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KEY WORDS Abstract Drug-metabolizing enzymes (DMEs), a diverse group of enzymes responsible for the meta-
bolic elimination of drugs and other xenobiotics, have been recognized as the critical determinants to
drug safety and efficacy. Deciphering and understanding the key roles of individual DMEs in drug meta-
enzymes (DMEs); bolism and toxicity, as well as characterizing the interactions of central DMEs with xenobiotics require
Fluorescence-based assay; reliable, practical and highly specific tools for sensing the activities of these enzymes in biological sys-
High-throughput tems. In the last few decades, the scientists have developed a variety of optical substrates for sensing hu-
screening man DMEs, parts of them have been successfully used for studying target enzyme(s) in tissue
preparations and living systems. Herein, molecular design principals and recent advances in the develop-
ment and applications of optical substrates for human DMEs have been reviewed systematically. Further-
more, the challenges and future perspectives in this field are also highlighted. The presented information
offers a group of practical approaches and imaging tools for sensing DMEs activities in complex biolog-
ical systems, which strongly facilitates high-throughput screening the modulators of target DMEs and
studies on drug/herb—drug interactions, as well as promotes the fundamental researches for exploring

the relevance of DMEs to human diseases and drug treatment outcomes.
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1. Introduction

Drug-metabolizing enzymes (DMEs) are a class of enzymes that
catalyze the biotransformation of a great deal of drugs. Besides,
DMEs have also been reported responsible for the metabolism of
endogenous compounds (such as bile acids, steroids, and prosta-
glandins) and other xenobiotic chemicals (such as pollutants,
carcinogens, food toxicants, as well as pesticides)'. The enzymatic
reactions catalyzed by human DMEs mainly include oxidation,
reduction, hydrolysis, and conjugation, which also divided to
functionalization (phase I) and phase II reactions”. Phase I reac-
tion including oxidation, reduction, and hydrolysis reaction, which
often involve enhancing the hydrophilicity of the substrate com-
pound by either introducing to or removal from it of a functional
group, such as—OH, —COOH, —NH,, or —SH'. Generally, phase [
reactions often occur through the two following ways. One is by
introduction of the functional group, such as aliphatic and aro-
matic hydroxylation. The other one is through modifying the
existing functionalities, for example oxidative N-, O-, or S-deal-
kylation, oxidation of alcohols to acids, reduction of azo and nitro
compounds, reduction of ketones and aldehydes to alcohols, and
hydrolysis of esters or amides' . In humans, the main phase I
drug-metabolizing enzymes including carboxylesterase (CES),
cytochrome P450s (CYPs), monoamine oxidases (MAOs), fla-
vincontaining monooxygenases (FMOs), and xanthine oxidase/
aldehyde oxidase (XO/AO)>’. The phase II reactions are con-
jugative reactions, including glucuronidation, methylation, sulfo-
nation, acetylation, glutathione and amino acid conjugation. In
mammals, uridine 5'-diphospho (UDP)-glucuronosyltransferases
(UGTs), methyl (N-methyl-, thiomethyl-, and thiopurinemethyl-)
transferases, N-acetyltransferases (NATSs), sulfotransferases
(SULTs), and glutathione S-transferases (GSTs) are several
important phase IT enzyme classes” °.

The abundance and activities of DMEs can directly affect the
fate of drugs in humans, thereby have been recognized as the
critical determinants of drug safety and efficacy’®. Notably, the
expression and activity levels of DMEs can vary significantly
among individuals, as well as be affected by age, genetic, envi-
ronmental, physiological, and pathophysiological factors’ ''. Over
the past few decades, a group of highly specific substrates (also
termed probe substrates) for individual DMEs have been reported,
which offer reliable tools to both academic and industry scientists
for deciphering and understanding the key roles of individual
DME:s in drug metabolism and toxicity, as well as screening and
characterizing the interactions of human DMEs with xenobiotics.
Unfortunately, most of the known probe substrates for DMEs are
endogenous substances (such as testosterone as the probe substrate
for CYP3A) or drugs (such as paclitaxel as the probe substrate for
CYP2CS8). These endogenous or drug substrates as well as their
corresponding metabolites are generally quantified by using mass
spectrometry-based techniques, which always require complicated
sample pretreatment, expensive instruments and professional
operators'>~'*. To overcome these shortcomings, both academic
and industry scientists strongly call for the development of reliable,
practical, easy to operate, time- and cost-effective assays for
sensing target DME(s) in biological samples'”.

In contrast to mass spectrometry-based assays, fluorescence-
based assays have been widely used for sensing and real-time
imaging of enzymes in a broad range of biological systems, due to

their great superiority including rapid response, easy to conduct,
ultrahigh sensitivity, in situ imaging, and applicable for high-
throughput detection®'® ?°. These fluorescent substrates can be
used in a range of modern analytical instruments, such as liquid
chromatography equipped with fluorescence detector, fluores-
cence microplate reader, fluorescence microscope and laser
confocal microscope system. Through about ten years quickly
development, a great deal of fluorogenic and bioluminescent
substrates have been developed for detection the activity levels of
target DME(s) in various biological systems, which offer a variety
of practical and powerful tools for both basic researches and
translational studies. No doubt, these tools have greatly facilitated
the in vitro and in vivo DME-related studies, including the visual
dynamic monitoring of enzyme activities in disease states, and
deciphering the relevance of target DME(s) to various human
diseases”'. Moreover, parts of the reported optical tools for
sensing DME(s) have been successfully applied in high-
throughput discovery of leading compounds and in drug/herb—
drug iterations (DDIs/HDIs) studies, which have -efficiently
incorporated with information from other studies to facilitate drug
research and development®'. This review covers the design prin-
cipals and recent Research progress in the development of highly
specific optical substrates for a range of target human DMEs, as
well as the biomedical applications of these optical compounds.
Additionally, the challenges, perspective, and future reserch
important in this field are also emphasized.

2. Optical substrates for phase I drug-metabolizing enzymes

2.1.  Substrates for carboxylesterases

Carboxylesterase enzymes (CES) belong to the serine hydrolase
superfamily, which responsible for the cleavage of various esters.
Mammalian CES have been reported hydrolysis of a large number
of xenobiotics or endogenous compounds bearing ester-, amide-,
carbamate- or thioester-bonds. As important DMEs, CES play a
crucial role of activating a panel of prodrugs bearing amide-,
ester-, or amide-bond(s) to their active productss. In humans,
human carboxylesterase 1A (hCES1A) and human -carbox-
ylesterase 2A (hCES2A) are two predominant CES members, but
these two enzymes display notable differences in tissue distribu-
tion and substrate preferences. Generally, hCES1A is mainly
expressed in the liver while hCES2A is primarily exists in the
intestine. Since the important role in drug metabolism, the
dysfunction or strong inhibition of CES might affect the in vivo
biotransformation of their substrate-drugs. Constructing the highly
selective and ultra-sensitive optical substrates for sensing CES1A
or CES2A would greatly promote the discovery of CES inhibitors.
Based on the understanding of the substrate preference of human
CES, numerous of probes for CES, as well as the highly specific
fluorescent probe substrates for hCES subtypes have been
designed over the past decades (Table 1). As depicted in Table 1,
probe CES-F1 to CES-F7 are non-specific substrates for hCES1A
or hCES2A, due to these compounds could be hydrolyzed by both
hCES1A and hCES2A. With the help of the studies on the sub-
strate preference of both hCES1A and hCES2A, series of highly
specific optical substrates for either hCES1A or hCES2A have
been designed and developed in the past decade. As shown in
Fig. 1 and Table 1, all of the specific drug- or optical substrates for
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CES1A are esters consisted of a large acyl and a small alcohol
group (CES1A-B1, B2 and CES1A-F1 to CESIA-F3). By
contrast, the specific substrates for CES2A are esters that are
consisted of a large alcohol and small acyl group. Of note,
CES1A-B1 was an ultra-sensitive and highly specific substrate for
CES1A, which could be used to detect the trace amount of CES1A
in plasma. CES1A-F2 was a relative long-wavelength fluorescent
substrate for highly selective sensing of CES1A in living cells and
animals, such as zebrafish®”. Meanwhile, a number of fluorogenic
substrates for CES2A including two-photon (CES2A-F5) and NIR
fluorescent substrates (CES2A-F6) have been developed for
monitoring CES2A functions in complex biological systems®***,
With these subtype-specific probes in hand, it’s feasible to sense
endogenous CES in living systems, to quantify CES activity levels
in complex matrix, as well as to use these tools for high-
throughput screening CES modulators.

2.2.  Optical substrates for CYPs

The CYP enzymes are most important classes of DMEs that
could catalyze oxygen insertion into a vast array of substrates,
including lipids, steroids, drugs and environmental toxins, and
play a pivotal role in the detoxification of xenobiotics, cellular
metabolism and homeostasis®”. Up to now, 57 CYP genes have
been identified in humans, which are classified into 18 families
and 44 subfamilies based on sequence similarity>>**°. Among all
identified CYP families in humans, CYP1, CYP2, and CYP3 are
primarily responsible for the metabolism of xenobiotics, and are
the so-called ‘xenobiotic-metabolizing” CYPs, which are highly
expressed in the liver and intestine. By contrast, the other CYP
families are usually called as ‘endobiotic-metabolizing’ CYPs
and are characterized with tissue-specific distributions. For
example, CYP4 family is mainly involved in the metabolism of
fatty acids and eicosanoids, which is highly expressed in the
liver. CYP24 and CYP27 families are involved in the meta-
bolism of vitamins, which are mainly distributed in the kidney.
CYP7, CYP17, CYP19, CYP21, CYP39 and CYP46 families
are primarily involved in the transformations of sterols. CYP7
and CYP39 families are rich in the liver, CYP21 is mainly
distributed in steroidogenic tissues, and CYP46 family is a
central neuro-specific metabolic enzyme®. In particular,
CYP2WI1 is specifically distributed in tumor tissue, while its
physiologic function remains unknown’’. The ‘endobiotic-
metabolizing” CYPs are always associated with the etiology of
some diseases.

Currently, a variety of optical substrates (Table 2) have been
developed for sensing CYP activities and for high-throughput
screening of CYP modulators. Generally, the optical substrates
or sensors for CYP(s) can be classified as substrate-type sensors,
electrochemical biosensors and so on”®?’. Amongst these,
substrate-type sensors are widely used in characterization of CYP
modulators, and other drug metabolism studies®®. Substrate-type
CYP sensors are substrate of target CYP(s), which can readily
record the changes in CYPs activities in the presence of any tested
compound or herbal extract, which strongly facilitate the discov-
ery of CYP inhibitors or inducers, which in turn, decrease the rates
of drug development failure®.

The reported optical substrates for human CYPs have been
summarized in Table 2. It is notable that most of the reported
optical CYP substrates showed poor selectivity with the exception
of CYP1AI-F1 (CYP1Al), CYPIAL-F2 (CYP1Al), CYP1A1-F5
(CYP1Al), CYP1A1-F6 (CYP1Al), CYP2A6-F1 (CYP2AO0),

CYP3A4-F1 (CYP3A4), CYP3A4-F2 (CYP3A4), and CYP2J2-F1
(CYP2J2). The non-specific optical substrates of CYPs are limited
to be used for screening CYP inhibitors in vitro by using indi-
vidual recombinant human CYP enzyme. As shown in Table 2,
CYP2C19-F3, a so-called fluorogenic substrate of CYP2C19, can
also be metabolized by CYP1A1 and CYP2C9"'. Coincidentally,
CYP3A4-F6, a fluorogenic substrate of CYP3A4, can also be
metabolized by both CYP1A2?'.

In recent years, the highly-selective optical probes for several
subtypes of CYPs have been rapidly developed and widely
applied. The milestone is the development of probe fluorescent
probe CYP1A1-F1, a first isoform-specific fluorescent probe of
hCYP1AL1 which is first reported by Dai et al.*>. hCYP1A1 and
hCYP1A2 are two CYPI1A isoforms in humans and have high
sequence homology. The volume of the catalytic cavity of
hCYPIA1 (524 A%) is larger than that of hCYP1A2 (375 A®).
Interestingly, hCYP1A2 prefers to catalyze O-demethylation of
the substrates with O-methyl group(s), while hCYP1A1 prefers to
catalyze O-dealkylation of relatively large ethers, such as O-ethyl
or O-chloroethyl®®. These subtle characteristics inspire the re-
searchers to design and develop a panel of other specific optical
substrates for CYP1A1 via adjusting the volume of the leaving
ether group(s), such as CYP1A1-F2 and CYP1A1-F8**. Inspired
by the development of CYP1A1-F1, Ning et al.*> have reported a
new two-photon fluorescent substrate (CYP1A1-F2) for CYP1Al,
which was designed based on the substrate preferences of
CYP1A1l and the principle of intramolecular charge transfer
(ICT). Recently, a resorufin-based substrate (CYP1A1-F8) for
highly selective and sensitive sensing CYP1A1 activities has been
developed by Jin et al.*>. CYP3A4-F1 was developed by a novel
two-dimensional strategy. In the first dimension, docking-based
virtual screening was used to select a suitable two-proton fluo-
rophore as the substrate candidate for CYP3A4. In the second
dimensional design, chemical modifications on the selected fluo-
rophore (N-substituted 1,8-naphthalimide) were performed to
optimize the catalytic activity and isoform-selectivity. Another
case is the selective optical probe for CYP2J2, such as CYP2J2-F1
and CYP2J2-F2, which are designed based on the characteristics
of narrow substrate channel of CYP2J2°%". Besides of the highly
selective fluorescent substrates for CYP1A1 and CYP2J2, another
major breakthrough is the development of an CYP3A4 isoform-
specific  two-photon fluorescent  substrate CYP3A4-F1°%.
CYP3A4-F1 shows excellent specificity for sensing the activity of
CYP3A4 in biological systems, which can distinguish the very
similar subtype CYP3AS from CYP3A4.

In addition to the fluorescence-based CYP activity assays, a
panel of bioluminescent-based CYP activity assays has also been
developed in the past few decades. In contrast to fluorescence-
based assays, bioluminescent-based assays do not need the
external light excitation, owing to the luminescent signals are
initiated by ATP and luciferase. In the field of biological imaging,
bioluminescent probes are very popular with the researchers,
owing to the high signal to background imaging and almost no
tissue autofluorescence. As shown in Table 2, the relatively se-
lective luminogenic substrates for various human CYP iso-
enzymes have been reported. Similar to fluorescent probes, most
of the bioluminogenic substrates showed poor selectivity towards
target enzyme except for Luciferin-H and Luciferin-IPA.

The CYP-metabolic reaction types include hydrocarbon hy-
droxylation, O-/S-/N-dealkylation; N-/S-oxidation, epoxidation,
and dehydrogenation, etc. The electron donor ability of hydroxyl
(—OH) is stronger than that of the ether bond (—O-), which
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Table 1  Optical substrates for human CES.
Enzyme No. Substrate Metabolite K, (umol/L) Vi (umol/min/mg)  Aex/Aem (nm) Ref.
CES CES-F1 \/\gﬂ\@\ "°\©E°©¢° N.A. N.A. 571/585 163
CES CES-F2 Q"n N.A. N.A. 550/585 164
o "0’ 0
3,0
CES CES-F3 1 R N.A. N.A. 670/705 165
Qy
Eage
CES CES-F4 OO °*(r)( 4.4 N.A. 820/521 166
O
CES CES-F5 “@\D iy N.A. N.A. 670/706 167
Crp
o SOzH
CES CES-F6 ® o O 18 N.A. 520/575 168
/ O o / O OH
@ A O A
/ /
CES CES-F7 NS 2N N.A. N.A. 810/620 169
)LJ@I\I\)Q )@fﬁf):) L 530/620
HO’ 0’ (o}
CESIA CESI1A-Bl i ! i 71.3 7882 Biolumincence 155
- S, /N 0’ - S, /N OH
|eSag Ty
CESIA CESIA-B2 o s a i Ho. a i 4.51 1208 Biolumincence 154
T~ T~ ™
CES1A CES1A-F1 Q: @:N\ "°d°‘ 12.18 93,070 304/488 170
0 s’
-0
CES1A CES1A-F2 o oM 2.1 59.7 530/595 22
o //t;;:g// " ct "ij ;—‘/ cl
CES1A CES1A-F3 olb o 2.9 0.117 505/560 156
FF
CES2A  CES2A-F1 M2 Ne NG 4.82 14600 483/525 171
N Z~CN
Lo}
CES2A  CES2A-F2 A 3.06 5084 560/612 172
L
. <)
WL
CES2A CES2A-F3 ,_i™, o e N.A. N.A. 452/564 173
0
"m/© OH
CES2A  CES2A-F4 Y©) ° o N.A. N.A. 346/528 174
)
e -
)
CES2A  CES2A-F5 | ot 8.58 34.87 430/542 24
CO O
HN\IOrCHZCI NH,
CES2A  CES2A-F6 p o £ o 1.92 204 600/662 23
© O 4 O N’ cl
CES2A  CES2A-F7 6.6 N.A. 548/605 175

(continued on next page)
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Table 1 (continued)

Enzyme No. Substrate Metabolite K, (umol/L) Vi (umol/min/mg)  Aex/Aem (nm) Ref.
CES2A CES2A-F8 [P ¥ et 3.48 0.027 414/560 162
G AEACS IO
0 ) ©
7, O
HO
CES2A CES2A-F9 2 [ 4.33 280.2 373/540 176
o N
N & N X
J 7

enhance the ICT process and result in red-shifted ratiometric or
off-on fluorescence response”’. Hence, most of optical probes for
CYPs are designed based on the dealkylation reaction (Fig. 2). In
general, O-dealkylation is a preferential reaction for CYP1A and
other CYPs rather than CYP3A4, while CYP3A4 has the
extraordinary ability to mediate the aromatic hydroxylation®.
Notably, the exception is the development of hydroxylation-based
fluorescent probe of CYP3A4 (CYP3A4-F1) recently reported by
Ning et al.’®. This probe was designed by introducing the alkyl
substituent groups to the non-reaction site of 1,8-naphthalimide,
resulting the aromatic hydroxylation reaction of CYP3A4-F1.

Overall, the highly selective probes are crucial for activity
sensing and screening of selective modulators of the target human
CYPs. Besides of ‘xenobiotic-metabolizing” enzymes in the
CYP1-3 families, ‘endobiotic-metabolizing’ CYPs are also getting
more and more attentions, since these enzymes are closely related
to the pathological conditions.

2.3.  Optical substrates for monoamine oxidases (MAOs)

Monoamine oxidases (MAOQs) are a family of mitochondrial-bound
enzymes with high expression levels in neuronal and gastro-
intestinal tissues. Two major isoforms: MAO-A and MAO-B have
attracted wide attention. These isoforms share over 70% sequence
similarity but differ in enzyme activity, substrate preference and

distribution. They catalyze the oxidative deamination of a range of
monoamines and have major roles in metabolizing released neu-
rotransmitters. Increasing evidences have shown that dysregulation
of MAO-A is related to depressive disorders and neuropsychiatric
illnesses, while irregular amounts of MAO-B contribute mainly to
neurodegenerative diseases. To better monitor the activity of MAOs,
many optical substrates, especially small-molecule fluorescent ones
(Table 3), are developed, which serve as powerful tools to visualize
MAQO:s in living cells and even organisms.

Currently, most of reported MAO substrates were designed on
the basis of tandem amine oxidation/(-elimination mechanism
(Fig. 3, type 1). The first reaction-based fluorescent substrate
(MAOs-F1) for MAOs, reported by the Silverman group in
1996, was based on amine oxidation followed by iminium in-
termediate hydrolysis. After that, they modified the sensing
scheme and developed a turn-on fluorescent substrate (MAOs-
F2) that underwent a sequence of oxidation and intramolecular
cyclization by MAOs*'. On this basis, Chang and co-workers**
developed a substrate-tethered activity substrate (MAOs-F3) by
utilizing a tandem amine oxidation/(-elimination mechanism to
detect MAOSs activity in vitro and in living cells directly and
specifically without the need of additional enzymes or other
activating reagents. Subsequently, a large number of fluorescent
dyes were applied to improve the selectivity and sensitivity of
detection. Aw et al.*’ chose 2-(2'-hydroxy-5'-chlorophenyl)-6-

Type 1

Fluorophores Cleavable

/ linker
Large acyl groups o
Small alcohol groups

l CES1A

CES1A-F2

CES1A-B2

Type 2

Fluorophores Cleavable

X linker

/;
Large alcohol groups O Small acyl groups

X=0orN ‘ CES2A
\J

D

o H O
TBU /\/N‘S”
O N._0O N &
Q ’
cO
HN Cl
g o
(o]
CES2A-F3 CES2A-F8

Figure 1

Design strategy for constructing CES optical substrates and the representative optical substrates.
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Table 2  Reported optical substrates for human CYPs.
Target enzyme No. Substrate Metabolite K or Sso (WmoOl/L) Viax oF Koot Aex (NnM)/Aey, (nm) Ref.
CYP1A1 CYP1A1-F1 m\_\ 9 o 0.84 18.99* 450/562 30
o O :_R HOZ_R
CYP1A1-F2 _{)0 v~ 9 0.29 5.54° 470/525 35
N N
O K0
CYP1AI1-F3 ’:i coou ’:f cooh 11,99 17.44* 450/564 153
CYP1A1-F4 N s N.A. N.A. 458/552 177
OH ~"SoH
2% X
o HO'
CYP1A1-F5 o . o . N.A. N.A. 446/550 178
NNAO NSO,
o on % - on
)O\ HO’
CYP1A1-F6 O N.A. N.A. 555/673 179
200 PUUIEEE. 200 o8
CYP1AI1-F7 A N 2.80 18.2% 530/590 180
L0 LI,
CYP1A1-F8 N N 0.278 9.17% 540/590 33
OKIOKELN. AL,
CYP1A1-F9 ~° Ho 00 1.2 24.2% 409/460 34
CYP1A2 CYP1A2-F1 ﬁ coou ° gooH Q8 32.06" 450/564 153
N-
HO-
Wa
CYP1A2-F2 . N N.A. N.A. 458/552 177
‘f NSO o % oH
CYP1A2-F3 3.0 0.23% 530/590 180
CYP1A2-F4 \/0\@0;/( Ho 0.0 1.14 7.13% 409/460 34
X, T,
CYP1A2-F5 OO 0.0 Eo 020 11 21.0¢ 415/460 181
CYP1A2-F6 SFs CFs 4.1 11.1% 410/510 182
=5 X
©/\o 0" S0 Ho/@ilo
CYPI1B1 CYPI1BI1-F1 QEN:Q\ 46[,“]@\ 1.0 1.33% 530/590 180
o 0 o™ o ) OH
CYP2A6 CYP2A6-F1 °m %CJZ)/OH 2.1 0.79° 390/460 34
X NS
CYP2B6 CYP2B6-Fl1 CF3 CFs 8.5 14.0* 409/530 38
A S
/\omo Homo
CYP2B6-F2 CFs CFs 6.79 6.48" 409/530 34
A S
CYP2B6-F3 @\/ "k@i’ﬁ 52 66.0° 415/460 181
0O 0.0 A
CYP2B6-F4 /@:"n /@"m 0.73 0.80° 550/590 181
©/\c/\o o 0 HO" 0 0
CYP2C8 CYP2C8-F1 ° O Ho. O 0. ‘ o 3.6 2.10 © 490/520 181
é 7 OH
s
CYP2C9 CYP2C9-Fl1 @\/ Ho 0.0 43 2.10¢ 425/460 181
y <o d
CYP2C9-F2 O Ho. o o 4.5 4.50° 490/520 181
(5 ? ® /H
G
CYP2C9-F3 v“trﬁ 54.7 0.56" 409/530 34

(continued on next page)
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Table 2 (continued)

Target enzyme No. Substrate Metabolite K, or Sso (WMOI/L) Viax OF Keyy  Aex (nm)/Ac, (nm) Ref.
CYP2C19 CYP2C19-F1 O 020 Ho. 0.0 9.11 0.84* 409/460 34
CYP2C19-F2 oo 00 Ho 00 16.6 5.70¢ 415/460 181
CYP2C19-F3 o @ aL i @ ol 1.14 0.01° 485/530 31
O °
SN SN
CYP2D6 CYP2D6-F1 ilih [Tk 11.5 2.81° 390/460 183
S
\o@o HO’ 0”0
CYP2D6-F2 N, Y QHIQ,_/ 4.81 6.19° 390/460 34
S N- N N-
\o o 0 HO' '0” S0 !
CYP2D6-F3 §Fs CFs 5.0 0.60° 405/490 181
A N
oI L,
CYP2E1 CYP2EI1-F1 OO O (=2 00 22 2.10* 415/460 184
CYP2J2 CYP2J2-F1 4.2 0.44¢ 656/718 185
CYP2J2-F2 N.A. N.A. 555/673 186
CYP3A CYP3A-F1 89 for 3A4 10.0° for 3A4 415/460 187
N.A. for 3A5 N.A. for 3A5
CYP3A-F2 7.8° for 3A4 16.0° for 3A4 490/520 187
N.A. for 3A5 N.A. for 3A5
CYP3A-F3 1.03 for 3A4 0.55 for 3A4 490/520 34
2.17 for 3A5 1.28 for 3A5
CYP3A4 CYP3A4-F1 o 0 59.8 2.18* 450/558 36
oy gt
O Y HO:- O S
CYP3A4-F2 @\/ "°a"j 70 3.39° 420/530 37
0. 1} _
|00
CYP3A4-F3 CFs e 26 61.2° 410/510 182
S A
©/\0/©:>Lo Homo
CYP3A4-F4 0. 0. 0 Ho. 0. 0 7.8 1.6 490/520 187
290 e 0
é 0—\0 OH
O o O e]
CYP3A4-F5 NS NS 1.4 1.1 550/590 181
CYP3A4-F6 e e 4.6 0.02" 410/510 37
CF, A )
@’\omo Homo
CFy
CYP1Al Luciferin-1A1 (°'/©:~\ N 3.0 N.A. 560 188
— D=
CYP1A2 Luciferin-1A2 /CEN\ ., /@[N\ _ 6.0 N.A. 560 188
o s’ "o s> o
CYP2B6 Luciferin-2B6 3.0 N.A. 560 189
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Table 2 (continued)

Target enzyme No.

Substrate

Metabolite

K, or Sso (WMOI/L) Viax OF Keye  Aex (nM)/Ay, (nm) Ref.

CYP2C9

CYP2C19

CYP2D6

CYP2J2

CYP3A4

CYP3A7

CYP4A11

CYP4F3B

CYP4F12

Luciferin-H

Luciferin-H EGE

Co<r
N

o

Luciferin-ME EGE /Jou

Luciferin-IPA HO\Q
/N

Luciferin-3A7 OIOH

Luciferin-4A OIOH

Luciferin-4F2/3 ion

Luciferin-4F12 °/§ou
1)\

100 N.A. 560
10 N.A. 560
30 N.A. 560
1.0 N.A. 560
3.0 N.A. 560
33° N.A. 560
80 N.A. 560
~10° N.A. 560
10 N.A. 560

188

189

189

188

188

188

188

188

188

NA.: not available or not assayed.
#Vmax values were in nmol/min/nmol P450 for CYP enzymes.

bV,mm values were in nmol/min/mg human liver microsome.
c e
keat OF Vinax values were in min~ .

1

9V max values were in nmol/min/mg CYP2J2; A.: excitation wavelength; A..,: emission wavelength.
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Type 1 (fluorogenic probes)
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Figure 2

chloro-4-(3H)-quinazolinone (HPQ) as fluorescent reporters, and
HPQ fluorophores are alkylated with aminopropyl groups
(MAOs-F4) for MAO enzymatic reactions. Upon addition of
MADO, the amine oxidation and subsequent $-elimination lead to
the release of acrolein and a green fluorescent product, HPQ,
thus allowing a direct and effective detection of MAOs activity
in vitro and living cells. Other fluorophores including coumarin
(MAOs-F5)** and fluorescein (MAOs-F6)* were also applied for
sensing MAOs activity in complex system, these activity-based
substrates displayed great advantage in cell imaging of mono-
amine oxidases. Fluorescent substrates with emission wave-
length in NIR region (>650 nm) have a great advantage in
avoiding interference from biological matrix autofluorescence,
minimizing photo-damage to biological samples, and penetrating
relatively deeper tissues. Inspired by these advantages, Li
et al.*®, developed the first red emission fluorescent substrates
(MAOs-F7) for the detection of MAOs with high sensitivity
(LOD = 1.2 pg/mL), large Stokes shift (227 nm), solid-state
fluorescence and excellent imaging ability in sensing MAOs in
living cells. For the activation strategy described previously,
fluorescence is produced by directly cleavage of the masking
group to generate a fluorescent signal. But it limits this reaction
only to the fluorophores containing —OH groups. Hence, many
other types of MAOs fluorescent substrates were further devel-
oped by chemists based on cascade reactions. Chen et al.*'
designed and synthesized a novel fluorogenic substrate (MAOs-
F2) for MAOs on the basis of the oxidation—intramolecular
cyclization cascade sequence. Later, Kim et al.*’ designed a
selective MAO substrate according to another cascade reaction
(MAOs-F8). In brief, after hydrolysis of aliphatic amine, intra-
molecular nucleophilic attack of the phenolic oxygen on the
electron withdrawing group results in the cyclized and highly
fluorescent compound IminoPOS. Qin et al.*® reported a similar
reaction (MAO-B-F1) for MAO detection by using coumarin and
carboxylic acid as the electron withdrawing group. Upon MAO-

Design strategies for constructing CYP substrates and the representative optical substrates.

B treatment, the re-exposed oxygen anion will attack the nearest
carbonyl carbon atom, leading to the formation of the fluorescent
product and the emission of fluorescent signals. Some chemists
used carbamate group as a linker between fluorophore and
sensing group (propylamine) (MAO-B-F2, F3)* after
metabolized by MAO, the carbamate group would automatically
hydrolyze to produce the turn-on fluorescent dye (Fig. 3, type 2).

Unlike most reported MAO probes based on oxidation/S-
elimination, Long et al.”* designed and developed a new class of
fluorogenic substrates based on monoamine oxidase-triggered
oxidative C—O bond cleavage. Fluorophores were conjugated
with N-alkylated tetrahydropyridine moiety as recognition group,
upon «-carbon oxidation on the group to form the corresponding
dihydropyridinium intermediate, which was rapidly hydrolyzed to
yield an aminoenone byproduct, liberating the free fluorophore
(Fig. 3, type 3). According to the above mechanism, their team
used some other simple fluorophores and successfully developed
several MAOs specific fluorescent probes (MAOs-F9, F10, MAO-
B-F4)°!52,

Notably, the development of highly selective substrates for
sensing MAO-A is extremely challenging. Previously reported
fluorescent substrates for MAO are only suitable for sensing either
MAO-B or the total activity levels of the two major MAO iso-
forms, and fluorescent substrates for highly-selective sensing
MAO-A are still lacking. Ma and his team’® reported two new
ratiometric fluorescence substrates for highly selective sensing
MAO-A rather than MAO-B with high sensitivity. The substrates
were designed by combining a recognition group of propylamine
with the fluorescent skeleton of 1,8-naphthalimide, and the
sensing mechanism is based on amine oxidation and §-elimination
to liberate the fluorophore (4-hydroxy-N-butyl-1,8-
naphthalimide). The two substrates showed an outstanding ratio-
metric fluorescence response for MAO-A but not MAO-B, indi-
cating their superior ability to distinguish MAO-A from MAO-B.
Moreover, substrate 1 (MAO-A-F1), displaying higher sensitivity
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Table 3  Reported optical substrates for human MAOs.
Enzyme No. Substrate Metabolite K., (umol/L) Vinax OF Kot Aex/Aem (nm)  Ref.
MAOs MAOs-F1 5"/&»"“ N 218 Ke = 725 S™ 343/393 40
: o
OCH; @’:\/\
MAOs MAOs-F2 HN N H ~ 510 for MAO-B; 31 for K..=035S"! 335/524 41
qu«mo \ o MAO-A Keo=0.0083 7
MAOs MAOs-F3 o 2 MRI1: 7.6 mmol/L for N.A. 550/583 42
o ,é oé MAO A, 1.8 mmol/L for
/@;‘ @,L MAO B MR2:
o "o 6.3 mmol/L for MAO-A,
3.4 mmol/L for MAO-B
HN R=Me, MR1
R R=H, MR2
MAOs MAOsF4 3 L 146.1£7.21 for MAO-A; Ko = 0.16 S for  360/530 43
\@él/j Cﬁﬂj@ 106.8 +5.06 for MAO-B  MAO-A; 0.14 S for
HNT~No o MAO-B
MAOs MAOs-F5 SCES OCH; N.A. N.A. 345/465 44
3 O o O
)@ a \
& '8
HO
H;Nf
MAOs MAOs-F6 4 o Substratel: 11.4 for N.A. 470/535 45
. S e MAO-A, 7.7 for MAO-
o O O B; Substrate2: 8.9 for
o COOCH; o MAO-A, 6.8 for
O O k MAO-B; Substrate3:
i 20.6 for MAO-A, 11.4
D robes: e oHicaH’ for MAO-B; Substrate4:
probe3: R= -CH,C,H ez R SR
probed: R= -CH,CgHs 11.4 for MAO—A, 10.5
for MAO-B
MAOs MAOs-F7 N.A. N.A. 420/664 46
MAOs MAOs-F8 68+8 for MAO-A; 74 6 N.A. 448/585 47
for MAO-B
MAOs MAOs-F9 Substratel: 257.9 for N.A. 470/515 190
MAOA, 47.1 for
MAOB; Substrate?2:
236.8 for MAOA, 43.9
for MAOB; Substrate3:
217.0 for MAOA, 42.9
:::::i; Re c:ﬁ:s probe 4: R= -CH,CgHs for MAOB; Substrate4:
246.2 for MAOA, 44.6
for MAOB
MAOs MAOs-F10 Substratel: 647.2 for N.A. 475/570 52
MAO-A, 157.1 for
MAO-B; Substrate2:
82.1 for MAO-A, 13.8
SO for MAO-B
MAO-A MAO-A-FI K( N.A. N.A. 425/550 53
it
MAO-A MAO-A-F2 (’I H/,/ N.A. N.A. 425/550 54

By

(continued on next page)
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Table 3 (continued)

Enzyme No. Substrate Metabolite K., (umol/L) Vinax O Keat Aex/Aem (nm) Ref.
MAO-A MAO-A-F3 2.9 N.A. 550/586 55
MAO-A MAO-A-F4 45 N.A. 530/675 56
MAO-A MAO-A-F5 N, 11.96 Vinax = 0.42 430/618 58
nmol/min/mg
Y,
_N\
MAO-B MAO-B-F1 g N.A. N.A. 375/456 48
S8 St
MAO-B MAO-B-F2 OO i 8.33 Ko = 0.0051 S7' 304/449 49
: I
MAO-B MAO-B-F3 10.13 Vinax=3.55 650/750 50
nmol/min/mg 730/803
MAO-B MAO-B-F4 (jﬂ Osp° 59.63 Vinax= 1.42 360/460 51
- 7 nmol/min/mg

than substrate 2, has been applied to imaging the activity of
endogenous MAO-A in different cell lines successfully. Meng
et al.”* further modified the fluorophore and constructed a new two
photon fluorescent substrate for MAO-A (MAO-A-F2) with high
reaction speed and good temperature stability, and this probe was
successfully used to image this enzyme in living cell and zebra-
fish. Additionally, they proposed a new design strategy for a

specific fluorescent substrate for MAO-A by applying the char-
acteristic structure of the enzymatic inhibitor with propylamine as
a recognition group (Fig. 3, type 4)™. The high specificity of the
representative substrate (MAO-A-F3) is demonstrated by sensing
MAO-A in different living cells such as SH-SYSY (high level of
MAO-A) and HepG2 (high level of MAO-B), as further validated
by both control substrate and Western blot analyses. The use of the

Type 1

X
(R4, R, =H or CHj; X O or N)

AN R1 MAOs

[O\ /\/\N R' —

o
-~ °~'I‘JLO/\/\NH2 L L O,N\

Intramolecular
-
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OH
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&
\b‘?' Intramolecular
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N\/\,O
”j |S© @ GEEITPNR
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0”0
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@ _.Q,
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/N Z
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Figure 3

Design strategies for constructing the fluorescent substrates for MAOs and the representative probes.
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characteristic structure of an inhibitor may serve as a general
strategy to design a specific recognition moiety of fluorescent
substrates for an enzyme. Yang et al.’® chose DCM as near-
infrared fluorophores and designed a near-infrared fluorescent
substrate (MAO-A-F4) based on inhibitor (clorgyline) structure-
guided for the specific detection of MAO-A in cells and in vivo.

Some chemists have also begun to explore the functions of
enzymes in subcellular organelles and their role in the occurrence
and development of diseases. Kim et al.’” devised a two-photon
substrate for highly selective targeting and sensing the MAO-A
in prostate cancer, and this probe showed efficiency to visualize
MAO-A in living cells and inhibit their growth and metastasis
potential. Fang et al.”® reported the first MAO-A-specific two-
photon fluorogenic substrate (MAO-A-FS), capable of selective
and sensitive imaging of endogenous MAO-A activities in MAO-
A expressing neuronal SY-SYSY cells, the brain of tumor-bearing
mice and human glioma tissues by using two-photon fluorescence
microscopy (TPFM) with high resolution.

2.4.  Optical probes for aldehyde dehydrogenases (ALDHs)

Aldehyde dehydrogenases (ALDHs) are a series of evolutionarily
conserved enzymes with pyridine nucleotide-dependent oxidore-
ductase activity, which performs a variety of critical cellular
processes. There are currently 19 known members of the ALDH
superfamily, among which ALDH1A1 and ALDH2 are the more
commonly studied ALDH isoenzymes in mammals. ALDH1A1 is
a cytosolic enzyme responsible for the oxidation of retinal to
retinoic acid, which is essential for normal development and
physiological homeostasis. ALDH2 is mainly mitochondrial
acetaldehyde dehydrogenase and plays a major role in an organ-
ism’s survival when exposed to various hazards. For the past few
decades, ALDH has been studied as a potential universal marker
for normal and cancer stem cells, many methods have been made
to identify and isolate viable, functionally active ALDH pos cells
to effectively study the function of ALDH.

The previous commonly used method to study ALDH activity
is to monitor NADH production through changes in absorption or
fluorescence. However, this assay is lack of sensitive or specific
for ALDH, because NADH fluorescence assays can be used for
any enzyme that consumes or creates NADH. In order to provide
an alternative approach for selective detecting ALDH activity,
more and more researchers tend to design specific optical probes
based on the catalytic properties of ALDH itself (Fig. 4, Table 4).

ALDH1-B1

ALDHs-F2

Figure 4  Design strategy for constructing the fluorescent substrates
for ALDHs and the representative probes.

Jacek Wierzchowski et al.”” identified 7-methoxy-I-naph-
thaldehyde as a fluorogenic synthetic substrate (ALDHs-F1) for
human “low K,” aldehyde dehydrogenase (ALDH) isozymes.
Oxidation of the naphthaldehyde by ALDH and NAD™ leads to a
highly fluorescent naphthoate, which can be detected and quan-
tified selectively on the basis of its unique spectral characteristics.
The sensitivity of the proposed ALDH assay is sufficient to
measure the catalytic activity of the enzyme in diluted blood ly-
sates without any pre-purification by a continuous method. Later,
they found similar structure 6-methoxy-2-naphthaldehyde was
selective oxidized by class III ALDH present in human saliva®.

The currently available commercial assay for identifying
ALDH bright cells (cells with high ALDH activity) is based on
enzymatic hydrolysis of a fluorescent substrate ALDEFLUOR
(ALDHs-F2) to produce green fluorescence®’. This assay is highly
sensitive, reproducible, nontoxic, and easy to conduct, and has
been used for sensing ALDH activity levels in multiple biological
systems. Minn et al.°” described a new red-shifted fluorescent
ALDH substrate (AldeRed-588-A) (ALDHs-F3) to overcome the
limitations of green fluorescence emission of ALDEFLUORTM
reagent. To improve the probe selectivity and minimize leakage of
the metabolized probe molecule, Atsushi Yagishita et al.®’
selected a more hydrophilic fluorophore, TokyoGreen (TG) to
develop ALDH3A1-specific fluorescent probes (ALDH3A1-F1)
through a series of experimental screening. This probe enabled the
visualization of ALDH3A1-positive cells by fluorescence micro-
scopy as well as isolation of ALDH3A 1-positive viable cells from
a human Caucasian esophageal squamous cell line (OE21) that
heterogeneously expresses ALDH3A1 by flow cytometry. Thanks
to the development of these probes, the study of ALDH function
and related diseases has been greatly progressed. However, these
fluorogenic substrates still suffer from major drawbacks. For
example, BODIPY-aminoacetaldehyde (BAAA) is equally fluo-
rescent compared to its turned-over carboxylate product, cancer
stem cells are identified based on their ability to retain the BAAA
product relative to the un-activated probe using efflux pump in-
hibitors. In addition, BAAA exhibits cross reactivity with several
ALDH isoforms, which makes the interpretation of experimental
results challenging. To overcome these problems, Anorma et al.%®
have designed an activity-based sensing (ABS) probe for
ALDHI1ALI, termed as AlDeSense (ALDHI1-F1), which is based
on the photostable Pennsylvania Green dye platform and is
equipped with a pendant benzaldehyde moiety. AlDeSense ex-
hibits a 20-fold fluorescent enhancement when incubated with
ALDHIAL, and display excellent selectivity for ALDHIA1 over
other ALDH isoforms and common biological relevant species®’.
These excellent characteristics make it successful for monitoring
cancer stem cells plasticity in a tumor model of live mice. Using
the same design strategy, they subsequently developed a red-
shifted analog (red-AlDeSense) (ALDHI1-F2), a cell-permeable,
red-shifted activity-based sensor for ALDH1A1l based on the
TokyoMagenta dye platform®*.

Fluorescent probes are sometimes susceptible to spontaneous
fluorescence interference from biological matrices, in order to
provide an alternative approach for sensing ALDH activity, Sarah
J. Duellman® developed a bioluminescent assay (ALDHI-B1)
that provides many advantages over fluorogenic substrates,
including greater sensitivity and a lower false hit rate. The pro-
luciferin derivative that is converted from an acetal form to an
aldehyde through acid hydrolysis, and then the aldehyde moiety
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Table 4 Reported optical probes for human ALDHs.
Enzyme No. Substrate Metabolite K., (umol/L) Vimax  Aex/Aem (NM) Ref.
ALDHs ALDHs-F1 0.55 for ALDHI N.A.  330/390 60
ALDHs ALDHs-F2 N.A. N.A. 488/512 61
ALDHs ALDHs-F3 N.A. N.A. 493/560 62
ALDHI1 ALDHI-F1 N.A. N.A. 496/516 63
ALDH1 ALDHI1-F2 N.A. N.A. 594/614 64
ALDHI1/ALDH2 ALDHI-B1 . {"0 cod® 38 for ALDH1 N.A. Biolumincence 65
|
N.
a7 &
S
: <5
HO
ALDH3A1 ALDH3A1-F1 cHo co®  3.49 N.A. 494/516 61
L Ve
s 1
wd o
HO. 0 HO.
2L SUCh
0. 0.

on this molecule was converted by ALDH to a carboxylic acid to
form luciferin. This method is more sensitive and the signal sta-
bility provided allows convenient assay set-up in batch mode-
based high throughput screening.

2.5.  Optical probes for NAD(P)H quinone oxidoreductases
(NQOs)

NAD(P)H quinone oxidoreductase 1 (NQOI) is a kind of cyto-
flavin protease widely distributed in human body. It can catalyze a
two-electron reduction of multiple quinones to hydroquinone in a
manner dependent on NAD(P)H. Human NAD(P)H quinone
oxidoretase-1 (hNQO1) as an important metabolic enzyme plays
an important role in detoxification of endogenous quinone de-
rivatives, stabilization of metabolic function and regulation of
tumor suppressor (P53, P33) and plays a protective role in
oxidative stress. Thus, NQO1 has become a specific biomarker
and valuable target for early diagnosis.

Generally, NQOI1 activated fluorescent substrates were
designed basing on its property of quinone bio-reduction, where
the fluorescent probe combined with a quinone-based NQOI1
substrate as a trigger group to makes the fluorophore in a
quenched state (Fig. 5 and Table 5). The strong fluorescence of
these probes occurs when the quinone part is specifically activated

by NQOI. The “trimethyl lock” containing quinone propionic acid
(QPA) has been extensively used as a universal NQOI1 activated
trigger group because of its rapid and selective reduction by
NQOI1 to form hydroquinone analog, which underwent lactoni-
zation to release fluorescent probe (Fig. 5, type 1)°°. Conse-
quently, McCarley group and his team® ®° have developed
several QPA-based fluorescent substrates for highly selective im-
aging of NQOI in cancer cells (NQO1-F1-F3). Other fluorophores
include naphthalimide (NQOI1-F4,F11)"*"! acedan (NQOI-
F5,F6)'>"3, coumarin (NQO1-F7)"*, hemicyanine (NQOI1-
F8,F10)">7, cyanine 7 amine (NQO1-F9)”, 2-hydroxyphenyl
substituted benzimidazole (HBI)/benzoxazole (HBO)/benzothia-
zole (HBT) (NQOI-F12)”7, 2-dicyanomethylene-3-cyano-4,5,5-
trimethyl-2,5-dihydrofuran (TCF) (NQOI-F13)’%, dicyanoiso-
phorone (NQO1-F14)”°, and 7-nitro-2,1,3-benzoxadiazole (NBD)
(NQO1-F15)*° were also used in designing NQOs triggered sen-
sors. Some chemists add some self-leaving groups to the above
strategy, upon NQOs treatment, the linking group leaves and re-
leases the fluorescent group (Fig. 5, types 2 and 3, NQOI1
F16—F19)*'®* For example, Fei et al.** constructed a small
fluorescent probe NQO1-F16 by attaching an NQOs trigger (a
trimethyl-locked quinone propionic acid) to a 6-hydroxylphenol-
BODIPY platform through a p-aminobenzyl alcohol linker. After
treatment with NQOs, reductant-mediated conversion of the
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Figure 5

trimethyl-locked quinone to hydroquinone triggered lactonization
to release p-aminobenzyloxycarbonate, which then underwent
self-immolation to deliver the red fluorescent 6-hydroxylphenol-
BODIPY dye.

2.6.  Optical probes for epoxide hydrolases (EHs)

Epoxide hydrolases (EHs) have traditionally been regarded as
detoxifying enzymes for metabolizing highly active epoxides with
mutagenic and carcinogenic properties into less active corre-
sponding diols. Two distinct mammalian xenobiotic epoxide hy-
drolases are well known, a membrane-bound microsomal enzyme
(mEH) and the soluble one (sEH). To determine epoxide hydro-
lase activity, various methods such as liquid chromatography
(LC), gas chromatography (GC), or UV/Vis spectroscopic and
fluorophotometric are used.

Previously used assays determine the hydrolysis of epoxides by
monitoring only the decrease or increase of UV absorption, by
using substances such as 4-nitrophenyl (25,35)-2,3-epoxy-3-phe-
nylpropyl carbonate®, 1-naphtyl-trans-2,3-epoxyphenyl-propyl-
carbonate), 1,2-epoxy-1-(p-nitrophenyl)pentane, 1,2-epoxy-1-(2-
quinolyl)pentane®, 2-(4-chlorophenyl)oxirane (EHs-U1)*’, etc
Considering that this method is usually low in sensitivity, sus-
ceptible to interference from biological mechanisms, and poor
selectivity, it is currently of less use.

Generally, fluorophotometric based assays of EHs are based on
the changes in fluorescence spectra before and after the reaction.
In the past few decades, many teams have developed several
specific fluorescent substrates (summarized in Table 6) for
epoxide hydrolase activity detection and inhibitor screening based
on the ability of enzymes to hydrolyze epoxides. Jocelyne et al.®®
developed a new method to access the enantioselectivity (E) of
epoxide hydrolases by applying chiral fluorogenic probes (EHs-
F1). Hammock and his team devised a fluorogenic substrate for
mammalian sEH activity and inhibition studies, which is based on
the enzymatic hydrolysis of a readily synthesized (-epoxycar-
bonate (sEH-F1) that results in the production of a fluorescent

Design strategies for constructing the fluorescent substrates for NQOs and the representative probes.

aldehyde®”. Shen et al.” designed and synthesized a resorufin-
based fluorogenic substrate (mEH-F1), 7-(2-(oxiran-2-yl)ethoxy)
resorufin, which was hydrolyzed by microsomal epoxide hydro-
lase to form the corresponding diol, which upon further treatment
with sodium periodate and liberated the strongly fluorescent
resorufin. The probe displays good biological compatibility and
favorable photophysical properties, such as high quantum yield
and a wide working pH range. Christophe Morisseau’' developed
a series of absorbent and fluorescent substrates, and found that
cyano (6-methoxy-naphthalen-2-yl)methyl glycidyl carbonate
(mEH-F2,F3) displayed the highest activity towards eEH. The
new fluorescence-based assay was also successfully applied for
the discovery of structure—activity relationships among mEH in-
hibitors. At present, the research and development of EHs optical
probes is still in its infancy. Most probe reactions require two or
more reaction steps, which is cumbersome to operate. In the
future, it is necessary to develop a one-step reaction with high
sensitivity for the study of EHs functions.

3. Optical substrates for phase II drug metabolizing
enzymes

3.1.  Optical substrates for uridine-diphosphate
glucuronosyltransferases (UGTs)

Uridine-diphosphate (UDP) glucuronosyltransferases (UGTs; EC
2.4.1.17) superfamily is one of the most important phase II drug
metabolizing enzymes which catalyze the covalent addition of glu-
curonic acid from the sugar donor UDP-glucuronic acid (UDPGA) to
a wide range of lipophilic substances that contain a suitable acceptor
functional group, such as hydroxyl, carboxyl, carbonyl, sulfuryl, and
amine groups. In human, UGT superfamily is classified into four
major families: UGT1, 2, 3 and 8, of which the UGT1 and 2 families
being most important for glucuronidation reactions. The substrate
spectra of human UGT enzymes (particularly UGT1A members) are
highly overlapped to each other’”* *>. Accumulating evidence in-
dicates that UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A9,
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Table 5 Reported optical probes for human NQOs.
Enzyme No. Substrate Metabolite K (nmol/L)  Viax (pmol/min/mg) Aex/Aem (nm)  Ref.

NQO1 NQOI-F1 23.7 2.14 485/520 67
NQO1 NQOI-F2 13.9 3.14 585/624 68
NQO1 NQOI1-F3 3.77 0.24 374/490 69
NQOI1 NQOI1-F4 2.17+0.46 4.01 410/540 191
NQOl NQOI-F5 14.6 Vinax=0.9 umol/min/L 360/502 72
NQO1 NQOI-F6 10.68 0.962 400/520 73
NQO1 NQOI-F7 5.06 + 1.31 101.5 360/450 74
NQOI NQOI-F8 N.A. N.A. 670/710 75
NQOl1 NQOI-F9 1.42 +0.18 1.89 730/800 75
NQO1 NQOI-F10 a ) 3.73 1.22 680/704 76

,///N\ ,/rl;l\

038 N o. 0. OH O3§ N 0. OH
COT Y SO0
OH
NQO1 NQOI1-F11 o o 1.80 + 0.37 0.267 345/540 70
speet speet
0;/"\) oo OH o NS 2 OH
Oy N_O Oy N _O
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Table 5 (continued)

Enzyme No. Substrate Metabolite K (umol/L)  Viax (Lmol/min/mg) AexlAem (nm)  Ref.
NQOI NQOI-F12 ™ 3.79 Vinax=0.126 pmol/min/L.  397/600 77
HO — N
gs;
S
NQOlI NQOI-F13 o N.A. N.A. 444/561 78
VAR 1_cN
HO NC s
NQO1 NQOI-F14 33.82 + 0.45 0.00419 460/646 79
o o O X \ CN § \ CN
W” " HoN & N
o
NQOI1 NQOI1-F15 NOz NO, 6.82 197.76 470/550 80
o 2
N N bl
¢J )
o
NQOI1 NQO-F16 o 6.77 Vinax=0.043 pmoL/min/L  510/585 84
I‘ﬁf(i /©/\o)l\o < LS
NQOI NQOI-F17 H/ 10.4 0.00225 440/525 83
Oy N O o Oy N _O
PP e
HN\go\/@/ [} [} Z
NQOI NQOI-F18 / TP Q 1.1 £ 0.5 0.31 606/755 82
ol s NP 220
; ; 2T
NH,
NQOI NQOI-FI9 Y Q SN N.A. N.A. 435/490 192
HOOCI CN
o
Table 6 Reported optical probes for human EHs.
Enzyme No. Substrate Metabolite K., (umol/L) Viax (Wmol/min/mg) Aex/Aem (nM) Ref.

0.38 9.71 UV 290 nm 87

EHs EHs-Ul : Ho 9
Cl

EHs EHs-F1 > N.A. N.A. 360/460 88

O,

I~

sEH sEH-F1 N.A. 2689 330/465 89

~

H
ore
Cl
o o
oJLo 0 H
mEH mEH-F1 0 o 0. o 3.31 0.07 540/585 90
I jee ey
oy
CNj.L H
Ly OO
Joo!
oo 0

mEH mEH-F2 12.0 20 330/465 91

mEH mEH-F3 3.8 42 355/450 91

z 0
oo oJLo’w
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UGT2B7, UGT2B10, and UGT2B15 play crucial roles in hepatic
glucuronidation of xenobiotics, whereas intestinal UGT1A10 plays a
pivotal role in pre-systemic clearance.

Over the past decade, considerable progress has been made in
the design and development of optical substrates for several UGT
isoforms including UGT1A1 (Table 7). The fluorescent substrates
originally used for human UGTs are typical “on-off” fluorescent
probes, which usually use a phenolic fluorophore as a substrate
and the fluorescence signals will be turned off after glucur-
onidation. Many reported fluorescent substrates are lack of spec-
ificity, which can be metabolized by multiple UGT isoforms, for
example 7-hydroxy-4-trifluoromethylcoumarin (HFC) (UGTs-
Fl)% and 1-naphthol (UGTs-F2)°7’(’X. Terai et al.”” have reported a
series of “on-off” fluorescent substrates (UGT1Al1-F1) for
UGT1AL1 based on the mechanism of donor-excited photoinduced
electron transfer (d-PET) using TokyoGreen as the fluorophores.
More recently, Juvonen et al.'” designed and developed several
highly specific and sensitive fluorescent probes (UGT1A10-F1-
F4) for UGT1A10 by applying molecular docking simulations
and phenotypic screening. Though these “on-off” fluorescent
probes are applicable for high throughput screening of potential
inhibitors using recombinant UGTs, they are not conducive to the
sensitive and accurate determination of the corresponding glucu-
ronides in complex biological samples.

To overcome the limitation of “on-off” fluorescent probes,
several groups are dedicated to the development of “turn on” or
ratiometric fluorescent substrates for monitoring human UGTs.
Recently, our group also designed a universal fluorescent probe
(UGTs-F3) of UGTs and developed a fluorescence-based micro-
plate assay to simultaneously determine the inhibitory effects of the
tested compound(s) on ten human UGT isoforms'?". To obtain an
UGT1Al-specific probe, we designed a panel of UGTs potential
fluorescent substrates based on enzymatic characteristics and its
substrate preference. By phenotypic screening, we found N-3-
carboxy propyl-4-hydroxy-1,8-naphthalimide (NCHN, UGT1A1-
F2) displayed the best combination of selectivity, sensitivity and
ratiometric fluorescence response following UGT1Al-catalyzed
glucuronidation'®?. However, the affinity of NCHN for UGT1A1
is very low, and the binding site of NCHN on UGT1ALl is distinct
from that of bilirubin. We further modified the fluorophore 4-
hydroxy-1,8-naphthalimide (HN), and subsequently developed a
practical and high-affinity fluorescent substrate (N-butyl-4-(4-
hydroxyphenyl)-1,8-naphthalimide, NHPN, UGT1A1-F3) for
UGT1AL1. NHPN displayed good reactivity and very high affinity
for human UGT1Al (K, = 0.7 umol/L), and could bind on
UGT1AL at the same ligand-binding site as bilirubin, which could
serve as a good surrogate for bilirubin'®>. Guided by the
structure—activity relationships, Kim et al.'®* reported a fluorescent
probe (UGT1A7c-F1) to detect mouse UGT1A7c activity which
was the only member enriched in microglia. This substrate was used
as a practical tool for labeling microglia in both cell cultures and
live rodent brains, and be used to identify microglia in neural dis-
orders. Recently, Feng et al.'” developed a red emission fluorescent
substrate (UGT1A8-F1) for highly selective sensing UGT1AS in
living cells and cancer tissue. Later, they propose a novel “molec-
ular-splicing strategy” to construct enzyme-activated fluorescent
probes and designed a highly selective NIR fluorescent probe
(UGT1A1-F4) for UGT1A1'%. This fluorescent substrate has been
successfully used for sensing UGT1A1 in complex systems, and has
been applied for monitoring the bile excretion function in living
cells and animal models.

3.2.  Optical substrates for catechol-O-methyltransferase
(COMT)

Catechol-O-methyltransferases (COMT, EC 2.1.1.6) are a class of
Mg>" dependent conjugative enzymes that catalyze the transfer of
a methyl group from common methyl donor S-adenosyl-L-
methionine (AdoMet or SAM) to one of hydroxyl groups of
catechol substrates. COMT plays an important role in the
biotransformation of a wide range of endogenous compounds
(such as dopamine, noradrenaline, and adrenaline) and exogenous
compounds (such as protocatechuic acid, caffeic acid, 5,6-
dihydroxyindoles, and flavonoids). Two forms of COMT are
found in tissues, a soluble form (S-COMT) and a membrane-
bound form (MB-COMT). Previously, several colorimetric sub-
strates such as epinephrine (E, COMT-F1)!'?’, nitrocatechol (NC,
COMT-F2)'%, and 3,4-dihydroxyacetophenone (DHAP, COMT-
F3)'% have been used to study COMT activity and inhibitors. The
development of COMT fluorescent probes is very challenging,
mainly because the addition of a methyl group to the hydroxyl
group of the fluorophore usually does not change the fluorescence
spectrum. In the past, many fluorescent substrates of COMT, for
example, norepinephrine (NE, COMT-F4)''°, dopamine (DA,
COMT-F5)'", 3 4-dihydroxybenzaldehyde (DHBAd, COMT-
F6)''?, 2-(3,4-dihydroxyphenyl) naptho-[1,2-d]-thiazole (DNT,
COMT-F7)'"%,  5,6-dihydroxyindole-2-carboxylic acid  (5,6-
DHI2C, COMT-F8)''*, need to be separated from the products
by liquid chromatography to achieve enzyme activity detec-
tion''"”""". Up to now, only two specific fluorescent probes
(COMT-F9 and COMT-F10) (Table 8) have been reported for
highly selective sensing catechol-O-methyltransferase activities in
living cells and tissues' >0, Notably, 3-(benzo[d]thiazol-2-yl)-
7,8-dihydroxy-2H-chromen-2-one (3-BTD, COMT-F10) was a
practical two-photon fluorescent substrate for mammalian COMT,
and this agent was successfully applied for two-photon imaging of
COMT in living cells and tissue slices with high resolution. This
fluorescent probe was rationally designed on the basis of the
region-selective 8-O-methylation of 7,8-dihydroxycoumarin by
human COMT and the beneficial effect of the introduction of
electron-withdrawing groups at the C-3 site of courmarin on its
fluorescence properties.

3.3.  Optical substrates for sulfotransferases (SULTs)

Sulfotransferases are an important class of enzymes that are
responsible for catalyzing the transfer of sulfo groups from a
donor (for example 3’-phosphoadenosine 5’-phosphosulfate
(PAPS)) to an acceptor (such as the amino or hydroxyl groups of a
small molecule, xenobiotic, carbohydrate, or peptide). These en-
zymes are important targets in the design of novel therapeutics for
treatment of a variety of diseases. Similar to COMT, the develop-
ment of highly selective fluorescent probes for SULT's also has great
challenges in both molecular design and imaging applications. So
far, very few of fluorescent substrates for SULTs (Table 9) have
been reported''’ "', Unfortunately, these fluorescent substrates
display poor selectivity and emit short emission wavelength, so
these agents cannot be used for sensing target enzyme in living
systems or in vivo. Recently, a specific fluorescent probe for SULT1
was designed by modifying 3-hydroxy-1,8-naphthalimide and be
used for sensing SULT] activity in living cells'*’. In future, solid
works are needed to develop more practical fluorescent probes for
these conjugative enzymes.
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Table 7 Reported optical probes for human UGTs.
Enzyme No. Substrate Metabolite K., (umol/L) Vimax (Wmol/min/mg) AexlAem (nm)  Ref.
or Kea
UGTs UGTs-F1 SFs §Fs 260 for UGT1A6; 8.0 0.052 for UGT1AG6; 364/498 96
. ,@f\l )@Ei for UGTIAT; 28 for  0.0027 for UGT1AT;
UGT1A10; 4.5 for 0.0108 for UGT1A10;
UGT2A1 0.0062 for UGT2A1
UGTs UGTs-F2 o P 3.1 for UGT1AG6; 87 0.0196 for UGT1A6;  290/330 97
for UGT1AS8; 2.0 for  0.001 for UGT1AS;
UGT1A10 0.0013
UGTs UGTs-F3 @ (Fé N.A. N.A. 360/450 101
OH O. Glu
UGT1A10 UGTI1A10-F1 'R N 34 16.4 405/460 100
HO' 0" ~o Glu-0 O 0”0
UGT1A10 UGT1A10-F2 N,:N FN> 7.0 5.3 405/460 100
S ‘N/ S N‘N’
HO’(D\/OIO qmo
Glu
UGT1A10 UGTI1A10-F3 0 o O il 2.2 5.9 405/460 100
HO O oo o O o\ 0
Glu
UGT1A10 UGTI1A10-F4 O 39 224 405/460 100
: ge
UGTI1A1 UGT1A1-F1 2.7 for UGT1Al Vinax = 0.966 N.A. 99
pwmol/min/L
UGT1Al UGT1A1-F2 126.7 1303 450/564 102
362/450
UGTI1A1 UGT1A1-F3 0.7 561 370/520 103
UGTIAl  UGTIAL-F4 NA. N.A. 670/720 106
UGT1A7c UGT1A7c-F1 N.A. N.A. 544/612 104
UGT1A8 UGT1A8-F1 1.35 N.A. 500/580 193
3.4.  Optical substrates for N-acetyltransferases (NATs) hydrazine. They play an important role in the detoxification and

Aromatic amine N-acetyltransferases (NATs, EC 2.3.1.5) are
phase II enzymes, which physiological function is to transfer the
acetyl group on acetyl-CoA to the N atom or O atom of aromatic
amines/hydrazine/aromatic hydroxylamine/and aromatic

biotransformation reactions of carcinogens, as well as the effects
of some arylamine and hydrazine-containing drugs, which should
be considered carefully in clinical practices. Two NATs, NAT1
and NAT?2, are commonly expressed in human liver and intestine.
Dysfunction of NATsS is not only closely related to diseases but
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Table 8 Reported optical probes for mammalian COMT.
Enzyme No. Substrate Metabolite K., (umol/L) Vinax (umol/min/mg) Aex/ Aem (NM) Ref.
COMT COMT-F1 OH o OH N.A. 0.0924x107° N.A. 107
H;COD/k/N\ Hscoij)\/N\
HO HO'
COMT COMT-F2 HO, NO, Hic® NO, 142 N.A. N.A. 108
COMT COMT-F3 o (4 o o 8.04 N.A. N.A. 109
HDID)k R20©)J\
R1=CH3 R2=H
orR1=H,R2=CH;
COMT COMT-F4 "o S aco S 366 for S-COMT; 12 22.9 for S-COMT; 430/505 110
@)» : ’ j@)\’ *  for MB-COMT 4.62 for MB-COMT
HO' HO
COMT COMT-F5 o L R10 NH, 510 0.0062x107> 430/505 111
HOD/\/ RZOU\,
3MT: R1=CH;, R2=H
4MT: R1=H,R2=CH;
COMT COMT-F6 o Q o o N.A. N.A. 349/393;347/389 112
H H
o
R1=CHj; R2=H
orR1=H,R2=CHy
COMT COMT-F7 O oH O OR, 2.1 for m-MNT N.A. 348/390 113
O Z‘\)_QOH ‘ §>—©-on, 3.2 for p-MNT
m-MNT: Ry= CHy, R;= H
P-MNT: R;= H, Rp= CH;
-3
COMT COMT-F8 Ho. N coon H=°°m_w°” 44 0.295x 10 295/340 114
HO' u HO b
6H5M12C
HO.
mcoou
H,CO' ”
5H6M12C
COMT COMT-F9 §Hs CHy 5.17 0.123 320/520 115
HO’ ;OH 00 HO OCH? 0
COMT COMT-F10 0.79 0.0445 390/510 116
S 3% ‘
A S
HO' 7, 0o . oo
OCH,
Table 9  Reported optical substrates for human SULTS.
Enzyme No. Substrate Metabolite K, (umol/L) Vinax (Lmol/min/mg) Aex/Aem (nM) Ref.
SULT2A1 SULT2A1-F1 §He CHa 183 399 360/450 118
5‘3\5\5 © OH 0”0
He 9 He 2
Ho
SULT1A3 SULT1A3-F2 CH3 CHs 6.8 623 360/450 117
N S
5?\\5‘\ o o Dﬂmo
o
HO. NH, HO. Kma
0
SIS
SULTI1EL SULT1A3-F3 OH 8o 0.0064 0.158 LC-FD 119
e O o 346/384
SULT1 SULT-F1 A SN 4 N.A. 340/420 120

Z
L/ A\

o
o

2
W,

o
=
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also affect the disposal of arylamine drugs such as dapsone,
isoniazid, caffeine, etc. Therefore, the accurate detection of NAT's
activity is significant for disease diagnosis and personalized
therapy in clinical practices.

Laurieri et al.'”', developed an inhibitor based noncovalent
sensor (NAT1-C1) (Table 10) for specific detection of human
arylamine N-acetyltransferase 1. The solution of sensor was
observed to undergo a distinctive color change from red to blue in
the presence of either NAT1 or mNat2, but not in other isozymes.
Later, they described the use of in silico modeling alongside
structure—activity relationship studies to advance the hit com-
pound towards a potential probe to quantify hNAT1 levels in
complex systems'??. These studies pave the way for the devel-
opment of inhibitors with improved intrinsic sensitivity which
could enable detection of NAT1 in complex biological samples
and potentially serve as tools for clarifying the unknown function
NAT1 plays in estrogen receptor overexpressed breast cancer.
Qian et al.'* took advantage of the catalytic properties of NAT2
and developed a new ratiometric fluorescence probe (NAT2-F1)
for specific detection of NAT2 in complex biological samples. On
this basis, their team also designed a near-infrared fluorescence
probe (NAT2-F2) for NAT2 by using cyanines as reporting part'>,
The probe could be used for selectively and sensitively monitoring
the activity of NAT2 in enzymatic system, living mice and tissue
homogenate samples. Jin et al.'”> designed and synthesized a
fluorescent substrate (NAT2-F3) for real-time and specific sensing
bacterial NAT?2. This substrate had also been successfully used for
monitoring NAT?2 activity in various bacteria and applied for the
high-throughput screening of natural inhibitors from herbal
medicines against NAT2. Considering fluorescent probes are
susceptible to interference from biological components, Tetsuo

Table 10  Reported optical probes for NATs.

Nagano developed a long-lived luminescent probe (NATs-L1) to
sensitively and rapidly detect arylamine N-acetyltransferase
(NATs) activity of cell homogenates'*®. The probe exhibited
approximately 100-fold increase of luminescence after N-acety-
lation catalyzed by NATs, with relatively high specificity for
NAT?2 over NATI.

3.5.  Glutathione S-transferases (GSTs)

Glutathione S-transferases (GSTs, EC 2.5.1.18) are a superfamily
of phase II-drug metabolizing enzymes which catalyse the
nucleophilic attack of reduced glutathione (GSH) on electro-
philes, for example halonitroaromatics and «,3-unsaturated car-
bonyls, thereby detoxifying the endogenously generated or
exogenous reactive electrophiles to protect cells from the for-
mation of undesirable protein or nucleotide adducts. Three sub-
classes of cytosolic glutathione S-transferases, GSTA, GSTM and
GSTP are regularly overexpressed in tumor cells, especially in
those with drug-resistance. The detection and visualization of
altered GSTs activity in cancer cells would therefore be useful
for cancer diagnosis and assessment of the efficacy of drug
treatment.

Optical substrates for GST detection in the early years are 2,4-
chlorodinitrobenzene (CDNB) and 5-(pentafluorobenzoylamino)
fluorescein (PFB-F), which was based on the GSH conjugation
activity of GST (Fig. 6, type 1, Table 11). These substrates can be
used to detect and track GSTs in cell lysates or in vitro, however,
these development methods are very rough and impractical.
Fujikawa et al.'”’ made a great improvement on the basis of
previous strategy and designed the first off-on fluorogenic sub-
strates for GSTs, isomer dinitrobenzamide fluoresceins (DNAFs)

Enzyme No. Substrate Metabolite K (umol/L) Vinax (Lmol/min/mg) Aexl Aem (NM) Ref.

NATs NATs-L1 o ~ N.A. N.A. Luminescent 126

NAT1 NAT1-C1 N.A. N.A. Colorimetric probes 121
OD 610 nm

NAT2 NAT2-F1 N.A. N.A. 350/460 123

NAT2 NAT2-F2 N.A. N.A. 780/812 124

NAT2 NAT2-F3 90.42 0.3549 550/580 125
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(GSTs-F1) and  N-(4-(6-hydroxy-3-oxo-3H-xanthen-9-yl)-3-
methylphenyl)-3,4-dinitrobenzamide (DNAT-Me), and DNAT-Me
was successfully applied for sensing GSTs activity in living
cells. Through phenotypic screening, they found 3,4-
dinitrobenzanilide (NNBA) substituent display high selectivity
towards GSTs and hence was rationally integrated into fluo-
rophore. The newly developed fluorogenic substrates are obvi-
ously better than known substrates, and were able to detect nuclear
GSH/GST activity in HuCCT1 cell lines. At present, most of the
fluorescent probes of GST are based on this strategy, which use
3,4-dinitrobenzene or similar group as recognition group, for
example, He et al.'*®, developed a new NIR fluorogenic substrate
Cy-GST (GSTs-F2) by incorporating 3,4-dinitrobenzoic acid into
a NIR fluorophore for the highly selective detection of GSTs in
living cells and in vivo. Cui et al."*® devised a two-photon fluo-
rescent probe (GSTP1A1-F1) based on BODIPY for the real-time
detection of GSTs activities and fluorescence imaging in both
cancer cells and liver tissues. Meanwhile, some off-on probes
(GSTs-F4, GSTP1-F1, GSTP1-F2, GSTM1-F1) were also devel-
oped for trapping GSTs activity on the basis of the catalytic action
of GSTs by introducing a GSH group into probes to trigger
fluorescence emission'>’ "2,

In addition to using the strategies used above, some re-
searchers tried to develop other strategies for the development of
enzymatic probes (Fig. 6, type 2). Zhang et al.'*® synthesized a
panel of potential substrates for GSTs by incorporating 2,4-
dinitrobenzenesulfonate (DNs) into a fluorophore containing an
amino group (including coumarin, cresyl violet, and rhodamine)
that turned out to be good substrates for various GST isoforms,
and these substrates were used to monitor GST activity in cell
extracts. They found GSTs-5 displayed high stability and was
successfully used for fluorescence imaging of microsomal
MGST!1 activity in living cells. Shibata et al.'** synthesized four
4-substituted-2-nitrobenzene-sulfonyl substrates as caged fluo-
rescent probes to investigate the influence of substituents on
human GST metabolic reaction, and found that different GST
subtypes responded significantly different to substrates with
varied electron-withdrawing groups. Through comprehensive

assessment, they revealed that the 4-cyano-2-nitro-benzene-
sulfonyl (CNs) caged probe (GSTs-F6) was the best tool for the
detection of GST activity. Moreover, Zhang et al.'*>, designed a
TP fluorescent probe (GSTs-F3) by introducing a 2,4-
dinitrobenzenesulfonyl group to a naphthalimide derivative for
sensing GST activity in cells and drug induced liver injury
samples.

John et al.'*® synthesized a panel of luciferin derivatives for
sensing mammalian GST and found that GSTs-B1 exhibited the
greatest reactivity, with substantially high affinity for GST from S.
japonicum.  While Ito et al.”’ used 4-acetyl-2-
nitrobenzenesulfonyl as the recognition sites of GST, and
designed '°F NMR and bioluminescent probes (GSTs-B2), which
could be used to detect GST activity in live cells, and serve as
sensitive signal-amplification system by using GST as a tag pro-
tein in the pGEX vector.

4. Others

Recent years, some dipeptidyl peptidases (DPP 2, DPP 4, DPP 8,
and DPP 9) have also been found pose the function of drug
metabolization. The nitrile (CN) group is introduced as an effi-
cacious pharmacophore into the increasing number of therapeutic
drugs, which not only can enhance the selectivity and binding
affinity of these drugs to target proteins but also can block
metabolically labile sites because nitrile biotransformation is a
minor metabolic pathway. Recent work proved that DPPs,
especially DPP-4 partly involved in the conversion of nitrile
group of some cyanopyrrolidine DPP-4 inhibitors (vildagliptin,
anagliptin, and besigliptin) into carboxylic acid is their major
metabolic pathway in vitro and in vivo'*®'*°. The study of the
above DPPs in drug metabolism is in their early phase. However,
the study of DPP-4 as a drug target has been attracted wide
attention. DPP-4 displays unique Gly—Pro hydrolytic activity
which makes it is feasible to develop convenient biochemical
assay(s) for highly selective sensing DPP-4 in complex biolog-
ical systems'*"”'**, Currently, several fluorescent substrates for
DPP-4 have been reported (Table 12)'*°7 ! The emergence of
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Design strategies of GSTs fluorescent substrate and representative probes.
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Table 11  Reported optical probes for GSTs.

Enzyme No. Substrate Metabolite K., (umol/L) Vimax O Keat AexlAem (nm)  Ref.
GSTs GSTs-F1 Ao Ho o 1107 x 10* L/mol-s N.A. 492/516 127
(EF for hGSTALI
HN 0
GSTs GSTs-F2 21.34 Koy = 389 S7! 730/810 nm 128
GSTs GSTs-F3 84 Vinax = 3.84 pmol/min/L  420/550 135
GSTs GSTs-F4 0.31 for hGSTM1-1 N.A. 505/525 132
0 0 0
GSTs GSTs-F5 o N.A. N.A. 540/620 133
e oy
HN o SR NO, HN o NH
GSTs GSTs-F6 Py @ i AcHN o ik, 3.2 4+ 0.3 for Ko = 1136 £ 0.8 S0 490/522 134
LT 90, 9ee GSTAI-1; for GSTAI-1;
0 ON cN coo”
o O 4.9 + 0.8 for 2.09 + 0.19 for
GSTM2-2; GSTM2-2; 0.46 +
4.1 +£04 0.03 for GSTP1-1
for GSTP1-1
GSTs GSTs-Bl N N COOH N NCO0H 303 + 3.1 N.A. Biolumincence 136
S Y
0=S$=0
<;{no2
GSTs GSTs-B2 00 b 00 b 2.8 + 0.53 for K. = 0.0006 S~! for Biolumincence 137
% ] 0 % GSTMI-1;3.7 +  GSTMI-I; K,y =
o—‘%@){ oH 0.59 for GSTP1-1  0.0009 S~ for
° no, GSTPI-1
MGST1 MGSTI1-F1 oﬂ/@/“: Hy O @ ‘ [ 1.7 £ 0.5 NA 499/522 194
— O .COOH
O,N
GSTP1  GSTPI1-F1 Q«S'}(’:H Q«S»:‘éH N.A. N.A. 493/510 130
N 3
HN"™O HN"~O
O CH; G CH,

(continued on next page)



1090

Qiang Jin et al.

Table 11 (continued)

Enzyme No. Substrate Metabolite K., (umol/L) Vinax O Keat Aex/Aem (nm)  Ref.
GSTP1  GSTPI1-F2 HOH ;H 13.3 £ 2.8 Ko = 0.01£0.0017 S 389/503 131
Oy N _O Oy N _O
GSTP1  GSTPI1-F3 0.39 Vimax=0.0357 pmol/min/L 670/695 195
GSTP1  GSTPI1-F4 6.4 Kew= 0.6 S74 490/510 196
GSTA1-1 GSTP1A1-F1 N.A. N.A. 495/553 197
GSTMI1 GSTMI-F1 1.55 for HLS9 N.A. 530/588 129
790/588
GST GST-F1 489.35 Vinax=17.08 pmol/min/L  490/510 198

these substrates making it possible to imaging DPP-4 in live
cells, subcellular structure, or accurate and sensitive detection of
DPP-4 activity in biological systems including cell preparations

and plasma'”?,

5. Biomedical applications of optical substrates of DMEs
5.1.  Sensing or imaging of target enzymes in biological systems

Through about ten years quickly develop, a variety of optical sub-
strates for drug-metabolizing enzymes have been widely used to
real-time monitor or in situ imaging the target enzymes in biological
systems, owing to their highly sensitive, non-destructiveness, easy
conduct. Quantification of targets in S9 or microsomes was the most
commonly used applications with these molecular fluorescence
substrates. NCMN, the specific ratiometric fluorescent substrate for
CYPIA, was capable of detection of CYP1A activity of individual
HLMs. And 15-fold catalytic activity variations were found in these
biological samples, which was confirmed with a traditional non-
florescent substrate (phenacetin)'5 3. Besides, a bioluminescent
sensor CES1A-B2 for CES1Awas developed to measure the CES1A
function of different human tumor cell homogenates, including
HepG2, SKOV3, MCF-7, A549, and Caco-2'"". The CESIA cata-
Iytic activities in different tumor cells detected by CES1A-2 were
highly reliable, due to the catalytic activities was consistent with the
relative abundance of CESIA in both protein expression and
mRNA'**. Also, CES1A-B2 was capable of real-time sensing of
endogenous CESIA of living cells'”*. Notably, Wang et al.'>”

reported a more specific bioluminescent sensor for monitoring of
CES1A in human plasma.

In addition to directly sensing enzyme activities in biological
systems, the optical substrates are also capable of real-time im-
aging DME:s in living cells, tissues or even animal. Wang et al.''°
reported an optimized two-photon fluorescent substrate 3-BTD
(COMT-F10), which exhibited relatively low cytotoxicity to
living human glioblastoma cells. Besides, by using substrate
COMT-F10, fluorescence images can be obtained not only in both
one-photon but also in two-photon modes (Fig. 7A). By taking
advantages of the two-photons excited fluorescent substrates in the
wide penetration depth, Jing et al.** developed a two-photons
fluorescent substrate CES2A-F5 for CES2A. The sensing ability
of substrate CES2A-F5 for CES2 in fresh mouse liver tissue
section was investigated. After incubation of NCEN with mouse
liver slice for 60 min, strong fluorescence responses in green
channel (Ex 800 nm/Em 495—540 nm) was observed in the sec-
tion, and the depth of confocal image was 50 pm (Fig. 7B). Jin
et al.” devised a near-infrared fluorescent substrate CES2A-F6 for
CES2A in another work, which has been successfully used to
visualization of CES2A levels in organs and living mice and for
the first time. By utilization of DDAB, the tissue distribution of
CES2A in animal can be easily obtained (Fig. 7C and D).
Moreover, Ding et al.">® presented a fluorescence substrate for
imagining CES1A in zebrafish. In summary, the optical substrates
gain a deeper insight into the activities and tissue distribution of
target enzymes in multiple biological systems and facilitated
associated drug discovery.
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Table 12  Reported optical probes for human DPP 4.
Enzyme No. Substrate Metabolite Ky (WmOl/L)  Vipax OF Koot Aex/Aem (nm)  Ref.
DPP 4 DPP 4-F1 O 56 0.63 umol/min/L 630/670 145
Gly-Pro-Gly-Pro._ jg\ rsodt HN O :mNZCHz'SSDEH
(EH2):S0:H (CH,);SO03H
DPP 4-F2 aly-Pr2 . NH, 33.6 5.9 umol/min/L 330/546 199
~ S0
(\k N O N\ kcc:'l " O
( Sos O ( co; 2
o, v <Nj°°2' AN

coz' : i (el
DPP 4-F3 ji/yz O N.A. N.A. 320/450 146

ol oHP Yy ~

o w et
a7
DPP 4-F4 O 112 7.8 pmol/min/L 585/625 147
KI L0

CH{ NM2 2N o NH,*

DPP 4-F5 HZN_}? p CFy N.A. N.A. 300/460 149
H,N
z
c|=3 CFy

DPP 4-F6 O 0 42.93 15.49 umol/min/mg  430/535 148

R, NN - Mum 810/535

H o o
DPP 4-F7 150.1 15.03 pmol/min/mg  458/658 149
DPP 4-F8 N.A. N.A. 450/540 150
DPP 4-F9 ® N.A. N.A 595/612 151
O s\ NH,

DPP4-F10 . o\g‘“z N.A. N.A. 640/690 200

5.2.  Screening and characterizing of the modulators of DMEs

Recently, evaluation of potent inhibitors toward DMEs has
attracted increasing attentions. The developed of these highly
sensitive optical substrates mentioned above promoted the dis-
covery of inhibitors and inducers. Recently, Zhou et al.'”' re-
ported a practical method for high-throughput screening and
evaluation of human UGT inhibitors by utilizing a fluorescence-
based microplate assay with fluorogenic substrate 4-HN-335.
Zou et al."”’ evaluate of a variety of triterpenoids using two
subtype specific substrate (CES1A-B2 for CES1 and CES2A-F6
for CES2, respectively). By further 3D-QSAR assay, the re-
lationships linking between structure of these triterpenoids and
inhibitory effects on CESIA was obtained. Lei et al.'’® evalu-
ated the inhibition of pyrethroids by utilization optical substrate
substrates for CES1A (CES1A-B2, CES1A-F1, and CES1A-F3).

The results indicated that CES1A may have two ligand-binding

sites, and deltamethrin was proved can reversible inhibited
CES1A. By molecular docking, the binding site of deltamethrin
on CES1A was high overlap with CES1A-3. Moreover, much
more focus on study potent inhibitors towards DMEs from
edible herbals. Liu et al.””” proposed a “fingerprint-efficacy”
method to the identification of CES2A inhibitors from white
Mulberry root-bark with optical substrate for CES2A as well as
LC-DAD-ESI-MS. Notably, Xue et al.'® constructed a cell
imaging based multiparametric assay strategy (also called high-
content analysis) for study the CES2A inhibitors in living
system. This method successfully integrated CES2A fluorescent
substrate CES2A-F5 with nuclear substrates, Hoechst 33,342
and PI, which could serve as an efficient tool for the accuracy
measurement inhibitory effect and cytotoxicity of compounds
against CES2A in living cell system.

Besides inhibitors screening, these sensitive substrates were
also used for inducer discovery, due to their excellent abilities in
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Figure 7

In situ imaging of target DME in living systems. (A) Confocal fluorescence images of U87-MG cells with COMT-F10. Reproduced

with permission from Ref. 116, copyright © 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Two-photon confocal fluorescent
images of endogenous CES2A in a mouse liver slice stained by CES2A-F5. Reproduced with permission from Ref. 24, copyright © 2015,
American Chemical Society. (C) Representative fluorescence images of visualizing CES2A levels in nude mice using CES2A-F6. Reproduced
with permission from Ref. 23, copyright © 2016, Elsevier B.V. (D) Biological imaging of CES1A activity in zebrafish by using CES1A-F3.
Reproduced with permission from Ref. 156, copyright © 2018, Elsevier B.V.

real-time monitoring intracellular activities. More recently, Zhu
et al.'®" reported an ultra-sensitive method to evaluate human
UGT1AL activities in living cells. This newly developed method
was easy-to-use and can be applied for evaluating UGT1A1 in-
ducers in living cells. Using this approach, Zhu et al.'®" screened a
series of flavonoids and revealed neobavaisoflavone was a potent
UGTIALI inducer. Besides, Wang et al."* use CESIA-Bl (a
newly developed bioluminescent substrate of CES1A to evaluate
the induction effects of glucose to CES1A in HepG2 cells co-
expressed luciferase. And the induction could be detection either
by the hydrolysis activities of cell lysis or through the luminescent
imaging in the intact cells'>.

5.3.  Indication for organ injury or disease diagnosis

In addition to participate in the metabolic clearance of a variety of
drugs, DMEs are also responsible for the biotransformation of a
variety of endogenous substances in the human body. Thus, some
key DMEs can also serve as diagnostic markers or therapeutic
targets of human diseases. Of note, numbers of DMEs have been
recognized as biomarkers for indicated diseases or organ injuries
due to their inherit tissue or subcellular distribution characteristics
and relationship with diseases. Several DMEs have been reported
related with tumors. Fang®® reported a two-photon fluorogenic
probe (MAO-A-F5) that can be used for real-time sensing MAO-A
activities in tissue samples. With the help of this probe, it was
found that MAO-A activities were relatively high in the glioma

tissues from humans, but its activity levels are relatively low in
negative controls (paracancerous tissue). In future, more clinical
samples from patients with various tumors should be used to
confirm the ability of MAO-A as a promising biomarker of human
glioma. Previous work has suggested that NAT1 may work as a
candidate biomarker in breast tumor. Laurieri et al.'*' developed a
small molecule colorimetric reagent which can selectively bind to
human NAT1, which may be subsequently applied for the diag-
nosis of breast tumor. Since DMEs are mainly distributed in the
liver, several hepatic DMEs have been suggested as diagnostic
biomarkers for liver injuries. Recently, Wang et al.'>* revealed that
CES1A may serve as a novel serological biomarker for hepatocyte
injury by using a practical bioluminescent substrate for CES1A
(Fig. 8). In this work, the results showed that serum activity levels
of CES1A were elevated dramatically in liver injury mice or the
patients with liver diseases. Besides, Tian et al.'®” reported a
ratiometric fluorescent probe which can also target to endoplasmic
reticulum CES2. With the help of this probe, the activity levels of
CES2 in the liver was found down-regulated in the acute liver
injury mice induced by acetaminophen. These studies offered
solid evidence to support that two mammalian CES can serve as
novel serological indicators for hepatocyte injury. In near future,
more regulated clinical trials are needed to validate the applica-
bility of CES activity as novel indicators or biomarkers for the
detection of liver injury in humans.

GSTs are key enzymes responsible for urinary excretion and
detoxification of xenobiotics via catalyzing the GSH-conjugation
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reactions on the xenobiotics or their reactive metabolites that are
generated in the liver. Zhang et al.'*”, have developed a two-
photon probe GSTs-F3 for sensing GSTP activity. This sub-
strate can be used for imaging intracellular GSTP and monitoring
GSTP activities in drug-induced liver injury samples, and the
results have suggested that GSTs-F3 can be served as a potential
sensor for the diagnosis of DILI'*. Besides, GSTs have been
reported closely related with the progressing of pulmonary
fibrosis. He et al.'?® reported a fluorescent substrate (GSTs-F2)
which can be capable of the detection intracellular GSTs con-
centration changes. With the help of this sensor, it was found that
intracellular GSTs were significantly increased in the cells and
mice models with pulmonary fibrosis. Moreover, the GSTs levels
in the idiopathic pulmonary fibrosis patients were abnormal high.
This work provides solid evidence to support that the GSTs
levels are potential biomarkers for the diagnosis of idiopathic
pulmonary fibrosis. Collectively, several optical substrates for
DMEs have indicated the potential applications as promising
indicators or biomarkers for the diagnosis of organ injury or
other diseases. Notably, most of these key findings are generated
from cell assays or animal tests, the applicability and practica-
bility of the DME optical substrates for disease diagnosis should
be carefully validated by performing a panel of well-designed
randomized clinical trials.

6. Summary and perspectives

In this review article, the molecular design strategies and principles
for constructing highly specific optical substrates for various human
DME:s, as well as the recent advances in the development and ap-
plications of optical substrates for sensing target human DMEs, are
well-summarized. More than ten informative lists of optical sub-
strates for various classes of human DMEs including both phase I
and phase II DMEs, alongside with the chemical structures of both

Glu-353

luciferase

ATP, Mg?, 0,

A bioluminescent substrate reveals that CES1A is a novel serologic indicator for hepatocyte injury.

substrate and metabolite(s), kinetic parameters and the detection
conditions of the corresponding metabolite(s), are comprehensively
summarized and discussed in-depth. Furthermore, the challenges
for constructing practical and highly specific optical substrates for
target DMEs and future applications of DME optical substrates are
also highlighted by us. The information and knowledge presented
here offer a group of practical approaches and imaging tools for
sensing DMEs activities in complex biological systems, which will
strongly facilitate high-throughput screening the modulators of
DMEs and studies on drug/herb—drug interactions, as well as the
fundamental researches for exploring the relevance of DMEs to
human diseases and drug treatment outcomes.

Although a variety of optical substrates for human DMEs have
been developed over the past few decades, the specificity and prac-
ticability of most reported optical substrates for human DMEs are not
good enough for precise sensing target enzyme in complex biological
samples. Of note, the majority of reported optical substrates for
human phase I DMEs are only suitable for sensing target enzyme
in vitro or in several types of living cells, owing to the corresponding
phase I metabolite of these optical substrates could be further
metabolized by phase Il DMEs (such as UGTs and SULTs). Thus, the
in vivo optical substrates for human phase I DMEs with high speci-
ficity, good safety profiles and excellent optical properties (emits
strong and long-wavelength lights) are always highly desirable. By
contrast, the metabolites of most optical substrates for human phase I1
DMEs (such as UGTs and SULTSs) are always the ultimate metabo-
lites in living systems, suggesting that these substrates can be used for
sensing target phase II DMEC(s) in vivo. Unfortunately, the practical
and highly specific optical substrates for human phase Il DMEs are
rarely reported, owing to that in most cases, the fluorescence signals of
the phase Il metabolites of the fluorophores are “turned-oft™ or “blue-
shifted”, which is undesirable for sensing the activity levels of target
enzyme in complex biological systems. Compared with the traditional
assays (such as drug-sbustrates based enzyme activity assays), optical
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substrates/probes possess multiple insurmountable advantages, such
as rapid response, easy to perform, ultrahigh sensitivity, in sifu im-
aging, and applicable for high-throughput detection. It should be
noted that some optical substrates/probes cannot replace drug-
substrates of target enzymes in the drug—drug interaction (DDI)
study, owing to they have distinct ligand-binding sites or they have a
huge difference in binding affinity. Thus, prior to DDI study, it is
better to carefully investigate the ligand-binding sites of both optical
substrates and drug-substrates for a target enzyme, as well as to
explore the difference in binding mode or binding affinity of optical
substrates and drug-substrates.

In future, extensive efforts should be made in the design and
development of more practical optical substrates for highly spe-
cific and sensitive sensing target DME(s) in real samples. More
design and optimization strategies should be proposed and used
for improving the isoform-specificity, sensitivity, practicability
and in-situ imaging ability of optical substrates for sensing a
target human DMEs in living systems. To improve the spatial
resolution of optical substrates for human DMEs, the targeted
drug delivery systems could be used for delivering the highly
specific optical substrates to tumor or a specific organ (such as the
liver) or target cells (such as macrophages), which may further
enhance the sensing or imaging ability to quantify the real ac-
tivities of target DMEs in a specific tissue or at cellular levels.
Furthermore, the specificity and response of the known optical
substrates for human DMEs in different animal species are rarely
reported. Therefore, most researchers do not know how to use the
reported optical probes to decipher the relevance of DMEs to
various diseases at animal level. In future, more in-depth in-
vestigations on species difference in the specificity and response
of the optical substrates for DMEs among various animal species
should be conducted, which will very helpful for the researchers
to select the most suitable animals as surrogate models for a
specific purpose.
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