.16 (d, J = 8.0
Hz, 1H), 6.81 (d, J = 15.5 Hz, 1H), 6.66 (dd, J = 15.5, 11.0 Hz, 1H), 6.38 (d, / = 8.0 Hz, 1H), 5.85 (d, J/ = 15.5
Hz, 1H), 4.21 (q, J = 7.2 Hz, 2H), 3.39 (t, / = 8.0 Hz, 2H), 2.97 (t, / = 8.0 Hz, 2H), 2.79 (s, 3H), 1.31 (t, /= 7.0
Hz, 3H) ppm; *C NMR (125 MHz, CDCl3) § 167.8, 154.5, 146.0, 141.8, 131.0, 128.9, 125.9, 122.7, 121.6, 118.2,
106.4, 60.2, 55.7, 35.4, 28.3, 14.5 ppm; HRMS (ESI+) calcd for C16H20NO2 [M+H]* : 258.1494, found: m/z
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258.1484.

Compound 7b: 7b was synthesized in the same manner as described for the preparation of 7a; yield 48%,
a yellow oil. '"H NMR (500 MHz, CDCl3) § 7.43 (dd, J = 15.0, 11.0 Hz, 1H), 7.18 (dd, J = 8.0, 2.0 Hz, 1H), 7.09
(s, TH), 6.78 (d, J = 15.0 Hz, 1H), 6.66 (dd, J = 15.0, 11.0 Hz, 1H), 6.51 (d, J = 8.0 Hz, 1H), 5.85 (d, J = 15.0 Hz,
1H), 4.21 (q, J = 7.2 Hz, 2H), 3.28 (t, J = 5.8 Hz, 2H), 2.92 (s, 3H), 2.75 (t, / = 6.5 Hz, 2H), 1.97 (quint, J = 6.1
Hz, 2H), 1.30 (t, J = 7.2 Hz, 3H) ppm; *C NMR (125 MHz, CDCl3) § 167.8, 147.6, 146.1, 141.6, 127.8, 127.4,
123.9, 122.7, 121.4, 117.8, 110.6, 60.2, 51.3, 39.0, 27.9, 22.2, 14.5 ppm; HRMS (ESI+) calcd for C17H22NO2
[M+H]*:272.1651, found: m/z 272.1638.

Compound 7c: 7c was synthesized in the same manner as described for the preparation of 7a; yield 66%,
a yellow oil. 'TH NMR (500 MHz, CDCl3) § 7.44 (dd, J = 15.0, 11.0 Hz, 1H), 7.29 (d, J = 2.0 Hz, 1H), 7.20 (dd, J
= 8.5, 2.5 Hz, TH), 6.81 (d, J = 15.0 Hz, 1H), 6.67 (dd, J = 15.0, 11.0 Hz, 1H), 6.52 (d, J = 8.5 Hz, 1H), 5.86 (d,
J =150, 1H), 4.21 (q, J = 7.2 Hz, 2H), 3.30 (t, J = 6.0 Hz, 2H), 2.95 (s, 3H), 1.75 (t, / = 6.0 Hz, 2H), 1.32-1.27
(m, 9H) ppm; 3C NMR (125 MHz, CDCl3) § 167.8, 146.4, 146.2, 142.0, 131.4, 126.8, 125.1, 123.8, 121.2, 117.8,
110.8, 60.2, 47.7, 39.2, 36.9, 32.1, 30.6, 14.5 ppm; HRMS (ESI+) calcd for C19H26NO2 [M+H]* : 300.1964,
found: m/z 300.1960.

Compound 7d: 7d was synthesized in the same manner as described for the preparation of 7a; yield 74%,
a yellow oil. '"H NMR (500 MHz, CDCl3) § 7.42 (dd, J = 15.0, 11.0 Hz, 1H), 6.95 (dd, J = 8.0, 2.0 Hz, 1H), 6.92
(d,J = 2.0 Hz, 1H), 6.77 (d, J = 15.5 Hz, 1H), 6.66 (dd, J = 15.0, 11.0 Hz, 1H), 6.60 (d, J = 8.5 Hz, 1H), 5.88 (d,
J=15.0, TH), 4.28 (t, J = 4.5 Hz, 2H), 4.21 (q, J = 7.0 Hz, 2H), 3.32 (t, / = 4.5 Hz, 2H), 2.93 (s, 3H), 1.30 (t, / =
7.3 Hz, 3H) ppm; *C NMR (125 MHz, CDCl3) § 167.6, 145.6, 144.1, 141.0, 137.8, 126.2, 122.8, 122.2, 118.9,
113.9, 111.9, 64.7, 60.2, 49.1, 38.6, 14.5 ppm; HRMS (ESI+) calcd for C16H20NO3 [M+H]* : 274.1443, found:
my/z 274.1438.

Compound 7e: 7e was synthesized in the same manner as described for the preparation of 7a; yield 66%,
an orange solid. "H NMR (500 MHz, CDCls) § 7.42 (dd, J = 15.0, 10.5 Hz, 1H), 6.92 (s, 2H), 6.73 (d, / = 15.0
Hz, 1H), 6.62 (dd, J = 15.0, 10.5 Hz, 1H), 5.82 (d, J = 15.0, 1H), 4.20 (q, J = 7.0 Hz, 2H), 3.20 (t, J = 5.6 Hz, 4H),
273 (t,J = 6.3 Hz, 4H), 1.98-1.93 (m, 4H), 1.30 (t, J = 7.0 Hz, 3H) ppm; 3C NMR (125 MHz, CDCl3) § 167.9,
146.3, 144.0, 141.8, 126.6, 123.3, 121.3, 121.0, 117.5, 60.1, 50.1, 27.8, 21.9, 14.5 ppm; HRMS (ESI+) calcd for
C19H24NO2 [M+H]"* : 298.1807, found: m/z 298.1794.

Compound 7f: 7f was synthesized in the same manner as described for the preparation of 7a; yield 36%,
a yellow oil. 'TH NMR (500 MHz, CDCl3) & 7.44 (dd, J = 15.0, 11.0 Hz, 1H), 7.22 (dd, J = 8.5, 2.0 Hz, 1H), 7.15
(d,J =2.0Hz 1H), 6.81 (d,J = 15.5, TH), 6.68 (dd, J = 15.0, 11.0 Hz, 1H), 6.47 (d, J = 8.5 Hz, 1H), 5.87 (d, J =
15.0 Hz, 1H), 5.31 (d, J = 1.5 Hz, 1H), 4.21 (q, / = 7.2 Hz, 2H), 2.84 (s, 3H), 2.01 (d, J = 1.5 Hz, 3H), 1.32 (s,
6H), 1.31 (t,J = 7.0 Hz, 3H) ppm; *C NMR (125 MHz, CDCl3) § 167.8, 146.4, 146.0, 141.6, 130.3, 128.8, 127.7,

131



Chapter 4 Ring-Fused Firefly Luciferins: Expanded Palette of Near-Infrared Emitting Bioluminescent Substrates

124.0, 122.9, 122.3, 121.6, 118.1, 110.5, 60.2, 56.9, 31.0, 28.0, 18.8, 14.5 ppm; HRMS (ESI+) calcd for
C20H26NO2 [M+H]* : 312.1964, found: m/z 312.1955.

Compound 8a: To a solution of 7a (499 mg, 1.94 mmol) in iso-PrOH (15.6 mL) was added 1 M NaOH
aqueous solution (3.9 mL), and the mixture was stirred at reflux temperature for 8 h. After cooling to room
temperature, iso-PrOH was removed under reduced pressure. The residue was acidified with 1 N HCl
aqueous solution, and extracted with CHCI3 (3x50 mL). The combined organic layer was washed with brine,
dried over Na2SOs and filtered. The filtrate was concentrated under reduced pressure to afford 8a (445 mg,
93%) as a yellow-brown solid. This crude product was used for the next reaction without further purification.
"H NMR (500 MHz, DMSO-ds) & 7.23 (s, 1H), 7.10 (d, J = 8.0 Hz, 1H), 6.84 (dd, J = 15.0, 11.0 Hz, 1H), 6.66
(dd, J = 15.5, 11.0 Hz, 1H), 6.55 (d, J = 15.5 Hz, 1H), 6.43 (d, J = 8.0 Hz, 1H), 5.79 (d, J = 15.0 Hz, 1H), 3.28 (,
J=8.0Hz 2H), 2.87 (t,J = 8.0 Hz, 2H), 2.71 (s, 3H) ppm; >*C NMR (125 MHz, DMSO-de) § 167.9, 154.2, 145.6,
141.4,130.1, 128.7, 125.2, 122.5, 121.2, 118.6, 106.2, 55.0, 34.9, 27.6 ppm; HRMS (ESI+) calcd for C14H1sNO2
[M+H]*:230.1181, found: m/z 230.1180.

Compound 8b: 8b was synthesized in the same manner as described for the preparation of 8a; yield 100%,
a yellow solid. "H NMR (500 MHz, DMSO-ds) & 12.00 (br, 1H), 7.29 (dd, J = 15.0, 11.0 Hz, 1H), 7.19 (dd, J =
8.5,2.0 Hz, TH), 7.12 (s, 1H), 6.85 (d, J = 15.0 Hz, 1H), 6.78 (dd, J = 15.5, 10.5 Hz, 1H), 6.54 (d, J = 8.5 Hz, 1H),
5.81(d,J = 15.0 Hz, TH), 3.25 (t, J = 5.5 Hz, 2H), 2.87 (s, 3H), 2.68 (t, J/ = 6.3 Hz, 2H), 1.86 (quint, J = 6.0 Hz,
2H) ppm; 3C NMR (125 MHz, DMSO-de) § 168.0, 147.3, 145.6, 141.2, 127.5,127.3,123.3,122.2,121.0, 118.3,
110.4, 504, 38.5, 27.2, 21.6 ppm; HRMS (ESI*) calcd for C1sH1sNO2 [M+H]* : 244.1338, found: m/z 244.1330.

Compound 8c: 8c was synthesized in the same manner as described for the preparation of 8a; yield 100%,
a yellow solid. '™H NMR (500 MHz, DMSO-ds) & 12.00 (br, 1H), 7.34 (d, J = 2.0 Hz, 1H), 7.29 (dd, J = 15.0,
10.5 Hz, 1H), 7.21 (dd, J = 8.5, 2.0 Hz, 1H), 6.89 (d, J = 15.5 Hz, 1H), 6.82 (dd, J = 15.0, 10.5 Hz, TH), 6.54 (d,
J=9.0Hz, 1H), 5.83 (d, J = 15.0 Hz, 1H), 3.26 (t, J = 6.0 Hz, 2H), 2.90 (s, 3H), 1.68 (t, / = 6.0 Hz, 2H), 1.24 (s,
6H) ppm; 3C NMR (125 MHz, DMSO-ds) § 168.0, 146.1, 145.7, 141.5, 130.8, 126.7, 124.9, 123.3,120.9, 118.3,
110.7, 46.8, 38.8, 36.3, 31.6, 30.4 ppm; HRMS (ESI+) calcd for C17H22NO2 [M+H]* : 272.1651, found: m/z
272.1644.

Compound 8d: 8d was synthesized in the same manner as described for the preparation of 8a; yield 96%,
a brown solid. '"H NMR (500 MHz, DMSO-de) & 12.07 (br, 1H), 7.28 (dd, J = 15.0, 9.5 Hz, 1H), 6.97 (dd, J =
8.0, 2.0 Hz, TH), 6.91 (d, J = 1.5 Hz, 1H), 6.87-6.79 (m, 2H), 6.66 (d, J = 8.5 Hz, 1H), 5.85 (d, J = 15.0 Hz, TH),
4.20 (t, J = 4.5 Hz, 2H), 3.29 (t, J = 4.5 Hz, 2H), 2.87 (s, 3H) ppm; *C NMR (125 MHz, DMSO-ds) § 167.9,
145.3, 143.6, 140.7, 137.8, 125.3, 122.4, 122.1, 119.3, 113.3, 111.9, 64.2, 48.2, 38.0 ppm; HRMS (ESI+) calcd
for C1aH16NO3 [M+H]* : 246.1130, found: m/z 246.1125.
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Compound 8e: 8e was synthesized in the same manner as described for the preparation of 8a; yield 84%,
a deep red solid. '"H NMR (500 MHz, DMSO-de) 6 11.90 (br, 1H), 7.27 (dd, J = 15.0, 10.5 Hz, 1H), 6.93 (s, 2H),
6.76 (d, J = 7.5 Hz, 1H), 6.72 (dd, J = 15.0, 10.5 Hz, 1H), 5.78 (d, J = 15.0, 1H), 3.17 (t, / = 5.5 Hz, 4H), 2.66 (t,
J = 6.3 Hz, 4H), 1.88-1.83 (m, 4H) ppm; C NMR (125 MHz, DMSO-ds) & 168.0, 145.7, 143.6, 141.4, 126.3,
122.5,120.6, 120.6, 117.9, 49.2, 27.1, 21.2 ppm; HRMS (ESI+) calcd for C17H20NO2 [M+H]* : 270.1494, found:
m/z 270.1483.

Compound 8f: 8f was synthesized in the same manner as described for the preparation of 8a; yield 100%,
a yellow solid. 'TH NMR (500 MHz, CDCls) § 7.54 (dd, J = 15.0,11.0 Hz, 1H), 7.24 (dd, J = 8.5, 2.0 Hz, TH), 7.16
(d,J = 2.5Hz, 1H), 6.86 (d, J = 15.0 Hz, 1H), 6.71 (dd, J = 15.5, 11.0 Hz, 1H), 6.48 (d, J = 8.5 Hz, 1H), 5.88 (d,
J=15.0 Hz, TH), 5.32 (d, J = 1.0 Hz, 1H), 2.85 (s, 3H), 2.02 (d, J = 1.0 Hz, 3H), 1.33 (s, 6H) ppm; *C NMR (125
MHz, CDCl3) § 172.9, 148.4, 146.6, 142.9, 130.3, 129.2, 127.6, 123.8, 122.9, 122.5, 121.3, 116.9, 110.5, 57.0,
31.0, 28.1, 18.8 ppm; HRMS (ESI+) calcd for C1sH22NO2 [M+H]* : 284.1651, found: m/z 284.1655.

Compound 9a: To a solution of 8a (304 mg, 1.33 mmol) and D-Cys(Trt)-OMe hydrochloric acid (658 mg,
1.59 mmol, 1.2 eq.) in anhydrous DMF (13.3 mL) were added DMT-MM (442 mg, 1.60 mmol, 1.2 eq.) and
TEA (0.22 mL, 1.58 mmol, 1.2 eq.), and the mixture was stirred at 0 °C for 3 h. The reaction was diluted with
water (ca. 20 mL) at 0 °C and then extracted with EtOAc (3x100 mL). The combined organic layer was
washed with brine, dried over Na2SO4 and filtered. The crude material was purified by silica gel column
chromatography (30-50% ethyl acetate/n-hexane) to afford 9a (477 mg, 61%) as a yellow solid. '"H NMR
(500 MHz, CDCls) § 7.39-7.16 (m, 17H), 6.80 (d, J = 15.0, 1H), 6.65 (dd, J = 15.5, 11.0 Hz, 1H), 6.39 (d, / = 8.0
Hz, 1H), 5.96 (d, / = 7.5 Hz, TH), 5.81 (d, J = 14.5, 1H), 4.76-4.73 (m, 1H), 3.72 (s, 3H), 3.39 (t, J/ = 8.5 Hz, 2H),
2.97 (t,J = 8.5 Hz, 2H), 2.79 (s, 3H), 2.73-2.66 (m, 2H) ppm; *C NMR (125 MHz, CDCl3) § 171.3, 166.1, 154.3,
144.4,143.2, 141.1, 131.0, 129.6, 128.6, 128.1, 127.0, 126.1, 122.6, 121.6, 120.1, 106.4, 67.0, 55.8, 52.8, 51.2,
35.5, 34.2, 28.4 ppm; HRMS (ESI+) calcd for C37H37N203S [M+H]* : 589.2525, found: m/z 589.2528.

Compound 9b: 9b was synthesized in the same manner as described for the preparation of 9a; yield 97%,
a yellow solid. "TH NMR (500 MHz, CDCl3) & 7.39-7.18 (m, 16H), 7.09 (s, 1H), 6.76 (d, J = 15.5, 1H), 6.64 (dd,
J=155,11.0Hz 1H), 6.52(d,J = 8.5 Hz, 1H), 5.95 (d, J = 8.0 Hz, 1H), 5.80 (d, J = 15.0, 1H), 4.76-4.73 (m.
1H), 3.71 (s, 3H), 3.28 (t, J = 5.7 Hz, 2H), 2.93 (s, 3H), 2.76 (t, J = 6.4 Hz, 2H), 2.73-2.66 (m, 2H), 1.97 (quint, J
= 6.4 Hz, 2H) ppm; *C NMR (125 MHz, CDCl3) § 171.3, 166.1, 147.5, 144.5, 143.3, 141.0, 129.6, 128.1, 127.7,
127.2,127.0, 124.2, 122.7,121.4,119.8, 110.6, 67.0, 52.8, 51.3, 51.2, 39.0, 34.3, 27.9, 22.3 ppm; HRMS (ESI+)
calcd for C3sH39N203S [M+H]* : 603.2681, found: m/z 603.2675.

Compound 9c: 9c was synthesized in the same manner as described for the preparation of 9a; yield 84%,
a yellow solid. "H NMR (500 MHz, CDCl3) § 7.39-7.20 (m, 17H), 6.80 (d, J = 15.5, 1H), 6.66 (dd, J = 15.0, 11.0
Hz, 1H), 6.53 (d, J = 8.5 Hz, 1H), 5.97 (d, J = 8.0 Hz, 1H), 5.82 (d, J = 14.5, TH), 4.77-4.73 (m. 1H), 3.72 (s,
3H), 3.30 (t, J = 6.0 Hz, 2H), 2.95 (s, 3H), 2.73-2.66 (m, 2H), 1.76 (t, J = 6.0 Hz, 2H), 1.30 (s, 6H) ppm; *C NMR
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(125 MHz, CDClk) § 171.3, 166.1, 146.2, 144.5, 143.3, 141.3, 131.4, 129.6, 128.1, 127.0, 126.5, 125.1, 124.0,
121.2,119.7,110.9, 67.0, 52.8, 51.2, 47.7, 39.3, 36.9, 34.3, 32.1, 30.6 ppm; HRMS (ESI+) calcd for C40H43N203S
[M+H]* : 631.2994, found: m/z 631.2981.

Compound 9d: 9d was synthesized in the same manner as described for the preparation of 9a; yield 79%,
a yellow solid. "H NMR (500 MHz, CDCl3) & 7.39-7.20 (m, 16H), 6.93 (s, 1H), 6.75 (d, J = 15.5, 1H), 6.65 (dd,
J =15.0, 10.5 Hz, TH), 6.60 (d, J = 8.0 Hz, 1H), 5.95 (d, J = 7.5 Hz, 1H), 5.82 (d, J = 14.5, TH), 4.75-4.72 (m.
1H), 4.28 (t, J = 4.5 Hz, 2H), 3.71 (s, 3H), 3.31 (t, J = 4.5 Hz, 2H), 2.92 (s, 3H), 2.73-2.66 (m, 2H) ppm; 3C NMR
(125 MHz, CDCl3) § 171.2, 165.9, 144.5, 144.2, 142.8, 140.3, 137.6, 129.6, 128.1, 127.0, 126.4, 122.8, 122.1,
120.8, 113.8, 112.0, 67.0, 64.7, 52.8, 51.2, 49.1, 38.6, 34.2 ppm; HRMS (ESI+) calcd for C22H27N202S [M+H] " :
605.2474, found: m/z 605.2495.

Compound 9e: 9e was synthesized in the same manner as described for the preparation of 9a; yield 89%,
a yellow solid. 'TH NMR (500 MHz, CDCl3) & 7.38-7.18 (m, 15H), 6.90 (s, 2H), 6.70 (d, J = 15.0, 1H), 6.59 (dd,
J =155, 11.0 Hz, 1H), 5.91 (d, J = 8.0 Hz, 1H), 5.76 (d, J = 15.0 Hz, TH), 4.75-4.71 (m. TH), 3.70 (s, 3H), 3.18
(t, J = 5.8 Hz, 4H), 2.72 (t, J = 6.3 Hz, 4H), 2.70-2.64 (m, 2H), 1.94 (quint, J = 6.1 Hz, 4H) ppm; 3*C NMR (125
MHz, CDCl3) § 171.3, 166.2, 144.5, 143.9, 143.4, 141.2, 129.7, 128.2, 127.0, 126.4, 123.5, 121.3, 121.0, 119.5,
67.1, 52.7, 51.2, 50.1, 34.3, 27.8, 22.0 ppm; HRMS (ESI+) calcd for C40H41N203S [M+H]* : 629.2838, found:
m/z 629.2822.

Compound 9f: 9f was synthesized in the same manner as described for the preparation of 9a; yield 71%,
a yellow solid. "TH NMR (500 MHz, CDCls) § 7.39-7.20 (m, 16H), 7.15 (d, J = 2.0, 1H), 6.80 (d, J = 15.5 Hz, 1H),
6.67 (dd, J = 15.5, 11.0 Hz, 1H), 6.48 (d, J = 8.5 Hz, 1H), 5.97 (d, J = 7.5, TH), 5.83 (d, / = 15.0 Hz, 1H), 5.32
(d, J = 1.5 Hz, 1H), 4.77-4.73 (m. TH), 3.72 (s, 3H), 2.84 (s, 3H), 2.73-2.67 (m, 2H), 2.02 (d, / = 1.0 Hz, 3H),
1.33 (s, 6H) ppm; *C NMR (125 MHz, CDCl3) § 171.3, 166.1, 146.2, 144.5, 143.2, 141.0, 130.3, 129.6, 128.6,
128.1,127.8, 127.0, 124.2, 122.9, 122.3, 121.6, 120.0, 110.6, 67.0, 56.9, 52.8, 51.2, 34.3, 31.0, 27.9, 18.8 ppm;
HRMS (ESI+) calcd for Ca1H43N203S [M+H]* : 643.2994, found: m/z 643.3004.

Compound 10a: To a solution of triphenylphosphine oxide (TPPO) (213 mg, 0.765 mmol, 3.0 eq.) in
anhydrous CH2Cl2 (2.5 mL) was added trifluoromethane sulfonic anhydride (Tf20) (63.0 pL, 0.384 mmol, 1.5
eq.) slowly dropwise at 0 °C. After stirring for 30 min, a solution of 9a (150 mg, 0.255 mmol, 1.0 eq.) in
anhydrous CHzCl2 (2.7 mL) was added dropwise carefully at 0 °C, at which point the reaction solution turned
deep red in color, and the reaction mixture was stirred for 10 min. The reaction was quenched with
saturated aqueous NaHCOs solution and extracted with CH2Cl2 (3x50 mL). The combined organic layer was
washed with brine, dried over Na2SOa4 and filtered. The filtrate was concentrated under reduced pressure.
The crude material was purified by silica gel column chromatography (47-68% ethyl acetate/n-hexane) to
afford 10a (33.1 mg, 40%) as a yellow oil. '"H NMR (500 MHz, CDCl3) § 7.25 (s, 1H), 7.15 (dd, J = 8.0, 1.5 Hz,
1H), 6.93 (dd, J = 15.5, 10.0 Hz, 1H), 6.75 (d, J = 15.5 Hz, 1H), 6.68 (dd, J = 15.5, 10.0 Hz, 1H), 6.52 (d, J =
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15.0 Hz, 1H), 6.38 (d, J = 8.0 Hz, 1H), 5.16 (t, / = 9.0 Hz, TH), 3.82 (s, 3H), 3.60-3.50 (m, 2H), 3.39 (t, / = 8.3
Hz, 2H), 2.97 (t, J = 8.3 Hz, 2H), 2.79 (s, 3H) ppm; *C NMR (125 MHz, CDCl3) § 171.6, 170.4, 154.3, 144.0,
140.1, 131.0, 128.7, 126.0, 122.6, 122.5, 122.4, 106.4, 78.0, 55.7, 52.9, 354, 34.7, 28.3 ppm; HRMS (ESI+)
calcd for C1sH21N202S [M+H]* : 329.1324, found: m/z 329.1308.

Compound 10b: 10b was synthesized in the same manner as described for the preparation of 10a; yield
41%, a yellow oil. '"H NMR (500 MHz, CDCl3) § 7.17 (dd, J = 8.0, 1.5 Hz, 1H), 7.09 (s, 1H), 6.93 (dd, J = 15.5,
9.5 Hz, TH), 6.73-6.64 (m, 2H), 6.52 (d, J = 3.0 Hz, 1H), 6.50 (d, J = 4.0 Hz, TH), 5.15 (t, J/ = 9.0 Hz, 1H), 3.82
(s, 3H), 3.60-3.50 (m, 2H), 3.28 (t, J = 5.6 Hz, 2H), 2.93 (s, 3H), 2.76 (t, / = 6.3 Hz, 2H), 1.97 (quint, J = 6.0 Hz,
2H) ppm; "*C NMR (125 MHz, CDCl3) § 171.6, 170.4, 147.5, 144.1, 139.9, 127.6, 127.3, 124.1, 122.8, 122.3,
122.2, 110.6, 78.0, 52.9, 51.2, 39.0, 34.6, 27.9, 22.3 ppm; HRMS (ESI+) calcd for C19H23N202S [M+H]* :
343.1480, found: m/z 343.1483.

Compound 10c: 10c was synthesized in the same manner as described for the preparation of 10a; yield
38%, a yellow oil. 'H NMR (500 MHz, CDCl3) § 7.28 (d, J = 1.5 Hz, 1H), 7.20 (dd, J = 8.5, 1.5 Hz, 1H), 6.94
(dd, J = 15.5, 10.0 Hz, 1H), 6.75 (d, J = 15.0 Hz, 1H), 6.67 (dd, J = 15.5, 10.0 Hz, 1H), 6.53-6.50 (m, 2H), 5.16
(t,J = 9.0 Hz, 1H), 3.82 (s, 3H), 3.60-3.50 (m, 2H), 3.30 (t, J/ = 6.0 Hz, 2H), 2.95 (s, 3H), 1.75 (t, J = 6.0 Hz, 2H),
1.30 (s, 6H) ppm; '*C NMR (125 MHz, CDCl3) § 171.6, 170.4, 146.2, 144.2, 140.3, 131.4, 126.7, 125.0, 124.0,
122.1, 121.9, 110.8, 78.0, 52.9, 47.6, 39.2, 36.9, 34.6, 32.1, 30.6 ppm; HRMS (ESI+) calcd for C21H27N202S
[M+H]*:371.1793, found: m/z 371.1784.

Compound 10d: 10d was synthesized in the same manner as described for the preparation of 10a; yield
28%, a yellow oil. '"H NMR (500 MHz, CDCl3) & 6.95 (dd, J = 8.0, 2.0 Hz, 1H), 6.93-6.89 (m, 2H), 6.72-6.64 (m,
2H), 6.60 (d, J = 8.0 Hz, 1H), 6.53 (d, J/ = 15.0 Hz, TH), 5.16 (t, / = 9.0 Hz, 1H), 4.28 (t, / = 4.5 Hz, 1H), 3.82 (s,
3H), 3.61-3.50 (m, 2H), 3.32 (t, J = 4.5 Hz, 2H), 2.92 (s, 3H) ppm; *C NMR (125 MHz, CDCl3) § 171.6, 170.3,
144.1, 143.6, 139.3, 137.6, 126.4, 123.6, 123.2, 122.0, 113.9, 112.0, 78.0, 64.7, 51.9, 49.1, 38.6, 34.7 ppm;
HRMS (ESI+) caled for CisH21N203S [M+H]* : 345.1273, found: m/z 345.1270.

Compound 10e: 10e was synthesized in the same manner as described for the preparation of 10a; yield
40%, an orange oil. '"H NMR (500 MHz, CDCl3) § 6.94-6.89 (comp,3H), 6.68-6.64 (m, 2H), 6.49 (d, J = 15.0,
1H), 5.15 (t, J = 9.0 Hz, TH), 3.82 (s, 3H), 3.57 (dd, J = 11.0, 9.0 Hz, 1H), 3.51 (dd, J = 11.0, 9.0 Hz, T1H), 3.19
(t, J = 5.6 Hz, 4H), 2.73 (t, J = 6.4 Hz, 4H), 1.99-1.92 (m, 4H) ppm; 3C NMR (125 MHz, CDCl3) § 171.7, 170.4,
144.2, 143.9, 140.1, 126.4, 123.5, 122.0, 121.8, 121.3, 78.0, 52.9, 50.1, 34.7, 27.8, 21.9 ppm; HRMS (ESI+)
calcd for C21H25N202S [M+H]* : 369.1637, found: m/z 369.1625.

Compound 10f: 10f was synthesized in the same manner as described for the preparation of 10a; yield

83%, a yellow oil. "H NMR (500 MHz, CDCl3) § 7.21 (dd, J = 8.5, 2.0, 1H), 7.14 (d, J = 2.0 Hz, 1H), 6.94 (dd, J
= 15.5,10.0 Hz, 1H), 6.75 (d, J = 15.0 Hz, 1H), 6.68 (dd, J = 15.5, 10.0 Hz, 1H), 6.52 (d, J = 15.0 Hz, 1H), 6.46
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(d, J =85 Hz, 1H), 5.31 (d, / = 1.0, TH), 5.16 (t, J/ = 9.0 Hz, T1H), 3.82 (s, 3H), 3.60-3.50 (m, 2H), 2.83 (s, 3H),
2.01 (d, J = 1.5 Hz, 3H), 1.32 (s, 6H) ppm; "*C NMR (125 MHz, CDCl3) § 171.6, 170.4, 146.2, 144.0, 140.0,
130.3, 128.7, 127.7, 124.2,122.9, 122.4, 122.3, 122.2, 110.5, 78.0, 56.9, 52.9, 34.6, 31.0, 27.9, 18.8 ppm; HRMS
(ESI+) caled for C22H27N202S [M+H]* : 383.1793, found: m/z 383.1790.

Compound 11a (NIRLuc1): Luciferin ester 10a (33.1 mg, 0.1017 mmol) was treated with 4 M HCl aqg. (1.5
mL) at room temperature for 24 h. The reaction mixture was neutralized by the addition of saturated
NaHCOs aqg. at 0 °C, and concentrated under reduced pressure. The residue was purified by ODS column
chromatography (20-100% acetonitrile/H20) to afford 11a (18.8 mg, 59%) as a yellow solid. 'H NMR (500
MHz, CD30D) & 7.26 (s, TH), 7.17 (dd, J = 8.0, 1.5 Hz, 1H), 6.93 (td, J = 10.0, 5.2 Hz, 1H), 6.79-6.73 (m, 2H),
6.50 (d, J = 15.0 Hz, 1H), 6.43 (d, J = 8.5 Hz, 1H), 4.94 (t, J = 9.3 Hz, TH), 3.57 (dd, J/ = 10.9, 9.2 Hz, 1H), 3.47
(dd, J = 10.7, 9.6 Hz, 1H), 3.33 (t, / = 8.0 Hz, 2H), 2.93 (t, / = 8.2 Hz, 2H), 2.77 (s, 3H) ppm; *C NMR (125
MHz, CDsOD) & 178.3, 170.9, 155.6, 144.5, 141.0, 132.3, 129.5, 127.8, 123.6, 123.5, 107.8, 107.7, 82.1, 56.8,
36.7, 35.8, 29.1 ppm; HRMS (ESI+) calcd for C17H19N202S [M+H]* : 315.1167, found: m/z 315.1158; The
optical purity was determined by CSP HPLC analysis (Chiracel OZ-3R, eluent: 10-90% CH3CN/Hz0O, flow 0.6

mL/min) 67% e.e. [tr (minor) = 14.8 min, tr (Major) = 16.1 min].

Compound 11b (NIRLuc2): 11b was synthesized in the same manner as described for the preparation of
11a; yield 93%, a yellow solid. 'TH NMR (500 MHz, CD30D) & 7.16 (dd, J = 8.5, 2.0 Hz, 1H), 7.07 (s, 1H), 6.92
(dd, J = 15.0, 8.5 Hz, 1H), 6.76-6.68 (m, 2H), 6.54 (d, J = 8.5 Hz, 1H), 6.49 (d, J = 15.5 Hz, 1H), 4.94 (t, J = 9.0
Hz, 1H), 3.56 (dd, J = 10.5, 9.0 Hz, 1H), 3.46 (dd, J = 10.5, 9.5 Hz, 1H), 3.26 (t, / = 5.8 Hz, 2H), 2.90 (s, 3H),
2.73 (t, J = 6.5 Hz, 2H), 1.94 (quint, J = 6.0 Hz, 2H) ppm; *C NMR (125 MHz, CD3OD) § 178.4, 170.9, 148.7,
144.6, 140.9, 128.6, 128.0, 125.7, 123.9, 123.2, 123.1, 111.7, 82.1, 52.2, 39.1, 36.7, 28.8, 23.4 ppm; HRMS
(ESI+) calcd for C1sH21N202S [M+H]* : 329.1324, found: m/z 329.1325; The optical purity was determined
by CSP HPLC analysis (Chiracel OZ-3R, eluent: 10-90% CHsCN/H20, flow 0.6 mL/min) 76% e.e. [tr (minor)
= 16.6 min, tr (major) = 18.3 min].

Compound 11c (NIRLuc3): 11c was synthesized in the same manner as described for the preparation of
11a; yield 97%, a yellow solid. '"H NMR (500 MHz, CD3OD) & 7.31 (d, J = 2.0 Hz, 1H), 7.20 (dd, J = 8.5, 2.0
Hz, 1H), 6.94 (td, J = 10.0, 5.2 Hz, 1H), 6.75 (d, J = 5.0 Hz, 1H), 6.56 (d, J = 8.5 Hz, 1H), 6.50 (d, / = 15.0 Hz,
1H), 4.94 (t, J = 9.0 Hz, 1H), 3.57 (dd, J = 10.5, 9.0 Hz, 1H), 3.47 (dd, J = 10.5, 9.5 Hz, TH), 3.29 (t, / = 6.0 Hz,
2H), 2.93 (s, 3H), 1.75 (t, J = 6.0 Hz, 2H), 1.28 (s, 6H) ppm; '*C NMR (125 MHz, CD30D) & 178.3, 171.0, 147.5,
144.6, 141.1,132.5, 127.5, 126.1, 125.6, 123.2, 123.0, 112.0, 82.0, 39.4, 38.1, 36.7, 32.9, 31.3, 31.0 ppm; HRMS
(ESI+) calcd for Cao0H2sN202S [M+H]* : 357.1637, found: m/z 357.1630; The optical purity was determined
by CSP HPLC analysis (Chiracel OZ-3R, eluent: 10-90% CHsCN/H20, flow 0.6 mL/min) 98% e.e. [tr (minor)
= 18.6 min, tr (major) = 20.2 min].

Compound 11d (NIRLuc4): 11d was synthesized in the same manner as described for the preparation of
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11a; yield 75%, a yellow solid. '"H NMR (500 MHz, CD30D) & 6.95-6.87 (m, 3H), 6.74 (dd, J = 15.5, 9.5 Hz,
1H), 6.69 (d, J = 15.0 Hz, TH), 6.63 (d, J = 8.5 Hz, 1H), 6.52 (d, J = 15.5 Hz, TH), 4.94 (t, J = 9.3 Hz, 1H), 4.23
(t, J = 4.5 Hz, 2H), 3.56 (dd, J = 10.6, 9.2 Hz, 1H), 3.47 (dd, J = 10.7, 9.6 Hz, 1H), 3.28 (t, J = 4.3 Hz, 2H), 2.90
(s, 3H) ppm; ">*C NMR (125 MHz, CD30D) & 178.3, 170.7, 145.5, 144.1, 140.3, 139.0, 127.7, 124.4, 124.1, 122.9,
114.6, 113.1, 82.2, 65.8, 50.0, 38.6, 36.7 ppm; HRMS (ESI+) calcd for C17H19N203S [M+H]* : 331.1116, found:
my/z 331.1104; The optical purity was determined by CSP HPLC analysis (Chiracel OZ-3R, eluent: 10-90%
CH3CN/H20, flow 0.6 mL/min) 81% e.e. [tr (minor) = 13.2 min, tr (Major) = 14.3 min].

Compound 11e (NIRLuc5): 11e was synthesized in the same manner as described for the preparation of
11a; yield 60%, a yellow solid. '"H NMR (500 MHz, CD3OD) & 6.90 (dd, J = 15.5, 10.0 Hz, 1H), 6.88 (s, 2H),
6.68 (dd, J = 15.0, 9.5 Hz, TH), 6.63 (d, J = 15.5 Hz, 1H), 6.46 (d, J = 15.5 Hz, 1H), 4.93 (t, / = 9.2 Hz, TH), 3.55
(dd, J = 10.7,9.0 Hz, TH), 3.46 (dd, J = 10.7, 9.6 Hz, 1H), 3.18 (t, J = 5.6 Hz, 4H), 2.70 (t, / = 6.4 Hz, 4H), 1.97-
1.89 (m, 4H) ppm; 3C NMR (125 MHz, CD3OD) § 178.3, 170.9, 144.9, 144.7, 141.2, 127.3, 125.1, 122.9, 122.6,
122.5, 82.1, 51.0, 36.7, 28.7, 23.0 ppm; HRMS (ESI+) calcd for Ca0H23N202S [M+H]* : 355.1480, found: m/z
355.1480; The optical purity was determined by CSP HPLC analysis (Chiracel OZ-3R, eluent: 10-90%
CH3CN/H:20, flow 0.6 mL/min) 85% e.e. [tr (minor) = 19.9 min, tr (Major) = 22.9 min].

Compound 11f (NIRLuc6): 11f was synthesized in the same manner as described for the preparation of
11a; yield 86%, a yellow solid. 'H NMR (500 MHz, CD3OD) & 7.23 (dd, J = 8.5, 2.0, 1H), 7.16 (d, J = 2.0 Hz,
1H), 6.99-6.90 (m, TH), 6.81-6.70 (m, 2H), 6.56-6.46 (m, 2H), 5.35 (d, J/ = 1.0, TH), 4.95 (t, J = 9.5 Hz, 1H), 3.57
(dd, J = 10.9, 9.2 Hz, 1H), 3.47 (dd, J = 10.7, 9.7 Hz, TH), 2.83 (s, 3H), 1.99 (d, J/ = 1.0 Hz, 3H), 1.31 (s, 6H)
ppm; *C NMR (125 MHz, CD30D) § 178.3, 170.9, 147.5, 144.5, 140.7, 131.3, 129.6, 128.8, 125.7, 124.1, 123.5,
123.4, 123.1, 111.6, 82.0, 57.8, 36.7, 31.2, 27.9, 18.8 ppm; HRMS (ESI+) calcd for Ca1H2sN202S [M+H]* :
369.1637, found: m/z 369.1648; The optical purity was determined by CSP HPLC analysis (Chiracel OZ-3R,
eluent: 10-90% CH3CN/H20, flow 0.6 mL/min) 96% e.e. [tr (minor) = 19.5 min, tr (major) = 20.1 min].
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Compound 11d (NIRLuc4)
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Compound 11f (NIRLuc6)
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Chapter 5 General Conclusions

5.1. Summary of the results

Bioluminescence-based assays are now broadly applied as a highly sensitive and non-invasive
imaging modality to trace biological functions without having to sacrifice animals. The most
commonly used luciferin-luciferase pairs in these assays originate from insects, such as firefly. These
bioluminescence systems consist of D-luciferin and the corresponding luciferases. Compared to
research activities on new luciferases, the variety of available luciferins is poor. Therefore, the
development of synthetic luciferins is indispensable to expand the application of the firefly
bioluminescence system. This work aims at the development of elemental strategies for next-
generation bioluminescence imaging through synthetic luciferins. The current work mainly focuses on
the three elements: 1) orthogonal imaging, 2) brightness of analogues and 3) NIR emission (Figure
5.1).

Limitations
* Non-orthogonal emission (Discriminating in vivo is challenging)
* Brightness (Synthetic luciferins often lose emission activity)
* Wavelength (Poor light transmission in vivo)
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The second chapter described an orthogonal luciferin analogue, 7’-AllylLuc, modified with an allyl
group at the C-7' position of benzothiazole core. One important result is that this simply modified
analogue exhibit bioluminescence in combination with a commercially available luciferase, Eluc.
Moreover, the emission from the 7’-AllylLuc/Eluc pairs lasted over 100 min.

The third chapter described a strategy to improve bioluminescence photon production through a
simple replacement of electron donor on firefly luciferins. Significantly reduced photon flux from
synthetic luciferins is a major issue in luciferin developments. However, no logical approach to improve
photon production has been reported so far. Replacing the N,N-dimethylamino group in classical
fluorophores with a four membered azetidine ring provides improved luminescence quantum yields.
In my thesis, this strategy was extended to bioluminescent firefly luciferin analogues and its general
applicability was demonstrated. For this purpose, five-types of luciferin cores were employed, and a
total of 10 analogues were evaluated. Among them, only the benzothiazole core analogue benefited
from azetidine substitution and improved the fluorescence and bioluminescence emission.

The fourth chapter described a panel of structure-inherent near-infrared emitting luciferin
analogues. One limitation in firefly bioluminescence imaging is the limited variety of luciferins emitting
in the near-infrared (NIR) region (650-900 nm), where tissue penetration is high. | newly synthesized
NIRLucs based on the NIR emitting firefly luciferin AkaLumine through a ring fusion strategy. This
simple, but effective strategy resulted in pH-independent structure-inherent NIR emission (680-690
nm) with a native firefly luciferase. When applied to cells, NIRLucs displayed dose-independent
improved NIR emission even at low substrate concentrations where the native D-luciferin does not
emit. Furthermore, excellent blood retention and brighter photon flux (7-fold overall, 16-fold in the
NIR spectral range) than in the case of D-luciferin have been observed with NIRLuc2 in mice bearing
subcutaneous tumors. My approach offered a solution to the longstanding limitation in in vivo firefly
bioluminescence imaging.

In summary, this thesis provided a several synthetic luciferins through precise molecular designs,
focusing on 1) orthogonal imaging, 2) brightness of analogues and 3) NIR emission. Notably,
developed analogues have further potential to improve performance by combined engineered mutant
luciferases. These new synthetic luciferins contribute to the expansion of bioluminescence imaging
applications both in vitro and in vivo.
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5.2. Future outlook

Discovery of the green fluorescent protein (GFP) has definitely brought a paradigm shift to life
science. | believe that bioluminescence imaging will also bring a paradigm shift. Recent numerous
efforts on luciferin/luciferase development have evolved bioluminescence imaging as a promising
imaging modality. Nowadays, a few all-engineered luciferin/luciferase pairs are beyond native D-
luciferin/luciferase pairs. One strong points of bioluminescence imaging is translation from single cells
to a whole body, sometimes called “trans-scale imaging”. Expanded bioluminescent tool box would
also enable real-time imaging in larger animals such as minipigs. Although the promising
luciferin/luciferase pairs have been developed, further studies must be required to realize a “paradigm
shift”.

1. Brightness

One of a major problem in luciferin development is that the brightness of synthetic luciferin is
significantly lower than that of D-luciferin. In chapter 3, | introduced a method for improving
quantum yield through azetidine-substituent strategy, however, this strategy would be not
enough to a sufficient improvement. To solve this problem, | focus on intermediates in firefly
bioluminescence reactions. The luminescence reaction proceeds in two stages: 1) adenylation and
2) oxidation, and it has been suggested that the rate-limiting step is adenylation. In fact, it has
been reported that using the luciferyl adenylate, which is the reaction intermediate, as a substrate
and making the reaction only an oxidation reaction can improve the emission luminance by about
1000 times. However, the luciferyl adenylate is extremely unstable and is not suitable for practical
applications. It may be possible to improve the brightness of firefly bioluminescence systems

through development of a stable synthetic luciferyl adenylate analogue (Figure 5.2).
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Figure 5.2. Chemical structure of luciferyl adenylate and research strategy.
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2. Emission wavelength

In chapter 4, | successfully developed a family of NIR emitting firefly luciferin analogues and
applied one of them to subcutaneous tumor in vivo. Although recent efforts have achieved NIR
emission up to 758 nm, further longer emission are still desired to image deeper tissues. In
addition, sharper emission spectra are required to realize multi-component bioluminescence assay.
One effective strategy to achieve NIR emissions and sharper spectra is bioluminescence resonance
energy transfer (BRET) to NIR fluorescent dyes. However, this strategy requires external
modifications of luciferase. Recently, | have designed and synthesized NIR fluorescent dye (cyanine
5) fusion luciferins as new conceptual luciferins (Figure 5.3). Although these synthetic luciferins
have dramatically reduced emissions, they are expected to exhibit emission wavelengths

attributed to fluorescent dyes.
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In addition, spatial and temporal resolution should be solved to spy actual functions of target
molecules (or cells). It is also necessary to perform a quantitative analysis of photons from the
bioluminescence reaction. To overcome these issues, for example, three-dimensional highly traceable
detector is necessary. Moreover, methodological efforts to expand the potential of bioluminescence
imaging, such as development of new luciferases and genetic engineering techniques, generation of
highly catalytically active luciferases and optimizing an imaging systems and algorithms, are essential
(Figure 5.4). Therefore, collaborative action of academic researcher including chemists, biologists and
industry is indispensable. Imaging modalities usually does not cover all types of imaging targets,
“molecules-cells-organs”. Therefore, trans-scale imaging can be realized only when the respective
imaging modalities complement each other. One big advantage of bioluminescence imaging is that
it can image the dynamics of a small number of cells with high sensitivity. Taking this advantage, for
example, by developing a bimodal imaging tool with the fluorescent method, it may be possible to
develop an imaging technology that seamlessly connects micro to macro.

Finally, | really hope that bioluminescence “lights” our future brightly.
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Figure 5.4. Key technologies for future bioluminescence imaging.
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