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Abstract

Molecular imaging advances our understanding of cellular and molecular functions within complex biological systems.
The development of novel imaging probes that can be applied to answer fundamental biological questions, diagnose

and monitor disease progression and the efficacy of therapy in vivo is essential to the field of molecular imaging.

Bioluminescence imaging is a powerful technique that allows to study and follow biological processes of interest non-
invasively in real-time in living animals. Activatable bioluminescent probes can be designed according to the target of
interest and can provide imaging signal in response to the specific stimuli. A strategy called "caged luciferin" can be
used to design new bioluminescent probes for imaging of enzymatic activity, the presence of small molecules or me-

tabolite uptake in vivo.

In Chapter 1 we present an overview of bioluminescence imaging, with a focus on firefly luciferase-luciferin system.

The caged luciferin approach is discussed and examples of existing caged luciferin probes are presented.

In Chapter 2 we describe the development of a bioluminescent probe for imaging of bacterial nitroreductase activity
and show the potential for its application in different areas of research. Bacterial nitroreductases have been widely
utilized in the gene-directed enzyme prodrug therapy (GDEPT) approach for cancer therapy that reached clinical trials.
However, both preclinical and clinical development of NTR-based GDEPT systems has been hampered by the lack of
imaging tools that allow in vivo evaluation of transgene expression. We developed the NTR caged luciferin (NCL) probe
and demonstrated its application for sensitive bioluminescence imaging of NTR in vitro, in bacteria and cancer cells, as
well as in vivo in mouse models of bacterial infection and NTR-expressing tumor xenografts. We anticipate that this
probe would significantly accelerate the development of cancer therapy approaches based on GDEPT and other fields

where evaluation of NTR expression is important.

In Chapter 3 we describe the development of a bioluminescent probe for imaging of hydrogen sulfide (H,S) using the
caged luciferin approach. The objective of the research was to develop a probe that can detect endogenously pro-
duced H,S noninvasively in real-time in living animals. We present a series of caged luciferin probes that were evaluat-
ed on their ability to rapidly and selectively detect H,S in in vitro assays, in cells and in bacterial culture. The two se-
lected probes were applied for imaging of exogenous H,S in the gastrointestinal tract in living mice. We anticipate

further applications of the best performing probe for imaging of H,S production by gut microbiota in mice.

In Chapter 4 we present the overall conclusion followed by the outlook and future perspectives.
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Résumé

L'imagerie moléculaire a fait progresser notre compréhension des fonctions cellulaires et moléculaires dans des sys-
temes biologiques complexes. Le développement de nouvelles sondes d'imagerie qui peuvent étre utilisées pour ré-
pondre a des questions biologiques fondamentales, a des fins de diagnostique ainsi qu’au suivi de la progression de

maladies et de |'efficacité d’un traitement in vivo est essentiel dans le domaine de I'imagerie moléculaire.

L'imagerie par bioluminescence est une technique puissante qui permet d'étudier et de suivre des processus biolo-
giques d'intérét de fagon non-invasive, en temps réel et sur des animaux vivants. Les sondes bioluminescentes acti-
vables peuvent étre congues en fonction de la cible d'intérét et peuvent fournir des signaux lumineux en réponse a
certains stimuli spécifiques. Une stratégie appelée "caged luciferin" peut étre utilisée pour concevoir de nouvelles
sondes bioluminescentes pour I'imagerie d’activités enzymatiques, de la présence de petites molécules ou de I'ab-

sorption de métabolites in vivo.

Dans le chapitre 1, nous présentons un apercu de I'imagerie par bioluminescence, en mettant I'accent sur le systeme
de luciférase-luciférine de luciole (firefly). L'approche de "caged luciferin" est discutée et des exemples de ce type de

sondes existantes sont présentés.

Dans le chapitre 2, nous décrivons le développement d'une sonde bioluminescente pour I'imagerie de I'activité de
nitroréductase bactérienne et nous montrons son potentiel d’application dans différents domaines de recherche. Les
nitroréductases bactériennes ont été largement utilisées dans I'approche de thérapie a pro-médicament enzymatique
dirigée par les genes (gene-directed enzyme prodrug therapy, GDEPT) pour le traitement du cancer qui a atteint les
essais cliniques. Cependant, a la fois le développement préclinique et clinique de systemes GDEPT basés sur les NTR
ont été entravés par le manque d'outils d'imagerie qui permettent I'évaluation in vivo de I'expression du transgéne.
Nous avons développé une luciférine masquée comme sonde pour les NTR (NTR caged luciferin, NCL). Son application
a été démontrée pour l'imagerie par bioluminescence de NTR in vitro, dans des bactéries et des cellules cancéreuses,
ainsi que in vivo dans des modéles murins d'infection bactérienne et dans des xénogreffes de cellules tumorales ex-
primant les NTR. Nous estimons que cette sonde pourrait accélérer considérablement le développement d'approches
thérapeutiques pour lutter contre le cancer basé sur la GDEPT ainsi que dans d'autres domaines ou |'évaluation de

I'expression des NTR est importante.

Dans le chapitre 3, nous décrivons le développement d'une sonde bioluminescente pour I'imagerie de sulfure d'hydro-
gene (H,S) en utilisant I'approche de “caged luciferin”. L'objectif de cette recherche était de développer une sonde qui
permet de détecter le H,S endogene de fagon non-invasive, en temps réel et sur des animaux vivants. Nous présen-
tons une série de sondes “caged luciferin” qui ont été évalués sur la base de leur capacité a détecter H,S rapidement

et de maniere sélective dans des expériences in vitro, dans des cellules et bactéries de culture. Les deux sondes sélec-



Résumé

tionnées ont été utilisées pour l'imagerie du H,S exogéne dans le tractus gastro-intestinal chez des souris vivantes.
Nous nous attendons a de nouvelles applications de la sonde ayant été la plus performante, pour l'imagerie de la pro-

duction de H,S par le microbiote intestinal chez la souris.

Dans le chapitre 4, nous présentons la conclusion générale suivie par les perspectives et les perspectives d'avenir.

Mots-clés

Imagerie in vivo; bioluminescence; luciférine; luciférines masquées; sonde bioluminescente; nitroréductase; sulfure

d'hydrogene.
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Chapter 1 Introduction

1.1 Bioluminescence imaging

Medical imaging technologies were developed at the beginning of the twentieth century as a way to com-
plement morphological observations by creating visual representations of human anatomy and physiology. Present
imaging techniques that provide anatomical and physiological information, such as computed tomography (CT), mag-
netic resonance imaging (MRI), and ultrasound, are well established in the clinic. However, they do not report on spe-
cific molecular events responsible for the disease. Hence, molecular imaging modalities evolved as a way to under-
stand cellular and molecular functions within complex biological systems with a spatiotemporal resolution. Unlike
histological studies, molecular imaging techniques do not require chemical fixation, isolation of tissues or organs
which come with the need to sacrifice experimental animals, and can be performed noninvasively and repeatedly

without perturbing living systems.

The most commonly used molecular imaging modalities include positron emission tomography (PET), single-photon-
emission computed tomography (SPECT), magnetic resonance (MR) and optical modalities such as fluorescence and
bioluminescence imaging (BLI) [1]. Optical imaging systems are simple, convenient and user-friendly. BLI offers the
advantages of high sensitivity, relatively low cost and efficiency compared to other in vivo imaging techniques, and it is

widely used in basic and applied research [2].

Luminescence is a general term that describes light emission as a form of non-thermal radiation. Light emitted as the
result of a chemical reaction is termed chemiluminescence and the light produced from an enzymatic reaction is

termed bioluminescence (BL).

Luciferases, enzymes catalyzing light emission from small molecule substrates, luciferins, are present in over 700 gen-
era, about 80% of which are marine species. Even though luciferases are found in many different organisms, only a
few of them have been applied in research. BL pairs commonly used in in vivo imaging can be classified into following

categories (Table 1.1):

1. Luciferases from the sea pansy Renilla reniformis (RLuc) and the copepod Gaussia princeps (GLuc) oxidize coe-
lenterazine with blue-green light emission [3, 4]. They require only oxygen and can function independently of
cell environment, which lead to their extensive use as extracellular reporters. However, in vivo performance

of this system is affected by poor solubility and high instability of the substrate.

2. In bacteria, reduced monoflavin phosphate (FMNH,) and long-chain aldehyde serve as substrates for bacterial
luciferase LuxAB. The luxAB genes isolated from Vibrio harveyi and Photorhabdus luminescens have been

combined with genes required for the substrate biosynthesis and are transcribed from a single cassette called
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luxCDABE [5]. The advantage of using this system is that the /ux operon encodes all components necessary

for light production resulting in ready-to-use imaging agents [6, 7].

3. Luciferases isolated from click beetles, North American and Italian fireflies, emit red-shifted light (over 600

nm) and, therefore, are preferred reporters for in vivo imaging. The most studied BL system, Photinus pyralis

firefly luciferase (FLuc)- D-luciferin pair, is exceptionally functional in vitro and in vivo and will be further dis-

cussed in detail.

Luciferase Luciferin Enzymatic reaction A nm | Reference
Renilla reniformis o WOH o " -
4
(RLuc) NN ﬁ» N mw
Coelentera- || <
H 0, CO, N
Gaussia princeps | zine HO HO 480
4], [8
(GLUC) Coelenterazine Coelenteramide [ ] [ ]
OH OH
HO. 0._.0 HO. 0._.,0
ﬁy o f o
. HO HO
Bacterial FMNH, + I} HYO N_N_O
LuxAB long chain I IH%NH 7N IIN/L(NH 490 [9]
(Vibrio harveyi) aldehyde FMNH, ° Oz HO P VY
o) o
/\H%H Aldehyde /\%OH Fatty acid
North American
firefly FLuc 612 [10]
(Photinus pyralis)
Italian firefl HO s, N-pS00H Ho s N-©
allan tiretly \C[NHSJ/ / i \C[N/Hsj 610 [11]
(Luciola italica) D-luciferin o ATP,  AMP, L
D-Luciferin Mg2*, O, CO,, PPi Oxyluciferin
Click beetle red
(Pyrophorus
611 [10], [12]
plagiophthala-
mus)

Table 1.1 BL pairs commonly used in in vivo imaging (adapted from [13]).

Firefly luciferase is classified as Photinus-luciferin: oxygen 4-oxidoreductase (decarboxylating, ATP-hydrolysing) (EC

1.13.12.7). It is a monomeric protein (62 kDa) folded into two compact domains, a large N-terminal domain and a

small C-terminal domain, joined by a flexible linker peptide, which creates a wide cleft between the two domains. The

active site includes amino acid residues on the surface of both domains, which suggests that during the reaction the

domains come close to cluster the substrate in the hydrophobic pocket, requiring a significant conformational change

[14]. Interestingly, FLuc has the catalytic function of fatty acyl-CoA synthetase and can use CoA as a substrate [15, 16].

When CoA is added to the FLuc-luciferin reaction mixture, it helps to stabilize light emission by forming a product (L-

CoA) which is a less-strong inhibitor of luciferase than L-AMP [17].

26




Introduction

Fluc- luciferin bioluminescence has a quantum vyield of 0.41 + 0.07 which is the highest of known bioluminescence
systems [18]. The emission spectrum for FLuc is in the yellow-green region (550- 570 nm), with a peak at 562 nm at
pH= 7.5- 7.8 at room temperature [19]. However, luciferase is a pH- and temperature- sensitive enzyme, and red shift
in emission (620 nm) is observed at pH 5- 6 as well as at 37 °C [20]. The in vitro light emission follows a flash pattern,
with a rapid rise in the intensity that decays to low level (about 5% of the initial burst) in a few seconds [21]. This flash
profile is attributed to the formation of inhibitory products such as oxyluciferin (K; = 0.50 £ 0.03 uM) and L-AMP (K; =

3.8 £ 0.7 nM) over the course of the reaction [22].

Several important features make Fluc- luciferin favorable over other reporters. The fast rate of enzyme turnover
(t1/2 =3 h) in the presence of D-luciferin allows real-time measurements as the enzyme does not accumulate intracel-
lularly. BL is a quantitative method as the relationship between the enzyme concentration and the peak height of

emitted light in vitro is linear up to 7- 8 orders of magnitude [1].

Firefly luciferin has the systematic name [(S)-2-(6'-hydroxy-2'-benzothiazolyl)-2-thiazoline-4-carboxylic acid] and is
commonly named as D-luciferin. Interestingly, only the (S)-enantiomer (D-luciferin) can produce light with FLuc, while
the (R)-enantiomer L-luciferin can be adenylated by luciferase, but is not a viable light emitter [23]. The synthesis of D-
luciferin in fireflies still remains an open area of research; however, recent studies shed some light on its possible

biosynthetic pathways [24-26].

D-luciferin has favorable biodistribution parameters for in vivo imaging such as high uptake in most organs and tissues
and rapid clearance [27]. As D-luciferin is found exclusively in fireflies and evolved together with luciferase, it is not

metabolized by mammalian enzymes and is stable in vivo over the time course of imaging.

Bioluminescence is a result of a series of reactions between luciferin, ATP, Mg2+ and oxygen catalyzed by Fluc (Figure
1.1). In the first step, Fluc catalyzes adenylation of D-luciferin (1) in the presence of ATP—Mg2+ and produces enzyme-
bound luciferyl-AMP (ll) [28, 29]. Attachment of a good leaving group like AMP activates luciferin for subsequent oxi-
dation and decarboxylation [30]. Removal of a proton from the C-4 carbon and addition of molecular oxygen produces
activated dioxetanone (Il1)[31], which is unstable because of the high strain energy in the four-membered ring and
weak peroxide bond [32]. The breakdown of this key intermediate generates oxyluciferin in the excited state (IV) and
CO, [30]. Further relaxation of the excited state to the ground state (V) is accompanied by the emission of a photon of
light [33]. Besides the light-producing reaction, FLuc also catalyzes a dark reaction pathway in which luciferyl-AMP is
oxidized to dehydroluciferyl-AMP [34].
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Figure 1.1 Luciferase-catalyzed conversion of D-luciferin (l) into oxyluciferin (V) (adapted from [35]).

BL in vitro assays are realized through the use of luciferase enzymes that have been isolated, sequenced, and ex-
pressed as DNA vectors [36]. Since the first report of the FLuc cDNA sequence in 1985 [37], luciferase was modified to
optimize its expression in mammalian cells through optimized mammalian codon usage, removal of peroxisome tar-
geting sites, and degradation signal addition [38]. Currently, mutagenesis studies on luciferase are aimed towards
optimizing in vivo bioluminescence properties, such as red color emission [39, 40], higher emission intensity [41] and

increased catalytic efficiency [42, 43].

Advances in synthetic biology and the need for expansion of bioluminescence technology for imaging of processes in
living systems lead to the engineering of FLuc-expressing cells and animals. Luciferase-labeled cells are indispensable
tools for monitoring physiological and pathological processes as they occur in living organisms. Many bioluminescent
cancer cell lines labeled with a bright red-shifted luciferase from Luciola italica [11, 42] were recently developed and

are commercially available.

For a typical bioluminescence in vivo imaging experiment, luciferase is genetically encoded and expressed in animals
(in the form of cell injections, tumor xenografts or transgenic animals), while substrate molecules are injected into the
animal immediately prior to imaging. Transgenic mouse models have been engineered to express luciferase in certain
tissues or cell types using tissue-specific promoters [44-46] and ubiquitously in the whole animal under a constitutive
promoter (e.g. B-actin promoter [47]). Transgenic mice ubiquitously expressing luciferase have found many applica-
tions in the field of biomedical research and have been used to evaluate the efficacy of siRNA delivery [48], measure
ABCG2 efflux activity [49], trace homing of dendritic cells to lymph nodes [50], and track mesenchymal stem cells to
tumors [51]. L2G85-FVB-luc+ mice (full name FVB-Tg(CAG-luc,-GFP)L2G85Chco/J) developed in the laboratory of Prof.
Contag [47] are invaluable tools for studies using bioluminescence-based probes and imaging of processes in real time
in vivo. Selected examples include probes for imaging of caspase 3/7 [52], hydrogen peroxide [53], simultaneous de-
tection of caspase 3/7 and hydrogen peroxide [54], fatty acid uptake [55], biodistribution of peptide conjugates [56]

and novel luciferin derivatives [57, 58].

Optical imaging systems, such as IVIS Spectrum, allow non-invasive imaging of small animals. The IVIS Spectrum is
equipped with an ultrasensitive, thermoelectrically-cooled charge-coupled device (CCD) camera (-90 °C) to detect

bioluminescence from the animal [59]. The optical signal is digitalized by an analog-to-digital converter to create a
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pseudo-color image based on the light intensity that is superimposed on a reference photograph of the animals. This
relatively simple instrument allows imaging up to five animals simultaneously, providing means for a screening in
cohort studies of large sample sizes like assessment of tumor size or infection [60]. It is also possible to measure the
light emission for a specific range (e.g. 20 nm) by applying band pass filters and spectrally resolve BL signals with dif-

ferent emission maxima [40].

While the majority of studies with BL are performed in the 2D mode, 3D bioluminescence tomography techniques are
being developed and used for quantitative 3D reconstruction of internal BL sources on the external surface of the
mouse [61]. Multimodality modules used with IVIS systems allow the co- registration of bioluminescence with micro-

CT which is an especially powerful strategy in bacterial imaging [7, 62-64].

The sensitivity of detection for BLI is determined by the photon flux from the source in vivo. The spatial resolution of
BLI is depth-dependent being equal to the depth of the source (e.g. an object 3-5 mm deep has a ~3- to 5-mm spatial
resolution) [65]. It was estimated from in vitro studies that the net reduction of BL signal is about ten-fold for every cm
of tissue depth, varying with the tissue type [9]. Skin and muscle have the highest transmission and are relatively
wavelength-dependent, whereas liver and spleen have the lowest transmission because of light absorption by oxyhe-
moglobin and deoxyhemoglobin [1]. Favorably, these limitations can be addressed by developing of luciferases or

luciferins with red-shifted light emission [66].

Another limitation of BL is that the FLuc- luciferin system needs ATP, meaning that the light emission can only take
place under physiological conditions within living cells expressing Fluc and that the read-out relies on the enzyme
expression level. If BLI is to be applied to non-luciferase expressing animals or humans, a device has to be engineered

to encapsulate FLuc-labeled cells analogous to the one reported by Aebischer and coworkers [67].

1.1.1 Multi-modality imaging using BL

Linking clinically relevant imaging modalities such as PET, SPECT and MRI with modalities used in small animal imaging

(BLI, NIR fluorescence) is an emerging approach that helps to develop new strategies for human imaging.

Combination of imaging modalities offers a number of advantages. For example, high-sensitivity functional/molecular
imaging (PET, optical imaging) combined with high- resolution anatomical imaging (CT, MRI) provides complementary
diagnostic information [68]. This strategy can be used for the cross-validation of results obtained from various modali-
ties and can aide in the evaluation of the effectiveness of each modality. Due to the availability of instrumentation,
such as the IVIS Imaging System, a combination of BL and NIR fluorescence imaging is widely used in in vivo research.
Although it seemed a daunting task over a decade ago [69], integration of BLI with MRI and PET has been recently

demonstrated.

In oncology, a combination of BLI and MRI was used to monitor the effectiveness of anticancer treatment. In one
study, this was realized by using Fluc-expressing cancer cells to monitor tumor blood supply and MRI contrast agent to
label tumor cells [70]. After administration of a chemotherapeutic agent acting on tumor vasculature, a decrease in BL

signal from the tumor correlated with MR signal confirmed the effectiveness of therapy. In another study, MRI and BLI
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were used to monitor the effect of MRI-guided laser ablation on tumor viability [71]. Another interesting example is a
study on tracking macrophages to experimental aortic aneurysms, where FLuc-macrophages were isolated from

transgenic mice expressing luciferase and labeled with iron oxide nanoparticles for MRI [72].

BLI and PET combination was shown to be very useful for detecting reporter gene expression and cell viability. Otto-
brini et al. implanted cells expressing BL reporter and PET reporter for the assessment of estrogen receptor activity in
a breast cancer model in vivo [73]. Brader et al. applied this combination for imaging of bacteria targeted to tumors
[74]. Using luciferase tagged probiotic E. coli Nissle 1917 and ["®FIFEAU and [*®F]FDG as bacterial PET tracers they

demonstrated a correlation between the number of viable bacteria in tumors and PET and BL signal.

1.2 Caging of luciferin as a strategy for development of activatable BL probes

Currently, a hot topic in research is the design of specific and sensitive imaging probes. Advances in this area are real-

ized through the development of novel approaches to probe design and chemistry [75].

A molecular imaging probe is an agent used to visualize, characterize and/or quantify biological processes in living
systems [1, 76]. Imaging probes can be nonspecific, targeted and/ or activatable [77]. Nonspecific probes do not have
a molecular target and are used to characterize physiological processes such as blood flow or tissue perfusion. Exam-
ples of nonspecific probes include fluorescein and indocyanine green dyes which are used for angiography studies

[78].

Targeted and activatable probes are both directed specifically to the target, however activatable probes produce the
signal only after interaction with their target and, therefore, are highly specific and yield a high signal-to-background
ratio [79]. Activatable, or "smart", imaging probes can be genetically encoded or chemically synthesized. They are
designed to undergo chemical or physicochemical changes in response to specific biomolecular recognition or interac-
tion and produce amplification of optical signal. Therefore, performance of an activatable imaging probe depends on

the probe design (dictated by the target of interest) and on the characteristics of a chosen imaging modality.

The term "caged" originally was used to describe fluorophores activated by light. The term "caged luciferin", along
with the terms "pro-luciferin” or "bioluminogenic probe", is used to describe a probe that provides little to no biolu-
minescence in its native state but can be converted to a bright bioluminescent luciferin. However, unlike fluorescence
probes, BL probes do not require exogenous illumination, which avoids cell phototoxicity or photobleaching of the
probes. As caged luciferins are small molecules, they possess favorable pharmacokinetics for in vivo imaging and their

properties can be tuned according to the imaging requirements.

Studies by McElroy and coworkers on the mechanism behind luciferin- luciferase reaction and screening of luciferin
analogues [80, 81] allowed for the identification of structural modifications of the substrate that are tolerated by the

enzyme and which gave the origins to the "caged luciferin" concept.

It was found that an electron-donating substituent at the 6'-position of luciferin is required for light emission (Table

1.2). Alkylated or acylated derivatives of 6'-hydroxy-luciferin did not produce light although they bind to FLuc [80]. The
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first bright analogue of luciferin to be discovered was aminoluciferin, where an electron-donating amino group re-
placed the 6'- hydroxy group [81]. Aminoluciferin produces more red shifted light (605 nm) and is about 10% as bright
compared to the classical substrate, 6'-hydroxy-luciferin, in the enzymatic assay with the FLuc [57]. Recent studies
showed that N-alkylation of 6’-aminoluciferin generally leads to a decrease in light emission although some modifica-

tions (e.g. 3-hydroxypropyl) resulted in 1.2 times brighter substrate [82].

o} Firefly
X s N Uncaging X s N COOH luciferase X s N [e)
Cage H H
o) LT o = T LT e
N S
Cage ATP, O,, AMP, PPi,
X=0  Caged luciferin X=0 Hydroxyluciferin Mg,* CO, X=0  Oxyluciferin
X=NH X=NH Aminoluciferin X=NH

Figure 1.2 Schematic representation of a caged luciferin approach. Light emission is a result of a two-step process:
conversion of caged luciferin to free luciferin and oxidation of luciferin by firefly luciferase.

"Cages" or functional groups that prevent light emission from luciferin can be introduced in the 6'-hydroxy- , 6'-amino-
or carboxylic groups (Table 1:2). Conversion of the pro-luciferin to luciferin (uncaging) occurs as a result of a chemical
reaction (e.g. reduction, hydrolysis) after interaction with the target and leads to release of free luciferin that is oxi-
dized by luciferase (Figure 1.2). As the amount of produced light is related to the amount of available luciferin, this
approach allows for the measurement of the activity of the target of interest. In the past ten years various caged lucif-

erin probes have been designed for the detection of enzymatic activity and small molecules.

1.2.1 Enzyme- activatable BL probes

The high catalytic activity, diversity and abundance of enzymes enabled the development of activatable probes that
could be used for the imaging of enzyme activities. In 1987, Geiger and Miska reported the development of first bio-
luminogenic substrates for carboxylic esterase, phosphatase, carboxypeptidases A and B, arylsulfatase and alkaline
phosphatase [83]. The following work from the same group expanded the panel of caged luciferins to other targets,
such as a-chymotrypsin [84] and B-galactosidase [85]. Initially developed for in vitro assays, this technology proved to
be highly sensitive (e.g. limit of detection (LOD) for p-galactosidase 3.7 x 10™ mol [85]) than other analytical methods
such as absorbance and fluorescence. Recent advances in molecular biology such as the development of Fluc-labeled
cells and transgenic animals allowed the translation of caged luciferin technology from in vitro to in vivo studies (Table

1.2).

Probes for imaging protease activity are valuable tools for cancer research [79, 86] as overexpression of certain prote-
ases is associated with cancer progression. In the caged luciferin approach, a peptide sequence which is recognized by
proteases is usually attached to the 6'-amino- group of aminoluciferin via an amide bond. Riss and coworkers reported
first peptide-aminoluciferin probes for measuring protease activity as a marker of cell death [87]. They later used
these probes in a high-throughput screen to determine ECs, values for specific proteasome inhibitors [88]. The DEVD-
aminoluciferin probe was used in several studies to detect caspase-3/7 activity in vitro [89] and in vivo [90-92]. Similar
caged luciferin probes were developed for the imaging of other proteases such as furin [93] and carboxypeptidase

[94].
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Our laboratory recently developed a split-luciferin approach for the BL imaging of proteases [52]. In this approach, the
luciferin molecule is reconstituted from its synthetic precursors, OH-CBT and D-cysteine (D-Cys), the latter being re-
leased after cleavage by a protease from C- terminus of the substrate peptide such as DEVD-(D-Cys). This strategy
allows for the imaging of caspase activity in living animals with about a two-fold increase in sensitivity compared to

the full luciferin probe caged on 6'-amino- group (DEVD-aminoluciferin).

Highly specific probes can be developed by attaching a functional group which is a substrate for the enzyme to the 6'-
hydroxyl of luciferin. Examples of such probe design include probes for imaging of B-galactosidase [85, 95] B-

lactamase [96] and nitroreductase [97].

Acylation of the carboxylic group of luciferin was used as a strategy to develop probes for imaging of intracellular
esterases [98, 99]. A luciferin acetal probe was applied to measure cytochrome P450 3A4 inhibition in vitro [100] and

the effects of a drug on CYP3A4 in living mice [101].

1.2.2 Small molecule- activatable BL probes

Another application of the caged luciferin approach is the detection of various small molecules. As BL read-out relies
on the speed of luciferin release from the probe (uncaging), the rate of the reaction of the probe with the target, se-
lectivity and physiological concentrations of the target are key factors that define the success of this approach in vitro

and in vivo.

Luciferin probes for measuring peptide uptake were the first reported example of luciferin uncaging by small mole-
cules [109]. In this approach the linker containing a disulfide bond was placed between luciferin and an octa-arginine
peptide. Arginine-rich peptides are readily taken up by cells and upon cell entry the disulfide bond is rapidly reduced
by glutathione (GSH), the most abundant cell thiol (1- 10 mM), to release free luciferin. This method was developed to
quantify the uptake of luciferin conjugates in real time, with luciferin emulating a drug in drug-conjugates, to estimate
their uptake, intracellular release, and receptor interaction. This assay allowed for the measurement of the uptake
and release of luciferin conjugates administered topically in real-time in living mice and to find linkers for optimal

delivery of therapeutic agents [110].
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BiolLeT strategy for development of activatable luciferin probes [108]
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Table 1.2 Selected examples of caged luciferin probes used in in vitro and in vivo assays for imaging of enzyme activity,

COOH

small molecules and metabolic processes.

Another useful demonstration of this release strategy by GSH was the development of a probe for measuring fatty
acid uptake in cells and living mice [55]. A long chain fatty acid was conjugated to luciferin through a disulfide bond in
a similar manner as described above to release luciferin as an indicator of cell uptake. The probe was validated in
differentiated and non-differentiated cells. Uptake of the probe was inhibited in the presence of a natural fatty acid
(oleic acid) and increased in cells expressing FATP5 transporter. Administration of the probe to FLuc- expressing mice
allowed for the determination of the location of uptake in the gut and other organs, such as brown adipose tissue
(BAT). Further experiments showed the dependence of the probe uptake by BAT on the metabolic state which was
regulated by administration of a B-adrenergic agonist. Therefore, this probe can be used in animals as a valuable tool

for imaging of intestinal fatty acid absorption and brown adipose tissue activation.

The high intrinsic reactivity of reactive oxygen species (ROS) enabled the development of many fluorescent probes for
imaging the redox environment in cells [111]. However, the specificity of detection of a given oxidant in the presence
of other reactive molecules remains a challenge [112]. Van de Bittner et al. developed a boronic acid- caged luciferin
probe for the imaging of hydrogen peroxide fluxes in cells and living animals. The probe was shown to have good se-
lectivity and reactivity in enzyme assays and detect H,0, in a concentration-dependent manner in living cells and in
mice. Administration of an antioxidant lead to a decrease in the signal of the probe compared to untreated mice with
basal levels of H,0,. The probe was applied to detect an increased H,0, production in prostate tumors upon treat-

ment with testosterone in vivo.

1.2.3 Staudinger ligation approach for the imaging of metabolic processes

The Staudinger ligation is a biorthogonal reaction developed by Bertozzi and coworkers [113] that was applied to
measure cell-surface glycosylation using a caged luciferin strategy [107]. The imaging probe consisted of two mole-
cules: a caged-luciferin phosphine and an azido-sugar. Upon incorporation of sugar analogues via the cell biosynthetic
machinery into the glycans on cell surface, the azide reacted with the phosphine to release luciferin. In theory, this
approach could be used for bioluminescence imaging of any azide-containing biomolecule and studying biological

processes in real-time in vitro and in vivo.

1.2.4 BioLeT strategy for the development of activatable luciferin probes

The group of Urano has recently developed a new design strategy for bioluminescence probes named BiolLeT (BioLu-

minescent enzyme-induced electron Transfer) [108]. The idea behind this strategy is similar to the photoinduced elec-

34



Introduction

tron transfer (PeT) principle used for the design of fluorescence probes: the electron-transfer process to or from the
excited state of a fluorophore diminishes the fluorescence from the singlet excited state. It was shown that the biolu-
minescence of aminoluciferin analogues could be quenched through an electron-transfer process and that the "switch

on/ off" occurred because of the difference in luminescence quantum efficiency from the singlet excited state.

It is interesting that the luminogenic substrate is processed by luciferase to yield an excited-state intermediate but
does not emit strong bioluminescence. It means that when the probe is in "off state", it is converted by luciferase to
the optically inactive form which decreases the sensitivity of this approach. When applied for imaging of nitric oxide

(NO) in living rats expressing luciferase, the probe showed a four-fold increase in bioluminescence.
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1.3 Conclusion

Bioluminescence imaging in vivo offers multiple advantages such as high sensitivity, low background signal
due to the absence of tissue autoluminescence, low cost, relatively simple instrumentation and no requirements for
radioactivity. As BLI is limited in use to genetically engineered cells and animals expressing luciferase, its clinical trans-
lation seems unlikely. However, preclinical studies using BLI are very attractive to researchers. The ability to noninva-
sively monitor the progress of the disease over time reduces the number of animals necessary to generate statistically
meaningful data. Imaging of multiple animals simultaneously makes BLI suitable for screening and reduces the time
scale of drug discovery. Studies in animal disease models using BLI allow for the rapid testing of lead drug candidates
and the generation of data that provide valuable insights into how to improve existing therapy approaches and con-

tribute to the understanding of disease.

Bioluminescence based on firefly luciferase- luciferin is a versatile platform for creating activatable probes for the
molecular imaging of various targets. Previous studies showed that the structures of both luciferin and luciferase are
amenable to modifications and, therefore, such modifications should be explored in more detail. It opens exciting
possibilities for the expansion of the panel of BL substrate- enzyme pairs, novel probe designs, development of caged

luciferin probes with improved characteristics and application of BLI to new areas of research.
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Chapter 2 Development of a bioluminescent

probe for nitroreductase (NTR) imaging

This chapter is based on the publication by Vorobyeva AG, Stanton M, Godinat A, Lund KB, Karateev GG, et al. (2015)
Development of a Bioluminescent Nitroreductase Probe for Preclinical Imaging. PLoS ONE 10(6): e0131037. doi:
10.1371/journal.pone.0131037.

| thank Grigory Karateev for developing the synthetic route for the NCL probe and supervising the synthesis (Scheme
2.1), Dr. Pavlo Khodakivskyi for optimizing the synthesis (Scheme 2.2), Michael Stanton for generating the data pre-
sent in Figures 2.4, 2.5, S2.5, S2.7, Kjetil Lund for generating the data present in Figure S2.10, Dr. Elizabeth Allen, Ehud
Drori and Aurélien Godinat for helping with the mouse tumor studies, Dr. K. Francis, Prof. E. McCormack and Dr. M.

Tangney for valuable input, discussion and collaboration.

2.1 Bacterial NTR and its application in cancer therapy (GDEPT)

The nitroreductase (NTR) enzymes are widespread amongst bacteria and are known to metabolize ni-
trosubstituted compounds and quinones using NADH or NADPH as reducing agents [114-117]. They are important for
the development of novel antibiotics being the main target for the treatment of infections caused by bacteria, e.g.
Mycobacterium tuberculosis [118], Helicobacter pylori [119] and by parasites, e.g. Trypanosoma [120], Giardia and
Entamoeba [121]. Their enzymatic activity in gut microbiota is linked to carcinogen production and etiology of colorec-
tal cancer [122, 123]. In addition, they are used in biotechnology for degradation of environmental contaminants
[114]. Due to their absence in mammalian cells they are also utilized as activating enzymes in gene-directed enzyme
prodrug therapy (GDEPT) approaches for cancer chemotherapy [124] where the NTR gene is used to selectively trans-
form cancer cells, providing unique targeted therapy of tumors over normal tissues [125, 126]. Nitroaromatic prodrug
CB1954 in the complex with bacterial NTR is promising for GDEPT and has reached clinical trials for prostate cancer

[127].
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Figure 2.1 Schematic representation of the GDEPT approach (adapted from [126])

GDEPT (Figure 2.1) is based on: (1) introduction and expression of a foreign gene in tumor cells by means of a bacterial
or viral vector; (2) administration of a non-toxic prodrug; (3) conversion of the prodrug into a cytotoxic agent by the

product of gene expression in the tumor cells.

Following the recent first approval in Europe of a gene therapy medicine, the potential for clinical application of
GDEPT is increasing [128]. However, both preclinical and clinical development of NTR-based GDEPT systems has been
severely hampered by the lack of imaging tools that allow sensitive in vivo evaluation of transgene expression in living
subjects. Quantification of the level of transgene expression is extremely important because it is directly linked to the
effectiveness of the therapy and its assessment in vivo through noninvasive imaging may help develop efficient and

safe gene therapy protocols [129, 130].

2.2 Strategies for probe development for imaging of NTR

Imaging of NTR activity is of a high interest to many researchers and several activatable probes were devel-
oped in nearly all optical modalities (Table 2). Many activatable fluorescent probes for NTR have their fluorescence
maximum in the visible range of spectrum and they can only be applied for in vitro imaging [131-135]. One example of
a red- shifted probe is Cy-NO, which consists of a nitroimidazole conjugated to tricarbochlorocyanine dye (Cy.7.Cl).
The nitroimidazole quenches the fluorescence and upon reduction of nitro- to amino- group the probe exhibits a larg-
er Stokes shift (55 nm), and shows maximum of fluorescence excitation and emission at 695 nm and 750 nm, respec-
tively. This probe was applied to monitor the response of hypoxia in HepG2 cells via the detection of activity of en-

dogenous reductases [136].

The only fluorescence probe reported for imaging of NTR in vivo is CytoCy5S [137-139] (GE Healthcare UK Ltd, current-
ly discontinued). The probe is a membrane-permeable quenched substrate that is reduced by NTR to its fluorescent
form and is retained within cells for a prolonged period of time making it suitable for live-cell imaging and for in vivo
studies. It was applied for noninvasive monitoring of tumor progression and response to metronidazole treatment in
orthotopic xenografts of disseminated leukemia, lung and metastatic breast cancer in mice [138]. Sekar et al. generat-
ed several cell lines expressing NTR for GDEPT studies and this probe was used to evaluate the efficiency of NTR trans-

fection [139].
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However, fluorescence imaging in vivo has several limitations, such as high tissue-derived background (autofluores-

cence), photobleaching and lack of quantification [140]. This prompted the development of NTR-activatable probes

based on other optical modalities, such as bio- and chemiluminescence (Table 2.1).

Imaging probe Structure Demonstrated application
Activatable NIR fluorescence probes
B
<;)\NO2
Cy-NOz
X In vitro (enzyme, imaging of endogenous reduc-
(Aexzem  695/750
tases in hypoxia cell assays) [136]
nm)
CytoCy5S
In vitro (NTR enzyme, cell assays) [138, 139] and
(Aexzem  628/638
in vivo (NfsB-expressing tumors) [138]
nm)
Activatable BL probes (caged luciferins)
O,N s N.COOH In vitro (enzyme and NfsB- cell assays), imaging
Luntr \C[ — ]’
N S of cell-cell interactions [143]
ON . . .
\@ H In vitro (enzyme, bacterial assays) [144] and in
Probe 1 OYN s  N_COCH
i \C[N)—(’Sj/ vitro (enzyme) [145]
O,N In vitro (enzyme, cell assays) and in vivo (imaging
Probe 3 \@0 S, N-»COO0H of endogenous reductases in hypoxic tumors)
<7
N S [145]
/T In vitro (enzyme, bacterial and NfsB- cell assays),
oL
NCL = o O\©[3> </NJ'COOH in vivo (imaging of bacterial infection and NTR in
V,
N S NfsB- tumors) [97]
Activatable chemiluminescence probes
O2N |
\EjV o P-o In vitro (enzyme assay) and in vivo (imaging of
HyCL-2 0
endogenous reductases in hypoxic tumors) [146]
cl

Table 2.1 Examples of activatable probes for NTR optical imaging.

Similar to BLI, chemiluminescence imaging in vivo offers the advantages of high sensitivity due to low background and

high signal-to-noise ratios. Prior studies have elegantly demonstrated the application of chemiluminescence for imag-

ing of myeloperoxidase [141] and beta-galactosidase activities [142] in vivo. Although chemiluminescence has an addi-

tional advantage of not requiring FLuc-transfected cells for the generation of light, expression of this enzyme allows
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more elaborate disease models to be developed due to the researcher’s ability to define its spatial localization. More-
over, most chemiluminescent agents suffer from low quantum yield, short maximal photon wavelength emission and
high instability. For example, the quantum yield of aqueous luminol chemiluminescence is 1.23 + 0.20% [147] with a
maximal emission of 424 nm [148], while the reported quantum yield of firefly BL is 41.0 + 7.4% [18], that is about 40
times higher, with D-hydroxyluciferin and D-aminoluciferin having wavelength at 560 nm and 603 nm respectively
[149]. Recently, Zhang et al. [150] showed the advantage of using both near-infrared fluorescence and chemilumines-
cence imaging in combination, while addressing the wavelength issue associated with luminol chemiluminescence in
vivo by shifting it into the near-infrared region utilizing quantum dots. A recently reported probe by Cao et al. demon-
strated the possibility of using chemiluminescence for imaging of bacterial NTR in vitro and assessing the activity of

endogenous reductases in tumor-bearing mice under various oxygenation conditions [146].

Several bioluminescence probes were recently developed for imaging of NTR. In a study by Porterfield et al. NTR was
used as an alternative to a previously reported enzyme, B-galactosidase, as a tool to study cell-cell interaction [143].
The developed probe was applied to visualize two types of cells being in close contact with each other. When the
probe was uncaged in NTR" cells, the released luciferin diffused and produced light in the neighbouring Fluc® cells.
Although, the probe was a viable reporter of NTR activity, the caged probe produced a high background signal in en-
zyme assays (possible being a substrate for FLuc) and only four-fold S/N ratio when incubated with NTR which was
attributed to the instability of the produced luciferin. These issues could be explained by the probe design and the fact

that the product of probe uncaging is not a native substrate for FLuc, hydroxy-luciferin, but a hydroxylamino-luciferin.

The other reported BL probes were validated only in in vitro assays, with isolated enzyme or in live bacteria, and their
applicability for imaging of bacterial NTR in living animals was not demonstrated [144, 145]. The work presented in
this chapter describes the development of an NTR-specific probe that was extensively validated in vitro and in vivo

with an emphasis on the GDEPT-related applications.
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2.3 Results

23.1  Probe design and synthesis

The reduction of nitroaromatic compounds can occur through one- or two-electron mechanism [114]. Two
types of bacterial NTRs have been described and they are classified according to the oxygen dependence. The NTRs
used in our study (NfsA, NfsB) are type | oxygen-insensitive NTRs, they catalyze the reduction of the nitro group by
addition of a pair of electrons, and their activity does not depend on the level of oxygen. However, the oxygen-
sensitive NTRs (type Il) catalyze the reduction of the nitro group by the addition of one electron, forming the nitro
anion radical, which is oxidized back to the nitro group by oxygen. Bacteria contain both types of nitroreductases with
type | being the most characterized among other NTRs. The independence of reduction from the level of oxygen in E.
coli had been previously shown for an NTR-sensitive coumarin probe (7-nitrocoumarin-3-carboxylic acid) suggesting

the prevalent involvement of type | NfsA and NfsB possibly along with other uncharacterized NTRs [151].

We have previously demonstrated the suitability of exploiting NTR activity as being sufficiently selective to distinguish
bacterial cells from host background [152]. Several NTR-related enzymes have been identified in mammalian cells and
they functionally relate to type | NTRs (NAD(P)H-quinone oxidoreductase (DT-diaphorase EC 1.6.99.2) and xanthine
dehydrogenase EC 1.17.1.4). They can potentially contribute to reduction of nitroaromatics, although they are not
phylogenetically related and do not exhibit the typical domain characteristic of NTR family. These properties were
investigated in the study on FMISO imaging reagent, a derivative of nitroimidazole used as a hypoxia PET tracer [153].
It was reported that under hypoxic conditions xanthine dehydrogenase is converted to xanthine oxidase that reduces
FMISO and other nitroimidazole-containing compounds. Similarly, eukaryotic NTRs that are functionally related to
type Il (aldehyde oxidase EC 1.2.3.1, cytochrome c oxidase EC 1.9.3.1, and NADPH cytochrome P450 reductase EC
1.6.2.4) can potentially reduce nitroaromatics anaerobically and are generally used as targets for hypoxia-activated

prodrugs and imaging agents [154].

Therefore, several important factors need to be taken into account when designing the compounds activated selec-
tively by bacterial or mammalian enzymes. For bacterial NTRs the activation is largely dependent on the redox poten-
tial of the nitroaromatics. For example, nitrofurans display relatively high redox potentials (reported from -250 to -270
mV) and are reductively activated by NAD(P)H nitroreductases of enteric bacteria. At the same time metronidazole
(nitroimidazole) is only activated by anaerobic enzymes showing low redox potentials (-480 mV) in some bacteria and

protozoa, making it well tolerated in humans when used as an antibiotic [155].

Substrate specificity of the designed compounds is also important, for example CB 1954 prodrug is efficiently reduced
by bacterial NTRs and a human DT-diaphorase (NQO2) while being a poor substrate for a human paralogue NQO1
enzyme [156]. These and other important aspects of selectivity of bioreductive prodrugs are discussed in more details

in a recent review by Wilson and Hay [157].

Our probe design is based on caging of D-luciferin with nitrofuryl moiety resulting in "Nitroreductase Caged Luciferin"

(NCL) probe (Figure 2.2). 5-Nitrofuryl was selected as a cage as its derivatives (nitrofurazone, nitrofurantoin) were
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shown to be efficiently activated by NTR in bacteria [155]. Upon the reduction of the nitro group by NTR the resulting
electron-donating amino group promotes the cleavage of the C-O bond (uncaging), leading to the subsequent release
of luciferin which is oxidized by luciferase and a photon of light is emitted. Therefore, release of free luciferin followed

by light production is only possible in the presence of NTR.
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Figure 2.2 General strategy for imaging of NTR activity with Nitroreductase Caged Luciferin (NCL) probe

The caged luciferin probe NCL was originally synthesized in three steps with an overall yield of 17% (See 2.5 Experi-
mental section, Scheme 2.1). The synthetic route was later optimized which allowed to obtain the probe in just two

steps with an overall 63% yield (Scheme 2.2).

232 Validation of NCL in cell-free assays

We first investigated the specificity of probe uncaging by incubating NCL with a recombinant NTR enzyme from E. coli
(NfsA) in the presence of NADH as a cofactor. The release of luciferin was followed by HPLC-MS analysis as a function
of time (Figure S2.1). The resulting data demonstrated rapid conversion of NCL into free luciferin under these condi-

tions, the calculated values of rate constant and NCL half-life, were 5.8 x 10 s™ and 119.5 s respectively (Figure S2.1).

Next, we determined the Michaelis-Menten kinetic parameters for the NTR-specific cleavage of NCL probe (Figure
$2.2) using fluorescence to monitor release of luciferin (Aex/em= 330/530 nm) as the caged probe is not fluorescent.
Both V. and K, values were found to be comparable to those previously reported for a NTR fluorescent substrate
[133] and were determined to be 0.057 uM s" and 24.7 UM respectively. Catalytic efficiency of probe reduction by
NTR (keae/Km) was determined to be 2.25 x 10" M™ s™, which is two orders higher than that of luciferin-luciferase reac-
tion (1.07 x 10° M s™) [158]. To evaluate if the probe can be used as a reporter of NTR activity, we investigated the
effect of the NTR inhibitor dicoumarol (competitive with NADH) on the efficiency of NCL uncaging. A gradual concen-
tration-dependent decrease in signal was observed (Figure 2.3A) indicating that the uncaging of NCL depends on the
activity of NTR. We also assayed quantitative capability of the probe against the amount of NTR by fluorescence and

found the detection limit to be 0.15 ug/mL (Figure S2.1).

To determine the utility of NCL as a bioluminescent reporter, we measured the light emission from increasing concen-
trations of NCL (0.25-5 uM) in the presence or absence of NTR and firefly luciferase (Figure 2.3B) in real-time. The
resulting signal was concentration-dependent and no significant light was produced in the absence of NTR, resulting in

high signal to background noise ratios even at relatively low concentrations of the probe in comparison to that previ-
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ously reported [53, 93]. In addition, NCL demonstrated an average 70% conversion into luciferin over 30 min, the
highest uncaging efficiency among existing caged luciferin substrates reported to date [53, 93]. We also verified that

NTR did not have any effect on the luciferin-luciferase reaction (Figure S2.4).
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Figure 2.3 Evaluation of NTR-specific uncaging of NCL probe. (A) NCL (20 uM) uncaging by NTR (0.5 ug mLY) in the
presence of NADH (100 uM) was inhibited by dicoumarol (0 to 200 uM). (B) Total luminescence over 30 min from
luciferin or NCL (0.25-5 uM) with NADH, luciferase, and NTR, compared with the control (no NTR), *P < 0.001.

233  Stability profiling

Since an ideal imaging reagent should be non-toxic and stable in biological environments, we next investigated these
parameters. The probe did not induce any toxicity in bacteria or mammalian cells (Figure S2.9). The half-life of NCL in
mouse plasma in vitro was determined to be 53.7 h (Figure S2.6A), which readily permits robust BL imaging in vivo. In

addition, NCL demonstrated excellent stability to liver microsomes in vitro (Figure S2.6B).

234 Imaging of NTR activity in E. coli

We approached the validation of NCL in a live biological system initially utilizing bacteria as a source of both NTR and
luciferase. We investigated the potential of NCL probe for imaging NTR in E. coli naturally expressing NTR [115-117]
and engineered to express luciferase. The resulting signal from NCL or luciferin control was compared between several
E. coli strains: 1) E. coli wt, 2) E. coli engineered to stably express luciferase (E. coli luc+), 3) a strain of E. coli (NTR KO
luc+) with three well-described NTR genes knocked out (NfsA, NfsB and NemA). First, as shown on Figure 2.4, signifi-
cant signal above background was detected from E. coli luc+ in comparison with E. coli wt, indicating the need of lucif-
erase presence for light production. Both wt and NTR KO luc+ strains showed similar levels of luciferase expression
when treated with luciferin. However, with NCL the signal from parent strain was significantly higher than from the
NTR mutant strain (NTR KO luc+), demonstrating probe selectivity for detection of NTR activity in bacteria. The pres-
ence of a signal in wells with NTR KO luc+ strain indicates that reduction of the nitrofuryl cage is not exclusive or spe-
cific to any of the three major E. coli NTRs (NfsA, NfsB and NemA) and that cage reduction can be achieved at detecta-
ble levels in the presence of the remaining NTRs in E. coli. In E.coli, several nitroreductases (NfsA [115], NfsB [116],
YdjA [117]) and reductases (NemA [159]) are characterized, while the exact functions of other reductase proteins

remain unclear. Recent studies [117] indicate that E. coli reductases could also have additional nitroreductase activity.
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We also investigated the signal dependence on different numbers of bacteria and significant signals were evident at
concentrations of bacteria as low as 10° cells/mL (1.5 x 10° cells/ well) (Figure 2.4C). The average efficiency of probe

uncaging in bacteria was calculated to be 35% (Figure 2.4D).
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Figure 2.4 Light production in E. coli by NTR-mediated uncaging of NCL. (A). Light output from NCL (300 uM) after 2 h
incubation in luciferase-expressing E. coli (+ luc gene) is significantly higher than in NTR mutant (NTR KO luc+) (*P <
0.001) and in wild type (- luc gene). The dashed line indicates the background. (B). Overlay of a photographic image
and bioluminescence from the assay described. (C). Bioluminescence from 100 uM NCL probe and luciferin incubated
with various concentrations of luciferase expressing E.coli AB1157 (10°-10® bacteria mL™) for 10 min before imaging.
(D). Bioluminescence from luciferase expressing E.coli luc+ (10® bacteria mL™) incubated with various concentrations

of NCL or luciferin (1-250 uM) for 10 min before imaging.

2.3.5 Imaging of bacterial NTR in vivo in a mouse model of intramuscular infection

The utility, and importantly, the specificity, of the probe in vivo was examined in a mouse model of thigh muscle infec-
tion, again utilizing bacteria as the source of both NTR and luciferase. Balb/c mice were injected in quadriceps with
various numbers of E.coli luc+ (5 x 10°=5 x 107), followed by IP injection of NCL 30 min later (Figure 2.5A). Animals
were imaged at various time points over 24 h (Figure 2.5B). Signal from the probe was detected 20 min post injection
lasting for as long as 24 h and correlated with the amount of probe injected. The intensity increased over the first 4 h
reaching plateau afterwards. The total photon flux produced during this time was approximately 1/3 of the total flux

detected from the mice injected with luciferin, demonstrating high efficiency of uncaging by bacterial NTR in vivo
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(Figure 2.5B). We also compared the probe kinetics after different administration routes in mouse model of E. coli
intramuscular infection (Figure S2.7). Statistical analysis of the data showed no significant difference in signal from IP

and IV administration of the probe in this model at 0.8 mg/mouse.
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Figure 2.5 In vivo activation of NCL probe by luciferase and nitroredictase expressing E.coli in a mouse model of thigh
infection. (A). Luminescence over 4 h from E. coli luc+ infected quadriceps (5 x 10°-5 x 10’ bacteria) after IP injection
of 0.8 mg NCL probe (200 pL of 10 mM solution in PBS). (B). Luminescence over 4 h from E. coli luc+ infected quadri-
ceps (5 x 10’ bacteria) following IP injection of 0.8 mg of probe or 0.63 mg of luciferin (200 pL of 10 mM solution in
PBS). (C). Luminescence imaging of mice over 24 h bearing 5 x 10’ bacteria, treated with various (0.08, 0.8 and 1.6 mg)
NCL probe concentrations (200 pL of 1, 10 and 20 mM solutions of NCL in PBS). As a positive control, mice were in-
jected with equal amounts of E. coli MG1655 expressing lux luciferase that doesn't require exogenous substrate for
light production [62]. The signal was collected over 24 h, n = 3 per group.

23.6  Evaluation of NCL in NTR- and FLuc-expressing cancer cells

As the next step we applied NCL for imaging of NTR activity in breast cancer cells, stably transfected with NTR and
luciferase (MDA-MB-231-NTR+luc+) [139]. The expression of active NTR was confirmed by using the previously de-
scribed NTR-specific fluorescent CytoCy5S probe (Figure S2.8). Addition of different concentrations of NCL to NTR+
cells resulted in rapid concentration-dependent signal increase, with up to 40 times signal-to-noise ratio at the highest

concentration used (100 uM) (Figure 2.6). Contrary to this, NTR- cells produced much lower signal of equal intensity at
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all concentrations used (Figure 2.6B). The difference in brightness between the two cell lines due to different expres-
sion levels of luciferase was taken into account by normalizing the signal from NCL to the signal from equimolar quan-
tities of luciferin control. The selectivity of NCL uncaging was also tested in another NTR-/NTR+ cancer cell line and

similar results were observed (Figure S2.10).
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Figure 2.6 Imaging of NTR activity in cells and in in vivo cancer model with NCL. (A) Concentration-dependent uncaging
of NCL in MDA-MB-231 NTR+luc+ cancer cells in comparison with luciferin. (B) Selectivity of NTR imaging by NCL in the
same cells in comparison with NTR-luc+ cells. The dashed line indicates background (cells only), *P = 0.0001. (C) In vivo
imaging of NTR activity in subcutaneous NTR+ and NTR- xenografts (n = 5). Total luminescence over 1 h from IP injec-
tion of luciferin (1.5 mg) and NCL (1.9 mg). d) Representative images of mice 15 min post injection of luciferin or NCL.

The difference in kinetics of the signal from the probe in bacteria (Figure 2.4) and mammalian cells (Figure
2.6) can be explained by the fact that E. coli naturally expresses several types of nitroreductases, while the mammali-

an cell line used in our experiments was transfected with one type of nitroreductase (NfsB).
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2.3.7 Imaging of NTR in cells not expressing luciferase

Several NTR-expressing cell lines have been generated for the GDEPT applications. However, they often do not have
simultaneous co-expression of FLuc that is necessary for the BLI read-out. We therefore decided to demonstrate the

applicability of our probe for imaging of NTR activity in cells not expressing FLuc.

After incubation of HEK293 NTR+ or wt cells with NCL or luciferin for one hour, the cells were lysed and FLuc was add-
ed to measure the amount of the probe uncaged by NTR. As shown in Figure 2.7A the probe produced a concentra-
tion-dependent signal with NTR+ cells which was significantly higher than the background signal in control cells. Lucif-
erin was used as a positive control to check that the lysis procedure did not affect the BLI readout in both cell lines

(Figure 2.7B).
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Figure 2.7 Imaging of NTR activity in HEK293T cells after cell lysis and addition of FLuc. (A) Concentration-dependent
signal from NCL in HEK293T-NTR+ cells compared to the control HEK293 (wt). (B) Equal signal from luciferin in both
cell lines confirmed that the lysis did not affect the BLI readout. Representative data at 40 min post-luciferase addi-

tion.

2.3.8 The effect of hypoxia on the NCL probe in cells not expressing FLuc

As mentioned earlier, eukaryotic cells have reductases that are functionally related to type Il oxygen-sensitive NTRs
(aldehyde oxidase EC 1.2.3.1, cytochrome c oxidase EC 1.9.3.1, and NADPH cytochrome P450 reductase EC 1.6.2.4)
that can potentially reduce nitroaromatics anaerobically and are the targets for hypoxia-activated prodrugs and imag-
ing agents [154, 157]. We decided to check whether our probe is a substrate for these enzymes and whether the re-
duction can occur in cells under hypoxic or normoxic conditions. We used cells that do not express FLuc and applied

the detection method with cells lysis and exogenous addition of Fluc as described earlier.

First, a pimonidazole assay was used as a positive control for activity of intracellular reductases under hypoxia (Figure
2.8A). Pimonidazole-HCl is the gold standard immunochemical hypoxia marker widely used for imaging of regions of
hypoxia in tumors in vivo and has been recently approved for clinical use in USA, Canada and Norway. Pimonidazole is
a derivative of a nitro-imidazole where the nitro- group is reduced by one-electron oxygen-sensitive reductases under
hypoxic conditions (at pO, £ 10 mm Hg). It is estimated that approximately 20% of reduced pimonidazole binds to

cellular thiols and forms adducts that can be visualized by anti-pimonidazole antibody conjugated with a fluorescent
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dye. This assay is based on the reduction of a nitro-aromatic system, therefore, it is an ideal control to check if our
probe is a substrate for intracellular reductases in normoxic and hypoxic conditions, as the reduction of a nitro- group
of NCL will lead to luciferin release and increase in probe signal. The mechanism of pimonidazole reduction and bind-

ing in hypoxic cells as well as additional controls for the experiment in Figure 2.8A is shown in Figure S2.12.
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Figure 2.8 Imaging of intracellular reductase activity in A549 cells in hypoxic and normoxic conditions. (A) Pimonida-
zole trapping inside cells visualized by anti-pimonidazole FITC-mAb staining, green- FITC, blue- nucleus (Hoechst). (B)
Bioluminescence signal from luciferin (positive control) or probe incubated with cells for 1 h in hypoxia or normoxia,
after cell lysis and FLuc addition. The probe signal was normalized to the difference in luciferin signal in normoxic vs.
hypoxic cells (2.1 times). Representative data at 10 min post-luciferase addition.

As can be seen in Figure 2.8A, a remarkably higher fluorescence signal was observed in cells incubated in hypoxic con-
ditions for two hours than in the cells incubated in normoxic conditions (additional controls shown in Figure S2.12).
This assay confirmed the activity of intracellular reductases in A549 cells under hypoxia and their ability to reduce the
nitro-aromatic group of pimonidazole. However, when the NCL probe was incubated in A549 cells under hypoxia or
normoxia, no difference in BL signal was observed between the two groups (Figure 2.8B). The overall signal intensity
from high concentrations of the probe (100, 500 uM) is about two orders of magnitude lower than for ten times lower
concentration of luciferin (10 uM), which corresponds to a very low background signal produced from the unspecific
uncaging of the probe in cells (approximately 1% of the photon flux from luciferin). Moreover, there was no difference

in the amount of light produced from 100 and 500 uM of probe.

2.3.9 Imaging of NTR activity in subcutaneous xenograft model of cancer

In light of these positive results we decided to investigate the utility of NCL as a reporter of NTR activity in a cancer
xenograft model in mice, using the same cell lines previously validated in vitro (Figure 2.5). Subcutaneous NTR+ or
NTR- xenograft tumors were induced in two groups of mice (n =5 per group) and were grown to an average volume of
approximately 0.25 cm®. We chose to implant the NTR+ and NTR- cells in different mice to ensure that the signal pro-

duced from the probe is specific to the cell type and doesn't result from luciferin diffusion to the neighbouring tumor.
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Another reason to implant the cells separately was the difference in light emission that could preclude accurate

measurements for light sources of different intensity on a single mouse.

When caged luciferin probes are used to measure the activity of a biomolecule in various experimental settings, the
light output needs to be calibrated to the amount of luciferase [52, 53, 160]. In our case this calibration takes into
account variations between luciferase levels in tumors from one group to another. Therefore, in order to compare the
performance of the probe in two different cancer cell lines with a various level of luciferase expression we normalized

the signal from of the probe to the signal from equimolar amount of D-luciferin.

Both groups of mice were first injected IP with luciferin (1.5 mg) to determine the overall light emission from each
tumor over 1 h. This signal was later used to calculate percentage of NCL uncaging in order to normalize tumor size
and level of luciferase expression from NTR-/+ cell lines. 24 h later, all mice were injected IP with equimolar quantities
of NCL (1.9 mg), followed by collection of light over 1 h (kinetics shown in Figure S2.11). Since the residual light from
luciferin injection could contribute to the signal from the probe, the absence of residual signal was verified by imaging
of mice before probe administration. The level of probe uncaging in NTR+ and NTR- groups was determined by quanti-
fying light production from NCL in each mouse relative to luciferin. As shown in Figure 2.6C the efficiency of probe
uncaging in the NTR+ group was approximately an order of magnitude higher than in the NTR- group (11.7+2.5% and

1.5+1.4% respectively; p = 0.0001), demonstrating the utility of this probe for imaging of NTR activity in tumors.

In a previously reported study of NTR imaging with CytoCy5S fluorescence of orthotopic xenograft tumors, probe acti-
vation by bacteria in the GIT resulted in background fluorescence in that cancer model requiring fluorescence lifetime
gating to differentiate tumor signal from GIT signal [138]. Although we have not presented results of orthotopic tu-
mors, it is anticipated that the bioluminescence based imaging tool in our study, permitting detection of the signal

only with co-expression of both luciferase and NTR, would eliminate such issues.

2.4 Conclusion

In conclusion, we developed a new caged luciferin probe for bacterial nitroreductase imaging that can be
readily synthesized in two steps in a high yield. The probe displayed minimal background signal, fast enzyme kinetics
and high specificity to bacterial nitroreductases which resulted in high signal-to-background ratios in in vitro and in
vivo experiments. The probe was extensively validated and its potential for in vivo imaging was demonstrated in sev-
eral experimental models, which makes this reagent advantageous to other recently reported caged luciferin probes.
Our results demonstrate that the NCL probe can be effectively used for non-invasive real-time imaging of NTR activity
in vitro, in live bacteria and mammalian cells, as well as in vivo, in preclinical models of cancer and certain bacterial

infections.

This novel reagent should significantly simplify screening of prodrugs in vivo and accelerate the preclinical develop-
ment of enzyme-activatable therapeutics for translation into the clinic. In a recent review on NTR application in GDEPT
Williams et al. highlighted that the development of tools for noninvasive imaging of NTR is one of the most exciting

recent advances in this field and found our work to be of particular relevance to GDEPT [126].
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2.5 Experimental section

2.5.1 Chemical materials and methods

Chemicals were purchased from ABCR GmbH, Acros organics, AppliChem GmbH, Sigma-Aldrich, and were used as
received. Firefly luciferase, E. coli nitroreductase NfsA, mouse male liver microsomes were purchased from Sigma-
Aldrich. Mouse plasma was purchased from Harlan Laboratories. Analytical thin layer chromatography was performed
using aluminum-backed SiO, TLC plates from Merck. HPLC analysis was performed on Agilent Infinity 1260 HPLC sys-
tem (Agilent, Santa Clara, CA) with SunFire C18 column (2.6x20 mm, 3.5 um, Waters) using degassed HPLC gradient
grade solvent from Fisher Chemicals (Loughborough, UK) and Millipore water. The products of the reaction were ini-
tially analyzed by Agilent 6120 Quadrupole LC/MS system (Agilent, Santa Clara, CA), directly connected to HPLC. Nu-
clear magnetic resonance (*H, *C NMR) data were acquired on a Bruker AV400 MHz spectrometer. NMR chemical
shifts are reported in the standard & notation of parts per million using the peaks of residual proton and carbon signals
of the solvent as internal references. Splitting patterns are designated as s (singlet), d (doublet), dd (doublet of dou-
blets), t (triplet), m (multiplet). Coupling constants (J) are reported in hertz. HRESI-MS measurements were conducted

at the EPFL ISIC Mass Spectrometry Service using Micro Mass QTOF Ultima (Waters Corp., Milford, MA).

Chemical synthesis
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Scheme 2.1 Original synthetic route of NCL (3 steps, overall yield 17%).
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Scheme 2.2 Improved synthetic route of NCL (2 steps, overall yield 63%).
(5-Nitrofuran-2-yl)methanol (1)

Compound 2 was synthesized using a method described in the literature [161]. 5-Nitro-2-furaldehyde (2.0 g, 14.2
mmol) was dissolved in THF (25 mL). Sodium borohydride (0.45 g, 14.2 mmol) in water (2 mL) was added slowly drop-
wise to the THF solution at 0°C. After the addition, the ice bath was removed and the reaction mixture was left to stir
at room temperature for 1 h 30 min. THF was evaporated, 20 mL of water was added to the reaction mixture and
extracted with ethyl acetate (3 x 30 mL). The combined organic extracts were washed with saturated NaCl solution,
dried (Na,SO,) and evaporated. After evaporation the desired product was obtained as a dark-yellow liquid (1.19 g,
59%).1H NMR (400 MHz, CDCls) 6 = 7.29 (d, 1H), 6.56 (d, 1H), 4.72 (s, 2H), 2.40 (1H, br). Data is consistent with the
literature [161].
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6-((5-Nitrofuran-2-yl)methoxy)benzo[d]thiazole-2-carbonitrile (2)

Scheme 2.1. To s solution of compound 1 (0.25 g, 1.75 mmol), 2-cyano-6-hydroxybenzothiazole (0.277 g, 1.57 mmol),
and triphenylphosphine (0.642 g, 2.45 mmol) in anhydrous THF (7 mL) under N,, was added a solution of 1,1'-
(azodicarbonyl)dipiperidine (ADDP) (0.617 g, 2.45 mmol) in anhydrous THF (4 mL) dropwise at 0°C. After 1.5 h, the
reaction mixture was placed at room temperature and stirred for 18 h. The solvent was evaporated and crude mixture
was purified using Biotage (SNAP C18 12g column, H,0:THF, 3-100% THF over 30 min). Purification yielded 0.226 g
(43%) of compound 2. *H NMR (400 MHz, (CD;),CO) 6 = 8.16 (d, J = 9.1 Hz, 1H), 7.98 (d, J = 2.6 Hz, 1H), 7.54 (d, J = 3.7
Hz, 1H), 7.45 (dd, J = 9.1, 2.6 Hz, 1H), 7.03 (d, J = 3.7 Hz, 1H), 5.43 (s, 2H). **C NMR (101 MHz, (CD;),CO) & = 159.5,
154.0, 153.3, 148.3, 138.4, 135.3, 126.6, 119.7, 114.6, 114.0, 113.3, 106.3, 63.3. HRMS: calculated for C;3H;N30,S
[MH]* 302.0229, found 302.0236.

Scheme 2.2. To s solution of bromide (0.116 g, 0.56 mmol) in anhydrous acetone (8 mL) was added 2-cyano-6-
hydroxybenzothiazole (0.09 g, 0.51 mmol) and K,CO3 (0.141 g, 1.02 mmol) under N, at room temperature. The reac-
tion was monitored by HPLC-MS and after 6 h the disappearance of starting compound 3 was observed, the reaction
mixture was filtered, the filtrate was evaporated to give the product 2 (95% purity by H NMR) in excellent yield (0.141
g, 92%).

2-(6-((5-nitrofuran-2-yl)methoxy)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (3)

To s solution of compound 2 (0.048 g, 0.16 mmol) in THF (1.5 mL) was added a solution of D-cysteine (0.029 g, 0.24
mmol) in degassed PBS (1.2 mL) under N,. After 1 h, solvent was evaporated and crude material was purified by pre-
parative HPLC (C8 column, H,0+5mM HCOONH,4:ACN, 5-95% ACN over 30 min), affording pure product 3 (0.044 g,
68%). "H NMR (400 MHz, CDsCN) & = 7.97 (d, J=9.0 Hz, 1H), 7.63 (d, J=2.6 Hz, 1H), 7.41 (d, J=3.7 Hz, 1H), 7.22 (dd,
J=9.1, 2.6 Hz, 1H), 6.83 (d, J=3.7 Hz, 1H), 5.27 (t, J=9.2 Hz, 1H), 5.20 (s, 2H), 3.71 (d, J=6.2 Hz, 1H), 3.68 (d, J=5.5 Hz, 1H).
B¢ NMR (101 MHz, (CD3),CO) 6 = 171.3, 166.1, 159.7, 158.4, 154.4, 153.2, 149.2, 138.5, 126.0, 118.2, 114.4, 113.4,
106.6, 79.3, 63.2, 35.5. HRMS: calculated for C;gH;3N306S, [MH]" 406.0168, found 406.0171.
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2.5.2 General methods

HPLC analysis. HPLC analysis was performed on Agilent Infinity 1260 HPLC system (Agilent, Santa Clara, CA) with Sun-
Fire C18 column (2.6 x 20 mm, 3.5 um, Waters) using degassed HPLC gradient grade solvent from Fisher Chemicals
(Loughborough, UK) and Millipore water. The products of the reaction were initially analyzed by Agilent 6120 Quadru-
pole LC/MS system (Agilent, Santa Clara, CA), directly connected to HPLC. NCL and luciferin were detected at 320 nm,
testosterone was detected at 240 nm. Conditions of the method were the following: mobile phase 5 mM
HCOONH,:ACN, 5:95% ACN over 2 min, the injection volume 3 pL and the flow rate 1 mL/min. Standard curve for NCL
was constructed by plotting the peak areas vs. diluted concentrations (in a range of 1- 50 uM) of stock solutions of the

compound.

Nitroreductase assay (Figure S2.1). The reduction of NCL probe by E. coli nitroreductase (NTR) was monitored by
HPLC analysis. The reaction solution containing 700 uL of PBS (pH 7.4), 100 pL of 10 mM NADH, 100 uL of 10 pg/mL
NTR and 100 uL of 10 mM NCL solution in PBS (pH 7.4) was performed at 37 °C. Aliquots of 100 uL were taken from
reaction mixture at 0, 0.5, 1, 3, 5, 7, 9 and 30 min, and were quenched with 100 uL of acetonitrile. The samples were
analyzed by HPLC. Kinetics of the reaction was calculated assuming pseudo-first-order kinetics and a plot of In of
probe concentration versus time was established. The half-life of reduction was calculated on the basis of the disap-

pearance of the substrate assuming pseudo-first-order kinetics.

In vitro stability in mouse plasma (Figure $S2.6). The in vitro stability of NCL was studied in mouse plasma (Harlan
Laboratories) according to the procedure described in the literature [162]. The reactions were initiated by the addition
of 100 pL of 1mM solution of NCL in PBS (pH 7.4) to 400 uL of preheated plasma solution to yield a final concentration
of 200 uM. The assays were performed in a shaking water bath at 37 °C. Samples (50 uL) were taken at 0, 15, 30, 45,
60 min, 2, 6 and 24 h and added to 150 pL of ice-cold methanol. The samples were subjected to brief vortex mixing
and centrifugation for 10 min at 14000 rpm. The clear supernatants were analyzed by HPLC. The in vitro plasma half-
life (t1/2) was calculated using the expression t;/,=In2/b, where b is the slope found in the linear fit of the natural loga-

rithm of the fraction remaining of the NCL vs. incubation time.

In vitro mouse liver microsome stability assay (Figure S2.6). The assay was performed according to the procedure
described in the literature [163]. The reaction mixture contained 390 uL of PBS (pH 7.4), 10 uL of microsomes (20
mg/mL) with or without 50 uL of 10 mM NADPH. The reaction was initiated by the addition of 50 uL of 1 mM solution
of NCL in PBS (pH 7.4) to the reaction mixture. At 20, 40 and 60 min 100 pL aliquots were taken and quenched with
150 pL of ice-cold methanol. The samples were subjected to brief vortex mixing and centrifugation for 10 min at
14000 rpm. The clear supernatants were analyzed by HPLC. The microsomal activity was monitored using testosterone

as a positive control.

Kinetics of NCL reaction with NTR by fluorescence (Figure S2.2). Fluorescence was measured using a Tecan Infinite
M1000 (Tecan Austria GmbH) plate reader. Kinetic measurements of NCL (5-50 pM) uncaging by NTR (0.25 pg mL™)
were performed in the presence of NADH (500 uM) at 37°C in PBS buffer (pH 7.4). The kinetics rate of luciferin release

from NCL was measured by fluorescence at 330 nm excitation and 530 nm emission wavelengths. The fluorescence
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calibration curve for luciferin was used to calculate the rate (Figure S2.2). Kinetic parameters K., and V., were deter-
mined from Michaelis-Menten model and Lineweaver-Burk plot was used to display the data. The k., value was calcu-
lated by dividing the V., value, obtained from the data acquired for the determination of the corresponding K.,values

for the probe, by the concentration of the nitroreductase in the assay.

Inhibition assay of NTR by dicoumarol in enzyme assay (Figure 2.3A). NCL (20 uM) uncaging by NTR (0.5 pg mL'l) in
the presence of NADH (100 uM) was inhibited by various concentrations of dicoumarol (0 to 200 uM). Luciferin re-
lease from NCL was measured by fluorescence at 330 nm excitation and 530 nm emission wavelengths over time.

Inhibitory activity of dicoumarol is expressed as a percentage compared to uninhibited control (Figure S2.3).

Bioluminescent imaging of NTR with NCL in enzyme assay (Figure 2.3B). In vitro imaging studies were performed in
clear bottom black 96 well plates from Becton Dickinson and Company. An IVIS Spectrum (PerkinElmer) was used to
measure the amount of bioluminescent imaging (BLI) signal production. The data are presented as pseudocolor imag-
es indicating light intensity (red being the most intense and blue the least intense), which are superimposed over the
grayscale reference photographs. Bioluminescence was quantified using region of interest (ROI) analysis of individual
wells and the average signal expressed as the total number of photons emitted per second per cm? per steradian
(p/sec/cmz/sr) from each of the three wells was calculated by using the Living Image software. Total luminescence was
calculated by integrating the area under corresponding kinetic curves. Luciferase buffer was prepared as following: 2
mM ATP, 5 mM MgSQ, in PBS (pH 7.4). Stock solutions of luciferase in luciferase buffer, NADH, NCL, luciferin and NTR
in PBS (pH 7.4), were freshly prepared and aliquoted in a 96-well plate to give the following final concentrations in the
total volume of 100 pL/well: luciferase (60 pg mL™), NADH (100 pM), NTR (10 pg mL™), luciferin or NCL (0.25-5 uM);
luciferin and NCL were added at the last step with a multichannel pipette from the additional 96-well plate. Biolumi-

nescence signal from the plate was acquired immediately every 1 min with 0.5 s integration time for 30 min.

Bacterial strains, plasmids and culture conditions. E. coli K-12 MG1655 (- luc gene) and E. coli K-12 AB1157, contain-
ing the luciferase expressing pUC57 Click beetle red (CBR) plasmid (+ luc gene) was a kind gift from Daniel Ansaldi
(Perkin Elmer). The NTR triple mutant, E. coli K-12 AB502NemA, was a kind gift from Dr. Antonio Valle (University of
Cadiz, Cadiz, Spain) and was transformed with the pUC57 CBR plasmid for production of luciferase. E. coli MG1655 lux,
expressing lux luciferase, was generated as previously described [62]. All strains were grown aerobically at 37°C in

Luria Bertani (LB) medium supplemented with 100 pug mL™ ampicillin (Amp).

Bioluminescent imaging of NTR activity by NCL in E. coli (Figure 2.4C, D). An IVIS-100 (PerkinElmer) was used to
measure the amount of BLI signal production. Stock solutions of luciferin and NCL in PBS (pH 7.4) were freshly pre-
pared and aliquoted in a 96-well plate to give the final concentrations (1-250 puM) in the total volume of 200 uL/well.
The volume of bacterial suspension was 150 pL/well. Bioluminescence signal from the plate was acquired immediately

every 2 min with 10 s integration time for 1 h.

Bacterial viability assay. E. coli K-12 AB1157 CBR and E. coli K-12 AB502NemA CBR were cultured aerobically over-
night. Bacteria were then subcultured and divided into two groups (untreated and probe treated) in triplicate in fresh

media and grown until cultures reached ODgg, of 0.2. At this point, NCL probe treated group was treated with 100 uM
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probe. At hourly time points, aliquots from all cultures were subjected to serial dilution before plating on Amp selec-
tive agar to determine cfu/mL values. Cultures were also tested for changes in luminescence over time to identify if

any differences existed between bacteria grown alone and bacteria grown in the presence of the probe.
Cell lines and cell culture.

Cell lines MDA-MB-231-NTR-Fluc-EGFP (NTR+luc+) (Figure 2.6) and HEK293T-NTR+ (Figure 2.7) were kindly provided
by Dr. R. Paulmurugan (Stanford University School of Medicine, Stanford, USA) [139]. The cells were generated as
described below with a reference to Sekar et al. [139]. The cloning vectors, expressing bacterial nitroreductase gene
(NTR2) and Fluc-EGFP fusion constructs, were from the plasmid bank (Cellular Pathway Imaging Laboratory, Stanford).
To make MDA-MB-231 stable cell line, modified pcDNA3.1 (PURO) vector expressing NTR was transfected using
Lipofectamine 2000 Transfection Reagent (Invitrogen). 24 hours later medium was changed and the cells were treated
with 100 ng mL " of puromycin. The process was continued until no further cell death was observed. The cells were
plated in low dilution (1 cell/100 pL) in a 96 well plate. Single colonies of cells expressing NTR were expanded for fur-
ther transduction with lentivirus expressing Fluc-EGFP fusion protein. To control the level of Fluc-EGFP at near equal
expression, cells were sorted by FACS in a similar window after transduction. MDA-MB-231 stable cells were main-
tained in puromycin stress throughout the study. Single colonies of stable cells were evaluated for the functionality of
NTR enzyme by incubating with a CytoCy5S (red-shifted NTR substrate; GE Healthcare) for the detection of fluorescent
signal (Aexc/em = 628 Nnm/ 638 nm).

Cell line MDA-MB-231-luc-D3H2LN Bioware (NTR-luc+), used as NTR negative control forin vitroandin vi-
vo experiments (Figure 2.6), was purchased from PerkinElmer, cell lines HEK293, A549 (Figures 2:7, 2:8) were kindly
provided by Dr. E. Allen (EPFL, Lausanne, Switzerland) and were maintained in Dulbecco’s Modified Eagle’s Medium
supplemented with 10% (v/v) heat-inactivated FBS, 1% (v/v) penicillin/streptomycin (all reagents purchased from Life

Technologies).

Cell lines used for in vitro experiments (Figure S2.10) were generated as described in the work of McCormack et al.

GFP+Luc+

[138] The triple negative mammary carcinoma MDA-MB-231"" and MDA-MB-231 were kindly provided by Prof.

J. Lorens (University of Bergen, Norway). The MDA-MB-231%*#*

cells were transfected with the retroviral expression
vector L149 pTra Puro2AGFP2ALuciferase2NTR (Entrez: EU753858) containing genes expressing E. coli enzyme Ni-
troreductase (NTR) and green fluorescence protein (GFP), and was named MDA-MB-231°#*““"T%* 4 The MDA-MB-231
cell lines were maintained in Dulbecco’s Modified Eagle’s Medium. The media were supplemented with 10% heat-
inactivated FBS (HyClone, Thermo Scientific), 1% penicillin/streptomycin (PS; Sigma-Aldrich) and 1% L-glutamin (Sig-
ma-Aldrich). The cells were incubated in a humidified atmosphere at 37°C in 5% CO,. Authentication of all cell lines

was done by DNA fingerprinting using the AmpFISTR Profiler Plus PCR Amplification kit (Applied Biosystems) in April
2013.

BLI of NTR by NCL in stable cell lines (Figure 2.6) MDA-MB-231-NTR-Fluc-EGFP cells and control MDA-MB-231-luc cells
were plated at a density 3 x 10" cells/well in two black 96-well plates with clear bottom, after 48 h the growth medium

was removed, and 100 pL of NCL probe or luciferin solutions (1-100 uM) in cell culture medium was added to the
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wells. The plates were immediately placed in VIS Spectrum and were imaged every 1 min for 1 h. Observed BLI signal

was quantified using ROl analysis with Living Image software.

GFP+L :
" cells were seeded in a 96

BLI of NTR by NCL in stable cell lines (Figure 52.10). MDA-MB-231"" and MDA-MB-231
well plate in triplicates with descending concentrations of compounds in 100 uL of media (NCL probe, luciferin, cells
only and media only). The cells were set in the incubator for two hours after seeding before imaging. Descending con-
centrations of NCL probe or luciferin (10 uL) were added to each well with a multichannel Finnpipette F2 (Thermo
Labsystems, Milford, MA, USA). Bioluminescence images were acquired using KODAK In Vivo Multispectral Imaging
System FX (Carestream Healt, NY, US) every two minutes for 1 h without filters. The images were acquired over 90 s

with 30 s of rest between each acquisition. Images were analyzed using Carestream Molecular Imaging Software (ver-

sion 5.0.6.20).

BLI of NTR by NCL in cells not expressing FLuc (Figure 2.7). HEK293T-NTR+ and HEK293T (wild type) cells were plated
at the concentration 6 x 10* cells/well in two corresponding 96 well plates. After 24 h the media from cells was re-
moved, 100 uL of NCL or luciferin solutions in media was added to cells, after 1 h of incubation at 37 °C the cells were
lysed by three freeze-thaw cycles (each cycle included 10 min incubation of the well plate on dry ice followed by 10
min at 37 °C). Then 10 pL of Fluc solution (100 pg/ml, 10 mM ATP, 25 mM MgSO, in PBS) was added to each well with

100 pL of lysate and the BL was acquired using IVIS Spectrum for 1 h.

Pimonidazole binding assay (Figure 2.8A). In vitro imaging of hypoxia with Hypoxyprobe™ Green Kit from Hypoxy-
probe Inc., USA (Pimonidazole and anti-pimonidazole 1gG1 mouse monoclonal antibody conjugated to FITC) was per-
formed as described in [164]. A549 cells were seeded in 8 well chamber slide (Lab-Tek Chamber Glass) at a density of 1
x 10 cells/well in 200 pL of medium/well and left for 24 h in normoxia (standard incubator) or hypoxia (incubator with
1% 0,). After 24 h medium was removed, 200 uM of Pimonidazole solution in medium was added, cells were put for 1
h in normoxia or hypoxia. Then the cells were washed 2 times with PBS and fixed with with 70% ethanol 10 min, per-
meabilized with PBS containing 0.1% Trtion-X and 4% FBS for 10 min, washed 3 times with PBS. FITC-mAb was added
to the cells (1/200 dilution) and incubated for 4 h at RT, washed 3 times with PBS. Then cells were incubated with
Hoechst dye (1:5000 dilution) for 10 min, washed 2 times with PBS. Cells were left in PBS overnight at 4 °C. The slides
were coverslip with Prolong® Gold Antifade Reagent. Fluorescence imaging was performed using Zeiss LSM700 confo-

cal microscope, fluorescence intensity was quantified using ImageJ software.

BLI of NCL in cells not expressing FLuc under hypoxia or normoxia (Figure 2.8B). A549 cells were plated at the con-
centration 1 x 10* cells/well in a 96 well plate. After 1 week of culture in normoxia (standard incubator) or hypoxia
(incubator with 1% 0,) the media from cells was removed, 100 pL of NCL or luciferin solutions in media was added to
cells, after 1 h of incubation at 37 °C the cells were lysed by three freeze-thaw cycles (each cycle included 10 min incu-
bation of the well plate on dry ice followed by 10 min at 37 °C). Then 10 pL of Fluc solution (100 ug/ml, 10 mM ATP, 25
mM MgSQ, in PBS) was added to each well with 100 uL of lysate and the BL was acquired using IVIS Spectrum for 30

min.
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Cell viability assay (Figure S2.9). MDA-MB-231 (NTR—luc+) cells were plated at a density 1 x 10" cells/well in a 96 well
plate, the next day cells were treated with different concentrations of NCL probe (5—-150 uM solutions in cell culture
medium) for 1 h, control group was incubated with medium only. CytoTox-Glo™ reagent was prepared as indicated
and 80 plL of solution was added to each well. After 20 min luminescence was measured using a plate reader Tecan

Infinite M1000 (Tecan Austria GmbH) with integration time 0.5 s.

Ethics statement. All animal procedures on imaging of bacterial NTR in a mouse model of thigh infection were per-
formed in accordance with the national ethical guidelines prescribed by the Health Products Regulatory Authority
(HPRA). Protocols were approved by the animal ethics committee of University College Cork (AERR #2010/003 and
#2012/015). Experiments on imaging of NTR in a mouse model of subcutaneous cancer were carried out in strict ac-
cordance to the Swiss regulation on animal experimentation and the protocol (VD 2363) was approved by the authori-
ty of the Canton Vaud, Switzerland (EXPANIM (Expérience sur animaux)-SCAV, Département de la sécurité et de
I’environnement, Service de la consommation et des affaires vétérinaires). All efforts were made to minimize suffer-

ing.

Bacterial administration and imaging of bacterial nitroreductase in mice (Figure 2.5). Bacteria were grown at 37°C in
a shaking incubator until reaching ODggo of 0.6 in LB medium, containing 100 pg mL™ Amp. Cultures were harvested by
centrifugation (4000 x g for 10 min) and washed three times in PBS. After washing, bacteria were resuspended in one
tenth volume of PBS. Mice were kept at a constant room temperature (22°C) with a natural day/night light cycle in a
conventional animal colony. Standard laboratory food and water were provided ad libitum. Mice were afforded an
adaptation period of at least 7 days before the beginning of experiments. Female BALB/c mice (Harlan, Oxfordshire,
UK) in good condition, without infections, weighing 18—22 g and 6—8 weeks old, were kept as previously described [45]
and were included in experiments. BALB/c mice were anaesthetized and the fur on the rear legs was removed. Mice
were injected directly into the right quadriceps muscle at a depth of approximately 5 mm with 50 uL of bacteria sus-
pended in PBS. The concentration of bacterial suspensions used for injection ranged from 10° to 10° bacteria/mL. Mice
also received an intramuscular injection of 50 pL sterile PBS in the left rear quadriceps (control) and lux
MG1655E. coli (positive control). 1 h post bacterial injection, mice received an IP injection of 200 pL of 10 mM NCL
probe (0.8 mg) or 200 puL of 10 mM D-luciferin potassium salt (0.63 mg) in PBS. For in vivo experiments involving vary-
ing concentrations of the probe, the concentration of NCL probe injected was 200 pL of 1, 10 or 20 mM solutions in
PBS (0.08, 0.8 or 1.6 mg of NCL probe). Mice were imaged for bioluminescence at regular intervals beginning immedi-
ately after probe injection using IVIS 100. Mice that were infected with bacteria for experimental purposes were moni-
tored for signs of illness for the duration of the experiment. No adverse symptoms were reported. Following biolumi-

nescence imaging, or at experiment end, animals were euthanized by cervical dislocation.

Mice and tumor induction (Figure 2.6). Swiss nu/nu mice were obtained from Charles River Labs. Mice were main-
tained at the EPFL UDP animal facility under pathogen free conditions and group housed in individually ventilated
cages at 22°C with 12/12 light cycle. Before experiments the mice were afforded an adaptation period of at least 7
days. Female mice in good condition, weighing 18-25 g and 6 weeks of age were randomly divided in two experi-

mental groups (n =5 per group). For tumor induction, 1 x 10° cells in 100 pL of FBS-free medium/Matrigel (BD Biosci-
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ences) (50:50) was injected subcutaneously into the flank of the mice. One group was injected with MDA-MB-231-
NTR-Fluc-EGFP cells and the other group- with MDA-MB-231-luc cell (control). The viability of cells used for inocula-
tion was more than 95% as determined by Trypan Blue Dye Exclusion (Gibco). Following tumor establishment, the
health parameters that may lead to the endpoints were carefully monitored in xenograft mice three times a week:
cachexia (acute weight loss), lack of activity and loss of appetite. Weight was measured and general behavior as well
as body conditions was assessed. Tumor size was carefully monitored to ensure that it doesn’t exceed maximal al-
lowed size of 1 cm®. Tumor volume was measured by caliper and calculated according to the formula 1/2(length x
width?). When tumors reached approximately 0.1 cm?® in volume, the mice were imaged with luciferin (1.5 mg/mouse
in 50 pL of PBS IP) for 1 h once a week to estimate the light emission and the optimal imaging window. Biolumines-
cence was acquired using IVIS Spectrum, every 1 min for 1 h with the auto-exposure mode. Following bioluminescence

imaging at experiment end animals were euthanized by CO, inhalation or cervical dislocation.

Imaging of nitroreductase in a mouse model of subcutaneous cancer (Figure 2.6). Potassium salt of D-luciferin (In-
trace Medical) was dissolved in PBS (pH 7.2), solution was filter sterilized through 0.22 um filter, aliquoted and kept at
—20°C. NCL probe was dissolved in PEG400 (Sigma-Aldrich) and diluted with sterile PBS (pH 7.2) 1:5 (20% (v/v) of
PEG400 in the total volume of 200 pL), fresh solution was prepared before every imaging. The dose of NCL probe (1.9
mg/mouse) was equivalent (4.7 umol) to the dose of luciferin (1.5 mg/mouse). Mice were anesthetized prior to injec-
tion and during imaging via inhalation of isoflurane (Piramal Critical Care, Inc). When the total photon flux over 1 h
from the mice imaged with luciferin reached 1 x 10°, the mice entered the experiment. On day 1 of the experiment all
mice were injected IP with luciferin (1.5 mg/mouse in 50 uL of PBS) and bioluminescence was acquired immediately
every 1 min for 1 h with the auto-exposure mode. On day 2 of the experiment (24 h after the luciferin imaging) all
mice were injected IP with NCL probe (1.9 mg/mouse in 200 puL of PBS containing 20% (v/v) PEG400) and biolumines-

cence was acquired immediately every 1 min for 1 h with the auto-exposure mode.

Data analysis from a cancer model experiment. Bioluminescence was quantified using ROI analysis of the tumor area
individually for each mouse. Total luminescence was calculated by integrating the area under corresponding kinetic
curves. Percent of the NCL probe uncaging was calculated individually for each mouse using the formula: % of uncag-
ing= (Total photon flux over 1 h from NCL/ Total photon flux over 1 h from luciferin) x 100%. Two-tailed Student’s t-

test was used to determine statistical significance (GraphPad Prism 6.03, GraphPad Software).
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2.6 Supplementary figures
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Figure S2.1 Analysis of NCL reduction by E. coli nitroreductase in vitro. (A). UV HPLC profiles (detected at 320 nm) of
NCL reduction by NTR over 30 min, peak at 0.4 min corresponds to luciferin (m/z 281), peak at 1.7 min corresponds to
NCL (m/z 406). (B). Time course of the conversion of NCL to luciferin, the distribution of reaction products was quanti-
fied by HPLC analysis on the basis of absorbance at 320 nm. (C). Absorbance calibration curve for NCL. (D). Pseudo-

first-order kinetics of NCL reduction, rate constant 5.8-10-3 s'l, ty2: 119.5s.
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Figure S2.2 Kinetic measurements of NCL reduction by NTR in vitro. (A). Calibration curve for luciferin fluorescence at
Aexc/em = 330/530 nm. (B). Lineweaver-Burk plot of NCL probe reduction (5-50 pM) by NTR from E. coli NfsA (0.25
ug/mL) in the presence of NADH (500 uM) at 37°C in PBS buffer (pH 7.4). Kinetic parameters K., and V., were deter-
mined from Michaelis-Menten model. (C). A plot of fluorescence intensity at at Aexe/em = 330/530 nm of different
amounts of NCL (1-50 uM) over an incubation time of 15 min with 1 pg/mL of NTR from E. coli NfsA and 500 uM of
NADH at 37°C in PBS buffer (pH 7.4). (D). A plot of fluorescence intensity at at Aexc/em = 330/530 nm of 20 uM of NCL,
500 uM of NADH and different amounts of NTR from E. coli NfsA (0.05-0.2 pug/mL) over an incubation time of 20 min
at 37°Cin PBS buffer (pH 7.4).
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Figure S2.3 Inhibition of NTR activity by dicoumarol in vitro. NCL (20 uM) reduction by NTR (0.5 pg/mL) in the presence
of NADH (100 puM) was inhibited by dicoumarol (0 to 200 uM) (Figure 2.2A). Inhibitory activity of dicoumarol is ex-

pressed as a percentage compared to uninhibited control.
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Figure S2.4 Bioluminescent imaging of nitroreductase with NCL in enzyme assay. Light emission from luciferin in the
presence and absence of NTR, NTR did not have any effect on the luciferin-luciferase reaction. Total luminescent sig-
nal integrated over 30 min from luciferin (0.25-5 uM) with NADH (100 uM), luciferase (60 pg/mL) and NTR (10 pug/mL)

compared to the control (without NTR).
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Figure S2.5 Bioluminescence imaging of NTR by NCL in various E. coli strains. (A). Bioluminescence from 100 uM NCL
probe incubated with the wild type AB1157 and luciferase expressing AB1157 CBR E. coli strains (10’ bacteria/mL) for
2 h at 37 °C before imaging. The dotted line indicates background, calculated as the average signal from wells contain-
ing bacteria only. (B). Bioluminescence from NCL probe and luciferin (10 uM) incubated with luciferase expressing E.
coli AB1157 CBR (parent strain) and AB502NemA CBR NTR KO (mutant strain) (108 bacteria/mL) for 10 min before
imaging. A significant difference in signal from the probe is observed between parent and NTR mutant strains (p =

0.0062) while the luciferin signal is the same. (C). Signal kinetics over 1 h from 100 uM NCL and indicated concentra-
tions of bacteria/mL AB1157 CBR.
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Figure S2.6 Stability profiling. (A) NCL in vitro stability in mouse plasma, t;,= 53.7 h. (B) NCL stability in mouse liver

microsomes in vitro. Testosterone was used as a positive control.
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Figure S2.7 In vivo comparison of NCL kinetics after IP and IV administration in a mouse model of thigh infection (lucif-
erase and nitroredictase expressing E. coli). Luminescence over 2 h from infected mice that received NCL as a percent-
age of luminescence from mice that were injected with E. coli lux (positive control for bacterial number)s. Mice were
infected with 5x10 E. coli, NCL was administered by IV or IP injection, n = 2—4 per group. Statistical analysis was per-
formed using a two way ANOVA with Bonferroni post-test showing no significant difference between IV and IP admin-
istration of NCL at 0.8 mg. The error bars were calculated using the following equation: (Lumimescence SEM/Average

lux) x 100.
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Figure S2.8 Fluorescence imaging of NTR with CytoCy5S probe in MDA-MB-231-NTR-Fluc-EGFP and MDA-MB-231-luc
cells. (A). The cells were incubated with 400 ng/mL of CytoCy5S in HBSS or HBSS only (control) for 1.5 h, washed with

HBSS once and imaged for fluorescence (excitation 640 nm, emission 700 nm) in IVIS Spectrum. Error bars are +SD of
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three wells, ***P = 0.0006. (B). Image overlay of a photographic image and epi-fluorescence from the well plate used

in the assay.
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Figure S2.9 The CytoTox-Glo Cytotoxicity Assay (Promega). MDA-MB-231-luc cells were treated with various concen-

trations of NCL for 1 h and the level of ATP was measured using CytoTox-Glo reagent.
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Figure $2.10 Imaging of NTR with NCL in stably transfected cancer cells MDA-MB-231°FP e\ TR

compared to the con-
trol cells (MDA-MB-231°""“")_ (A). Bioluminescence from NCL (505 uM) 15 min after addition to the cells. (B). Lucif-
erin signal (50-5 uM) 15 min after addition to the cells confirmed equal levels of luciferase in both cell lines. Imaging

was performed for 1 h, a single image presented here is at 15 min time point.
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Figure S2.11 Imaging of NTR in a subcutaneous xenograft model of cancer. Signal kinetics over 1 hour from luciferin

and NCL in NTR+ and NTR- groups (n = 5).
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pimonidazole binding in A549 cells in hypoxic and normoxic conditions, green- FITC, blue- nucleus (Hoechst). Fluores-

cence intensity was quantified using ImagelJ software.
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Chapter 3 Development of bioluminescent
probes for hydrogen sulfide (H2S) imaging

3.1 H:S as a third gasotransmitter

3.1.1 Physico-chemical properties

H,S, a colorless gas with the odor of rotten eggs, is an important component of the biogeochemical sulfur
cycle. Sulfur exists in several oxidation states ranging from -2 in H,S to +6 in sulfates (Figure 3.1) and H,S/HS can be
readily oxidized to other biologically relevant reactive sulfur species. H,S is a weak acid with a first pKa; of 7.0, and a
second pKa, of 19 [166] (Figure 3.2). Under physiological conditions hydrogen sulfide mainly exists as HS™ (about 80%),
as neutral H,S- about 20%, and less than 0.1% as s* [167]; therefore, the term "H,S" will be used to refer to the sum

of these species.

Sulfur Oxidation States

-2 1 0 +2 +4 +6
Inorganic  H.S S (S%Ss) o) S0,, S0 S0;, SO,
elemental
I 9 I I
R-8-H  R-S8-8-R _S. R-S-R R-S-OH R-0-S-0-R
Organic R™ R I 5 6
thiols disulfides sulfoxide sulfones sulfonic acids sulfate ester
0] 0]
R-S-R R-S-OH I 1]
R-S-OH R-0-S-0-R
sulfides sulfenic acids sulfinic acids sulfite ester

Figure 3.1 Oxidation states of sulfur in inorganic and organic compounds.

H,S has been recently recognized as a gasotransmitter in addition to the well-known nitric oxide (NO) and carbon
monoxide (CO) [168]. A gasotransmitter is a gaseous signaling molecule that is endogenously produced and degraded
in a regulated manner and that induces physiological changes in a cell. The H,S molecule can penetrate the lipid bi-
layer of cell membranes, however, it is less cell permeable than NO and CO (dipole moments of H,S being 0.97, NO
0.16, and CO 0.13) [167]. HS is a good nucleophile that can react with different electrophilic cellular targets via sulfhy-
dration, e.g. with cysteines on proteins to form S-sulfhydrates. It has recently been shown about 10- 25% of liver pro-
teins are sulfhydrated under physiological conditions and that S-sulfhydration appears to be a posttranslational modi-

fication for proteins [169]. H,S has a high affinity for metalloproteins, demonstrated by its potent inhibition of heme-
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containing cytochrome c oxidase (Ki= 0.2 uM) [170]. At low concentrations, H,S stimulates oxygen consumption by the
mitochondrial respiratory chain, but at concentration higher than 20 uM the respiratory chain is inhibited [171]. Addi-
tionally, H,S/HS can act as a reductant and be oxidized to other reactive sulfur species forming sulfane sulfur clusters

(pools) which provides a way of sulfide storage and transport in cells and tissues (Figure 3.3).

At physiological pH (7.4), 37 °C pKa, =7.04 pKa, 19
Hydrogen sulfide H,8 <—> HS =—> §%
20% 80% <0.1%
(o] - o
. pKa=8.2
Cysteine HOJ\_/\SH - > HOJ\_/\S"
NH, NH,
84% 16%
Ka=92 s
) o o SH o p o) o H O
Glutathione |\ J_~ L, H\)LOH - ROWH’R’N\)\OH
NH, H 0O NF, °©
99% 1%

Figure 3.2 Hydrogen sulfide states and their occurrence under physiological conditions in comparison to other biologi-
cally relevant thiols, cysteine and glutathione.

3.1.2 Host-derived H2S

Signaling molecules such as neurotransmitters and hormones are usually stored in vesicles and the concentrations are
controlled such that only a small amount is released at a time. However, gasotransmitters cannot be stored in this
manner and are synthesized on demand [172]. As H,S can be toxic at certain concentrations, its free level in the tis-
sues is tightly regulated [173]. It was shown that most tissues maintain high turnover rates of sulfur through H,S to
rapidly regulate its concentration [174, 175]. The half-life for H,S under aerobic conditions in liver, kidney, and brain

homogenate was found to be 2.0, 2.8, and 10.0 min, respectively [174].

Generation of H,S in mammalian cells during enzymatic activity is mediated by three enzymes: cystathionine y-lyase
(CSE, EC 4.4.1.1), cystathionine-B-synthase (CBS, EC 4.2.1.22), and 3-mercaptopyruvate sulfur transferase (3-MST, EC
2.8.1.2)/cysteine aminotransferase (CAT, EC 2.6.1.3) (Figure 3.4). The elimination of cysteine catalyzed by CSE is the
major source of H,S, accounting for 70% of its production, whereas the elimination of homocysteine (HCy) accounts
for approximately 29% of H,S generated by CSE [176]. The K, of human CSE for H,S generation from Cys is 1.7 mM
[176]. CSE is the dominant enzyme for the formation of H,S in liver, brain, colon, lungs, kidneys [177], and CSE-

deficient mice show a marked depletion of H,S level in those tissues [178].
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Figure 3.3 Selected biochemical pathways for the production (blue) and metabolism (red) of hydrogen sulfide in living
systems (adapted from [179] and [180]).

CBS is expressed predominantly in the brain and uses HCy and serine to generate cystathionine, which is converted by
CSE to cysteine. As the K,, values of mammalian CBS for serine and Cys (~1.9 mM and ~6.5 mM, respectively) are high-
er than intracellular concentrations, the extent to which serine will be used vs. Cys as a substrate for cystathionine
synthesis will depend on the tissue concentrations of these substrates [177]. Cysteine serves as a substrate for both
CSE and CBS and the catalyzed reactions yield H,S. A third H,S-generating pathway is mediated by MST. The sulfur of
3-mercaptopyruvate reacts with a Cys residue in the active site of MST (MST-SH) to produce a persulfide (MST-SSH),
which then releases H3S in the presence of a reductant (R-SH) [172]. In addition to H»S production CBS plays a role in
maintaining HCy levels in vivo. Patients with homocysteinaemia have impaired CBS activity, increased levels of HCy
and cardiovascular disability [181]. Mice lacking CBS also show homocysteinaemia as well as severe growth retarda-

tion and developmental defects, which lead to death by 4 weeks of age [182].
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Figure 3.4 Enzymatic pathways of H,S production. H,S (red); CSE (blue): cystathionine y-lyase; CBS (pink): cystathionine
B-synthase; 3-MST (violet): 3-mercaptopyruvate sulfurtransferase; CAT: cysteine aminotransferase; HCy: homocyste-
ine. Adapted from [172].

Catabolism of H,S occurs primarily by oxidation in many tissues including colonic mucosa, liver, lungs, kidney, and

brain. It was shown that the rate of thiosulfate production from H,S in rat colonic mucosa was eight times higher than
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for non-colonic tissues [183]. This suggests that colon epithelium might have a protective function and prevent the
entry of high level of locally produced H,S by intestinal bacteria into the systemic circulation [183]. At the cellular level
mitochondrial detoxification of H,S is catalyzed by sulfur quinone reductase (EC 1.8.5.4), rhodanese (EC 2.8.1.2) and
sulfur dioxygenase (EC 1.13.11.18), the latter converts H,S into sulfite and thiosulfate [184]. Sulfite oxidase (EC 1.8.3.1)
produces sulfate as a final product, which is responsible for 77- 92% of the total urinary sulfur output [185]. The other
methods for H,S excretion include expiration and methylation, although they are not as efficient as oxidation (methyl-

ation was shown to be ~10000 times slower than the oxidation of H,S in colonic mucosa [186]).

3.1.3 Bacterial-derived H2S

Bacterial production of H,S by the typhoid bacillus was recognized as early as in 1895 and was used as a test to differ-
entiate paratyphoid and enteritidis groups [187]. Modern reports of production of H,S by bacteria exist for about 60
bacterial species with main substrates identified as cystine, cysteine, thiosulfate, sulfite and sulfate. Tests for H,S pro-
duction are used to detect Salmonella, Citrobacter, Proteus, Edwardsiella and Klebsiella associated with fecal contam-

ination in drinking and environmental water [188, 189].

The colonic bacteria of humans and animals produce a variety of flatus gases. It was found that H,, CO,, and CH,; com-
prise more than a half of flatus while sulfur-containing gases, e.g. hydrogen sulfide, methanethiol, and dimethyl sul-
fide are generally present at low concentration (up to 15% of total amount) [190]. About 70% of H,S production in the
colon is attributed to sulfate-reducing bacteria (SRB) of the genus Desulfovibrio in the class 6-Proteobacteria [191].
SRB are the most efficient consumers of H, which is formed during fermentation and they use sulfate as an electron
acceptor to maintain redox balance while maximizing their energy production [192]. It was shown that SRB isolated
from patients with colitis produced higher level of H,S than SRB from healthy volunteers [193, 194]. The association of
SRB (particularly, Desulfovibrio piger) with inflammation was reported [195, 196], however H,S was shown to exert

both pro- and anti-inflammatory effects in the gut [197, 198].

H,S can also be produced from cysteine and methionine by bacteria expressing desulfhydrases which belong to the
groups Enterecocci, Enterobacteria, and Clostridia, including E. coli [199]. Reduction of sulfite by sulfite reductases (EC
1.8.99.1) in certain y-Proteobacteria, such as Salmonella, Enterobacteria, Klebsiella, and in Firmicutes, including Bacil-

lus and Staphylococcus, is another source of bacterial H,S produced in the colon.

The contribution of the microbiota to host H,S metabolism remains poorly understood. Wallace and colleagues esti-
mated that approximately a half of the H,S detected in feces is derived from eukaryotic cells [200]. They did not find
any differences in the H,S production in vitro from feces isolated from germ-free mice and mice colonized with altered
Schaedler flora, which contain Bacteroides and Fusobacterium and could contribute to H,S production [200]. Howev-
er, in a study by Shen et al. significant differences in total tissue H,S level (free, acid-labile, bound sulfane sulfur) and
CSE activity were measured between germ-free and conventionally housed mice [201]. These results indicate that gut
microbiota regulates H,S homeostasis not only locally, in the gut, but also systemically. The variations in results be-
tween two studies might be attributed to the method of detection; the methylene blue assay used by Wallace and

colleagues is prone to experimental artefacts [202, 203] while the monobromobimane (MBB) HPLC-based assay used
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by Shen et al. is very sensitive (sulfide limit of detection 2 nM [204]) and allows for the measurement of the concen-

trations of the various sulfide forms.

Interestingly, bacteria have been recently found to have similar enzymatic systems for H,S synthesis to those in
mammals, including orthologues of the genes encoding CSE, CBS and MST [205]. Shatalin et al. showed that H,S in
bacteria acts as a cytoprotectant from redox stress caused by antibiotics. Bacteria in which CSE, CBS and MST have
been deleted showed increased sensitivity to the antibiotics. Therefore, inhibitors of bacterial HyS production may be

used to potentiate the effectiveness of the antibiotic therapies [205].

3.1.4 Physiological effects of H:S in gastro-intestinal tract (GIT)

Hydrogen sulfide is involved in a variety of physiological processes, including vasodilation [206], neurotransmission
[207] and nociception [208]. It is produced throughout the gastro-intestinal tract and it has been shown to regulate
intestinal smooth muscle contraction [209, 210], epithelial secretion [211] and mucosal defense [212]. Due to its pro-
tective properties on gut mucosa it can prevent the formation of nonsteroidal anti-inflammatory drug (NSAID)-
induced ulcers and promote healing [213, 214]. Naproxen, diclofenac and celecoxib coupled to an H,S-releasing moie-
ty have been reported to cause less gastrointestinal and cardiovascular injury than parent NSAIDs in preclinical models

[215, 216).

In addition to H,S synthesized in the gut tissues, the intestinal mucosa is constantly exposed to H,S generated by bac-
teria. Given the toxicity and the reported effects of this signaling molecule in the GIT, it has been recognized that H,S
may affect many aspects of gut function. Luminal H,S was proposed as a causative factor in intestinal cancers and
chronic intestinal inflammation, however multiple studies showed that the role of H,S in intestinal inflammation is

very complex and at times contradictory [217].

Ulcerative colitis (UC) is a mucosal inflammation of the colon characterized by epithelial cell damage with an accumu-
lation of neutrophils and eosinophils that form crypt abscesses. Some studies report an increased level of H,S in pa-
tients with UC and the reduction in its level after anti-inflammatory treatment [218]. However, despite its well-known
cytotoxic properties H,S was shown to have an anti-inflammatory effect in animal models of UC [198, 219, 220].
Moreover, scavenging of H,S by administration of bismuth salts did not prevent the colitis in rats [221] while inhibition

of endogenous H,S synthesis significantly worsened the disease state [198].

Nowadays, it has been generally recognized that the microbial community inhabiting the gut markedly affects physiol-
ogy and health [222-225]. The gut bacteria are highly metabolically active and may have not only local but also sys-
temic effects. As the production of gaseous metabolites by the microbiome can be studied by manipulating the die-

tary composition, this strategy was applied to observe the H,S level produced in the gut as a function of various diets.

It was shown that fasting dramatically reduced H,S levels in rat colon. Supplementation of the diet with carrageenan,
a poorly absorbed organic sulfate from seaweed, resulted in a massive increase in cecal H,S that could be quenched by
the addition of zinc acetate to the diet [226]. When another sulfate source, chondroitin sulfate, was added to a high

fat/high sugar diet in mice, it was shown to increase the level of SRB D. piger and H,S. However, no adverse effects on
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intestinal mucosa, uptake of nutrients or body weight of mice were noted [227]. High fat diet alone was reported to
increase the expression of CSE and CBS and H,S in the liver as a response to the hepatic oxidative stress in mice [228].
An in vitro study showed that lactate can stimulate sulfide production in D. piger with possible consequences for coli-

tis [229].

In humans, fecal sulfide was shown to correlate with meat uptake [230]. The H,S level was increased about 4 times
(from 160 to 750 nmol/g of feces) in subjects on diets containing 60 versus 420 g meat, while the level of free sulfide
in blood did not change significantly [231]. The study on dietary restriction of sulfur amino acids (cysteine and methi-
onine) is also of particular interest to the field as it was shown that H2S serves as a mediator of positive dietary effects

on stress resistance and longevity in mammals and lower organisms [232].

Despite a large number of reports that study the effects of H,S in various experimental settings, the molecular mecha-
nisms of its cellular actions are poorly understood. Some of the effects might be related to the mitochondrial func-
tions and cytochrome c oxidase [171, 233], while its effects on gene expression might be mediated via the NFkB and

ERK pathways [234, 235]. The molecular details, however, are still unknown [236].

3.1.5 Physiological concentrations of H;S in the body

There are significant discrepancies in the current literature on what constitutes biologically relevant levels of H,S. The
majority of early studies report on micromolar concentrations of H,S in healthy tissues e.g., brain: 47 uM to 166 uM
[237-240]; liver: 26 UM [241], 144 pM [238]; kidney: 40 uM [241], 200 uM [238]; heart: 130 uM [241]; and lung: 30 uM
[233]. Plasma values of H,S were reported to be 34 uM [242], 38 uM [243], 46 uM [206] and 274 uM [244]. The con-
centration of H,S in the rat colon was found to be 40 uM (~1000 ppm) [226] and about 0.1- 0.7 umol/g in wet human
feces [231, 245]. It has been measured that the rat colon absorbs 340 pumol of sulfide per day and that only 1% of
sulfide in feces exists in its free form; the rest is bound into complexes or quickly metabolized by colonic mucosa

[245].

On the contrary, several studies reported values that are orders of magnitude lower. Using a gas chromatography-
based chemiluminescent method Furne et al. estimated free H,S in blood to be 100 pM and 15 nM in tissues, as op-
posed to the uM values mentioned previously [246]. Whitfield et al. found the blood H,S level to be about 100 nM

using a polarographic sensor [247].

The reported differences in values are attributed to the different methods used for analysis [248]. High micromolar
values were found when samples were processed in acidic conditions (e.g. Zn-trapping assay or methylene blue assay),
which liberates sulfur from its bound form in sulfide pools, iron-sulfur clusters or sulfhydrated proteins, which lead to
the overestimation of the free sulfide level. Although commonly used, these methods report on total sulfide level

rather than on free H,S/HS".

To summarize, there is a considerable number of studies that suggest an important role of H,S in the gastrointestinal
physiology and in pathological conditions. Importantly, the results of several studies were found to depend on the

method of H,S detection. Therefore, an accurate and reliable method for measuring H,S in vivo is needed. Such meth-
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od would help to better understand the contribution of this molecule to the pathogenesis and to develop new thera-

peutic approaches for the treatment of various gut disorders.

3.2 H>S detection and measurement

Sensitive and selective detection of H,S represents one of the major challenges in studying this molecule in
living systems. Commonly used methods for sulfide quantification, such as spectrophotometry, chromatography, and
ion-selective electrode, were initially developed for analysis of H,S in environmental samples and, therefore, can only
be used for ex vivo analysis of biological samples [167, 172]. Another drawback is that they require destructive sample
preparation which is not representative of the real-time situation in biological systems. The following is a summary of

the various sulfide detection methods, along with their specific drawbacks.
e Spectrophotometry

The classical method involves H,S trapping with zinc or lead, followed by acidification and the reaction of sulfide with
N,N-dimethyl-p-phenylenediamine. This forms methylene blue that absorbs at 670 nm and can be quantified [249].
The method requires acidic conditions and, as mentioned earlier, it reports total H,S values and does not distinguish
between free or bound form [250]. Other disadvantages of this method are the lack of sensitivity (LOD 2 uM [202])
and that the absorbance of methylene blue is linear only at low uM concentrations due to the interference from di-

mers and trimers of methylene blue [166].
e  Gas chromatography

By contrast, gas chromatography can detect H,S in the nanomolar range and can distinguish free sulfide from acid-
labile sulfide [251]. However, the primary analytical drawback of the GC/MS methods for H,S measurement is the

absence of a specific H,S internal standard required to perform quantification [252].
e  RP-HPLC with fluorescence detection

Recently a novel sensitive method (LOD 5 nM) was developed by Kevil and colleagues [202-204]. It is based on the
reaction of monobromobimane (mBB) with HS under basic conditions at room temperature to produce fluorescent
sulfide-dibimane. RP-HPLC allows for the separation of the free, reductant-labile/sulfane-sulfur, and acid-labile sulfide
pools, enabling more detailed investigations of complex sulfide content in the same sample. Additionally, the mBB
method was used to detect and quantify reactive sulfur-containing compounds, such as L-cysteine hydropersulfide

[253].
e Electrochemical methods

A polarographic (amperometric) electrode allows for the direct measurement of H,S production in real-time in cell
culture and in plasma of unanesthetized animals and has a detection limit of 10 to 20 nM H,S gas or 100- 200 nM total
sulfide [247, 254]. However, the detector electrodes have a limited performance in small sample volumes and are

pressure and temperature sensitive, and, therefore, need to be frequently calibrated [255]. A comparison of the am-
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perometric H,S sensor to the mBB method showed that both methods produced identical responses to H,S in buffer

or blood plasma [256].
e  Optical imaging

Reaction-based probes for H,S detection offer higher spatiotemporal resolution and better compatibility with living
systems compared to other methods. Fluorescent probes can detect local H,S production in specific cellular organelles
[257-260] or in the cytoplasm [261, 262] of live cells. Because of their design strategy they report the accumulated
fluorescence signal from the probe activation over time rather than the real-time H,S dynamics, and have a detection
limit in the micromolar range [263]. Different strategies for the development of optical probes for H,S imaging will be

covered in detail in the following section.

3.3  Strategies for probe development for the imaging of HS in vivo

After the recognition of H,S as an important biomolecule and the acknowledgment of a limited number of
tools available to study its role and effects in living systems, the field of fluorescence imaging witnessed a rapid pro-
gress in the area of probe development. Even though a large number of optical imaging probes are being reported,

only a few of them were applied for H,S detection in intact living systems.

The two major strategies used for the development of activatable probes for H,S imaging are based on the reductive

and nucleophilic properties of HS, which is the most abundant form of H,S in physiological conditions [180, 264].

The most commonly used functional group in the design of H,S-sensitive probes is the azide. Azides are relatively
stable and compatible with living cells [265] and animals [266, 267] which explains their extensive use as a biorthogo-
nal functional group in chemical biology [268]. The reduction of an azide to an amine was recognized early-on as a
versatile strategy to manipulate the emission state of the fluorophore. A combination of the two above mentioned
factors resulted in the dramatic increase in the use of this approach with over 65 papers published on azide-based

probes for H,S imaging since the original rhodamine-based probes reported by Chang and colleagues [269].

The SF5-AM is second-generation probe based on the rhodamine scaffold by Chang [262] (Table 3:1). Two azido-
groups were used for quenching the fluorescence and lowering the background signal and the acetoxymethyl (AM)
ester group was added to increase cellular retention. The probe could detect H,S in vitro with a limit of detection of
0.25 uM and was used in cell assays. However, leakage of the dye from live cells was noted after 60 min. The same
probe was later applied for imaging H,S production in a mouse model of acute inflammation [270]. The probe report-
ed on the synthesis of H,S in primary mouse microphage cultures with comparable efficiency to the methylene blue
assay. The probe was injected IP in mice with a zymosan-induced air pouch model to report on the H,S synthesis by
tissue and infiltrating leukocytes over 48 h. The fluorescence response observed in vivo was broadly consistent with
the data obtained by methylene blue assay from exudates; however, it was noted that SF5 fluorescence is not a quan-
tifiable method of measuring H,S synthesis and that methylene blue formation was more efficient in test-tube assays

than SF5.
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Another azido-based fluorescent probe was recently reported by Pluth and colleagues and was applied for the imaging

of H,S production in the gut of live zebrafish [271]. The probe is based on O-methylrhodol scaffold with an azide group

locking the fluorophore in a spirocyclic lactone form (Table 3:1). The reduction of the azide by H,S to the amine leads

to opening of the cycle and fluorescence. The probe can detect H,S in a test-tube assay with a limit of 0.09 uM and

shows 32-fold selectivity over 5 mM GSH. The ability of the probe to respond to endogenous H,S produced in vivo was

tested after oral gavage of the probe and a slow-releasing H,S donor mixed with GSH in zebrafish. Imaging of the in-

testinal bulb using light sheet fluorescence microscopy revealed about 2.5-fold increase in fluorescence from zebrafish

treated with H,S donor compared to the ones treated with the probe alone.
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Table 3.1 Selected examples of activatable probes for H,S optical imaging in living animals. All reported BL probes for

in vitro and in vivo imaging are shown.

Despite being valuable tools in in vitro assays, these probes are limited by high autofluorescence background from
blood and tissues which precludes their wide application in in vivo studies. As a way to improve the performance of

the probes for in vivo imaging several groups utilized near-infrared fluorophores to develop H,S-responsive probes.

Two examples of the NIR probes that were validated in living mice are based on another sensing strategy, the nucleo-
philic attack of HS on the 2,4-dinitrophenyl (DNP) ether moiety. The attack leads to the cleavage of the ether bond
(thiolysis) and release of the free fluorophore. The probe NIR-HS (Table 3:1) showed a low detection limit for H,S in
vitro (0.04 uM), and sulfide-induced increase of the fluorescence intensity in living cells and in living mice after IP ad-
ministration of Na,S [273]. Another probe, XC-H,S, is based on a xanthene-cyanine platform with a reported limit of
H,S detection of 0.16 uM and only 6-fold selectivity over 1 mM GSH in a test-tube assay. It was shown to be cell per-
meable and upon IP administration to live mice it produced NaHS-dependent fluorescence. However, when the back-
ground signal from the probe alone was compared with the full fluorophore, it became apparent that the dynamic
range was quite low (only 5-fold difference in signal) which might be explained by the side-reaction of the probe with

endogenous GSH.

A chemiluminescent probe, CHS-3 (Table 3:1), carrying the azido-benzyl moiety showed about 4-fold increase in the

luminescence response in the Na,S treated mice versus the vehicle controls [275].

Interestingly, the same functionality was employed as an H,S-sensitive group in a series of bioluminescent probes for
H,S imaging recently reported by Ke et al. [103]; however, it was found less reactive than the Probe 1 (Table 3:1) when
the azide was installed directly in the 6'-position of luciferin. Probe 1 was independently reported by two research
groups as a tool for BL imaging of H,S in living mice; Tian et al. showed the validation of this probe in a FLuc-tumor

model in mice and Ke et al. used it for the whole-body imaging of H,S in FVB-luc+ mice. Injection of NaSH IV 5 min
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prior to the IP injection of the probe 1 (equimolar) resulted in a 2-fold increase in BL in the H,S-treated group com-

pared to the control group.

In summary, several fluorescent probes for imaging H,S in living animals were reported, however, some of them oper-
ate in the visible range and are not suitable for in vivo imaging and the ones with the NIR properties suffer from high
background and low specificity. Recently, one bioluminescent probe for H,S imaging in living animals was described,

which demonstrates a high potential of this approach and opportunities for further probe development in this area.

3.4 Results

3.4.1 Probe development

We designed and synthesized a series of caged luciferin probes carrying azides or dinitroaryl groups, analogous to the
caging approach of the fluorescent imaging probes discussed earlier. Reducing the azides in probes 1 and 2 (Table 3:2)
would lead to the direct formation of amino-luciferin (NH,-L, NH,-F-L) or lead to the uncaging and formation of hy-
droxy-luciferin (OH-L) (probes 3 and 4, Table 3 :2). In the probe 5 the nucleophilic attack of HS" would lead to the

cleavage of the ether bond (thiolysis) and release of OH-L.

N Caged Luciferin (CL) Abbreviation Free Luciferin (L) Abbreviation

N3 s N-_»COOH H,N s N_»COOH
1 \C[ pay j’ Az-CL \C[ P j’ NH,-L
N S N S
Ns s N.__COOH HoN s N_COOH
2 TQ[ — T Az-F-CL ]@ < 1 NH,-F-L
E N S E N S
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3\©\/ HO s N COOH
3 0 s. N-pCO0H | AzBn-CL \C[ 0 j’ OH-L
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N3 F HO s N__COOH
4 o s N_COOH | Az-Fi-Bn-CL \C[ < T OH-L
F > </ j’ N S
/
F \C[N S

NO,
N_,COOH

o} s  N.COOH HO\C[S j/
5 DNP-CL — OH-L
/©/ \C[NH j/ N s
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O,N S

Table 3.2 Structures of caged luciferin (CL) probes for H,S imaging and corresponding free luciferins (L) formed after
probe uncaging.

We have chosen aromatic azides as caging groups, as it was previously shown that aryl azides are more reactive to-
wards thiols than alkyl azides [276, 277]. The suggested mechanism of the azide reduction by H,S is shown in Scheme

3:1 (adapted from [278]).
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3.4.1.1 Suggested mechanism of azide reduction by H>S

In a recent study Henthorn et al. investigated the mechanism of the reaction between H,S and an aromatic azide (4-
methyl-7- azidocoumarin) [278]. First, they showed that HS’, rather than H,S, is the active species responsible for the
reduction, and that two equivalents of HS is required for complete reduction of azide. Second, the reaction is first-

order with respect to azide and NaSH (second order overall), which is consistent with HS™ acting as a one electron

reductant.
~%
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Scheme 3.1 Suggested mechanism for H,S-mediated reduction of the azide (1) to the amine (5) (adapted from [278]).

In a first reversible step HS acts as a nucleophile and attacks the terminal azide nitrogen of Az-CL (1), which is the
most electrophilic nitrogen of the azide [279]. In analogous reactions of azides with other nucleophilic reductants,
such as phosphines in the Staudinger reaction [280, 281], nucleophilic attack takes place on the terminal nitrogen as
well. This generates anionic azidothiol (2), which is later protonated to generate neutral intermediate (3), which is
then attacked by a second equivalent of HS to release N,, H,S,, and the deprotonated amine (4), which undergoes

proton transfer mediated by the solvent to generate the final product NH,-L (5).

From the mechanism suggested above it is possible to conclude the advantages and limitations of using azide group
for H,S sensing. As under physiological conditions hydrogen sulfide exists mainly in HS form, the azide reduction re-
ports on the most prevalent state of H,S. However, because the initial addition of HS to the azide is reversible, gener-
ation of the intermediate (2) may be difficult if sulfide concentrations are very low. It is also possible that other
sulfhydryl-containing biomolecules, such as glutathione and cysteine, may participate in the reaction decreasing the

selectivity of the system.

3.4.2 Probe design and synthesis

As different aromatic azides might have a different reactivity to H,S we decided to synthesize two azido-caged lucifer-
in probes, Az-CL, where the azide was installed directly in the 6'-position of luciferin, and Az-Bn-CL, where the p-azido-
benzyl group was attached to the 6'-hydroxy-luciferin. Upon the reaction with H,S Az-CL is converted to the amino-
luciferin (NH,-L), while the Az-Bn-CL is converted to hydroxy-luciferin (OH-L), both luciferins are classical substrates for

FLuc.
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The NH,-L was synthesized in 1 step in 72% yield, the Az-CL probe was synthesized in 2 steps with an overall yield 63%,

the Az-Bn-probe was synthesized in 4 steps with an overall yield 24% (Scheme 3.2).
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Scheme 3.2 Synthesis of NH,-L (4), Az-CL (6) and Az-Bn-CL (10). Reagents and conditions: (i) D-cysteine, THF/H,0 (1:1),
RT, 1 h; (i) 1. NaNO,, HCI; 2. NaNs; 0 °C to RT, 1 h; (iii) D-cysteine, ACN/H,0 (1:1), RT, 0.5 h; (iv) 1. NaNO,, HCl; 2. NaNs;
0 °C to RT, 1 h; (v) PBrs, RT, 1 h; (vi) 2-Cyano-6-hydroxybenzothiazole, K,CO;, DMF, 0 °C to RT, 4 h; (vii) D-cysteine,
THF/H,0 (1:1), RT, 2 h.

With the two probes in hand, we first measured their reactivity to H,S by HPLC-MS analysis. NaHS was used a source
of H,S in all experiments. Upon the addition of NaHS solution to the caged luciferins, both probes released free lucifer-
in (Figure S3.1), however, the release of OH-L from the Az-Bn-CL probe was slower than the release of NH,-L from the
Az-CL probe. After 60 min Az-CL was fully converted to NH,-L, while, only about the half of the Az-Bn-CL probe was
converted to OH-L. The difference in the luciferin release between the two probes was also observed using a fluores-

cence assay (Figure S3.2).

As the speed of luciferin release is crucial for the probe performance in the BL assay, we aimed to increase the reactiv-
ity of Az-Bn-CL probe by designing a new probe, Az-F,-Bn-CL. It was previously reported that that functionalization of
the aromatic ring with fluorine atoms accelerated the reduction of aryl azides by H,S [282-284]. The Az-F,-Bn-CL probe
was synthesized in 5 steps with an overall yield 7% (Scheme 3.3). When the probe was added to the NaHS solution and
the reaction was analyzed by HPLC-MS, surprisingly, no free luciferin was detected. The HPLC-MS analysis suggested
that the azide was reduced by H,S to the amine, however, no uncaging occurred. This might be explained by the fact
that the electron-withdrawing fluorine atoms introduced on the aromatic ring decrease the aromaticity [285] which
might prevent the distribution of electrons from an electron-donating amino group to the C-O bond and preclude the

cleavage of this bond and release of luciferin.
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Scheme 3.3 Synthesis of Az-F,-Bn-CL (15). Reagents and conditions: (i) NaN3, acetone/H,0 reflux, 8 h; (ii) (CH3),NH-BHs3,
55 °C, 1 h; (iii) SOCI,, DCM, 0 °C to RT, 6 h; (iv) 2-Cyano-6-hydroxybenzothiazole, K,CO3, acetone, 0 °C to RT, 5 h; (v) D-
cysteine, THF/H,0 (1:1), RT, 1 h.

In addition to the azido-caged luciferins we designed and synthesized 2,4-dinitrophenyl (DNP) caged luciferin, DNP-CL
(Table 3:2). We were encouraged by the reports of several caged NIR fluorescent probes for imaging of H,S in living
animals [273, 274] and we wanted to compare two commonly used functional groups, azide and DNP, in the caged
luciferin approach for the detection of H,S. The DNP-CL probe was synthesized in 2 steps with an overall yield 47%
(Scheme 3.4).
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Scheme 3.4 Synthesis of DNP-CL (17). Reagents and conditions: (i) 2-Cyano-6-hydroxybenzothiazole, K,CO3, acetone,
RT, 0.5 h; (i) D-cysteine, ACN/H,0 (1:1), RT, 1.5 h.

HPLC-MS analysis of the reaction mixture of DNP-CL with NaHS showed that the reaction was slow and only about
10% of luciferin was released in 30 min (Figure S3.3), while the Az-CL probe was fully converted to luciferin in 30 min.
Moreover, when the two probes were tested in the selectivity assay with biothiols, the DNP-CL probe reacted 10-fold
more selectively with Cys and 12-fold with GSH over H,S, while the Az-CL probe showed 6-fold selectivity to H,S vs. Cys

and GSH over 1 h (Figure S3.4). On the basis of these results we have chosen Az-CL for further studies.

After the recent literature reports of Az-CL and its application for H,S imaging in living animals [103, 104] we decided
to further optimize the performance of this probe by improving its reactivity to H,S. We chose to introduce a fluorine
atom in the o-position to the azide on the basis of a similar strategy reported for fluorescent probes for H,S [282, 284].
As it could be introduced in two possible positions of luciferin, 5'- or 7'-, we chose the 5'-position as it was shown that
5'-F-OH-L produces twice more light that 7'-F-substitued analogue [286] and FLuc tolerates modifications of luciferin
structure in the 5'-position [287]. We hypothesized that electron-withdrawing fluorine would increase the electro-

philicity of the azide and the rate of its reduction by nucleophilic sulfide.
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The probe Az-F-CL was synthesized in 5 steps with an overall yield 20%, the corresponding NH,-F-L luciferin was syn-

thesized in 5 steps with an overall yield 27% (Scheme 3.5).
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Scheme 3.5 Synthesis of Az-F-CL (22) and NH,-F-L (23). Reagents and conditions: (i) Appel's salt, pyridine (2 eq.), DCM,
RT, 2 h; (ii) Cul, pyridine, MW, 90 W, 110 °C, 15 min; (iii) SnCl,:2H,0 (14 eq.), EtOAc, 70 °C, 2 h; (iv) 1. NaNO,, HCI; 2.
NaNs; 0 °C to RT, 1.5 h; (v) D-cysteine, THF/H,0 (2:1), RT, 1 h; (vi) D-cysteine, THF/H,0 (2:1), RT, 1 h.

3.4.3 Kinetic analysis of the HzS-mediated reduction of Az-CL and Az-F-CL probes

We next decided to measure the kinetics of the reduction of Az-CL and Az-F-CL to compare their reactivity to H,S.

The kinetics of the reaction between probes and NaHS was monitored by HPLC-MS analysis. Treatment of aqueous
buffered solutions of probes with excess of NaSH solution (pseudo-first-order conditions) resulted in decrease of the
peaks of the probes (Az-CL, Az-F-CL) and formation of corresponding luciferins (NH,-L, NH,-F-L). Under our experi-
mental conditions observed reaction rates were kg = (6.4-11.2) x 10* M s™ for Az-CL and ks = (8.6-21) x 10* M™* s
for Az-F-CL (Figure S3.5A, B). The plot of k., vs. [NaHS] gave a straight line passing through the origin (Figure S3.5C, D).
This indicates that the reaction is first order to sulfide, which is consistent with previously reported data for azide
reduction by H,S [278]. The slope of the best-fit line provided second order rate constants k, = 0.1 M™s? for Az-L and
k, =02 M* st for Az-F-L (Figure S3.5C, D). This data shows that the addition of fluorine in the o-position to the azide
improved the reaction rate by about two-fold which is in agreement with previous studies on activatable fluorescent

probes for imaging of H,S [282, 284].

It should be noted that the rate constants of the reaction between CL probes and H,S are lower than the reported
values for the azide-containing fluorescent probes, such as azido-coumarin 4-Az-7-MC (k, = 4.6 M™ s?) [282], or for
other caged luciferin probes for imaging of small molecules, such as hydrogen peroxide probe, PCL-1 (k, = 3.8 £ 0.34

M™s™) [53].
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We have also estimated by HPLC-MS analysis that the solutions of probes prepared from DMSO stocks in PBS at pH 7.4
are stable for at least 3 hours at room temperature which is sufficient for the duration of the imaging experiment in

vitro and in vivo.

We, therefore, have chosen these two probes, Az-CL and Az-F-CL, for further validation and side-by-side comparison.

3.4.4 Validation of probes in luciferase assay in vitro

We next examined the response of Az-CL and Az-F-CL probes to different concentration of H,S in the bioluminescence
assays where firefly luciferase was added to detect the luciferin formed during the reaction. We performed two types
of assays: (1) pre-incubation of probes with H,S for 1 h followed by the BL read-out and (2) detection of H,S in real-

time.

3.4.4.1 BL detection of H;S after pre-incubation with probes

The probes were incubated with various concentrations of NaHS for 1 h and the released luciferin was measured after
addition of luciferase for 1 h. The plot of the total photon flux vs. the concentration of NaHS provided a linear fit for
both probes, which shows that the probes can quantify H,S over a 2-order-of-magnitude range, from 10-1000 uM
(Figure S3.6B). Az-F-CL produced 7-times lower background signal and, as expected from its higher reaction rate, 2 to

3 times higher BL response to NaHS compared to the Az-CL (Figure 3.5).
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Figure 3.5 Concentration-dependent BL signal produced from Az-CL and Az-F-CL after 1 h of incubation with various
NaHS concentrations in luciferase assay. Numbers indicate the ratio over the background (probe in Tris), the differ-
ences are statistically significant (t-test), n= 3.

The limit of H,S detection was calculated as the concentration at which the BL equals of that of [blank + 3 x SDyjani]
according to a linear regression fit of the data (Figure $3.6B) and determined to be 13.6 £ 4.1 uM for Az-CL and 0.09
0.02 uM for Az-F-CL. This data shows that H,S detection limit of Az-F-CL is about 150-times lower than of Az-CL and is
on par with the most sensitive fluorescence probes for H,S reported [271]. We also checked that NaHS had no effect

on the bioluminescence read-out (Figure S3.6C).
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3.4.4.2 BL detection of H,S in real-time

In order to determine the utility of the probes for H,S detection under biologically relevant conditions, e.g. in cells
where luciferase will oxidize luciferin as soon as it is released from the probes, we performed BL imaging of H,S in
real-time. After addition of the probes, NaHS and luciferase, BL was detected for 90 min. The plot of the total photon
flux vs. the concentration of NaHS provided a linear fit for both probes (Figure S3.7B), however the Az-F-CL probe
shows a higher dynamic range (higher signal-to-background ratio) (Figure 3.6). The detection limit of H,S was deter-
mined to be 4.2 + 1.4 uM for Az-CL and 3.4 + 0.3 uM for Az-F-CL. Therefore, Az-F-CL can more reliably differentiate
between low levels of H,S than Az-CL. When the data was compared with the signal produced from corresponding
luciferins, it was estimated that after 90 min of reaction with 50 eq. of NaHS (500 uM) about 20% of Az-F-CL was un-

caged, while for Az-CL it was only 8%.
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Figure 3.6 Real-time BLI of H,S with Az-CL and Az-F-CL probes in luciferase assay. Numbers indicate the ratio over the
background (probe in Tris), the differences are statistically significant (t-test), n= 3.

3.4.5 Selectivity to H2S over biothiols

As it was mentioned earlier the SH-containing biomolecules, such as glutathione and cysteine, may participate in the
reduction of the azide decreasing the selectivity. The selectivity of the probe for H,S over Cys and GSH is achieved due
to the differences in pK, values (Figure 3.1). The pK, of the thiol group in cysteine has been determined to be 8.2
[288], which means that at pH 7.4 about 16% of the total amount of cysteine exists in the thiolate form; for 100 uM
intracellular concentration this number translates to 16 UM concentration. In glutathione, the most abundant thiol in
the cytosol, cysteine residue has a pK, of 9.2 [288, 289], at pH 7.4 about 1.6% exists in the thiolate form (for 5 mM
intracellular concentration about 80 uM exists in the thiolate form). As concentration of H,S was estimated to be in
the nanomolar to low micromolar range in the cells and high micromolar to millimolar in the lumen of the gut, it was

important to examine the selectivity of the probes.

The selectivity of the probes for H,S detection was determined by incubating the probes with Cys or GSH for 20, 40 or

60 min and adding luciferase for the bioluminescence read-out (Figure 3.7). Az-CL probe (5 uM) showed 8-fold reactiv-
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ity with H,S and produced 1.3-fold signal with 2000 eq. of GSH (10 mM) and 20 eq. of Cys (100 uM) over the back-
ground after 1 h of incubation. Az-F-CL probe showed 14-fold higher signal with H,S, 2-fold signal with GSH and 1.3-
fold signal with Cys over the background. However, despite the twice higher reaction rate of Az-F-CL towards H,S, the
selectivity has dropped about 1.5-times. From these results it can be calculated that both Az-CL and Az-F-CL have

about 6-times preferential reactivity to H,S over other biothiols which results in a similar selectivity profile.
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Figure 3.7 Selectivity profiles of Az-CL and Az-F-CL towards biothiols in luciferase assay. (A) Relative BL over 1 h from 5
UM of the probe incubated with 100 uM Cys, 1 and 10 mM GSH or 100 uM NaHS for 20, 40 or 60 min and measured
after the addition of luciferase (50 ug/mL) in Tris pH 7.8 (relative to the signal from the probes alone). (B) Zoom-in of
the graph (A); n=3

3.4.6 Cell-based assays

Having determined that both probes are selective to H,S over other thiols in a test-tube assay, we next wanted to
examine whether the performance of the probes would translate to cell culture as live cells contain thiols that might
interfere with the H,S detection. For initial validation with cells being a source of luciferase, we chose C2C12-FLuc cell
line that does not express H,S-producing enzymes in order to have an estimation of a background signal produced

from probes in cells.

3.4.6.1 BLI of exogenous H,S using cells as a read-out
First, the probes were incubated with various concentrations of NaHS for 1 h, then the solutions were added to

C2C12-FLuc cells (mouse myoblast cells) and the BL signal was acquired for 1 h. As can be seen in Figure 3.8A both
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probes produced a concentration-dependent BL signal when the reaction mixture was added to cells, however, a sig-
nal from as low as 50 uM H,S could be detected with the Az-F-CL probe, while the Az-CL probe produced a signal
above background only from 250 uM H,S.
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Figure 3.8 The signal produced in C2C12-FLuc cells from 10 uM Az-CL and Az-F-CL after 1 h of incubation with 10- 500

MM NaHS. (A) Bioluminescence signal over 1 h. (B) Fluorescence at Aey/em 240/560 nm from the same plate after the BL
acquisition (2 h after starting the reactions). Numbers indicate the ratio over the background (probe in PBS); the dif-
ferences are statistically significant (t-test), "ns"- non-significant; n= 3.

As caged luciferin probes are not fluorescent and free luciferins are, fluorescence can be used as an additional control.
Interestingly, we found that fluorescence provided a more robust read-out in this experiment than BL, probably, be-
cause fluorescence reports on the amount of luciferin directly and BL reports via luciferase (Figure 3.8B). It should be
noted that high concentrations of H,S (> 20 uM) inhibit the mitochondrial respiration which might affect the cell me-
tabolism and explain the decrease of BL signal at 250 and 500 uM NaHS (Figure S3.8A). The plot of the fluorescence vs.

NaHS concentration provides a better fit and a lower detection limit than that of BL (Figure S3.8B, C; Table 3.3).

3.4.6.2 Real-time BLI of exogenous H,S in cells
After we determined that the probes can be used for imaging of H,S in living cells we decided to see if the

probes can report on exogenous H,S in real-time in cells. The solutions of both probes and NaHS were added to
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C2C12-Fluc cells simultaneously and the BL was acquired for the duration of the signal peak (30 min). Luciferins were

used as a control to check the effect of H,S on BL signal (Figure S3.9A).

As can be seen in Figures 3.8 and 3.9, the signal-to-noise ratio in the pre-incubation assay and in the real-time imaging
assay in cells is very similar. This indicates that cells do not interfere with the reaction between probes and H,S and

that exogenous H,S can be monitored in real-time in living cells using these probes.
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Figure 3.9 The signal produced in C2C12-FLuc cells from 25 uM Az-CL and Az-F-CL and 5- 250 uM NaHS. (A) Total pho-

ton flux produced over 30 min. (B) Fluorescence at Acy/em 240/ 560 nm from the same plate after the BL acquisition.
Numbers indicate the ratio over the background (probe in PBS); the differences are statistically significant (t-test),
"ns"- non-significant; n= 3.

We next examined if the probes can detect intracellular H,S after incubation of cells with NaHS solutions and washing.
C2C12-Fluc cells were incubated with 10- 500 uM NaHS solutions for 10 min, then washed, then 10 uM of the probes
were added and bioluminescence was acquired for 1 h. As can be seen in Figure 3.10 the Az-F-CL probe provided more
sensitive detection of H,S than the Az-CL probe, detecting as low as 10 UM H,S inside cells. We also used a commer-

cially available fluorescent probe for H,S imaging, 7-azido-4-methylcoumarine, as a control to verify the H,S activity in

cells (Figure 3.10C).
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Figure 3.10 Bioluminescence imaging of intracellular H,S in C2C12-FLuc cells. Cells were incubated with 10- 500 uM
NaHS for 10 min, washed and loaded with 10 uM probes. (A) Kinetics of BL signal over 1 h. (B) Total photon flux pro-

duced over 1 h. (C) Fluorescence from the control probe 7-Az-4-MC (Aey/em 365/450 nm). Numbers indicate the ratio
over the background (probe in PBS); * p < 0.05, ** p <0.01, *** p < 0.001 (t-test); n=3.

3.4.6.3 Cytotoxicity assay

The cytotoxic effect of the two probes was determined after 1 h of incubation with C2C12-FLuc cells using Alamar Blue
assay. The Az-F-CL probe showed higher cytotoxicity in cells (ICso= 1198 + 18 uM) than Az-CL (ICso= 1604 + 43 uM)

(Figure S3.10), however, these value are far below the working concentrations used in the BLI assays.

3.4.7 Detection limit of H2S and bioluminescence signal window

The data on the limit of H,S detection for Az-CL and Az-F-CL probes for each assay is summarized in the Table 3.3. Az-
F-CL provides higher sensitivity in almost every assay and equal sensitivity to Az-CL in the real-time assay with lucifer-
ase. It can be estimated that the sensitivity drops about 10 times for Az-CL and about 4 times for Az-F-CL when com-
paring the real-time imaging in enzyme and cell assays. Also, as mentioned before, fluorescence imaging was used as

an additional control in these assays and it generally provided a better fit than BLI in cell assays.

Assay Az-CL Az-F-CL
Pre-incubation + luciferase- BL 13.6+4.1 0.09 £0.02
Real-time + luciferase- BL 42+14 3.4+03
Pre-incubation + cells- BL 84.4+£15.0 12.5+3.2
Pre-incubation + cells- FL 20.7+15 19+15
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Real-time + cells- BL 43.2+2.8 13.5+5.7
Real-time + cells- FL 14.1+4.9 2.1+0.2

Table 3.3 Limit of H,S detection (uM) for Az-CL and Az-F-CL calculated using the following formula LOD= [blank + 3 x
SDpjank]- BL-bioluminescence, FL- fluorescence.

An important parameter to estimate the performance of imaging probes is the signal window between the back-
ground (signal from the probe alone) and the maximum achievable signal (equimolar concentration of luciferin). As
can be seen in Figure 3.10 both probes showed a very high signal window in luciferase assay, 101 times difference
between the BL produced from Az-F-CL and NH,-F-CL and 92 times difference between the Az-CL and NH,-CL. This
allows to detect H,S with a two log dynamic range (from 10- 1000 uM). However, in cell assays Az-F-CL showed a high
background signal, which decreases the signal window to only 5 times which is 10 times lower than for Az-CL. This

data shows that Az-CL is potentially a better performing probe for in vivo imaging applications in living animals.
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Figure 3.11 The BL signal window between probes (grey) and luciferins (orange) in the luciferase assay and in FLuc-
cells. Numbers indicate the ratio of the mean values; n= 3.

3.4.8 Detection of H;S in bacterial assays

After characterizing the performance of both probes for detection of H,S in enzyme and cell assays we decided to
apply them for imaging of H,S production by bacteria, as the microbiota is a major source of H,S production in mam-

mals.

As a negative control we used wild type (wt) Escherichia coli (E. coli) K12 strain BW25113 that does not naturally pro-
duce high levels of H,S. To create a strain producing high levels of H,S we transformed BW25113 with either pTrc99a
(an Isopropyl B-D-1-thiogalactopyranoside {IPTG} inducible vector with no gene inserted upstream of the promoter),
or pSB74 (pTrc99a carrying the thiosulfate reductase operon phsABC from Salmonella enterica serovar Typhimurium
strain LT2). Overexpression of the phsABC operon in E. coli has previously been shown to produce high levels of H,S

from inorganic thiosulfate, or sulfite [126].

H2S-LOW

The bacterial strains, BW25113 + pTrc99a (E. coli j2sH

), BW25113 + pSB74 (E. coli ), were grown with the probes

or luciferins (as a control) for 8 h anaerobically (BD GasPak EZ system) as a planktonic broth in either Luria Bertani
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medium (LB) or EZ Rich Defined Medium (EZRDM), the cultures were centrifuged and the supernatant was analyzed
using BL and fluorescence imaging. To compare the performance of our probes with commercially available probes we
used WSP-5 and 7-Az-4-MC and the corresponding fluorophores (fluorescein and 4-methylcoumarine) as controls

(Figure 3.11). NaHS was used as a positive control, probe in buffer served as a negative control.
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Figure 3.12 Structures of the probes used for the detection of H,S in the bacterial assay.

First, it was noted that all probes responded to H,S with a higher signal-to-background ratio in EZ Rich Defined Medi-
um (EZRDM) than in LB (Figure S3.11), especially from the positive control (NaHS). EZRDM has a well-defined biochem-
ical composition, which facilitates rapid growth of E. coli, with growth rates comparable to LB, which are not observed
in standard M9 minimal medium. Importantly, this medium has less components that might react with H,S, e.g. thiol-
containing peptides, that could interfere with H,S detection. We also quantified bacterial growth in LB and EZRDM and

no significant differences (p > 0.05) between the growth rate in two media were observed (Figure S3.12).

As can be seen in Figure 3.12A both BL probes were capable of detecting H,S produced by bacteria with a similar sen-

sitivity, despite the two fold higher background signal from Az-F-CL compared to Az-CL. Importantly, we detected

between a 5-7 fold increase in BL signal from E. coli">*" compared to E. coli™**°% which is in agreement with the

original report describing the generation of H,S-overproducing E. coli DH5a [126]. Importantly, E. col">oV

showed a
3 fold increase in BL signal above the background signal which can be explained either by production of low levels of
H,S by the 3-mercaptopyruvate sulfurtransferase (3-MST) [205] and by L-cysteine desulfhydrase [292] present in E.

coli or by the reaction of probes with endogenous GSH and cysteine.

Although we did not quantify the absolute amount of H,S production in our bacterial growth assays, it can be estimat-

H2S-HI

ed that the amount of H,S produced by E. coli over 8 h is below 500 uM, when compared to the positive control

(500 uM NaHS), which is in relative agreement with the literature. E. coli DH5a + pSB74 has been reported to produce
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377 UM H,S in 5 h, and 389 uM H,S in 24 h using a sulfide electrode [126]). We anticipate that the level of H,S can be
quantified by constructing a standard curve (BL signal vs. NaHS concentration) and interpolating the measured values

to obtain the concentration of H,S in the growth medium.
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Figure 3.13 Imaging of H,S produced by bacteria after 8 h of culture with probes in EZ Rich Defined Medium (EZRDM).
(A) Total photon flux from 50 uM CL probes in the culture supernatant measured after the addition of luciferase (62.5
ug/mL). (B) Fluorescence from control probes WSP-5 and 7-Az-4-MC (50 uM) in the culture supernatant. Numbers
indicate the ratio of the mean values. The experiment was repeated three times, representative data is shown; n= 3.

The control fluorescent probe 7-Az-4-MC has an azide and employs the same reaction for the detection of H,S as Az-
CL probes. WSP-5 probe contains a disulfide group and detects H,S through sulfide-mediated nucleophilic addition
followed by an intramolecular cyclization and release of the fluorophore. 7-Az-4-MC showed a lower background but a
similar trend in signal as the caged luciferins (Figure 3.12B). By contrast, WSP-5 probe did not differentiate between
the level of H,S produced by SL1344, E. coli™*™ and NaHs (positive control). The low level of sensitivity might be ex-

plained by the solubility issues previously described for this class of probes [128].

The data from the BL imaging correlated with the fluorescence of the caged luciferin probes (Figure S3.13), which

means that both of these imaging modalities can be used for the detection of H,S production by bacteria.
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3.4.9 Bioluminescence imaging of H;S in living mice

On the basis of results from the validation of caged luciferin probes in enzyme, cell and bacterial assays we sought to

establish their efficacy for detecting H,S produced in the gastrointestinal tract (GIT) in living mice.

As discussed earlier, the Az-CL probe was recently reported for BLI of H,S in living mice in two studies, in one study the
FLuc-tumors were used for the BL read-out and in another study a whole-body H,S imaging was performed after se-

quential injections of NaHS (IV) and the probe (IP) in mice ubiquitously expressing luciferase (FVB-luc+ mice).

It is important to consider that in our approach the detection of bioluminescence from the GIT might be potentially
challenged by the depth of the gut tissues. We were encouraged by the study of fatty acid uptake in FVB-luc+ mice
using the caged luciferin probe [55]. After administration of the probe by oral gavage (OG), it was absorbed in the gut
and the released luciferin was distributed through the circulation and produced the signal from the whole body, which

could be detected and quantified.

3.4.9.1 Characterization of caged luciferin probes in living mice
All experiments were performed using FVB-Luc+ mice [47]. Because little is known about the signal kinetics of luciferin
administered by OG in mice, we first focused on the characterization of signal produced from luciferin and probes in

living mice over time.

Four groups of mice with three mice per group were used. The first two groups were orally gavaged with classical
substrates OH-L and NH,-L (0.73 pumol in 100 uL of PEG400, at the dose equivalent to 0.2 mg/mouse of OH-L) and
bioluminescence was measured until the disappearance of the signal (before the OG, at 0.5, 1, 6, 18, 24, 48 and 60 h
time points post OG; Figure 3.13). When the initial time point (0.5 h) is taken as 100% intensity it can be estimated
that after 6 h the amount of signal for OH-L decreased to 42 + 8%, while for NH,-L to 20 + 6%. After 18 h the signal for
OH-L decreased to 11 + 3%, while for NH,-L to 1.1 + 0.3%, and at 48 h about 0.2% of the initial signal could be detected

for both luciferins. It should be noted that the signal for OH-L decreased to the background level after 60 h.

The next two groups of mice were administered a slow-reacting probe Az-Bn-CL and a fast-reacting probe Az-CL. No-
tably, the signal from Az-Bn-CL was slowly increasing over the first 6 h, reached the maximum around 18 h and de-
creased with the same efficiency as for the OH-L. Az-CL probe showed similar signal kinetics as NH,-L, reaching the

equal signal intensity at 18 h.

We have also performed the same kinetic studies for the Az-F-CL and NH,-F-L and a similar trend to Az-CL and NH,-L

was observed (Figure S3.14).

In summary, this data shows that the clearance time for the free luciferins and probes after administration by OG is 2

to 3 days.
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Figure 3.14 Kinetics of the bioluminescence signal produced from luciferins (A) or probes (B) in FVB-luc+ mice (n= 3)
over 60 h. (C) Overlay of the kinetic curves from (A) and (B). Luciferins or probes were administered by OG (0.73 umol
in 100 pL of PEG400) at the dose equivalent to 0.2 mg of OH-L. The color scales for ventral luminescent/photographic
images were adjusted separately for OH-L/Az-Bn-CL group and for NH,-L/Az-CL group; n= 3.
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As can be seen in the luminescence images of mice in Figure 3.13, both luciferins and probes produced a detectable
signal from the whole body with a localized signal in the stomach area. As the compounds are administered by OG and
stomach is the largest organ in the gut located closer to the surface than the other organs, it is likely to appear bright-

er in 2D bioluminescence imaging.

To compare the signal intensity produced from the probes and corresponding luciferins mice were orally gavaged with
the compounds (0.73 pumol in 100 uL of PEG400, at the dose equivalent to 0.2 mg of OH-L) and the bioluminescence
was acquired every min for 45 min. Az-Bn-CL and Az-CL produced the signal of a similar intensity, however, Az-F-CL
produced a 40-fold higher signal (Figure 3.14). When the total photon flux over 45 min from the probes was compared
to corresponding luciferins, it was calculated that Az-Bn-CL/OH-L pair had the largest signal window (82 times differ-
ence), followed by Az-CL/NH,-L (12 times) and Az-F-CL/NH,-F-L (7 times). As previously observed in cell assays (Figure

3.10), the low signal window for the Az-F-CL probe could be explained by its reactivity towards endogenous GSH.
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Figure 3.15 Comparison of BL signal produced from probes in FVB-luc+ mice. (A) Signal kinetics from the CL probes
over 45 min. (B) The BL signal window between probes and luciferins. Luciferins or probes were administered by OG
(0.73 pumol in 100 pL of PEG400) at the dose equivalent to 0.2 mg of OH-L. Numbers indicate the ratio of the mean
values, n= 2, mean + SEM.

To study the localization of the signal produced from the Az-Bn-CL and Az-CL probes in the gut, mice were sacrificed at
1 and 24 h post OG and the Gl tract was excised from the stomach to the colon. Importantly, 1 h after the gavage of
both probes the strongest signal localized to the cecum and colon was observed (Figure 3.15). This observation is in
excellent agreement with the known location of sulfate-reducing bacteria populations in the mouse intestine [294]. It
was also reported that average H,S concentrations in mouse gut varied from 0.1 mM (stomach) to 1 mM (cecum)
[294] which might explain the residual signal from the stomach. Furthermore, the signal in the cecum could be detect-
ed even 24 h after the OG of the probes. Contrary to this, amino-luciferin (NH,-L) showed the signal of equal intensity
through the whole GIT 1 h after OG and almost no signal 24 h after OG which points out to the specificity of the signal

produced by the probes.

On the basis of the in vitro and in vivo data, the reactivity, selectivity and a bioluminescence signal window, we have

selected Az-CL as the best performing probe for further experiments.
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Figure 3.16 Localization of the BL signal produced from the Az-Bn-CL, Az-CL and NH,-L in the GIT of mice 1 and 24 h
post OG (ex vivo imaging).
3.4.9.2 Modulation of H;S level in the GIT of mice treated with H.S donor

To establish Az-CL as an in vivo H,S reporter, we next examined its ability to report on the H,S level in the GIT.

In the pilot study the efficiency of H,S detection was compared between Az-CL and Az-F-CL. Four groups of mice with
two mice per group were used. Mice were fasted 16 to 18 h before the experiment as it was reported that fasting
reduces the H,S level in the gut [226]. The dose of the probes was decreased 24 fold compared to the previous study
(from 0.73 umol to 0.03 umol, 0.01 mg/ mouse). First, two mice in each group were administered the H,S donor solu-
tion (NaHS in HEPES pH 7.4, 40 equiv., 1.308 umol) and two mice received the buffer alone, 5 min after the probes
were administered by OG to all mice and the bioluminescence was acquired for 2 h for the Az-F-CL probe (to follow
the signal growth) and for 1.5 h for Az-CL (Figure 3.16). Despite showing the low signal window, the Az-F-CL probe
gave a response to H,S, however, it was slow, reaching only 2-fold over 90 min. Notably, the Az-CL probe demonstrat-
ed a 3-fold lower background, a fast response which was detectable 15 min after probe gavage and reached 3.8-fold

over 90 min. This data demonstrates that Az-CL is a better reporter than Az-F-CL for imaging of H,S in living mice.
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Figure 3.17 BLI of H,S using Az-F-CL and Az-CL in living mice treated with NaHS in comparison to the control. (A) Kinet-
ics of the BL signal. (B) Overlay of ventral luminescent/ photographic images of mice. N= 2, data presented as mean *
SEM. NaHS was administered by OG (40 equiv., 1.308 umol, 100 uL of HEPES (pH 7.4)), 5 min later probes were admin-
istered by OG (0.03 pmol, 0.01 mg, 100 pL of HEPES with 2% DMSO).

Finally, we decided to apply Az-CL for H,S imaging in a setup when each mouse would serve as its own control. The
experimental outline was similar to the previous experiment. One group of mice (n= 3) was first administered the
buffer, followed by the probe, and imaged for 2 h. Three days after the same mice were administered NaHS solution,
followed by the probe, and imaged again (Figure 3.17). When the mice were administered NaHS a steady increase in
signal was detected, reaching 4-fold after 2 h. The total amount of signal produced from the NaHS treatment over 2 h
was 3-fold higher than the background. Next, the imaging with amino-luciferin (NH,-L) was performed with the same
mice, followed by NaHS + NH,-L imaging three days later, to check if NaHS treatment affects the BL signal. No differ-

ence in the total flux over 2 h was detected.
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Figure 3.18 BLI of H,S using Az-CL in the GIT of living mice treated with NaHS. NH,-L was used to check the BL signal
before and after the treatment. Each mouse served as its own control. (A) Kinetics of the BL signal. (B) Total photon
flux measured over 2 h. N= 3, data presented as mean + SEM.
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3.5 Conclusion

We rationally designed and synthesized a series of H,S-responsive caged luciferin probes, two of which
were recently reported by other groups. We first evaluated the probes on the basis of two key parameters, the rate of

the bioluminescence response to H,S and the selectivity of H,S detection over endogenous thiols in vitro.

The kinetic studies of the reaction between the two probes and H,S showed that the introduction of a single fluorine
atom in o-position to the azide increased the reactivity of the probe with H,S by two-fold. This strategy allowed for the
development of a fast responsive probe, Az-F-CL, with the limit of H,S detection of approximately 100 nM, that can be

used for a quantitative analysis of H,S in a pre-incubation assay in vitro.

After initial validation the two best preforming probes, Az-CL and Az-F-CL, were selected and further applied for the
detection of H,S in live bacterial and mammalian cell-based assays, as well as in living animals. Both probes effectively
detected H,S produced by bacteria in culture, while Az-F-CL provided a more sensitive read-out than Az-CL in mamma-

lian cells.

We next characterized the signal produced from three probes (Az-Bn-CL, Az-CL, Az-F-CL) and three luciferins (OH-L,
NH,-L, NH,-F-L) in living mice. The specificity of the signal produced from the Az-Bn-CL and Az-CL probes in the GIT was

confirmed by ex vivo imaging.

Finally, we compared the efficiency of Az-CL and Az-F-CL for the detection of exogenous H,S in real-time in living mice
and observed that Az-CL provided a better bioluminescence response to H,S than Az-F-CL. On the basis of these re-

sults we anticipate a further application of Az-CL probe for the detection of H,S in the GIT in living animals.

We believe that the results presented here will contribute to a better understanding of the caged luciferin probe de-
sign principles. When designing imaging probes it is important to consider the interplay between the reactivity and the
selectivity, and, as demonstrated here, an increase in probe's reactivity might lead to a decrease in selectivity and

narrow down the bioluminescence signal window in living systems.

Note. Parallel to this work two research groups have independently reported the development of bioluminescent

probes for imaging of hydrogen sulfide (probes Az-Bn-CL and Az-CL) [103, 104].
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3.6 Future development

The described caged luciferin probes can be applied in various areas of research. For example, the Az-F-CL

probe could be used for the in vitro analysis of H,S levels or bacterial H,S production in environmental samples.

Another potential application of these probes could be screening of H,S-releasing drugs (e.g. novel anti-inflammatory
drugs) in in vitro and in vivo assays to develop novel therapies for inflammatory bowel disease, hypertension and ath-

erosclerosis.

Our future directions include application of the Az-CL probe for the detection of H,S production by gut microbiota in
mice. It is of particular interest to investigate if the changes in the dietary composition could cause a change in the H,S
production by bacteria and if these changes could be detected using Az-CL. For example, if the diet enriched with the
sources of H,S, such as cysteine and sulfate, could cause an increase of H,S production in the GIT of mice. These assays
could ultimately help to better understand the contribution of this signaling molecule to the pathogenesis of various
gastrointestinal diseases, like ulcerative colitis and inflammatory bowel disease, and to develop new therapeutic ap-

proaches.
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3.7 Experimental section

3.7.1 Chemical materials and methods

Chemicals were purchased from ABCR GmbH, Acros organics, Fluorochem, Sigma-Aldrich, and were used as received.
Firefly luciferase was purchased from Sigma-Aldrich. Analytical thin layer chromatography was performed using glass-
backed SiO, TLC plates from Merck. HPLC-MS analysis was performed either on Agilent Infinity 1260 HPLC system
(Agilent, Santa Clara, CA) with SunFire® C18 column (2.6 x 20 mm, 3.5 um, Waters) directly connected to Agilent 6120
Quadrupole LC/MS system (Agilent, Santa Clara, CA) or on Waters Acquity UPLC system with Acquity UPLC® BEH C18
column (2.1 x 50 mm, 1.7 um) directly connected to Waters Acquity LC/MS system using HPLC gradient grade solvents
from Fisher Chemicals (Loughborough, UK) and Millipore water. Purification of compounds was performed either on
Agilent Infinity 1260 preparative HPLC system using Zorbax SB-C8 column (21.2 x 250 mm, 7 um, Agilent) or on Waters
preparative HPLC system using SunFire® PrepC18 OBD™ column (30 x 50 mm, 5 um, Waters) Nuclear magnetic reso-
nance (1H, Be, F NMR) data were acquired on a Bruker AV400 MHz spectrometer. NMR chemical shifts are reported
in the standard 6 notation of parts per million using the peaks of residual proton and carbon signals of the solvent as
internal references. Splitting patterns are designated as s (singlet), d (doublet), dd (doublet of doublets), t (triplet), m
(multiplet). Coupling constants (J) are reported in hertz. HRESI-MS measurements were conducted at the EPFL ISIC

Mass Spectrometry Service using Micro Mass QTOF Ultima (Waters Corp., Milford, MA).

Known compounds: the following compounds have previously been reported in the literature: 4, 5, 6, 7, 8, 9, 10, 11,

12, 13.

(5)-2-(6-aminobenzo[104]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (4). The compound was synthesized by a
modified method described in [295]. To s solution of 2-cyano-6-aminobenzothiazole (0.020 g, 0.114 mmol) in THF (0.5
mL) was added a solution of D-cysteine (0.021 g, 0.171 mmol) in degassed H,0 (1.0 mL) under N,. After 30 min the
reaction was analyzed by HPLC-MS, full conversion to product was observed, crude reaction mixture was purified by
preparative HPLC (C18 column, H,0+0.1% HCOOH:ACN, 5-95% ACN over 10 min), affording pure product 4 (0.023 g,
72%). "H NMR (400 MHz, (CD;),SO) & 7.77 (d, J = 8.9 Hz, 1H), 7.07 (d, J = 2.2 Hz, 1H), 6.85 (dd, J = 8.9, 2.2 Hz, 1H), 5.83
(s, 2H), 5.36 (dd, J = 9.7, 8.2 Hz, 1H), 3.72 (dd, J = 11.2, 9.7 Hz, 1H), 3.63 (dd, J = 11.2, 8.2 Hz, 1H). *C NMR (101 MHz,
(CD3),S0O) & 171.4, 164.3, 153.2, 149.3, 144.2, 137.8, 124.6, 115.9, 103.0, 78.0, 39.5, 34.6. HRMS: calculated for
C11H12N50,S, [MH]* 280.0215, found 280.0215; calculated for C;;HsN30,S,Na [MH]* 302.0034, found 302.0034. Data is

consistent with the literature [104].
Compounds 5 and 6 were synthesized as previously described [103].

6-azidobenzo[d]thiazole-2-carbonitrile (5). To a suspension of 2-cyano-6-aminobenzothiazole (0.05 g, 0.285 mmol) in
6N HCI (0.5 mL) at 0 °C was added a solution of NaNO, (0.03 g, 0.428 mmol) in water (1 mL) dropwise and stirred for 30
min, then a solution of NaN; (0.037 g, 0.570 mmol) in water (1 mL) was added and the reaction was stirred at 0 °C. The
reaction was followed by TLC, after completion (1 h) the solution was extracted with ethyl acetate (3 x 10 mL), the

organic phase was washed with a NaHCO; saturated aqueous solution, then with brine and dried over MgSO,. The
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evaporation of the solvent in vacuo gave azide 5 (0.055 g, 96%) which was used in the next step without purification.
'"H NMR (400 MHz, CDCl5) 6 8.18 (d, J = 8.9 Hz, 1H), 7.60 (d, J = 2.2 Hz, 1H), 7.31 (dd, J = 8.9, 2.2 Hz, 1H). Data is con-

sistent with the literature [103].

(S)-2-(6-azidobenzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (6). To a solution of compound 5 (0.035 g,
0.174 mmol) in ACN (0.5 mL) was added a solution of D-cysteine (0.042 g, 0.348 mmol) in degassed PBS (0.5 mL) under
N,. After 30 min, reaction mixture was diluted with water to the total volume of 2 mL and was purified by preparative
HPLC (C8 column, H,0+0.1% HCOOH:ACN, 5-95% ACN over 33 min), affording pure product (0.035 g, 66%). 'H NMR
(400 MHz, (CD5),SO) 6 13.25 (br s, 1H), 8.16 (d, J = 8.8 Hz, 1H), 8.05 (d, J = 1.7 Hz, 1H), 7.32 (dd, J = 8.8, 1.7 Hz, 1H),
5.44 (dd, J = 9.8, 8.3 Hz, 1H), 3.79 (dd, J = 11.3, 9.8 Hz, 1H), 3.71 (dd, J = 11.3, 8.3 Hz, 1H). *°C NMR (101 MHz,
(CD3),S0) & 171.0, 164.3, 160.3, 150.1, 139.0, 137.0, 125.2, 119.4, 112.7, 78.2, 34.8. HRMS: calculated for C;;H;Ns0,S,
[MH]*306.0119, found 306.0119. Data is consistent with the literature [104].

(4-azidophenyl)methanol (7) was prepared following the literature procedure [296]. To a solution of 4-
aminobenzylalcohol (0.3 g, 2.436 mmol) in HCI 6N (3 mL) was added NaNO, (0.252 g, 3.654 mmol) in water (3 mL)
dropwise at 0°C. The reaction was stirred at 0°C for 30 min, then NaN; (0.316 g, 4.872 mmol) in water (3 mL) was add-
ed dropwise. The reaction was followed by TLC and after 30 min the reaction mixture was extracted with EtOAc (3 x
10 mL), the organic phase was washed with a NaHCO; saturated aqueous solution, then with brine and dried over
MgSO0,. The evaporation of the solvent in vacuo gave the azide 7 in 79% yield (0.289 g) which was used without fur-
ther purification. "H NMR (400 MHz, CDCl3) & 7.31 (d, J = 8.2 Hz, 2H), 6.99 (d, J = 8.3 Hz, 2H), 4.60 (s, 2H), 2.40 (br, 1H).
3C NMR (101 MHz, CDCl5) 6 139.4, 137.6, 128.6, 119.2, 64.6. Data is consistent with the literature [296].

1-azido-4-(bromomethyl)benzene (8) was prepared following the literature procedure [296]. (4-
azidophenyl)methanol (0.289 g, 1.938 mmol) was dissolved in dry DCM (10 mL) under N, before PBr; (0.22 mL, 2.325
mmol) was added dropwise at rt. The reaction was followed by TLC, after completion (1 h) the reaction was quenched
with a NaHCO; saturated aqueous solution. The organic phase was washed with water and then dried over MgS0O,
before evaporation of the solvent in vacuo. The crude material (0.22 g, 53%) was used in the next step without further
purification. *H NMR (400 MHz, MeOD) & 8.76 (d, J = 8.5 Hz, 2H), 8.36 (d, J = 8.5 Hz, 2H), 5.90 (s, 2H). **C NMR (101
MHz, MeOD) & 141.1, 136.1, 131.7, 120.2, 33.8. Data is consistent with the literature [296].

6-((4-Azidobenzyl)oxy)benzo[d]thiazole-2-carbonitrile (9). To a stirred solution of 2-cyano-6-hydroxybenzothiazole
(0.021 g, 0.118 mmol) in DMF (0.5 mL) at 0 °C was added K,CO; (0.036 g, 0.260 mmol), 5 min after the bromide 8 in
DMF (0.5 mL) was added dropwise. After 30 min the reaction was put at rt and stirred at rt for 3.5 h. After the comple-
tion of the reaction (analyzed by HPLC-MS) the reaction mixture was poured in 0.5M HCI (20 mL), white precipitate
was filtered through a glass filter, yielding pure product 9 (0.027 g, 75%). '"H NMR (400 MHz, CDCl5) 6 8.10 (d, J=9.1
Hz, 1H), 7.44 (d, J = 8.5 Hz, 2H), 7.41 (d, J = 2.5 Hz, 1H), 7.30 (dd, J = 9.1, 2.5 Hz, 1H), 7.07 (d, J = 8.5 Hz, 2H), 5.14 (s,
2H). *C NMR (101 MHz, CDCl;) § 159.4, 147.2, 140.4, 137.5, 133.8, 132.5, 129.3, 126.1, 119.5, 119.1, 113.3, 104.4,
70.3. HRMS: calculated for Cy5HsNsOS [MH]"308.0606, found 308.0602.
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(R)-2-(6-((4-Azidobenzyl)oxy)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (10). To a solution of com-
pound 9 (0.027 g, 0.087 mmol) in THF (0.5 mL) was added a solution of D-cysteine (0.021 g, 0.175 mmol) in degassed
PBS (0.5 mL) under N,. After 2 h, reaction mixture was dissolved in ACN:H,O (7:3) and purified by preparative HPLC (C8
column, H,0+0.1% HCOOH:ACN, 5-95% ACN over 33 min), affording pure product 10 (0.027 g, 75%). 'H NMR (400
MHz, (CD5),SO) & 8.05 (d, J = 9.0 Hz, 1H), 7.85 (d, J = 2.5 Hz, 1H), 7.53 (d, J = 8.5 Hz, 2H), 7.26 (dd, J = 9.0, 2.5 Hz, 1H),
7.16 (d, J = 8.5 Hz, 2H), 5.41 (dd, J = 9.8, 8.3 Hz, 1H), 5.19 (s, 2H), 3.77 (dd, J = 11.2, 9.8 Hz, 1H), 3.68 (dd, J = 11.2, 8.3
Hz, 1H). B¢ NMR (101 MHz, (CDs),SO) & 171.2, 164.3, 158.0, 157.9, 147.2, 139.2, 137.1, 133.4, 129.8, 124.8, 119.2,
117.5,105.9, 78.2, 69.4, 34.8. HRMS: calculated for Cy5H13Ns05S, [M+H]" 412.0538, found 412.0537.

4-azido-2,3,5,6-tetrafluorobenzaldehyde (11) was prepared following the literature procedure [297]. A mixture of
NaN; (0.30 g, 4.6 mmol) and pentafluorobenzaldehyde (0.88 g, 4.3 mmol) in acetone (8 mL) and water (3 mL) was
refluxed for 8 h. The mixture was cooled, diluted with water (10 mL) and extracted with ether (3 x 10 mL). The organic
phase was dried (MgS0,), the solvent was evaporated in vacuo. The crude was purified by flash chromatography (silica

gel, 1:3 EtOAc: hexane) to give the product 11 (0.7 g, 67% vield) with 10% impurity (estimated by ‘"H NMR).

(4-azido-2,3,5,6-tetrafluorophenyl)methanol (12) was prepared following the literature procedure [297]. A stirred
solution of 11 (0.7 g, containing 0.63 g of 11, 2.88 mmol) and (CH3),NH-BH; (0.23 g, 3.45 mmol) in acetic acid (15 mL)
was heated at 55 °C for 1 h. The solvent was removed by aspirator at 45 °C. The residue was dissolved in DCM (20 mL),
washed with 5% Na,COs; (2 x 15 mL) and water (15 mL), dried (MgS0Q,), and evaporated to leave yellow oil which was
purified by chromatography (silica gel, 1:3 EtOAc: hexane) to afford 0.623 g (63% yield) of the mixture, containing
product 12 and impurity (2:1 estimated by 1H NMR and 9 NMR), which was used in the next step. 'H NMR (400 MHz,
CDCl;) 6 4.78 (s, 2H). F NMR (376 MHz, CDCl3) & -144.68 (m, 2F), -151.80 (m, 2F).

1-azido-4-(chloromethyl)-2,3,5,6-tetrafluorobenzene (13) was prepared following the literature procedure [297]. To a
stirred solution of 12 (0.623 g, 2.82 mmol) in DCM at 0 °C was added SOCI, (0.67 g, 5.64 mmol) dropwise. The mixture
was stirred at 0 °C for 1 h, then put at rt and stirred at rt for another 4 h. Then the reaction mixture was evaporated to
dryness and the crude material was purified by chromatography (silica gel, 1:4 EtOAc: hexane) to give 0.24 g (34%
yield) of the product 13 containing 15% of impurity (estimated by "H NMR). The product (0.08 g) was purified in 2 runs
by preparative TLC (hexane) to give 0.07 g of 13 as a yellow liquid, which solidified at rt. '*H NMR (400 MHz, CDCl;) &
4.64 (t, 2H). *C NMR (101 MHz, CDCl3) 6 145.1 (m), 140.7 (m), 120.9 (m, J = 12.1 Hz), 111.8 (t, J = 17.4, 17.4 Hz), 31.7
(m,J=4.1,4.1,2.2,2.2 Hz).

6-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)benzo[d]thiazole-2-carbonitrile (14). A mixture of compound 13 (0.069 g,
0.29 mmol), 2-cyano-6-hydroxybenzothiazole (0.046 g, 0.264 mmol), and K,CO; (0.073 g, 0.523 mmol) in anhydrous
acetone (1 mL) under N, was stirred at rt for 3 h, then 0.01 g of 13 was added and the reaction mixture was stirred at
rt overnight. The reaction mixture was filtered, evaporated to dryness, the solid material was washed and sonicated
with hexane (3 x 3 mL) and dried in vacuo to afford the product 14 (0.084 g, 84% vyield). 'H NMR (400 MHz, CDCl;) &
8.12 (d, J = 9.1 Hz, 1H), 7.48 (d, J = 2.5 Hz, 1H), 7.27 (dd, J = 9.1 Hz, 2.5 Hz, 1H), 5.22 (s, 2H). *C NMR (101 MHz, CDCl5)
5 158.6, 147.5, 145.6 (d, Js = 250.5 Hz), 140.5 (dd, J = 250.5 Hz, e = 17.2 Hz), 137.3, 134.2, 126.2, 121.4, 118.6,
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113.0, 109.4 (t, s = 17.2 Hz), 104.6, 58.3. *>F NMR (376 MHz, CDCl;) & -145.81 (m, 2F), -154.38 (m, 2F), C¢Fs (-164.90)
was used as internal standard. HRMS: calculated for C;sHsF;NsOS for [M+H]" 380.0229, found 380.0235.

(5)-2-(6-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (15). To a
solution of compound 14 (0.038 g, 0.10 mmol) in THF (2.2 mL) was added a solution of D-cysteine (0.029 g, 0.24 mmol)
in degassed water (0.6 mL) under N,. After 1 h the solvent was evaporated, the crude material was sonicated in water
and filtered. The crude was purified by preparative HPLC (C18 column, H,0+0.1% HCOOH:ACN, 5-95% ACN over 10
min), affording pure product 15 (0.029 g, 61% yield). "H NMR (400 MHz, (CD5),SO) & 13.23 (s, 1H), 8.09 (d, J = 9.0 Hz,
1H), 7.94 (d, J = 2.6 Hz, 1H), 7.27 (dd, J = 9.0, 2.6 Hz, 1H), 5.42 (dd, J = 9.8, 8.3 Hz, 1H), 5.30 (s, 2H), 3.78 (dd, J = 11.3,
9.8 Hz, 1H), 3.69 (dd, J = 11.3, 8.3 Hz, 1H). **C NMR (101 MHz, (CDs),S0) & 171.6, 164.8, 159.0, 157.7, 148.2, 145.4 (m,
Jor = 248.5 Hz), 140.6 (m, Jgs = 250.5 Hz), 137.5, 125.4, 121.4 (m), 117.7, 110.1 (t, *Jc; = 18.0 Hz), 106.8, 78.7, 58.6, 35.3.
F NMR (376 MHz, (CD5),S0) & -146.19 (dd, J = 22.5, 9.7 Hz), -154.30 (dd, J = 22.5, 9.7 Hz), C¢Fs (-164.90) was used as
internal standard. HRMS: calculated for C;gHoF,NsO3S, [M+Na]® 505.9981, found 505.9986.

6-(2,4-dinitrophenoxy)benzo[d]thiazole-2-carbonitrile (16). To a solution of 2-cyano-6-hydroxybenzothiazole (0.03 g,
0.170 mmol) and K,CO3 (0.026 g, 0.187 mmol) in anhydrous acetone (1 mL) under N, was added 1-fluoro-2,4-
dinitrobenzene (23.5 pL, 0.187 mmol) stirred at rt for 0.5 h, then the reaction mixture was filtered through 0.22 um
filter, the filtrate was evaporated in vacuo, the crude material was purified by silica gel column chromatography (start-
ing with 1:8 EtOAc: hexane, the product eluted at 1:4) to give the product 16 (0.049 g, 84%). *H NMR (400 MHz, CDCl,)
58.90 (s, 1H), 8.41 (d, J = 9.1 Hz, 1H), 8.32 (d, J = 9.0 Hz, 1H), 7.73 (s, 1H), 7.45 (d, J = 9.0 Hz, 1H), 7.16 (d, J = 9.1 Hz,
1H). 3¢ NMR (101 MHz, CDCl;) 6 154.8, 154.5, 150.2, 142.8, 140.5, 137.4, 137.3, 129.2, 127.4, 122.4, 121.1, 120.1,
112.6,77.5,77.2,76.8, 29.9.

(S)-2-(6-(2,4-dinitrophenoxy)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (17). To a solution of com-
pound 16 (0.026 g, 0.076 mmol) in THF (0.5 mL) was added a solution of D-cysteine (0.010 g, 0.076 mmol) in degassed
water (0.3 mL) under N,. After 1.5 h the HPLC-MS analysis showed disappearance of starting material, the crude mix-
ture was diluted with water and purified by preparative HPLC (C8 column, H,0+5 mM NH,COOH:ACN, 5-95% ACN over
33 min), affording pure product 17 (0.019 g, 54% yield). 'H NMR (400 MHz, (CD3),SO) & 8.93 (d, J = 2.7 Hz, 1H), 8.47
(dd, J=9.3,2.8 Hz, 1H), 8.29 (d, J = 8.9 Hz, 1H), 8.15 (d, J = 2.4 Hz, 1H), 7.54 (dd, J = 8.8, 2.5 Hz, 1H), 7.37 (d, J = 9.3 Hz,
1H), 5.44 (t, J = 9.1, 9.1 Hz, 1H), 3.80 (t, J = 10.6, 10.6 Hz, 1H), 3.72 (t, J = 11.2, 8.4 Hz, 1H). *C NMR (101 MHz,
(CDs),S0O) 6 171.1, 164.1, 161.4, 154.4, 153.0, 150.4, 142.0, 139.8, 137.0, 129.8, 125.9, 122.0, 120.5, 120.2, 113.9, 78.5,
35.0.

(Z)-N-(2-bromo-5-fluoro-4-nitrophenyl)-4-chloro-5H-1,2,3-dithiazol-5-imine (18) was prepared following a modified
method described in [295]. 4,5-Dichloro-1,2,3-dithiazole (0.781 g, 3.74 mmol) and 2-bromo-5-fluoro-4-nitroaniline
(0.800 g, 3.40 mmol) were added to a 100 mL round-bottom flask and placed under N,. Dry DCM (6 mL) was then
added and the resulting solution was stirred for 10 min at rt, then dry pyridine (0.55 mL, 6.80 mmol) was added drop-
wise to the flask. The mixture was stirred for 2 h (when TLC with 3:7 EtOAc: hexane indicated no starting aniline), the
solvent was evaporated in vacuo. The crude material was purified by silica gel column chromatography (eluting with

1:9 to 1:1 DCM: hexane, the product eluted at 1:1) to provide 16 as a bright dark-yellow solid (1.160 g, 92%). 'H NMR
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(400 MHz, CDCl,) & 8.42 (d, J = 7.5 Hz, 1H), 7.04 (d, J = 11.2 Hz, 1H). **C NMR (101 MHz, CDCl5) & 163.2, 156.0 (d, J; =
269.1 Hz), 156.0 (d, *Jcr = 9.25 Hz), 147.3, 134.2 (d, *Jer = 7.9 Hz), 131.4 (d, *Jer = 2.2 Hz), 109.8 (d, “Jr = 3.8 Hz), 108.4
(d, % = 23.8 Hz). *>F NMR (376 MHz, CDCl5) & -117.32 (s), C¢Fs (-164.90) was used as internal standard HRMS: calcu-
lated for CgH,BrCIFN30,S, [M+H]"371.8499, found 371.8506.

5-fluoro-6-nitrobenzo[d]thiazole-2-carbonitrile (19) was prepared following the method for the synthesis of 2-
cyanobenzothiazoles described in [298]. To a 10 mL microwave vessel with a stir-bar was added Cul (0.086 g, 0.45
mmol) and compound 18 (0.152 g, 0.41 mmol) in dry pyridine. The microwave irradiation synthesis was carried out in
a CEM-Discover monomode microwave synthesizer. The reaction vessel was sealed with a Teflon septum and placed
in the microwave cavity. The reaction mixture was irradiated at 90 W, 110 °C for 15 min, then the reaction was cooled
to rt with gas jet cooling. The solvent was evaporated in vacuo, the crude mixture was washed with EtOAc (5 x 20 mL),
the organic phase was filtered through a celite cake (1 cm), the filtrate was evaporated and the crude material was
purified by silica gel column chromatography (starting with 1:9 to 1:3 EtOAc: hexane, the product eluted at 1:3) to
provide 19 as a light-yellow solid (0.05 g, 55%). In some cases the crude material (analyzed by 'H NMR) was used in
the next step without further purification. Aqueous workup was avoided as it led to the hydrolysis of the product and
formation of the amide (analyzed by HPLC-MS). 'H NMR (400 MHz, CDCl;) 6 8.77 (d, J = 6.7 Hz, 1H), 8.14 (d, / = 10.4
Hz, 1H). *C NMR (101 MHz, CDCl) & 155.1 (d, *Jcr = 11.7 Hz), 155.0 (d, Jor = 264.5 Hz), 143.5, 138.1 (d, e = 10.9 Hz),
130.5 (d, “Jer = 2.5 Hz), 120.4 (d, *Jes = 1.6 Hz), 113.9 (d, Yer = 23.4 Hz), 111.7. **F NMR (376 MHz, CDCl;) 6 -120.48 (dd,
Jur =10.3, 6.7 Hz), CFs (-164.90) was used as internal standard in YE_NMR studies.

6-amino-5-fluorobenzo[d]thiazole-2-carbonitrile (20) was prepared following the procedure described in [299]. A
mixture of 19 (0.038 g, 0.17 mmol) and SnCl,-2H,0 (0.545 g, 2.41 mmol) in EtOAc (3 mL) was heated at 70 °C under N,,
the reaction was analyzed by TLC and HPLC-MS, after 2 h when the starting material disappeared, the reaction was
stopped, the reaction mixture was cooled down, saturated aqueous solution of NaHCO; was added dropwise on ice till
pH 6-7 (white precipitate was formed), the reaction mixture was extracted with EtOAc (3 x 10 mL), the organic phase
was separated, washed with brine, dried over Na,S0O,, the solvent was evaporated in vacuo, the crude material was
purified by silica gel column chromatography (starting with 1:9 EtOAc: hexane, the product eluted at 3:7) to provide
20 as a bright yellow-orange solid (0.027 g, 82%). *H NMR (400 MHz, (CD5),CO) & 7.82 (d, J = 11.5 Hz, 1H), 7.49 (d, J =
8.3 Hz, 1H), 5.70 (s, 2H). *C NMR (101 MHz, (CD3),CO) & 153. 5 (d, Jor = 242.4 Hz), 144.5 (d, *Jer = 12.2 Hz), 140. 6 (d,
%Jes = 15.4 Hz), 134.6, 132.3 (d, “Jer = 1.0 Hz), 114.4, 110.5 (d, Y = 21.6 Hz), 105.20 (d, *J; = 5.0 Hz). *°F NMR (376
MHz, (CD;),CO) & -133.53, CeF¢ (-164.90) was used as internal standard. HRMS: calculated for CgHsFN5S [M+H]®
194.0188, found 194.0186.

6-azido-5-fluorobenzo[d]thiazole-2-carbonitrile (21). To a suspension of benzothiazole 20 (0.064 g, 0.331 mmol) in 6N
HCI (2 mL) at 0 °C was added a solution of NaNO, (0.034 g, 0.497 mmol) in water (1 mL) dropwise and stirred for 30
min, then a solution of NaN3 (0.043 g, 0.663 mmol) in water (1 mL) was added, the reaction was stirred at 0 °C. The
reaction was followed by TLC, after completion (1 h) the solution was extracted with ethyl acetate (3 x 10 mL), the
organic phase was washed with brine and dried over Na,SO,, evaporation of the solvent in vacuo gave crude material

which was purified by silica gel column chromatography (starting with 1:9 EtOAc: hexane, the product eluted first, 20
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eluted at 2:8) to provide the azide 21 (0.053 g, 74%). 'H NMR (400 MHz, CDCl3) & 7.92 (d, J = 10.7 Hz, 1H), 7.63 (d, J =
7.5 Hz, 1H). **C NMR (101 MHz, CDCl3) 6 155.3 (d, Jer = 252.0 Hz), 149.5 (d, *J¢r = 11.7 Hz), 137.5, 132.0 (d, *Jer = 1.9
Hz), 131.2 (d, %o = 13.8 Hz), 112.5, 112.4 (d, ¥ = 2.2 Hz), 112.0 (d, *Jer = 21.9 Hz). °F NMR (376 MHz, CDCl,) & -
126.64 (s), C¢F¢ was used as internal standard (-164.90).

(S)-2-(6-azido-5-fluorobenzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (22). To a solution of compound 21
(0.041 g, 0.187 mmol) in THF (1.5 mL) was added a solution of D-cysteine (0.023 g, 0.187 mmol) in degassed water (0.5
mL) under N,. After 1 h the HPLC-MS analysis showed the disappearance of starting material 19, the crude mixture
was diluted with water and purified by preparative HPLC (C18 column, H,0+0.1% HCOOH:ACN, 5-95% ACN over 10
min), affording pure product 22 (0.039 g, 65% yield). '"H NMR (400 MHz, (CD3),S0O) 6 8.26 (d, /= 8.1 Hz, 1H), 8.19 (d, J =
11.5 Hz, 1H), 5.45 (dd, J = 9.8, 8.3 Hz, 1H), 3.80 (dd, J = 11.3, 9.8 Hz, 1H), 3.71 (dd, J = 11.3, 8.3 Hz, 1H). *C NMR (101
MHz, (CD5),S0) & 171.0, 164.2, 162.3, 153.4 (d, Je; = 247.0 Hz), 149.8 (d, *Jer = 11.7 Hz), 132.1, 128.4 (d, Y = 13.2 H2),
114.5, 111.0 (d, Y = 21.3 Hz), 78.2, 34.9. °F NMR (376 MHz, (CD3),SO) & -128.88 (dd, Jur = 11.5, 8.1 Hz), C¢Fs was
used as internal standard (-164.90). HRMS: calculated for C;;HgFNsO,S, [M+H]" 324.0025, found 324.0027.

(S)-2-(6-amino-5-fluorobenzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (23). To a solution of compound
20 (0.082 g, 0.424 mmol) in THF (3 mL) was added a solution of D-cysteine (0.051 g, 0.424 mmol) in degassed water
(1.5 mL) under N,. After 1 h the HPLC-MS analysis showed disappearance of starting material, the crude mixture was
diluted with water and purified by preparative HPLC (C18 column, H,0+0.1% HCOOH:ACN, 5-95% ACN over 10 min),
affording pure product 23 (0.080 g, 64% yield). 'H NMR (400 MHz, (CD3),S0) & 13.19 (broad, 1H), 7.83 (d, J = 11.8 Hz,
1H), 7.30 (d, J = 8.5 Hz, 1H), 5.91 (s, 2H), 5.37 (dd, J = 9.7, 8.2 Hz, 1H), 3.68 (m, 2H). **C NMR (101 MHz, (CD3),SO) &
171.3, 164.1, 155.8, 151.3 (d, Jor = 240.4 Hz), 143.3 (d, *Jer = 12.1 Hz), 138.3 (d, “Jer = 15.4 Hz), 133.1, 109.3 (d, “Jer =
20.9 Hz), 104.7 (d, *Jer = 5.2 Hz), 78.1, 34.6. *>F NMR (376 MHz, (CD;),SO) & -134.93 (dd, Jur = 11.8, 8.5 Hz). C¢Fs was
used as internal standard (-164.90). HRMS: calculated for C;;HgFN;0,S, [M+H]" 298.0120, found 298.0124.

3.7.2 General materials and methods

Buffers used for the preparation of solutions of H,S were degassed by vigorous sparging with N, (for at least 30 min).
Anhydrous sodium hydrogen sulfide (NaSH) was purchased from Strem Chemicals and was used to prepare H,S solu-
tions. Because of volatility and potential oxidation of sulfide, all solutions were prepared in degassed buffer immedi-
ately prior to use. WSP-5 probe was purchased from Cayman Chemical, 7-Az-4-MC probe was purchased from Sigma-
Aldrich. Stock solutions of the probes and luciferins were prepared in DMSO (10 mM) and stored at -20 °C until imme-
diately prior to use. Recombinant firefly luciferase was purchased from Sigma-Aldrich, the aliquots were prepared at
the concentration of 2 mg/mL in Tris pH 7.8 and stored at -20 °C. Luciferase was desalted using Zeba™ Spin Desalting
Columns, 7K MWCO (Thermo Fisher Scientific) to remove DTT which contributes to azide reduction the assays. The
luciferase buffer containing 2 mM ATP, 5 mM MgSO, (final concentrations) in 100 mM Tris pH 7.8 was prepared im-

mediately prior to use.

Kinetic analysis of the reaction between probes and H,S. The reactions between probes (50 uM final concentration)

and NaHS (5, 7.5, 10 mM final concentration) were monitored by HPLC-MS analysis. HPLC-MS analysis was performed
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using Waters Acquity UPLC system with Acquity UPLC® BEH C18 column (2.1 x 50 mm, 1.7 um) directly connected to
Waters Acquity LC/MS system. Conditions of the method were the following: mobile phase H,0+0.1% FA:ACN, 5:95%
ACN over 2 min, injection volume 3 pL and flow rate 1 mL/min. Standard curves for luciferins were constructed by
plotting the peak areas (absorbance) vs. diluted concentrations (in a range of 1- 50 uM) prepared from 10 mM stock
solutions in DMSO. Stock solutions of NaHS were prepared in a degassed buffer (bubbling N, for 30 min). The reac-
tions were carried out in PIPES buffer (50 mM PIPES, 100 mM KCl, pH 7.4) at room temperature with caffeine (50 uM)
added as a reference. The reaction was initiated by adding sulfide solution (200 L) to the probe solution (200 uL) in a
sealed glass vial, total reaction volume 400 pL. The reaction was analyzed at 120, 360, 600 and 840 s post-sulfide addi-
tion, time between HPLC runs was 24015 s. The pseudo-first-order rate constants (k.ps) were determined as slopes of
the plot of In of concentrations of the substrate vs. reaction time. The second rate constants (k,) were determined as

slopes of the plot of kgps vs. [NaHS].

BL detection of H,S after pre-incubation with probes in luciferase assay. Solutions of the probes (25 pL, 10 uM final)
or corresponding luciferins (25 uL, 10 uM final) were added to 25 pL of NaHS solutions of the indicated final concen-
trations (0.01 to 1 mM) in the Tris pH 7.8 in a 96 well-plate, the plate was sealed with an aluminum tape (Corning).
After incubation for 60 min at RT 50 pL of the Tris buffer containing 50 pug/ mL luciferase, 2 mM ATP, 5 mM MgSO, was

added to the 50 pL solutions in the plate and the acquisition of BL started immediately for 60 min using IVIS 100.

BL detection of H,S in real-time in luciferase assay. Solutions of the probes (25 uL, 10 uM final) or corresponding
luciferins (25 pL, 10 uM final) (as a control) were added to 25 pL of NaHS solutions of the indicated final concentra-
tions (0.01 to 0.5 mM) in the Tris pH 7.8 using two multichannel pipettes in a 96 well-plate. Then 50 pL of the Tris
buffer containing 50 pg/ mL luciferase, 2 mM ATP, 5 mM MgSO, was added to the 50 pL solutions in the plate and the

acquisition of bioluminescence started immediately for 90 min using IVIS 100.

Selectivity to biothiols. In the 96 well-plate 25 pL of the probes (5 uM final) or corresponding luciferins (0.5 uM final)
(as a control) were added to 25 pL of biothiols of the indicated final concentrations (0.1, 1 or 10 mM) in the Tris pH
7.8. After incubation for 20, 40, or 60 min 50 uL of the Tris buffer containing 100 pg/ mL luciferase, 2 mM ATP, 5 mM
MgS0O, was added to 50 pL of the mixture containing probes or luciferins and the bioluminescence was acquired for 60

min using IVIS 100.

Cell lines and cell culture. C2C12-FLuc cells were kindly provided by Prof. Aebischer (EPFL, Lausanne, Switzerland).

Cells were cultured in DMEM with 10% heat-inactivated FBS and 1% P/S and subcultured at 60-70% confluency.

BLI of H,S pre-incubated with probes using cells as a read-out. C2C12-Fluc cells were seeded in a 96 well-plate at
concentration 3 x 10* cells/well 24 h before the assay. Solutions of the probes (50 uL, 10 uM final) or corresponding
luciferins (50 uL, 10 uM final) (as a control) were added to 50 pL of NaHS solutions of the indicated final concentra-
tions (10- 500 puM final) in PBS 7.2 to 0.5 mL PCR tubes and incubated for 1 h. After that the solutions were transferred
to a 96 well plate and added to the cells cleared from media with two multichannel pipettes, the bioluminescence was
acquired for 60 min using IVIS 100. After the BLI fluorescence at Aey/em 240/ 560 nm was measured on the same plate

as a control.
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BLI of exogenous H,S using cells in real-time. C2C12-Fluc cells were seeded in a 96 well-plate at concentration 3 x 10
cells/well 24 h before the assay. Cells were cleared from media, washed with PBS and loaded first with 100 uL of
probes (25 uM final) or corresponding luciferins (2.5 uM final) as a control and after that with 100 pL of NaHS solu-
tions in PBS 7.2 (10- 500 uM final). The bioluminescence was acquired for 60 min using IVIS 100. After the BLI fluores-

cence at Aey/em 240/ 560 nm was measured on the same plate as a control.

BLI of intracellular H,S in C2C12-FLuc cells. C2C12-Fluc cells were seeded in a 96 well-plate at concentration 3 x 10
cells/well 24 h before the assay. Cells were cleared from media, washed with PBS and loaded with 100 pL of NaHS
solutions in PBS 7.2 (10- 500 uM). After 10 min of incubation at 37 °C the cells were washed with PBS and loaded with
100 pL of BL and 4-Az-7-MC probes (10 uM) or corresponding luciferins (1 uM) as a control. The bioluminescence was
acquired for 60 min using IVIS 100. After the BLI fluorescence at Aeyjem 240/ 560 nm was measured on the same plate

as a control.

Cytotoxicity assay. C2C12-Fluc cells were seeded in a 96 well-plate at concentration 3 x 10 cells/well 24 h before the
assay. Solutions of probes were prepared from 10 mM stock in DMSO in PBS at 1, 10, 100, 250, 500, 750 and 1000 uM
final concentrations. Cells were cleared from media, washed with PBS and loaded with 50 pL of probes or control
(corresponding amount of DMSO in PBS). After 1 h of incubation at 37 °C 25 uL of alamarBlue® (Thermo Fisher Scien-
tific) was added to each well, the plate was covered with aluminum foil and incubated for 1 h at 37 °C. Fluorescence

was measured with Tecan Infinite 1000M plate reader (exc 570 nm; em 585 nm).

Bacterial strains, plasmids and culture conditions. E. coli K12 BW25113 was obtained from American Type Culture
Collection (Rockville, Md). Plasmids pTrc99A (empty vector) and pSB74 (pTrc99A containing the thiosulfate reductase
operon phsABC from S. enterica serovar Typhimurium LT2) were a kind gift of Prof. Keasling (University of California,
Berkeley). For the bacterial growth curves the cultures were started in 100 pL of LB or EZRDM at an ODgy of 0.1 in a
96 well-plate, the plate was covered with a lid, placed in the plate reader and kept at 37 °C with a 5 min shaking cycle

(1.5 mm, 216 rpm) and ODg, measurement every 30 min for 8 h.

Analysis of H,S production in bacteria. The solutions containing growth media (LB or EZRDM), 3 mM IPTG, 10 mM
Na,S,0; and 50 uM of the probes were sterilized by filtration (0.22 um), aliquoted (1 mL/tube) and kept at — 20 °C. For
the assay bacteria were grown aerobically overnight in 15 mL of LB, next day diluted to the ODgqo of 1.0 in LB, pelleted
by centrifugation (10 000 rpm x 5 min), washed three times in PBS, and the cultures were started in 1 mL of previously
prepared and aliquoted LB or EZRDM with 100 pug/mL ampicillin. The cultures were wrapped in aluminum foil, placed
in an anaerobic jar (BD GasPak EZ system, BD diagnostics) containing a CO,-generating envelop (Oxoid AnaeroGen
Sachet, Thermo Fisher Scientific) and were grown statically for 8 h at 37 °C. After 8 h bacteria were pelleted by cen-
trifugation (10 000 rpm x 5 min), the supernatant was aliquoted in a 96-well plate and analyzed using bioluminescence
or fluorescence. For BL analysis 50 uL of luciferase (62.5 pg/mL in Tris 7.8 containing 6 mM ATP, 15 mM MgS0,) was

added to 100 uL of the supernatant in a well and the BL was acquired immediately for 10 min using an IVIS 100. After
the BLI fluorescence at Aey/em 240/560 nm was measured on the same plate as a control. For WSP-5 and fluorescein

the fluorescence was measured at Aey/em 502/525 nm and for 7-Az-4-MC and 7-Amino-4-MC at Aeyjem 365/450 nm.
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3.8 Supplementary figures
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Figure S3.1 HPLC-MS analysis of Az-CL and Az-Bn-CL reduction by H,S over 60 min in vitro. 100 uM of the probe was
added to 10 mM NaHS solution in degassed PBS 7.2 and the reaction mixture was analyzed at 5, 20, 35 and 60 min
post-addition. (A). UV HPLC profiles (at 320 nm) of Az-CL reduction, peak at 0.4 min corresponds to amino-luciferin
(M+H 280), peak at 1.5 min corresponds to Az-CL (M+H 306). (B). UV HPLC profiles (at 320 nm) of Az-Bn-CL reduction,
peak at 0.4 min corresponds to hydroxy-luciferin (M+H 281), peak at 1.9 min corresponds to Az-Bn-CL (M+H 412).

Az-CL (FL 240/560) 60 min Az-Bn-CL (FL 330/560)
15000
15000+ -~
800
600
> 10000 o 100004 400
[TH w 200
o o 0
5000 5000
0- 0
& o N 3 =l
& & Q‘:&“‘ & ?&"‘ R x‘\sz‘
< P Qs;" SRS
v & & & F e
& ® kad & QGQ & 2~
© N &» 2 ) &
s}l@ > S:}’\ ;’V\ Q’ °©
N
o o Al P
P VoW W
O S T 8
KA RN

Figure S3.2 Fluorescence from 10 uM Az-CL and Az-Bn-CL 60 min after the addition of NaHS (0.5, 1 and 2.5 mM) in
vitro. Fluorescence was measured at Aey/em 240/560 nm.
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Figure S3.3 HPLC-MS analysis of DNP-CL reduction by H,S in vitro. 100 uM of the probe was added to 10 mM NaHS
solution in degassed PBS 7.2 and the reaction mixture was analyzed at 0.5 h and 3 h post-addition. Peak at 1.4 min
corresponds to hydroxy-luciferin (m/z 280), peak at 1.9 min corresponds to DNP-CL (m/z 446).
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Figure S3.4 Selectivity profiles of DNP-CL and Az-CL towards biologically relevant thiols in vitro. Relative BL over 1 h
from 5 uM DNP-CL (A) or Az-CL (B) incubated with 100 uM Cys, GSH or NaHS for 20, 40 or 70 min before addition of
luciferase (relative to the signal from the probes alone).
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Figure S3.5 Kinetic analysis of probes (Az-CL and Az-F-CL) reduction by H,S. (A) The plot of the logarithm of [Az-CL] vs.
time is a straight line with k = - slope of the line, which indicates a first order reaction. (B) The plot of the logarithm of
[Az-F-CL] vs. time is a straight line with k = - slope of the line, which indicates a first order reaction. (C) The plot of kgps
vs [NaHS] for the reactions of 0.005- 0.01 M NaHS with 50 uM Az-CL. (D) Plot of kqps vs [NaHS] for the reactions of
0.005- 0.01 M NaHS with 50 uM Az-F-CL. Standard conditions: 50 mM PIPES, 100 mM KCl, pH 7.4, 25 °C. Each meas-

urement was performed in triplicate.

B
Plot of In[Az-F-CL] vs. t linear for 1st order
2.5+
-3.0%
o
Q 3.5
5 -~ 5mMNaHS
.40 = 7.5mM NaHS
454 } -+~ 10 mM NaHS
5.0 T T T T
0 200 400 600 800
Time, sec
D
Kobs VS. [NaHS]
0.0025-
R2=0.9599 .
0.0020+
" 0.0015-
_g’ L[]
°0.0010- k=02M"s"
0.0005-
Y =0.2008*X - 8.103e-005

0.000 0.005 0.010 0.015
NaHS, M

107



Development of bioluminescent probes for hydrogen sulfide (H2S) imaging

A Az-CL Az-F-CL
10° 108
7 10° T 108
= e ® 1 mM NaHS + 10 uM probe
540 Eqor = 500 i NaHS + 10 M probe
K % “ 100 M NaHS + 10 M probe
8
3 i s 8 === 50 pM NaHS + 10 uM probe
=10 =10 = 10 uM NaHS+ 10 M probe
-+ Tris + 10 uM probe
1054 - , ) 1054 - . ,
] 20 40 &0 0 20 40 60
T, i Time, min
B Linear regression fit Az-CL Linear regression fit Az-F-CL
5.0-10%
= R? 0.9972 = 4000 R?0.9794
: $ so0.00
» ® -
= 2 20.10°
3 3
= LOD 136 +4.1 uM = 10-107 LOD 0.09 £ 0.02 uM
500 1000 500 1000
H,S, M HyS, i
c NH;-L {control) NH,-F-L (control)
1.5:10% 8.0.10°

= = . == 10 M luciferin + Tris

5 10.10% 5 SO0 £ 10 M luciferin + 10 M NaHS

H = H 5 B 10 uM luciferin + 50 M NaHS

Fi E #0710 3 10 uM luciferin + 100 uM NaHS

= 50.10% = == 10 ;M luciferin + 500 xM NaHS

3 2 2,010 s

b 2 B 10 pM luciferin + 1 mM NaHS

0 0

Figure S3.6 BLI of H,S after 1 h of pre-incubation with Az-CL and Az-F-CL in luciferase assay. (A) Kinetic curves of BL
signal over 1 h. (B) Linear regression fit of total photon flux produced from probes over 1 h. (C) Total photon flux from
luciferin over 1 h as a control for BL.
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Figure S3.7 BLI of H,S with Az-CL and Az-F-CL in real-time in luciferase assay. (A) Kinetic curves of BL signal over 1 h. (B)
Linear regression fit of total photon flux produced from probes over 1 h. (C) Total photon flux from luciferin over 1 h
as a control for BL.
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Figure S3.8 BLI of H,S after 1 h of pre-incubation with Az-CL and Az-F-CL in C2C12-FLuc cells. (A) Total photon flux from
luciferin over 1 h as a control for BL. (B) Linear regression fit of total photon flux produced from probes over 1 h. (C)

Linear regression fit of fluorescence measured from probes (7\e>(/em 240/560 nm).
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Figure S3.9 BLI of exogenous H,S with Az-CL and Az-F-CL in real-time in C2C12-FLuc cells. (A) Total photon flux from
luciferin over 1 h as a control for BL. (B) Linear regression fit of total photon flux produced from probes over 1 h. (C)

Linear regression fit of fluorescence measured from probes (Aex/em 240/560 nm).
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Figure S3.10 The cytotoxicity profile of Az-F-CL (red) and Az-CL (blue) in C2C12-FLuc cells measured with Alamar Blue
assay
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Figure S3.11 Comparison of imaging of bacterial H2S from the probes in LB or EZ Rich Defined Medium (EZRDM). (A)
Bioluminescence over 10 min produced from the bacterial supernatant with Az-CL or Az-F-Cl probes after the addition
of luciferase (62.5 pg/ mL). (B) Fluorescence from WSP-5 probe (Aex/em 502/525 nm). (C) Fluorescence from 7-Az-4-
MC probe (Aex/em 365/450 nm). The signal from the NaHS (positive control) is lower in the LB than in the EZRDM.
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Figure S3.12 Bacterial growth of E. coli and E. coli™™ in LB and EZRDM. (A) Growth curves over 8 h anaerobic
growth as a planktonic broth. (B) The differences between the growth of the bacterial strains following 8 h anaerobic

growth as a planktonic broth.
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Figure S3.13 Correlation between bioluminescence (A) and fluorescence (B) detection of H,S produced by bacteria

using Az-CL and Az-F-CL probes. Fluorescence was measured at )\ex/em 240/560 nm.
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Figure S3.14 A summary of the kinetics of the bioluminescence signal produced from luciferins (A) or probes (B) in

FVB-luc+ mice (n= 3) over 60 h.
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Chapter 4 Conclusion and outlook

4.1 Conclusion

The field of molecular imaging has witnessed rapid expansion over the past ten years. A large number of molecular
probes for optical imaging of various biological molecules in vitro are actively being developed, however, only a small
fraction of them can be applied to living systems mainly due to the instability of the probes and low selectivity of de-
tection in a complex biological environment. Advances in organic chemistry prompt the discovery of novel biocompat-
ible reactions that can be employed to design activatable probes responsive to the biomolecules of interest for in vivo

imaging.

A key advantage of bioluminescence imaging in comparison to other optical imaging modalities is its high sensitivity.
Due to the linear relationship between the concentration of luciferin/ luciferase, and the emitted light, biolumines-
cence is widely used for quantitative analysis of biological processes in vitro and in vivo. Importantly, the structure of
luciferin is amenable to modifications which open exciting possibilities for the design of molecular imaging probes
using the caged luciferin approach. As the resulting light emission depends on the amount of free luciferin that is re-
leased proportional to the activity of the biomolecules of interest, this system can report the dynamic processes of

probe activation and luciferin release as they occur in real-time within the living systems.

In this thesis we described the development of novel activatable probes for the bioluminescence imaging of two bio-
logical molecules, nitroreductase and hydrogen sulfide. The probes were designed using the caged luciferin approach
and successfully synthesized. We demonstrated the examples of probe design was based on the classical luciferase
substrates, hydroxy-luciferin (OH-L) and amino-luciferin (NH,-L), exploring the 6'-modifications of the luciferin core.
The probes were extensively validated in several in vitro and in vivo models for non-invasive real-time imaging applica-

tions.

The process of validation of the probes generally included a number of in vitro assays followed by the in vivo assays.
First, the probes were evaluated on the basis of their reactivity towards the biomolecule of interest and the ability to
produce a dose-dependent light emission in the presence of the biomolecule and luciferase in vitro. Next, the selectiv-
ity of the probes for the detection of the biomolecule was evaluated in the corresponding in vitro assays. The applica-
bility of the probes for the bioluminescence imaging in cell-based assays was demonstrated using bacterial and mam-
malian cells in vitro. In order to evaluate the selectivity of the probes in living systems and to demonstrate their po-
tential for noninvasive real-time bioluminescence imaging in vivo; the probes were evaluated in a suitable mouse

model.
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In Chapter 2 we described the development of the Nitroreductase Caged Luciferin (NCL) probe. The probe demon-
strated the highest uncaging efficiency by NTR among existing caged luciferin substrates reported to date. Due to the
specificity of the cage reduction to bacterial NTR, the probe efficiently reported NTR activity in mammalian systems.
We showed the application of this probe for imaging of NTR in E. coli bacterial infection model and preclinical model

of cancer which is particularly relevant to GDEPT approach for targeted cancer chemotherapy.

In Chapter 3 we described the development of a series of caged luciferin probes for imaging of hydrogen sulfide. In
order to show the relationship between the structure of the probes and their reactivity towards H,S, five caged lucif-
erin probes were designed and successfully synthesized. The two probes with the highest reactivity towards H,S and
selectivity of H,S detection over endogenous biothiols were evaluated side-by-side in a number of in vitro assays. The
probes effectively detected H,S produced by bacteria in culture and were applied for the real-time imaging of exoge-
nous H,S in the gastro-intestinal tract of living mice expressing luciferase. The best performing probe detected exoge-
nous H,S with high signal-to-background ratio and is a promising tool for non-invasive real-time bioluminescence im-

aging of H,S production in the gastro-intestinal tract.

The results described in this thesis provide valuable insights in the probe design for the development of novel caged
luciferin probes for imaging of enzymatic activity and small biomolecules. The developed caged luciferin probes have
expanded the toolbox of reagents that allow non-invasive real-time imaging in living animals and broaden the scope of

BLI applications for preclinical research.

4.2 Outlook

The developed NCL probe can be applied in various areas of research where evaluation of NTR activity is important. As
NTRs are widespread among bacteria, the NCL probe could be applied for the discovery of bacterial strains with en-
hanced bioremediation rates that degrade nitro-aromatics, known environmental pollutants formed from the com-

bustion of fossil fuels and during many industrial processes.

NTRs are involved in the activation of 5-nitro heterocyclic antibiotics by bacteria and parasites and are responsible for
the efficiency of antimicrobial therapy. Mutations in the NTR genes lead to a diminished enzyme capacity to activate
antibiotic prodrugs and often occur in the drug- resistance bacteria strains. The NCL probe could find application in
drug discovery assays such as in vitro screening of NTRs that catalyze the conversion of 5-nitrofurane antibiotics and

aid in the development of new antibacterial drugs.

For GDEPT applications the above mentioned screen could be performed for the identification of NTR variants with
high catalytic efficiency for cancer prodrug activation. The NCL probe could be particularly useful to evaluate novel
gene delivery systems (such as extracellular vesicles) and the efficiency of NTR transgene expression in cell culture in

vitro and in cancer models in vivo.

Previous studies showed that NTR activity in the gut microbiota varied depending on the diet composition, for exam-

ple consumption of high meat diet was shown to increase NTR activity. As NTRs could participate in carcinogen pro-
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duction (amines, nitrosamines) in the gut, it is promising to investigate the effect of diet on intestinal microflora and

human health.

The developed caged luciferin probes allow for the non-invasive imaging of NTR activity and H,S production in the gut
of living animals which is more representative of bacterial metabolism in a host and relevant to in vivo systems than

the commonly used ex vivo detection methods.

Hydrogen sulfide is a gasotransmitter involved in multiple physiological and pathological processes in the gut. The
developed probes for imaging of H,S could advance our understanding of its contribution to the pathogenesis and

ultimately help to develop new therapeutic approaches for the treatment of gut disorders.

Understanding the relationship between gut microbiota and the host H,S metabolism is becoming more important as
it was recently discovered that H,S possesses not only local but also systemic effects, and was shown to participate in

stress resistance and longevity.

Imaging of H,S level in the gut in real-time in living animals could address many questions related to the contribution
of bacterial and mammalian (host) production to the total level of H,S. As the level of H,S in the gut was shown to vary
with diet, it could be of interest to study if the consumption of certain dietary elements could lead to an increased or
decreased H,S production in the gut. Given the important role of H,S in inflammation, these studies could help to
investigate the role of H,S in the development and progression of gut inflammatory diseases, such as inflammatory

bowel disease (IBD) and ulcerative colitis (UC).

In addition to the real-time imaging applications in living animals the developed caged luciferin probes can be applied
for the detection of NTR activity or H,S production in fecal samples ex vivo. Such screening assays could be developed
for a number of other bacterial enzymes and analytes of interest and could be used for the profiling and diagnostics of

healthy versus diseased patients.
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