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Human carboxylesterases and fluorescent probes
to image their activity in live cellst

Anchal Singh, ©2 Mingze Gao @° and Michael W. Beck @ *@

Human carboxylesterases (CESs) are serine hydrolases that are responsible for the phase | metabolism of
an assortment of ester, amide, thioester, carbonate, and carbamate containing drugs. CES activity is known
to be influenced by a variety of factors including single nucleotide polymorphisms, alternative splicing, and
drug-drug interactions. These different factors contribute to interindividual variability of CES activity which
has been demonstrated to influence clinical outcomes among people treated with CES-substrate
therapeutics. Detailed exploration of the factors that influence CES activity is emerging as an important
area of research. The use of fluorescent probes with live cell imaging techniques can selectively visualize
the real-time activity of CESs and have the potential to be useful tools to help reveal the impacts of CES
activity variations on human health. This review summarizes the properties of the five known human CESs
including factors reported to or that could potentially influence their activity before discussing the design
aspects and use considerations of CES fluorescent probes in general in addition to highlighting several

rsc.li/medchem well-characterized probes.

Introduction

Human carboxylesterases (CESs, EC 3.1.1.1) are serine
hydrolases that belong to the o/B-hydrolase superfamily and
are responsible for the hydrolysis of a variety of endogenous
and xenobiotic esters, amides, thioesters, carbonates, and
carbamates (Fig. 1)."® As these functional groups are
commonly used in drug design, in part to mask polar groups
in prodrug strategies, CESs play a key role in the phase I
metabolism of many drugs. However, there are multiple
factors that result in interindividual variability of CES activity.
This variation is particular problematic in the design and use
of prodrugs as it is normally assumed that there is little
difference in the enzymatic activity that unmasks the active
form person to person.>’ Inconstancy in CES activity among
individuals has been demonstrated to cause different clinical
outcomes,”®®  presaging the need for a complete
understanding of CES activity in humans. Fluorescent probes
that are capable of monitoring the activity of specific CESs
could help address this need. The aim of this review is to
summarize the factors that are known or have the potential
to modulate CES activity as well as describe the merits,
design aspects, and use considerations of fluorescent probes
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that can be deployed to study CES activity in live cells. A
special emphasis is placed on well-characterized probes that
are capable of preferentially reporting on specific CES
enzymes.

Human carboxylesterases

Five human carboxylesterases (CES1, CES2, CES3, CES4A, and
CES5A) have been reported to date.>'°™® CES1 and CES2 are
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Fig. 1 Known CES substrates and products after hydrolysis. Hydrolysis
of carbonates and carbamates initially produce a short lived R;OCOOH
or R,OCOOH and R;RsNCOOH species, respectively, that undergoes
rapid rearrangement into the shown products.

the most well studied in humans with CES3 gaining more
attention recently. Human CESs share ca. 40% sequence
homology, despite this homology they are known to have
different substrate preferences and distribution.*'>'33%46 A
summary of the characteristics of these
carboxylesterases can be found in Table 1.

human

CES1

CES1 is located to the endoplasmic reticulum by an
N-terminal hydrophobic signal and C-terminal HIEL
retention sequence.®'*'*?*%%” In the human body, CES1 is
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found primarily in the liver and to a lesser degree in the
lungs, heart, spleen, stomach, and testis (Table 1).°?°7%
Several crystal structures of CES1 have been reported with
different ligands.*®*™' These structures reveal that substrates
bind in a gorge that has a binding pocket on either side of
the catalytic serine. These pockets have different properties
with one being considered small and rigid with the other
being large and flexible.’® This helps to explain the known
substrate preference of CES1 for molecules that have a small
alcohol (or amine or thiol) and a large acyl group.*”***° The
alcohol or alcohol analog portion will bind in the small
pocket and the large pocket is flexible to accommodate the
binding of the large acyl moiety. Additionally, these crystal
structures and atomic force microscopy (AFM) studies
demonstrate that CES1 exists in an equilibrium between
monomeric, trimeric, and hexameric forms that interact with
each other at a Z-shaped dimer interface (Z-site).”>" The
ratio of each species present has been found to be substrate-
dependent with the trimeric form being the most active.
Furthermore, the Z-site likely serves as an allosteric
regulation site that controls oligomerization.** ™"

CES2

CES2, similar to CES1, is localized to the endoplasmic reticulum
by an N-terminal hydrophobic signal and a C-terminal retrieval
sequence of HTEL.*'>'*3%%7 The localization of CES2 in the
human body is different from CES1 with CES2 being highly
expressed in the colon and intestine but lower levels of
expression in the liver, kidney, heart, brain and testis.***™*°
CES2 is known to prefer substrates that have a large alcohol (or
amine or thiol) and a small acyl group.””**°> A crystal structure
of CES2 has not been reported, however, homology models
based on the crystal structures of CES1 have been used to help
explain differences in the substrate preferences of CES1 and
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Table 1 Summary of human CES properties
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Human body Subcellular
Name® Isoforms localization” localization”  Substrate specificity Known drug substrates
CES1 4 Liver > lungs > heart, Endoplasmic Large acyl moiety; Benazepril,"* candesartan cilexetil,"
spleen, stomach, reticulum small alcohol/amine/thiol group capecitabine,® ciclesonide,'” cilazapril,*
testis®36738 clopidogrel,'® cocaine,'® dabigatran,*®
delapril,"* enalapril,® flumazenil,**
fosinopril,>* heroin,> imidapril,"*
mepridine,”® methylphenidate,*® moexipril,**
mycophenolate mofetil,>” perindopril,>*
oseltamivir,*® oxybutynin,*® quinapril,**
ramipril,> rufinamide,* sacubitril,*"
sofosbuvir,*” telotristat etiprate,® tenofovir
alafenamide,* trandolapril®®
CES2 6 Colon, intestine > Endoplasmic  Small acyl moiety; Aspirin,'® capecitabine,'® cocaine,"’
liver, kidneys, heart, reticulum large alcohol/amine/thiol group  dabigatran,*® gemcitabine,*" heroin,**
brain, testis®*¢* irinotecan (CPT-11),** methylprednisolone
21-hemisuccinate,** mycophenolate mofetil,”
tenofovir disoproxil**
CES3 Up to 8 Liver, colon, intestine,  Potentially Unknown Poor for irinotecan (CPT-11)**
trachea, placenta'"®  endoplasmic
reticulum or
Golgi bodies
CES4A 10 Brain, lungs, skin®*® Unknown, Unknown Unknown
potentially
secreted
CES5A 4 Brain, kidneys, lungs, Unknown, Unknown Unknown
testis'"'? potentially
secreted

% Nomenclature as recommended by Holmes et al.’® ® Based on canonical CES sequence, different isoforms and other sequence variants may

be localized differently. © Reported to be in the melanocytes of skin.

CES2.%>* These homology models suggest that the absence of
a large loop near the active site of CES2 enlarges the substrate
binding gorge which may allow for accommodation of the larger
alcohol groups.® Additionally, these models suggest that CES2's
region analogous to CES1's Z-site differs in the amino acid
sequence which may explain why CES2 has only been shown to
exist in a monomeric state."*?*%%

CES3

CES3 is less studied compared to CES1 and CES2. CES3 also
has an N-terminal hydrophobic signal and a C-terminal QEDL
sequence that may localize it to the endoplasmic
reticulum.'>*® While QEDL is not a classically recognized
endoplasmic reticulum retrieval signal, a bioinformatic study
has identified it as one of the most common KDEL-like
C-terminal sequences in proteins known to be localized to the
endoplasmic reticulum.”® Conversely, studies with fluorescent
proteins tagged with the QEDL sequence suggest this signal
results in localization to the Golgi bodies.’® In the human
body, it has been found in the liver, colon, intestine, trachea,
and placenta (Table 1)."**° Like CES2, no crystal structure has
been reported for CES3, but homology models based on the
crystal structures of CES1 have been generated.'**® These
homology models indicate that CES3 has a similar structure
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to CES2, likely existing in a monomeric state with a more
solvent exposed active site. This suggests CES3 may have a
substrate scope closer to CES2 than CES1."?

CES4A and CES5A

CES4A (also known as CES6 and CES8)'>'>*® and CES5A (also
known as cauxin and CES7)'°"® have not been studied in
significant detail. Both CES4A and CES5A lack a known
endoplasmic reticulum retrieval signal suggesting they may be
secreted from cells. Expression of CES4A is known to be in the
brain, lungs, and skin (melanocytes),"® while CES5A is known to
be expressed in the brain, kidneys, lungs, and testis (Table 1)."""'*
This difference in localization compared to other CESs has
led to the suggestion that CES4A and CES5A play a distinctly
different role in xenobiotic and lipid metabolism, though this
remains to be established experimentally.""*® In the absence
of crystal structures for CES4A and CES5A, analysis of the
sequence and models have been performed. These models
suggest CES4A may be oligomeric while CES5A is likely
monomeric."'**® The major differences of CES4A and
CES5A's structure compared to CES1 involve an alpha helix
near the site where the acyl product is released. The exact
influence of these structural differences on substrate scope
has not been hypothesized or experimentally determined.

This journal is © The Royal Society of Chemistry 2021
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CES activity in drug metabolism

The two main carboxylesterases, CES1 and CES2, have been
reported to be responsible for the majority of the hydrolysis of
xenobiotic esters in humans. Thus, CES1 and CES2 have been
found to activate or deactivate many therapeutics across
different drug types and classes including antiplatelets/
anticoagulants,  angiotensin-receptor ~ blockers  (ARBs),
angiotensin-converting enzyme (ACE) inhibitors, antivirals,
antihyperlipidemics, immunosuppressants, chemotherapeutics,
and antispasmodics (Table 1).>” Generally, CES1 prefers
substrates that have a small alcohol and large acyl group, while
CES2 prefers substrates with a large alcohol and small acyl
group (vide supra). This substrate preference is likely
predominantly determined by the shape of the active sites as
described earlier.*”*” Substrate preference differences may also
be controlled by differences in the catalytic activity of CESs.
CES1 is known to catalyze transesterification of carboxylic acids
in the presence of large hydrophobic alcohols.”” CES2's
transesterification activity is significantly lower in comparison.
This could help explain the lower apparent hydrolysis rate by
CES1 towards known CES2 substrates which have larger alcohol
moieties. CES3's substrate specificity has not been studied in
detail.*® CES3 was found to hydrolyze CPT-11, a known CES2
substrate, less efficiently than CES2 in one of the few reports
on CES3's substrate scope.*’

Drug-drug interactions influencing CES activity

Given the prevalence of CES substrates across many drug
classes, drug-drug interactions (DDIs) influencing CES
activity are possible.”” There are several reports of DDIs for
CESs in vitro.>*®**®" Animal and clinical DDI studies on
CES1 have also been carried out.>”*'"®* One of the most
studied examples is the effect of ethanol on cocaine
metabolism by CES1.>”'%®* Normally, CES1 catalyzes the
hydrolysis of cocaine's methyl ester to form benzoylecgonine
which can be excreted. In the presence of ethanol, however,
CES1 will catalyze the transesterification of cocaine to form
cocaethylene, a more toxic and longer-lived metabolite,'***%®
The susceptibility of CES-metabolized drugs to DDIs has been
highlighted in the US Food and Drug Administration's most
recent guidance on in vitro drug interaction studies; where it
is now specifically stated that investigational drugs should be
evaluated for CES metabolism and checked as a source for
potential DDIs.®’

Increasing Diversity of CES Activity

Review

Variability in CES sequences and effect on activity

In addition to DDIs influencing CES-mediated drug
metabolism, CES activity is known to be different among
individuals.>*® One source stems from interindividual
variability of the transcripts that express CES (Fig. 2). CES1
genes have a particularly high degree of variability. In
contrast to other human CESs, the copy number of CES1
genes is known to vary.>"® Copy number variations (CNVs)
can change the sequence of the gene creating paralogs with
different expression levels and activity.">®® Evidence of this
occurring for CES1, however, is conflicting with some studies
showing an effect of multiple copy numbers increasing
substrate metabolism while others show no effect.’
Additional CES genetic dissimilarities among individuals can
arise from single-nucleotide polymorphisms (SNPs) in CES1,
CES2, and CES3 genes.>”*'**® Some non-synonymous SNPs
of CES1 and CES2 have been found to have decreased or no
carboxylesterase activity towards known substrates.>*

Another source of variability in CES activity comes from
alternative RNA splicing and alternative translation start
sites."™'*% All human CES genes are known to produce
multiple isoforms through these processes (Table 1). Since they
are typically regulated, different cell types depending on cell
state and conditions may express variable amounts of the
possible CES isoforms.®® This has the potential to result in
significant context specific changes to the sequence of a CES
which could produce protein products with different activity
and subcellular localization. Combined with the fact that
several of the CES isoforms studied have little to no
carboxylesterase activity, this can create heterogeneity of CES
activity among individuals.""**® Two of the four known CES1
isoforms have been found to have significantly decreased
activity towards a few CES1 drug substrates when expressed in
live cells.”® CES2 has six isoforms known with at least two of
the isoforms having no carboxylase activity.">”" Up to eight
CES3 isoforms have been discovered, but no studies have
reported on their activity.">”* Likewise, carboxylase activity of
the reported ten isoforms of CES4A and the four isoforms of
CES5A activities are also unknown.'"*®

Glycosylation state influence on CES activity

Glycosylation is a major regulator of protein stability, folding,
and localization.”*”> All human CESs have been reported to be
glycoproteins, 11344667276 Ag the glycosylation state of a
protein is regulated and can be modulated in different

Interindividual
Variability in
CES-Mediated
Drug Metabolism

Canonical Copy Single- Alternative Alternative Glycosylation
CES Gene Number Nucleotide Translation RNA and Other
Sequence Variations  Polymorphisms  Start Sites Splicing Factors

Fig. 2 Factors influencing diversity of CES activity resulting in interindividual variability of CES-mediated drug metabolism.
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diseases, this could also contribute to the variability of CES
activity.”>”> N-Glycosylation for CES1 at N79 has been shown to
contribute to enzyme stability and increase catalytic activity
while the effects of glycosylation on other CESs have yet to be
determined.’>”® CES3 also contains one glycosylation site at
N105 while CES2 contains two glycosylation sites at N111 and
N276."*7> CES4A and CES5A have more potential glycosylation
sites with CES4A having up to three sites (N214, N276, and
N388)"® and CES5A having up to four (N281, N363, N511, and
N522)."" The additional glycosylation sites for CES4A and
CES5A may help increase their stability and activity if they are
secreted into body fluids as has been proposed.'*

Other factors modulating CES activity

Other factors can also influence CES activity. CES1 and CES2
expression in the liver has been shown to increase as humans
age.>®””’® This difference in expression levels has been
demonstrated to influence hydrolysis of known CES1 and CES2
substrates in ex vivo liver samples.””””® CES2 has been found to
not have different levels of expression between males and
females when corrected for age.®*® While some clinical studies
have suggested that CES1 activity may be higher in females
than males, later ex vivo liver sample studies have not
supported this.>” Certain transcription factors and disease
states have also been implicated in changing CES
expression.>®"® Interleukin 6 (IL-6) has been shown to
decrease CES1 and CES2 expression and reduce hydrolysis of
CES substrate drugs in cell cultures.®" IL-6 plays a key role in
inflammation and is involved in the response to infection and
injury as well as being implicated in chronic inflammatory
diseases like arthritis and colitis.**®* Therefore, CES activity
could also be altered depending on disease state.

As a whole, DDIs, variability in CES sequences,
glycosylation, age, sex, and disease state all can contribute to
interindividual variability in the pharmacokinetic and
pharmacodynamic properties of CES substrate drugs (Fig. 2).
Most of the focus has been on the genetic variability of CES1
where studies have indicated certain SNPs result in different
clinical outcomes upon treatment with CES1 substrate
drugs.>*° However, it is likely that these other factors could
also influence clinical outcomes.

Approaches to study CES activity

A clear understanding of all the factors that contribute to
interindividual variability of CES could lead to a more
personalized approach in treatments and better clinical
outcomes. Recent biotechnological advances that have led to
the cost reduction of various techniques that allow for rapid
determination of DNA, mRNA, and protein levels have been
used to study CESs.** These methods, however, do not provide
information on the activity levels of CESs. Studying the activity
of CESs is more complicated. In vitro studies with purified
enzymes, microsomes, or cell lysates, are limited by their
nature of not being a complete system. In contrast, model
organism studies could be complicated by the differences
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between human CESs and the organism's CESs.*® For example,
mice have 20 different CES genes which make assigning
orthologs difficult.'®'* Additionally, substrate specificity can
vary among orthologous CESs."> This can add complexity to
studying CESs in organisms and the results obtained could
potentially not correspond to the properties of human CESs.
Thus, cultures of live human cells have been utilized as they
are a more complete system that express human CESs.

Typical methods to study CES activity in live cells

There are only a few methods to study CES activity in live
cells. Chromatographic methods often paired with mass
spectrometry can be utilized to study both endogenous or
overexpressed CES.””%®” This method uses drugs that are
known to be processed by specific CES enzymes to compare
the hydrolysis activity of CES forms to those considered
normal. This approach has utilized -clopidogrel,”>®"%®
enalapril,>*’*®*” and sacubitril*’”>*” to study CES1 SNPs and
isoforms produced by alternative RNA splicing.

Another approach for studying CES2 activity in live cells
utilizes CPT-11, a known CES2 substrate.*>*° In this method,
the relative activity of CES2 isoforms are determined by
monitoring cell viability after treatment with CPT-11. CES2
hydrolyses CPT-11 to produce SN-38, a toxic topoisomerase I
inhibitor, which results in cell death. Therefore, the active
CES2 forms will generate SN-38 reducing cell viability.

Fluorescent probes to study CES activity in live cells

Fluorescent probes paired with fluorescence microscopy have
several advantages over the current methods typically used to
study CES activity in live cells. This approach is minimally
invasive, requires little sample preparation, and can be adapted
into high-throughput assays.’®®” Additionally, fluorescence
microscopy can be carried out quantitatively and with
spatiotemporal resolution which allows for the additional
information of where, when, and how much enzymatic activity
is occurring in live cells and tissues.”"***® Two reviews of
fluorescent probes reported to be able to monitor CES activity
have recently been published.**® Here, we focus on the
general design aspects and considerations that impact the use
of these probes to study CES enzymes highlighting several
probes that researchers may find particularly useful.

Specificity of fluorescent probes for CESs

Understanding the specificity of a particular fluorescent probe
is necessary for its proper use.'”*°® A potential probe should
be evaluated for specificity among the known CESs as well as
interference from other esterases that have similar activity as
CESs.>'9%1%  Acetylcholinesterase  (AChE) catalyzes the
hydrolysis of acetylcholine and is predominately in the brain,
muscles, and erythrocytes.>'”” AChE is relatively rigid in
structure with a narrow active site gorge that has a potential-
gradient that may help “pull” substrates towards the anionic
choline binding pocket.'””'%® This limits the substrate scope of
AChE."*>'97:19% AChE is known to be inhibited by Irinotecan

This journal is © The Royal Society of Chemistry 2021
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(CPT-11), a known CES2 substrate, suggesting that similar
CES2 substrates have the potential to interact with AChE.'*
Butyrylcholinesterase (BChE) has a larger acyl binding pocket
compared to AChE, resulting in a larger substrate scope.'® It is
known to hydrolyze a variety of substrates that overlap with
CES2 including CPT-11, aspirin, and cocaine.*'*>'%¢
Interference from BChE is also more likely to occur due to its
localization in similar tissues including the liver and is also
known to be in human plasma.'®>'% Arylacetamide deacetylase
(AADAC) could also be a source of interference as it is localized
to the ER in the liver and digestive tract in humans and prefers
small acyl moieties similar to CES2.>'** It has been suggested,
however, that AADAC prefers smaller acyl groups than CES2.'**
Biphenyl hydrolase-like protein (BPHL; also known as
valacyclovir hydrolase or valacyclovirase) is predominately
found in the liver and kidneys.""* Their preference for a-amino
acids as the acyl group results in less of a concern of
interference with CES probes."*>"''® Paraoxonases (PONs) are
known to hydrolyze cyclic esters, carbonates, and thioesters."**
They are not serine hydrolases like the other enzymes
discussed here, instead the catalytic activity of PONs are
believed to occur through general base catalysis to activate
water utilizing an active site calcium and an aspartic acid or
histidine R-group.’**''* PONs are expressed in liver and are
secreted into the plasma.*'""''* Their dependence on calcium
likely limits their activity to the plasma where calcium
concentrations are high.® Similarly, human serum albumin
(HSA) is secreted from the liver into the plasma. HSA has a
relatively low esterase activity compared to the other esterases,
but the large quantities present in the plasma could result in
meaningful hydrolysis of probes.’*>""” Careful consideration of
the substrate specificities of these esterases when designing
CES specific probes could help limit interference.

In vitro characterization with purified enzymes can be
utilized to explore the specificity of probes for a particular
CES and to determine if any other esterase could also
hydrolyze the probe. Results from this approach should be
considered carefully as in vitro hydrolysis of a probe by one
of these interfering enzymes may not be relevant in all cases.
For example, interference from secreted enzymes like PONs
and HSA as well as potentially CES4A and CES5A would be
limited in cell cultures as the culture media containing any
secreted enzymes could be removed before adding a probe.
Likewise, a probe that has apparent high specificity in cell
culture could lose that specificity when applied to whole
organisms due to the activity of these secreted enzymes.

Additionally, the specificity of probes can also be
characterized in cells using inhibitors. Troglitazone® %"
and 3-O-(B-carboxypropionyl)-ursolic acid (UKA)"*® have been
used in live cells to inhibit CES1, while loperamide is
commonly used for inhibiting CES2."*°7'1%119 1t is important
to note that these inhibitors have been found to
preferentially inhibit either CES1 or CES2, but have not been
tested against CES3, CES4A, or CES5A. Therefore, genetic
knockdown/knockout of specific CES genes may provide
better information on the specificity of a fluorescent probe.

This journal is © The Royal Society of Chemistry 2021
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While genetic methods may provide more precision in
targeting the activity of a particular CES, the longer timeline
of these experiments can allow for compensatory
mechanisms to balance for the loss of a CES."*"'** This has
been demonstrated in THP-1 cells where knocking down
CES1 results in an increase in CES3 expression.'*® This may
make a probe appear to be less sensitive to the loss of a
particular CES activity but in reality it is responding to the
expression increase of another CES. Thus, both small
molecule inhibitors and genetic manipulations should be
used to obtain a more complete understanding of a probe's
susceptibility to hydrolysis by a specific CES.

Choice of cell line is also important when characterizing
the specificity of a CES fluorescent probe as well as during
the use of these probes. Different human cell lines will have
different expression levels of each CES and potentially
interfering esterases.*®®”'** A probe could appear to be
specific for a CES if the cell line employed has low levels of
expression of the off target esterase. This could also lead to
erroneous results if a probe is used in a different cell line
without fully recharacterizing the probe's specificity. In
contrast, clever use of cell lines with certain CES and other
esterase expression profiles could be exploited to study
specific CESs with probes that have suboptimal selectivity.

General design of CES fluorescent probes

Reported CES fluorescent probes follow a typical probe
design strategy where a molecule's fluorescence properties
are controlled by a pendent CES substrate.””**"** Upon this
substrate moiety being processed by a CES, the probe
undergoes a change in its fluorescent properties which can
be monitored by fluorescence microscope. There are three
general design classifications of fluorescent probes: turn-on,
turn-off, and ratiometric (Fig. 3).">>'*°"'** Probes of these
design types have various advantages and disadvantages.
Turn-on and turn-off probes depend on measuring
changes in fluorescence intensity."*>****** Turn-on probes
have little to no fluorescence until their substrate moiety is
hydrolyzed by a CES. After hydrolysis, these molecules have a
significant increase in fluorescence intensity. Turn-off probes
work in the opposite manner. Initially, before being acted
upon by CESs, they are fluorescent and after hydrolysis they
“turn off” resulting in a form of the probe with little to no
fluorescence. Both of these design approaches are
conceptually straightforward to use experimentally where
after treatment of cells with the probe the fluorescence is
imaged. The simplicity of this probe design does have some
disadvantages as the change in fluorescence intensity is
dependent on the concentration of the probe in the
cell.”®*'*! This means that uptake differences between cells
can introduce error in measurements of CES activity.
Ratiometric probes are fluorescent both before and after
hydrolysis by CES but exhibit different excitation and/or
emission wavelengths depending on the hydrolysis state of
the substrate moiety.'*>****3* Experimentally, this requires
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After
Hydrolysis

Before
Hydrolysis
Turn-on probes

Fig. 3 Design approaches for making fluorescent probes. Turn-on
probes initially have little to no fluorescence (grey) and become
fluorescent (blue) after hydrolysis. Turn-off probes are fluorescent
(blue) before hydrolysis and decrease in fluorescence after hydrolysis
(grey). Ratiometric probes are fluorescent in both states with different
fluorescence properties before (orange) and after (blue) hydrolysis.

taking images at two different excitation/emission pairings
(channels) and using image analysis software to create new
images that represent the ratio of the hydrolyzed probe to
unhydrolyzed probe for each pixel. While slightly more
complex, this allows for the correction of the uptake
differences between cells enabling higher sensitivity
measurements of CES activity."**™?*

Fluorescent probes for CESs

There are many fluorescent probes reported that claim to be
specific for CESs, but they have not been fully demonstrated
to be specific for CESs in general or for a particular CES
enzyme in live cells (Table S1t). The use of high-quality well-
characterized probes and understanding their limitations is
important to be able to produce impactful results that
accurately reflect the role of CES enzymes in the process that
is being evaluated.'”'% In the next sections we have
highlighted several probes that are particularly well-
characterized for their activity towards CES1 or CES2. This,
however, is not to completely dismiss any probes that we do
not highlight as these compounds may be useful in certain
contexts and if the user understands their limitations.

CES1 specific fluorescent probes

There are only few fluorescent probes that are characterized
well enough to be considered specific for CES1. The best
characterized is MMB from the Guangbo Ge, Jingnan Cui,
and co-workers (Chart 1).>* MMB is a turn-on probe based on
a BODIPY fluorophore framework with the fluorescence
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Chart 1 Well-characterized fluorescent probes for monitoring CES1
(MMB and CES1 probe 1) and CES2 (TCFB, DDAB, CES2 probe 1, NCEN,
ERNB, and probe2) activity in living cells with fluorescence
microscopy. Arrow indicates the bond hydrolysed by CES1 or CES2.
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controlled by CES1 hydrolysis of a pendant methyl ester. The
probe was characterized in vitro using purified enzymes and
human liver microsomes which are enriched in CES1. The
Caco-2 cell line was used to validate the probe's ability to
report on endogenous CES1 in live cells using CES1 siRNA.
The probe's red-shifted fluorescence properties (Aex = 530 nm,
Jem = 600 nm) also allowed for imaging CES1 ortholog activity
in ex vivo mouse organs and in live zebrafish. This group
earlier in the same year also reported “Probe 17, a turn-on
probe based on a similar scaffold BODIPY scaffold, to be
specific for CES1 (CES1 probe 1 in Chart 1)."** This probe,
however, is not as fully characterized as MMB with the
specificity for CES1 being determined using inhibitors with
purified recombinant CES1, human liver microsomes, and
A549 cell lysates as well as UKA in live HepG2 cells. While
likely to be specific for CES1 based on the similarity to MMB,
the specificity of probe 1 towards CES1 should be completely
validated using inhibitors and genetic knockdown/knockout
in live cells. It is important to emphasize that not having a
fully characterized specificity does not completely abolish the
utility of probe 1. It was demonstrated that probe 1 can
respond to CES1 activity in live cells and can be used to assay
for CES1 inhibitors.

CES2 specific fluorescent probes

There are more probes that are reported to be specific for
CES2 that are well-characterized. This is likely due to the
substrate preference of CES2 allows for these probes to use a
wider variety of fluorophore scaffolds that are sensitive to the
acylation state of a heteroatom like oxygen or
nitrogen.”>*'2>12¢ Guang-Bo Ge, Jing-Nan Cui, Ling Yang,
and co-workers have several benzoate and benzoate-derivative
CES2 substrate-based probes that are well-characterized
utilizing 1367138 and  ratiometric’**  fluorophore
scaffolds (Chart 1). The same group has also reported a two-
photon ratiometric probe, NCEN,"** based on the hydrolysis
of a chloroacetyl amide by CES2 (Chart 1). Xiaochi Ma and
Tony D. James and co-workers created a ratiometric ER
targeted CES2 probe, ERNB, by replacing the butyl amine
group of CES2 probe 1 with an ethylenediamine linked
p-toluenesulfonamide (Chart 1)."*°

All of these probes have been characterized in vitro with
purified enzymes to be specific for CES2 and in live cells
using loperamide to inhibit CES2. Some of the probes were
also able to be used with different biological samples
depending on their fluorescence properties. DDAB's
fluorescence in the near-IR region (lex = 630 nm, Aeyy = 700
nm) allowed for imaging orthologous mouse CES2 activity in
ex vivo organs of mice and in live nude mice in addition to
being able to monitor CES2 activity in SKOV-3 and HL-7702
cells (Chart 1)."*” ERNB's ratiometric fluorescence was used
to image mouse CES2 ortholog activity in ex vivo liver slices
and was utilized to determine that mouse CES2 activity is
decreased under ER stress after acetaminophen (APAP)-
induced acute mouse liver injury.”*® Similarly, NCEN's two-

turn-on
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photon fluorescence properties permitted ratiometric
measurements of mouse CES2 ortholog activity in ex vivo
mouse liver slices."** Additionally, NCEN was adapted for use
in a fluorescence microscopy-based high-content analysis
(HCA) assay in a later report.”” This allowed for screening
several natural products for their CES2 inhibitory activity in
HepG2 cells.

Kyeong Sook Choi, Hwan Myung Kim, and co-workers
have also reported a CES2 selective probe using a different
acyl substrate for CES2 (Chart 1)."*° Their ratiometric probe,
“Probe2”, utilizes a succinate ester as the CES2 substrate
based on a known CES2 inhibitor, 18B-glycyrrhetinic acid
derivative (GAD). This probe shows preference, but not
complete selectivity, for CES2 over CES1 and BChE in vitro.
After validation of specificity for CES2 in live RKO cells using
loperamide, probe 2 was used to quantitatively measure
endogenous CES2 activity in several breast cell lines which
allowed for the authors to develop a method using probe 2 to
predict the responsiveness of cells to CPT-11, a CES2
substrate drug. It is important to point out that all the CES2
probes discussed here were not evaluated by genetic
knockdown/knockout of CES2 in live cells to ensure the
response is indeed coming from CES2 and not from off-
target inhibition of another CES or esterase.

Future directions

To date, there are two probes for CES1 and seven probes for
CES2 that have enough specificity to allow for their use to
study CES activity in live cells (Chart 1). There is little
diversity in the fluorophores utilized for CES1 due to the
limited number of well-characterized CES1 probes. Current
probes are limited to the BODIPY scaffold. The development
of CES1 probes that use different molecules for their
fluorescent cores would help create a color palette of
fluorescent probes for monitoring CES activity when paired
with existing CES2 probes. This would enable multicolor
fluorescence imaging'®® to monitor multiple CESs at the
same time.

Additionally, even the most well-characterized probes that
are highlighted here have not been directly tested if they
could be activated by CES3, CES4A, or CES5A. This could lead
to error in studies that use these fluorescent probes given the
potential of these other CES enzymes to have similar
substrate scopes to CES1 and CES2. Thus, future efforts
should also include characterization of fluorescent probes
activity towards CES3, CES4A, and CES5A as well as work
towards the development of probes that are able to
specifically report on the activity of these enzymes.

Another area of future focus could also be studying the
activity of CESs in different cellular compartments. While
CES1 and CES2 are annotated and known to be in the
endoplasmic reticulum due to their targeting sequences,
CES3's subcellular localization is less well defined due to
having a noncanonical endoplasmic reticulum retrieval signal
and both CES4A and CES5A lack this signal. A few lysozyme-
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targeted probes for CESs have been reported,*'™** however,
their specificity for CESs are poorly characterized. Currently,
known human CESs have not been suggested to be
lysosomal. Future exploration using well-characterized
targeted probes may lead to the discovery of new CESs, reveal
the subcellular localization of specific CES forms, and/or
annotate new enzymes with CES-like activity.

Finally, adaptation of more probes for use in HCA
assays, similar to the assay developed for CES2 using
NCEN,*” would enable rapid analysis of CES activity. These
HCA assays would have a particularly high utility in
determining potential DDI interactions involving specific
CES forms. Overall, having a variety of fluorescent CES
probes with different properties would allow researchers to
choose the one that is best suited for use in the system
of their interest.

Conclusions

CES enzymes are relatively understudied despite their key
role in the metabolism of drugs across several classes. The
variation of CES activity caused by a variety of factors has the
potential to and have been demonstrated in some cases to
influence clinical outcomes. Fluorescent probes, when
properly characterized and used in the right context, are
capable of studying CES activity in live cells and can rapidly
provide information on activity under different conditions.
Overall, we believe fluorescent probes capable of specifically
reporting the activity of CESs will help expand the
understanding of the effects of interindividual variation of
CES activity in drug metabolism leading personalized
treatments resulting in better clinical outcomes.
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