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Abstract

D-luciferin is the natural substrate of all luciferases that catalyze the production of light in
bioluminescent insects. The present review covers the synthesis of D-luciferin and derivatives or
analogues that are substrates or inhibitors of the luciferase from the American firefly Photinus
pyralis, the enzyme more frequently used in techniques of in vitro and optical imaging.
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1. Introduction

D-luciferin [(S)-2-(6'-hydroxy-2'-benzothiazolyl)thiazoline-4-carboxylic acid, 1] is the natural
substrate of the enzyme luciferase (Luc), that catalyzes the production of the typical yellow-
green light of fireflies.' Fireflies are only a part of the big family of bioluminescent insects that
can emit light with wavelengths going from yellow-green (560 nm) to red (620 nm).> All the
enzymes use the same substrate, i.e. D-luciferin (1). Therefore, only subtle differences in the
architecture of Luc active sites may account for shifting the light wavelength. Specifically,
firefly luciferases can modulate the proportion of green and red bioluminescence through a pH-
sensitive mechanism.’ The luciferase from the North American firefly Photinus pyralis (PpyLuc)
is a well characterized enzyme that finds a large number of applications in mammalian cells.
PpyLuc has been used in living animals as a transgenic marker or as a tag for cells that have been
transplanted.* Due to its bioluminescence characteristics, PpyLuc is at present the most used
enzyme in optical molecular imaging’ and is the most studied enzyme of the luciferase family.
The results of such investigations have been a basis for understanding the complex mechanism
ruling light emission in bioluminescence. PpyLuc binds its substrate D-luciferin (1) in its active
site and catalyzes the formation of luciferyl adenosine monophosphate (2), in this respect
behaving as an acyl-adenylate synthetase.® Initiated by reaction of O, with the thiazoline ring, a
dioxyethanone intermediate is formed through the so called intramolecular chemically initiated
electron-exchange luminescence (CIEEL).” In the final step, detachment of CO, generates the
product oxyluciferin (3) in an electronically excited state, which produces a yellow-green light
with a broad emission spectrum with a peak at 560 nm (Figure 1).
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Figure 1. Luciferase-catalyzed transformation of D-luciferin (1) into oxyluciferin (3).

The present review will cover synthetic approaches to D-luciferin (1), its derivatives, and
analogues that are substrates of PpyLuc and can show bioluminescence. Also inhibitors of Luc,
structurally related to compound 1, will be described in order to highlight the competition of
such compounds with D-luciferin and the interference that they can play in the bioluminescence
process.
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2. Synthesis of D-luciferin

The chemical structure of D-luciferin (1), isolated from firefly tails, was proposed in 1961° and
later confirmed by synthesis.” In this procedure, p-anisidine (4) is the starting material that,
through intermediates 5 and 6, is transformed into the thioacid 7, in turn cyclized to 6-
methoxybenzothiazole-2-carboxylic acid (8). From this benzothiazole derivative, 2-cyano-6-
hydroxybenzothiazole (12) is prepared in four steps. Compound 12 is the key intermediate for
the synthesis of 1, that can be obtained almost quantitatively by reaction with D-cysteine, in situ
produced by reduction of D-cystine (Scheme 1).
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Scheme 1. Synthesis of D-luciferin (1) from p-anisidine (4).” Reagents and conditions: (a) ethyl
oxalate, 180 °C, 5 min, 58%; (b) P,Ss, reflux, 40 min; (c) NaOH, 0 °C then HCI; (d)
K;3Fe(CN)¢/OH™, <10 °C, 15 min; (76% crude , no isolation in steps b-d); (e) CH,N,, 0 °C, 15
min, 40%; (f) anhydrous NH3/MeOH, heat, 30 min, 100%; (g) POCls, reflux, 15 min, 56%; (h)
PyHCI, 200 °C, 1 h, 62%; (1) D-cysteine (in situ from D-cystine/liquid NH3/Na, r.t., 10 min) and
12 in H,O/MeOH, r.t., 0.5 h, 94%.

The overall yield of D-luciferin (1) from p-anisidine (4) is 9% through nine steps. It should
be pointed out that the synthetic approach described by White et al. is basically still used for the
preparation of 1 and related compounds."” As previously stated, 2-cyano-6-
hydroxybenzothiazole (12) is the key intermediate for the synthesis of 1 and the most reliable
procedure to obtain this compound is the demethylation of 2-cyano-6-methoxy derivative 11.
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This reaction can be most efficiently accomplished by fusion at 220 °C with pyridinium
hydrochloride (Py.HCI).” In these conditions, the labile 2-nitrile moiety is kept intact and
alternative procedures lead to hydrolysis of the cyano group.!' Other two procedures are
described for the synthesis of 2-cyano-6-methoxybenzotiazole (11). According to Seto et al.,'* 6-
methoxybenzothiazole-2-carboxyamide (10) is prepared from the 4-methoxythioxanilinamide 13
by oxidative cyclization with alkaline K3;[Fe(CN)g]. The transformation of compound 10 into the
nitrile 11 has been carried out essentially as reported by White ez al.’ (Scheme 2).
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Scheme 2. Synthesis of nitrile 11."? Reagents and conditions: (a) K3[Fe(CN)J/OH, r. t., 1 h,
60%; (c¢) POCls, reflux, 1.5 h, 67%.

This experimental protocol has been applied to the preparation of 5-10 g of D-luciferin (1)."
The preparation of 4-methoxythioxanilinamide 13, according to Seto ef al.'? can be carried out in
good yields from p-anisidine (4) and carbamoylthiocarbonylthioacetic acid 14. However, this
compound is unstable and has to be prepared in situ, as described in detail by Bowie."” The
experimental procedure allows to prepare compound 11 from p-anisidine (4) with an overall 39%

yield.
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Scheme 3. In situ preparation of carbamoylthiocarbonylthioacetic acid 14 and preparation of
31213

e

compound 1

According to another synthetic approach, 2-amino-6-methoxybenzothiazole (15) can be
prepared from p-anisidine (4)'* and different routes can lead to 2-cyano-6-hydroxybenzothiazole
(11) using a classical Sandmeyer reaction. In a first synthesis,'*'® 2-chloro-6-
methoxybenzothiazole (16) was prepared by reaction of compound 15 with nitrous acid and HCI.
Reaction of compound 16 with KCN in DMSO afforded the nitrile 11 (Scheme 4). Conditions of
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formation of 2-chloro derivative 16 were improved using isoamyl nitrite and copper (II) chloride
in polyethylene glycol 200 as solvent'® and yields were improved to 56%. More recently, the
Sandmeyer reaction was carried out by direct introduction of cyanide with CuCN/KCN'” and
following this approach a 41% yield was obtained.
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Scheme 4. Synthesis of nitrile 11 following a Sandmeyer approach from 2-amino-6-
methoxybenzothiazole (15)."”!” Reagents and conditions: (a) KSCN, Br,/AcOH, 35 °C, 10 h,
87%; (b) HNO,, HCI, 0-60 °C, 2 h, 35-45%; (c) KCN/DMSO, 140 °C, 1 h, 40%; (d) HNO,,
CuCN/KCN, 0 °C, 1 h, 41%.

Finally, it should be pointed out that, at present, the key intermediates for the synthesis of D-
luciferin (1), namely  2-cyano-6-methoxybenzothiazole @ (11) and  2-amino-6-
methoxybenzothiazole (15) are commercially available (i.e., Sigma-Alrich, Europe/USA).

3. D-luciferin analogues and derivatives as inhibitors of PpyLuc

3.1. D-luciferin analogues and derivatives

A few D-luciferin (1) analogues were prepared and their inhibition towards PpyLuc was studied
nearly 40 years ago.'" D-luciferin analogues included D,L-homoluciferin (17), 5-methyl and

5,5-dimethylluciferin (18a,b), deshydroxy, decarboxyluciferin, 6’-methoxyluciferin (19 a-c),
6'-amino and 6’-acetylaminoluciferin (20a,b), and 5'-chloroluciferin (21) (Figure 2).
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Figure 2. Structure of compounds 17, 18, 19, 20, and 21.

For all compounds 17-21, Ki values ranging from 1.0 to 3.4 uM were reported'® (Table 1)
and this result was explained considering that the large hydrophobic pocket of PpyLuc active site
could accommodate compounds structurally related to the natural substrate D-luciferin (1)
through non-specific interactions at ATP- and luciferin-binding sites of PpyLuc active site.

Table 1. Inhibition constants (Ki) of D-luciferin analogues/derivatives 17-21 (from Denburg et
al.'®)

SUBSTRATE Ki (x 10%)
17 2.5
18a cis 2.9; trans 2.7
18b 2.0
19a 0.1%
19b 0.29
19¢ 34
20a 2.8
20b 3.0
21 1.0
Cs0 (x10°).

D,L-homoluciferin (17) was synthesized by reaction of nitrile 12 with D,L-homocysteine
that was prepared in situ by reduction of D,L-homocystine.""" For the synthesis of compound
18a the nitrile 12 was reacted with D,L-threo or erythro-2-amino-3-thiobutanoic acid (cis/trans
2-methyl-D,L-cysteine), in turn obtained by debenzylation of D,L-threo or erythro-2-amino-3-
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benzylthiobutanoic acid with liquid ammonia and sodium (Scheme 5)."" D,L- and D-5,5-
dimethylluciferin 18b were prepared from nitrile 12 and D,L- or D-penycillamine'>* and
reaction of the same nitrile with cysteamine afforded the compound 19b (decarboxyluciferin)."

From the reaction of nitriles 11 and 22 with D,L-cysteine, the 6-methyl ether 19a and

N
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S 19a

11 f

N
©:S\>_CN 19c

22

deshydroxyluciferin 19¢ were prepared as racemates.

HaCO

Scheme 5. Synthesis of compounds 17, 18 a,b, and 19a-c."'*>'*?° Reagents and conditions. (a)
D,L-homocystine, liquid NH3/Na, 10 min followed by addition of 12 in MeOH, r. t., 2 h, 40%;
(b) D,L-threo or erythro or erythro-2-amino-3-benzylthiobutanoic acid, liquid NH3/Na, 10 min;
(c) addition to (b) of 12 in MeOH, r. t., 2 h, 40% for D,L-erytro; 3 h, 87% for D,L-threo; (d)
D,L-penicillamine, r. t., 90.5% or D,L-penicillamine, 2 h, r. t., 35.5%; (e) cysteamine, EtOH,
reflux, 18 h, 76%:; (f) D,L-cystine, liquid NH3/Na, 10 min followed by addition of 11 in MeOH,
r. t., 3 h, 89% or 22 in MeOH, r. t., 1.5 h, 89%.

D,L-6"-aminoluciferin (20a) and the corresponding acetamide 20b were prepared from the
nitrile 24a or the corresponding acetamide 24b and D,L-cysteine (93% yield for 20a and 88% for
20b).*' Nitrile 24a was synthesized from 2-chloro-6-aminobenzothiazole 23a, in turn obtained by
nitration of 2-chlorobenzothiazole and reduction of the nitro derivative as previously described.*
Acetylation of 23a gave the acetamide 23b from which the N-acetamide of 6-aminoluciferin
(compound 20b) was obtained (Figure 4).
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Scheme 6. Synthesis of compounds 20a,b.”' Reactions and conditions: (a) KCN in DMSO, 130
°C, 2 h, 60.5% for 23a or 78% for 23b; (b) D,L-cysteine from D,L-cystine (reduction with liq.
NHj; and Na) and 24a (r.t., 2 h, 95% of 20a) or 24b (1 h, 88% of 20b).
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3.2. Benzothiazoles structurally related to D-luciferin

In the previously reported study concerning D-luciferin (1) analogues,'® also a few benzothiazole
derivatives (compounds 25a-f) were included. These compounds are structurally related to the
benzothiazole core of D-luciferin 1 and in many instances presented inhibition constants (Ki)
similar to derivatives/analogues of compound 1 (Ki values ranging from 25 to 58 uM, Table 2).
It is worth pointing out that a considerable number of low-molecular weigh compounds with a
great structural variety can compete with PpyLuc in a specific and non-specific manner, such as,
for instance, various anhestetics®, resveratrol (Ki 2 pM),** the p53-inhibitor pifithrin-a.,> and
lipoic acid.*
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Figure 3. Structure of benzothiazole derivatives 25a-f and 26a-h.

Table 2. Inhibition constants (Ki) of benzothiazole derivatives 25a-f (from Denburg et al.'®)

SUBSTRATE Ki (x 10%
25a 25
25b
25¢ 58
25d 26
25¢ 45
25f 28

* at pH 6.3 the compound is as active as other benzothiazole derivatives.

This result was attributed to a non-specific interaction of the compounds with both ATP-
and luciferin-binding sites that characterize the ample cavity of the PpyLuc active site. In a
recent paper,”’ a high-throughput screening (HTS) of a library of 70.000 small molecules has
been described and nearly 2.000 molecules were found to inhibit PpyLuc. Among these
inhibitors, 89 active compounds were characterized by the benzothiazole core of D-luciferin (1)
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and 2,6-disubstituted benzothiazoles 26a-h (Figure 3) presented IC50 values ranging from 0.3
and 1.2 uM (Table 3).

Table 3. Inhibition constants (ICsg) of benzothiazole derivatives 26a-h (from Auld ez al.*”)
SUBSTRATE ICso

26a 1.1+£0.4
26b 1.1£0.4
26¢ 0.5+0.1
26d 0.65+0.11
26e 1.2+0.34
26f 0.6+0.3
26g 0.3+0.1
26h 0.3+0.1

3.3 Dehydroluciferin

Dehydroluciferin [2-(6'-hydroxy-benzothiazolyl)-4-thiazole-carboxylic acid, compound 27] is a
stable analogue of D-luciferin (1), since the thiazolinic ring characteristic of 1 is substituted by
an aromatic thiazole moiety. Also dehydroluciferin 27 and the corresponding alcohol 28 (Figure

4) are good inhibitors of PpyLuc (Ki 1 pM).'***
N S
0=,
S N

N S
T,
HO S N
8 CH,OH

HO
>7 COOH

Figure 4. Structure of compounds 27 and 28.

Dehydroluciferin 27 has been initially prepared by White ez al.” boiling an alkaline solution
of D-luciferin 1 under atmospheric oxygen (Scheme 7).

N S . N S
/@: NS— :L Na.(-)H, air /@: \>—<\ 1
HO S N boiling, 8 h, 65% HO S N
1

COOCH
COOH 27

Scheme 7. Synthesis of dehydroluciferin 27 from D-luciferin 1.’
In the same paper,” another synthesis of compound 27 is described and in this alternative

approach, H,S was bubbled into a solution of 2-cyano-6-methoxybenzothiazole (11) to afford the
thioamide 29. From the intermediate 29 and methyl bromopyruvate, the derivative of
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dehydroluciferin (compound 30) was obtained and completely hydrolyzed to compound 27 with
refluxing HBr (overall yield 16.7%, Scheme 8).
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e = [T
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1" 29

s AR
H;CO COOMe

30

Scheme 8. Alternative synthesis of dehydroluciferin.” Reagents and conditions: (a) H,S, Py,
TEA, r. t., 3 h, 95%; (b) methyl bromopyruvate, MeOH, r. t., 22 h, 88%; (c) HBr, reflux, 1.5 h,
20%.

In another paper,'’ White er al. described a similar synthesis starting from 2-cyano-6-
hydroxybenzothiazole 12 and preparing the methyl ester of dehydroluciferin 27. This avoided the
harsh hydrolysis conditions for the derivative 30° described in Scheme 8 and overall yield of
dehydroluciferin 27 was improved to 59.4%. It should be mentioned that all the syntheses of
compound 27 have always been carried out on milligram scale.

3.4. 5’-0-[(N-dehydroluciferyl)-sulphamoyl]-adenosine (DLSA)

At present, the most potent PpyLuc inhibitor available is structurally related to D-luciferin 1 and
to the mixed anhydride 2, that is formed by reaction of 1 with ATP. Compound 2 is the
intermediate in the mechanism of formation of oxyluciferin 3 (Figure 1). The synthesis of the
luciferyl adenylate 2a has been described by White e al.' and consists of the reaction of D-
luciferin 1 and AMP in the presence of DCC (Figure 5).

N SR
O<CTr = CICTR g
HO S N~ ™ HO ”/O R~Adenosine

1 R=R=H cP

o
11b. R:R:CH3 2a. R=R=H

2b. R=R=CHj

Scheme 9. Synthesis of luciferyl adenylates 2a,b.*° Reagents and conditions: (a) DCC, AMP,
DMSO, r.t., 10 min.

Compound 2a was purified by chromatography on Sephadex G-25 and the purity established
by fluorescence spectroscopy and quantum yields of the reaction in the presence of PpyLuc. This
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was compared with the same assay carried out with D-luciferin (1) in the presence of ATP and
Mg**. Using the same procedure, D-5,5-dimethylluciferyl-O-adenosine-5’-monophoshate 2b was
prepared from compound 18b, purified by reverse-phase HPLC, and characterized by mass
spectrometry.

The PpyLuc inhibitor 5'-O-[(N-dehydroluciferyl)-sulphamoyl]-adenosine (DLSA, 31) is a
derivative of dehydroluciferin 27 and is an N-acyl sulfamate analogue of compound 2. The
synthesis of DLSA 31 is described in Scheme 10.

NH,

N
H,NO,S-0 4iij:>_<
COOR1

a. R=H, R4=Et
cd Q%b R=MEM, R=Et
¢. R=MEM, R;=H

NH,

Jouy ” f)
\ ~
\ j\”/NHSOZOCHZ

oH of

32

DLSA (31)

Scheme 10. Synthesis of 5'-O-[(N-dehydroluciferyl)-sulphamoyl]-adenosine (DLSA, 31).”
Reagents and conditions: (a) THF, NaH, 0 °C to r. t., 1.5 h; MEM chloride, 0 °C to r. t., 20 h,
88%; (b) THF/MeOH/H,O (2:1:1), LiOH/H,0, 75 °C, 1.5 h, 90%; (c) 33c in DMF, 1,1-
carbonyldiimidazole, 40 °C, 1.5 h; 32 in DMF, DBU, 40 °C, 90 min, 60%; (d) TFA, r. t., 2 h;
H,O, r. t., 15 min, 69%.

This multi-step  synthesis started from the commercially available 2',3'-O-
isopropylideneadenosine that was converted into the corresponding 5'-sulfamoyl derivative 32.%°
This intermediate was condensed with dehydroluciferin derivative 33¢, in turn prepared from the
ethyl ester of dehydroluciferin (compound 33a)." Protection of the phenol group as a
methoxyethoxymethyl (MEM) ether greatly improved the solubility of the derivative 33¢ that
could be condensed with the adenosine derivative 32. The N-acyl sulfamate derivative DLSA so
obtained was hydrolyzed by trifluoroacetic acid and DLSA was obtained as the TFA salt in 69%
yield. DLSA 31 is a reversible, non-competitive inhibitor of Ppyluc with an inhibition constant
Ki of 34 + 5 nM when compared with D-luciferin/ATP/Mg*". The inhibition of Ppyluc by
compound 31 with respect to synthetic mixed anhydride 2 as the sole substrate was reversible

ISSN 1551-7012 Page 275 ARKAT USA, Inc.



Special Issue Reviews and Accounts ARKIVOC 2009 (i) 265-288

and competitive with Ki = 340 + 50 nM. This suggested that compound 31 is effective when
binding to a unique enzymatic site available to AMP derivative 2.

It is worth noticing that the complex of DLSA 31 with the luciferase from the japanese
firefly Luciola cruciata (LcrLuc) has allowed to establish the three-dimensional structure of this
enzyme.’" It should be pointed out that in the case of PpyLuc, the three-dimensional structure has
been solved, but in the absence of substrates or inhibitors*> and, therefore, luciferin binding-site
residues have been proposed only by modeling studies.*~*

4. Analogues and derivatives of D-luciferin as substrates of luciferases for
production of bioluminescence

4.1. Firefly luciferases: the mechanism of light emission

The chemical origin of multicolour bioluminescence in bioluminescent insects remains an
intriguing problem, since light emissions span a wide range of wavelengths going from yellow-
green (560 nm) to red (620 nm).”> A complex mechanism is responsible for the colour of light
emission from luciferase-catalyzed reactions, as early stated examining the spectroscopic
properties of substrate and product.®” It is amazing that the reaction route and the structures of
substrate/product are the same for all bioluminescent insects’® and only subtle differences in the
architecture of the active site are sufficient to shift the light wavelength to red.” In some cases,
the enzymatic reaction may result in the emission of light as a single bioluminescence colour,”’
whereas firefly luciferases can modulate the proportion of green and red bioluminescence
through a pH-sensitive mechanism.*® A complex mechanism is responsible for the color of light
emission from luciferase-catalyzed reactions. This includes the polarity of the active site of
PpyLuc” or the presence of basic residues that are responsible for oxyluciferin
tautomerization.*” Other important aspects of the mechanism can be related to the active site
conformation, which may govern the angle of rotation of the two moieties of excited oxyluciferin
along the C2-C2’ bond," thus influencing the bioluminescence colors. However, all the above
explanations are only a partial view of a more complex “microenvironment mechanism” that has
to take in consideration the protonation state of the O6" atom, in turn related to the polarity of the
hydrogen bond that can be formed with Arg 218.*** Finally, the control of the resonance-based
charge delocalization of the anionic keto-form of the oxyluciferin excited should be further
stabilized. This could be achieved extending the m-electron system through a quinone-enolate
species at a lower energy responsible for red light emission**

4.2 Bioluminescence and optical imaging
Bioluminescence refers to the phenomenon of light production by the enzymatic reaction of a

luciferase enzyme with its substrate. Related techniques of imaging (optical imaging) are
commonly used for preclinical molecular imaging in cells and small animals.” PpyLuc is highly
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selective to convert substrate D-luciferin (1) and produces bioluminescence, which has been used
for real-time, low light imaging of gene expression in cell cultures, individual cells, whole
organisms, and transgenic organisms.”> PpyLuc catalyzes the emission of a yellow-green light
that is attenuated by tissues in small animal imaging. Nonetheless, the enzyme is the most
frequently used luciferase in molecular imaging, due to the fact that emitted light peaks 10-12
min after injection of luciferin and decreases slowly over 60 min. In this way, a broad time
window for acquiring images is provided.* The combination of enzymatic amplification of
signals from luciferase and the almost negligible background bioluminescence in vivo makes
bioluminescence imaging with PpyLuc a highly sensitive method for small-animal molecular
imaging. Optical bioluminescent imaging is relatively inexpensive and efficient,”” but it is
suitable only for small animals and gives insufficient tomographic information. Due to
absorption and scattering by the organs, the sensitivity of the method is relatively low and a high
dose of the reporter probe for sufficient emission is, consequently, required. For instance, a dose
of 126 mg/kg of D-luciferin (1) is needed for firefly luciferase gene imaging.48

The tissue attenuation of the light generated by PpyLuc could be overcome by a red and far-
red emission that should greatly improve the detection in small animal imaging. In the case of
PpyLuc, the colour shift could, in principle, be achieved modifying the structure of the enzyme
or that of the natural substrate, D-luciferin (1). Modification of PpyLuc structure has already
produced important results,”” mainly by site-directed mutagenesis studies. According to this
approach, the effect of the substitution of single amino acid residues on the wavelength of
emitted light has been studied in details.* As a significant result, several mutations led to an
emitted light with an increase from to 44 to 60 nm with respect to the wild type enzyme.
Recently, the three-dimensional structure of the luciferase from the Japanese firefly Luciola
cruciata (LcrLuc) has been solved and more consistent information on the relationship between
luciferase structure and colour of emitted light has become available.”!

4.3 Color-tuning of bioluminescence by modification of D-luciferin structure

As above stated, a complex mechanism is responsible for the color of light emission from
luciferase-catalyzed reactions. This involves several structural aspects of D-luciferin (1) and of
the product of the enzymatic reaction, oxyluciferin (3).” It is worth mentioning that preliminary
attempts to isolate oxyluciferin (3) from the spent enzymatic reaction led to a mixture of
pigments from which no single product could be isolated.”’ A similar mixture was obtained
while attempting to synthesize the postulated product 3." Later, it has been shown that from the
reaction of 2-cyano-6-hydroxybenzothiazole (12) with ethyl thioglycolate (34), dioxyluciferin 35
was formed and could be isolated only as the corresponding diacetate.”” Reaction of 2-cyano-6-
acetoxy-benzothiazole (36) with ethyl thioglycolate (34) yielded the 6-acetate 37, in turn
converted into a stable diacetate® (Scheme 11).
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Scheme 11. Synthesis of oxyluciferin derivatives 35 and 37.°*"°

Similar observations on synthesis, purification and stability of oxyluciferin (3) have been
reported more recently.’* A sample of oxyluciferin (3), prepared according to described
protocols,”>** was pure enough to be characterized by 'H and '*C-NMR. With this standard in
hand, it was also possible to establish by HPLC the identity of the product of the PpyLuc-

catalyzed reaction. **

4.3.1 Modifications of the thiazoline ring

Modification of D-luciferin (1) structure in the thiazoline ring or in the benzothiazole moiety
could, in principle, lead to a modulation of color emission. Initial experiments to establish
whether an enolizable hydrogen is an essential requirement for the yellow-green/red equilibrium
were carried out on 5,5-dimethyl luciferin (18b) (Figure 5).

N S—CH3 N S~ CHs
Joute TN os T ¥,
HO S N HO S O~P~adenosine

‘y N “, s
COOH
18b 2b ﬂr 8

Figure 5. Structure of compounds 18b and 2b.

The compound 18b was prepared'>” and gave red chemiluminescence in DMSO and in the
presence of a base, but was not a substrate for PpyLuc and did not produce light. The mixed
anhydride with AMP (compound 2b) produced a yellow-green light in the same conditions and
the PpyLuc-catalyzed reaction produced light at 500 nm. A bioluminescence at 624 nm was
produced only when the adenylate 2b was the substrate of the green click beetle isozyme.*

4.3.2. Introduction of substituents in the benzothiazole moiety of D-luciferin

A few analogues of luciferin presenting various substituents in the benzothiazole moiety have
been so far prepared and, among them, all three phenolic regioisomers of D-luciferin (1) at
positions 4', 5 and 7' (compounds 38, Figure 6).”> None of the regioisomers emitted light in the
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presence of PpyLuc. A few 4’-substituted analogues of D-luciferin (1), i.e. compounds 39a,b
have also been prepared using as main step the reaction of a suitable nitrile and cysteine.’

R
x—N S N S
HO - b \l \>—<\1
Z g N
COOH HO S N

38

COOH

39 a. R=OH
b. R=CH;

Figure 6. Structure of phenolic regioisomers of D-luciferin (compounds 38) and of
4'-substituted- D-luciferin analogues 39a,b.

The preparation of the nitriles 41 and 43 is illustrated in Scheme 12. Starting from 2,4-
dimethoxyaniline 40, the nitrile 41 is prepared following essentially the synthetic approach
described by Seto.!? Reaction of the nitrile 41 with D,L-cysteine, under conventional conditions,9
afforded D,L-39a in 13.4% yield from 40.>> 4'-methyl-D-luciferin (39b) has been synthesized
starting from 4-methoxy-2-methylaniline 42 that was converted into the nitrile 43 according to
the original synthesis described by White e al.” The critical step was the demethylation carried
out with PyHCI that, in this specific case, proceeded with only 7% yield and the required nitrile
was obtained in 0.8% from starting aniline 42. Also the preparation of the D-luciferin analogue
39b proceeded with low yield by reaction of the nitrile 43 and D-cysteine (6.5% yield).*®

OCHg3 OH
NH2 N
a-d
29, Y—cn
H4CO S
3 40 HO 41
CHg CH,
NH2 i N
o™ —on
H3CO HO S
42 43

Scheme 12. Synthesis of nitriles 41 and 43, intermediates of 4'-substituted D-luciferin analogues
39a,b.”>>® Reagents and conditions: (a) carbamoylthiocarbonylthionoacetic acid, aq. EtOH, r.t.,
48.6%; (b) K3[Fe(CN)s], NaOH 1M, 10 °C, 30 min, 77%; (c) POCIs in Py, r.t., 2 h, 90%; (d)
PyHCI, 170-180°C, 3 h, 56%; (e) ethyl oxalate, 180 °C, 5 min, 65%; (f) P»Ss, xylene, reflux, 2h;
NaOH, r.t.; (g) K;[Fe(CN)g], NaOH 1M, <10 °C, 66% from oxamate; (h) SOCl,, reflux, 2h,
40%, (i) POCl;, reflux, 15 min, 67%; (j) PyHCI, 220 °C, 1h, 7%.
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It has been reported that 4’-hydroxyluciferin (39a) showed bioluminescence in vitro with
PpyLuc and that a red light emission was observed. However, the wavelength was not specified.
4'-Methyl-D-luciferin (39b) proved to be a substrate for PpyLuc, emitting a light with a
wavelength similar to that of luciferin at about the same concentration. This result and especially
the data for the bioluminescence of 4'-hydroxyluciferin (39a) confirm the hypothesis that
suitable modifications of the phenyl ring in the benzothiazole core of D-luciferin (1) may
influence the wavelength of emitted light in PpyLuc-catalyzed reaction.

4.3.3. D-luciferin analogues bearing an aromatic moiety different from benzothiazole

In all above reported structural modifications of D-luciferin, the benzothiazole aromatic ring was
kept intact, because this structural framework is essential for the production of bioluminescence
in the PpyLuc-catalyzed reaction. However, it has been demonstrated that light can be emitted
also by compounds that replace the benzothiazole ring with other aromatic systems.

p JO SN
=
HO X \jZ 7
44 COOH 45

a. X=CH
b. X=N

Figure 7. Structure of naphthalene and quinoline derivatives 44a,b and structure of nitriles
45a,b.

Specifically, naphthalene or quinoline analogues of luciferin (compounds 44a,b) have been
prepared from the corresponding nitriles 45a,b°”>® (Figure 7). It has been demonstrated that both
compounds are light emitters in the PpyLuc-catalyzed bioluminescence. Compound 44a is
significantly blue-shifted (524 nm) whereas 44b emits an orange-red light at 608 nm.”’ It was
reported that the characteristic flash kinetics of the natural substrate were not observed for 44a,b
and slower rise times to peak emission intensity were recorded. Nonetheless, the overall data
suggest that by proper modification of the aromatic part of luciferin a shift of light emission
towards red could be achieved.

4.4 6’-Aminoluciferin derivatives: a new opportunity for bioluminescent assays and
imaging

6'-Aminoluciferin (20a) is the analogue of D-luciferin (1) containing an amino group at the
position 6’ and was prepared with the acetamide 20b (Figure 8) nearly thirty years ago as a
racemic mixture.”' Interestingly, in the same paper a red light emission (605 nm) was reported in
the enzymatic reaction of this substrate with PpyLuc and this bioluminescence, differently from
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luciferin, resulted to be independent of pH. However, this finding has not been confirmed. In
fact, a recent paper has reported the synthesis of D-6"-aminoluciferin (20a), selected as a D-
luciferin analogue to open new opportunities for bioluminescent assays.” The bioluminescence
spectra of D-luciferin (1) and D-aminoluciferin (20a) exhibited peaks at 560 and 578 nm,
respectively, and the originally reported red emission was not confirmed. In the same paper, also
the corresponding glycinamide 20¢ was prepared and revealed pharmacokinetic and
pharmacodynamic properties that were different from those of luciferin. For instance, compound
20c showed a longer in vivo circulation time and confirmed the original assumption that
derivatives of 6’-aminoluciferin (20a) can provide improvement of current imaging capabilities.
It should be noted that 6’-N-acetyl-L-phenylalanyl)-aminoluciferin®*®' proved to be a substrate
for alpha-chymotrypsin. Consequently, a coupled bioluminogenic assay was realized, based on
the release of aminoluciferin by enzymatic cleavage of 6-(N-acetyl-L-phenylalanyl)-
aminoluciferin. The released D-6'-aminoluciferin (20a) resulted in a very sensitive substrate of
firefly luciferase and could easily be quantified in a luminometric assay. Amounts of
chymotrypsin down to 0.3 ng per assay were routinely determined. The usefulness of D-6'-
aminoluciferin (20a) for this kind of enzymatic analysis has more recently been confirmed by a
set of N-alkylated 6'-aminoluciferins, that revealed to be bioluminescent substrates for
engineered and wild-type luciferases.®” The evolution of these results has very recently brought
to the preparation of peptide-bound aminoluciferin of general structure 20d as a tool for
bioluminescence-based imaging. A recent study devoted to in vivo imaging of S-TRAIL-
mediated tumor regression and apoptosis®™ has relied on an aminoluciferin proluminescent
substrate activated by caspase-3, that is the main effector of caspase in mammalian cells,
expressed by cells that are still metabolically active but are programmed to die. The
aminoluciferin released by the activated caspase-3 is immediately metabolized by the luciferase-
expressing glioma cells and is detected in vivo by bioluminescent techniques. The reagent,
DEVD-aminoluciferin is a thermostable proluminescent substrate that can detect apoptosis in
culture. It has been prepared by reaction of aminoluciferin® with the substrate-binding cleft of
caspase-3, that recognizes a short 4-aminoacid stretch (DEVD) within protein substrates, directly
N-terminal to the cleavage site.”” Other interesting and promising aminoluciferin proluminescent
substrates generally indicated as compound 20d can detect in vivo enzymatic activities related to
different protease markers and can find applications in homogeneous assays to measure live and
dead cells in the same sample.® Another cell-based bioluminescent assay involves the
monitoring of the proteasome activity that controls the degradation of many different proteins,
and of related regulatory pathways either directly or indirectly. Therefore, the proteosome
activity is an interesting target of cancer therapeutics and a series of compounds structurally
related to 20d have been prepared and optimized for cell permeabilization and imaging. '
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Figure 8. Structure of 6’-aminoluciferin (20a), amides 20b,c,d and PEGylated aminoluciferin 46.

Finally, a very recent application of D-6"-aminoluciferin (20a) in bioluminescent imaging
technique has been investigated in order to find a solution to the problem related to D-luciferin
(1) short half-life that places limits on experimental design and implementation. In order to
improve the in vivo circulatory half-life of D-luciferin (1), a micro-osmotic pump can be
implanted.®® Another system could rely on a polymeric carrier of the bioluminescent probe such
as polyethylene glycol (PEG). This PEGylated probe could potentially be used for the imaging of
tumours in vivo in murine systems for an extended period of 3—4 h after the initial injection. In
this way, a simplification of execution of luciferase-based experiments would be introduced and
multiple injections of luciferin could be eliminated, thus minimizing discomfort to the animals.
A solution to all above problems has been proposed by preparing the PEGylated D-6'-
aminoluciferin (PEG-6-ADL, compound 46, Figure 8) by reaction of a PEG-carbonyl chloride
and D-6-aminoluciferin (20a). PEGylation of D-6-aminoluciferin (20a) was expected to
improve tumour uptake via the enhanced permeability and retention (EPR) effect’’ and by the
linker-dependent hydrolysis that occurs at higher rates at slightly acidic pH, as compared to
normal physiological pH ' When PC3-Luc-bearing animals were treated with PEG-6-ADL an
initial photon flux was observed in the first 30 min and this is consistent with data from
experiments using D-luciferin (1). However, following the initial burst effect, luciferin is both
cleared from circulation and consumed within the tumour, leading to a rapid decrease in the
bioluminescent signal over ~30—60 min. In contrast, the PEG-6ADL light output is very low at
the beginning of the time-based experiment. The signal reaches maximum intensity at about 4 h
after the injection, at which point the signal from the non-PEGylated D-6"-aminoluciferin (20a)
is at background levels. Following PEG-6ADL injection, adequate signal for imaging (i.e. >20
000 photons/s) is reached at 120 min and remains at or above this levels for ~ 3 h. No detectable
signal was observed following injection of non-tumour-bearing mice with PEG-6ADL. This
very recent result opens fascinating perspectives, since D-6"-aminoluciferin (20a) can be used to
monitor other linker systems, including those which are non-specifically hydrolysed under
different intratumoural conditions, or those which are specifically hydrolysed by tumour-specific
enzymes.
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5. Conclusions

The fascinating phenomenon of bioluminescence and the wide range of biotechnological
applications in optical imaging makes the chemistry of D-luciferin and related analogues
extremely interesting. This goes beyond the early expectations originally suggested by White et
al. in 1971: “it is clear that chemically produced excited states are of central importance in
bioluminescence; it seems moderately certain that they will also be found to be important in
other areas of biology”. ! The synthetic approach to the preparation of the related benzothiazole
system has not moved too far from the original works dating back to nearly forty years ago.
However, the chemistry involved is sound and still used for the preparation of D-luciferin and
related compounds. These can be very useful as substrates for luciferases in applications such as
optical imaging techniques, nowadays widely used for preclinical molecular imaging in cells and
small animals. The yellow-green light emitted by the classical enzyme used for this purpose,
PpyLuc, is characterized by a broad emission spectrum with a maximum at 560 nm and a low
background bioluminescence. This makes in vivo bioluminescence imaging with PpyLuc an easy
and highly sensitive method for small-animal molecular imaging. Modulation of the wavelength
of the emitted light is an important target, that has mainly been achieved by site-directed
mutagenesis of amino acid residues of luciferase. The same result could perhaps be obtained by
chemical manipulation of D-luciferin structure, but not many transformations are possible with a
relatively simple structure such as that of D-luciferin. In fact, only a few compounds have been
prepared and for a reduced number of them it has been demonstrated that the light can be shifted
to red in PpyLuc-catalyzed bioluminescence. However, the examples presented in this review
suggest that, in addition to biochemical engineering of the enzyme, ingenuity and fantasy of
synthetic organic chemistry can bring new exciting advancement in this fascinating area of
research. Finally, other analogues of D-luciferin may meet expectations for new applications of
in vivo optical imaging, as recently disclosed by reports that enlighten the possibility of binding
a wide variety of compounds, including peptides or functionalized PEGs, to the amino group of
D-6'-aminoluciferin.
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