REVETS

chemical

@& Cite This: ACS Chem. Biol. 2018, 13, 1810-1823

Enzyme-Activated Fluorogenic Probes for Live-Cell and in Vivo

Imaging
Wen Chyan and Ronald T. Raines*

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, United States

S

ABSTRACT: Fluorogenic probes, small-molecule sensors
that unmask brilliant fluorescence upon exposure to specific
stimuli, are powerful tools for chemical biology. Those probes
that respond to enzymatic catalysis illuminate the complex
dynamics of biological processes at a level of spatiotemporal
detail and sensitivity unmatched by other techniques. Here,
we review recent advances in enzyme-activated fluorogenic
probes for biological imaging. We organize our survey by
enzyme classification, with emphasis on fluorophore masking
strategies, modes of enzymatic activation, and the breadth of
current and future applications. Key challenges such as probe
selectivity and spectroscopic requirements are described

alongside therapeutic, diagnostic, and theranostic opportunities.

luorogenic probes are latent fluorophores that reveal their

signal in response to environmental changes, interactions
with analytes, or specific chemical reactions. Fluorogenic
probes are prepared by chemically modulating the fluorescence
of a parent fluorophore, rendering it nonfluorescent until
activation by a specific triggering event. Because of their high
sensitivity and ability to monitor diverse events selectively,
fluorogenic probes are important components in the toolkit of
chemical biology.” ™"

Enzyme-activated fluorogenic probes, which invoke enzy-
matic catalysis to trigger the generation of fluorescence,
provide a versatile platform for monitoring biological processes
in live cells and in vivo. Early enzyme-activated probes were
based on xanthene dye scaffolds and detected galactosidases,
phosphatases, lipases, and esterases.” ™" Later, rudimentary live-
cell imaging was demonstrated with cell-permeable probes,”
leading to modern probe applications, including cell-viability
assays, * diagnostic tests,'’ and immunoassay technologies
such as enzyme-linked immunosorbent assays (ELISAs).'”
Innovations in probe design continue to drive the development
of companion techniques and applications.

The two overarching themes for fluorogenic probe design
and applications are the spectroscopic properties of the parent
fluorophore and the method employed to mask its
fluorescence. Key properties of the parent fluorophore include
brightness (which is the product of quantum yield and
extinction coefficient), wavelengths and shapes of both
excitation and emission peaks, effects of pH on fluorescence,
and resistance to photobleaching. Recent trends in fluorophore
scaffolds include the reduction of phototoxicity and auto-
fluorescence background with far-red,'® near-infrared,'* and
two-photon excited probes'” and the fine-tuning of spectro-
scopic properties and brightness.'®'” Whereas parent
fluorophore properties determine the postactivation perform-
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ance of a probe, the fluorescence masking strategy governs its
enzymic target and responsiveness. Accordingly, we focus this
review on enzyme-catalyzed unmasking strategies that have
been used for imaging in live cells and in vivo. We also
constrain our survey to the past five years and abstain from
extensive discussion of parent fluorophore chemistry and
spectroscopic properties covered elsewhere.>'*™"”

B PROBE DESIGN

Optimal fluorescence masking methods are chemically stable,
respond selectively to the desired event, and completely
eliminate fluorescence and absorption at the excitation
wavelength via quenching, masking groups, or other chemical
modifications. Three main methods for modulating fluores-
cence in enzyme-activated fluorogenic probes are depicted in
Scheme 1. Although masking groups to block constitutive
fluorescence (Scheme 1A,B) are employed frequently,
quenching strategies based on Forster resonance energy
transfer (FRET) or photoinduced electron transfer (PET)
effects can provide high modularity and, in some cases,
ratiometric imaging (Scheme 1C). Other common themes for
enzyme activation include fluorophore precipitation and
autoimmolative linkers that can improve probe stability and
performance.” The two most frequently encountered auto-
immolative motifs, elimination and acyl transfer, are used to
release a fluorophore payload rapidly and spontaneously
(Scheme 2).
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Scheme 1. Common Fluorescence Modulation Methods in Enzyme-Activated Fluorogenic Probes, with Examples for Each
Method, (A) Enzymatic Cleavage of Blocking Groups, (B) Enzymatic Conversion of Blocking Groups into Other Functional
Groups, and (C) Enzymatic Release of FRET or PET Quenchers
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Scheme 2. Representative Examples of Two Predominant Mechanisms of Activation in Autoimmolative Linkers, (A)

Elimination and (B) Acyl Transfer”
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“Enzymatic catalysis releases a masking group (R'-CO,H). Then, elimination to form a quinone methide (A)*” or acyl transfer driven by the action
of a trimethyl lock (B)*® rapidly releases a fluorophore (R>-OH or R%-NH,).

Because the intracellular space is a dense heterogeneous
mixture of molecules, organelles, and other subcellular
structures, the complexity of biological systems is more
faithfully represented by live-cell and in vivo models than by
fixed-cell or isolated enzyme experiments.”>* The rich trove
of dynamic cellular processes that can be studied in live cells is
not accessible to fixed-cell imaging or other disruptive
methods. As a result, probe technologies developed using
live-cell and in vivo models translate more readily to
therapeutic, diagnostic, and clinical applications.”>** Indeed,
fluorogenic probes and masking groups are often inspired by
prodrug and inhibitor design strategies.15'25’26

Operating in the crowded cellular environment poses
additional challenges to the design of enzyme-activated probes
for biological imaging applications. Constraints include
optimizing the rates and specificities of enzymatic activation,
directing probe uptake and localization, enhancing probe
stability, and minimizing toxicity. Probe stability, enzyme
specificity, and rate of activation are heavily influenced by the
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method of fluorescence modulation. In probes that employ a
masking or blocking strategy (Scheme 1A,B), covalently
attached groups serve as both the enzyme-responsive moiety
and fluorescence masking group. In contrast, probes utilizing
quenching techniques require the addition of a separate
enzyme-responsive group (Scheme 1C). Conversely, the
modularity of masking and enzyme-responsive groups provides
a convenient method of adapting fluorophore scaffolds to
target different enzymes.

B ENZYME TARGETS

To frame our review, we employ the enzyme classification
system established by the International Union of Biochemistry
and Molecular Biology (IUBMB). This system relies on the
type of reaction catalyzed by the enzyme: oxidoreductases (EC
1), transferases (EC 2), hydrolases (EC 3), lyases (EC 4),
isomerases (EC 5), and ligases (EC 6).”® The majority of
enzyme-activated probes target enzymes in classes EC 1—EC 3.
The sparsity of probes targeting EC 4—EC 6 can be attributed,
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Table 1. Targeted Enzymes and Imaging Applications of Enzyme-Activated Probes

EC
14

enzymes

monoamine oxidase

1.6 NAD(P)H:quinone

oxidoreductase
nitroreductases
1.7 azoreductase
1.8 thioredoxin reductase
1.14 ALKBH3
tyrosinase
2.3 y-glutamyltranspeptidase
mycolyltransferases
2.5 glutathione S-transferase
2.7 Bruton’s tyrosine kinase
3.1.1  carboxylesterases
3.1.2  acyl-protein thioesterase
(APT)
3.1.3  alkaline phosphatase
(ALP)
protein tyrosine
phosphatase (PTP)
32 P-galactosidase
glucocerebrosidase
P-glucuronidase
3.4 P-alanyl aminopeptidase
hepsin matriptase
cathepsin B and S
caspase-3
ER aminopeptidase
3.5 P-lactamases

applications
Parkinson’s disease diagnosis, inhibitor
screening

rapid cancer-cell screening, tissue resection

antibiotic-resistant pathogen identification

organelle-specific imaging in hypoxic tumor
cells

selective mitochondrial imaging and drug
delivery

orthogonal reporter system

thioredoxin reductase-selective imaging in live
cells

prostate cancer-targeted therapy and inhibitor
screening

vitiligo and Parkinson’s disease diagnosis

intraoperative fluorescence imaging

study of mycobacterial-cell growth and
division

isoform-selective glutathione transferase
imaging

single-step selective kinase imaging

super-resolution study of enzymatic activity

orthogonal enzyme—probe pair, improved
probe properties

theranostic agents
pathogen profiling and detection

prodrug activation and multicolor imaging of
ER esterases

study of endocytic processes in cancer cells

study of cellular responses to lipid stress,
ratiometric imaging, and visualization of
mitochondrial APT

monitoring excreted phosphatases, near-
infrared imaging of ALP

two-photon visualization of PTP

tracking of cell senescence, quantification of
cytosolic delivery

study of lysosomal storage disorders
deep-tissue tumor imaging

pathogen detection

prostate cancer imaging

deep-tissue tumor imaging of lyososomal
cathepsins

visualization of pre-apoptotic enzymatic
activity

two-photon ER-targeted deep-tissue redox
imaging

detection and labeling of antibiotic-resistant
pathogens

tested cell lines and tissues

Hep-G2, SH-SYSY

AS549, HT29, H446, H596,
OVCAR-3

AS549, HEK293, HeLa, HTC116,
liver

AS549, BT474, DU145, WI38

AS49, HEK293T, HeLa, NIH-3T3
Hep-G2

B16, HelLa

PC3, U208
SHIN3, SKOV3, colon

HL60

Jurkat, Namalwa

CHO, Drosophila S2, HEK293,
HeLa, WBF344, neurons, brain

HeLa

hiPSC neurons, neuro-2A

HeLa, HT1080, SK-N-SH

HeLa, HTB125, HTB126

AS49, HeLa, HEK293T, Hep-G2,
MCEF-7

HeLa, Hep-G2, U-20S tissue,
Saos-2 tissue

HEK293, HeLa, Hep-G2
C6, HeLa, SK-MEL-103

fibroblasts

DU145, LNCaP, PC3, PrEC

HEK293, HeLa, KB, MCF-7,
MDA-MB-231, NIH-3T3,
dendritic cells, U87

HeLa

Hela

model organisms

Drosophila melanogaster, mice

Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae,
Acinetobacter baumannii

zebrafish

Mycobacterium smegmatis,
Corynebacterium glutamicum

Mycobacterium tuberculosis

human colon organoids

D. melanogaster, mice

Staphylococcus saprophyticus, E. faecalis,
A. baumannii, S. aureus

mice

mice

Pseudomonas aeruginosa, Serratia
marcescens, Burkholderia cepacia

mice

mice

Escherichia coli, M. tuberculosis
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at least partially, to the inaccessibility of fluorescence
modulation mechanisms for reactions catalyzed by these
enzymes. Probes targeting oxidoreductases in EC 1 employ
the widest variety of fluorescence modulation strategies,
whereas probes targeting EC 2 and EC 3 enzymes primarily
rely on FRET/PET quenching or masking groups (Scheme
1A,C). Although probes for the three main enzyme classes, EC
1—EC 3, have existed for several decades, recent advances in
probe chemistry and design have rejuvenated the field with
methods for tuning spectroscopic properties and enzyme

15,17,26

specificity.

Below, we describe advances in enzyme-activated probes for
biological imaging, organized by enzyme type. Each section
contains descriptions of targeted enzyme classes or subclasses,
modes of enzyme activation, and applications to live-cell and in
vivo imaging. A summary of enzymes, probes, applications, and

model cell lines and organisms can be found in Table 1.

B OXIDOREDUCTASES (EC 1)

Oxidoreductases make up a highly diverse class of enzymes
that oxidize or reduce a wide variety of substrates, often with
cofactors NAD(P)H and flavin mononucleotide (FMN).
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Figure 1. Structures of probes activated by oxidoreductase enzymes EC 1.4—1.6, EC 1.8, and EC 1.14. Enzyme-reactive moieties (red) and

fluorophore scaffolds (blue) are highlighted.
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These enzymes are classified further as oxidases or
dehydrogenases depending on the nature of the redox reaction
and the final electron acceptor. Oxidases transfer electrons to
molecular oxygen as the acceptor, whereas dehydrogenases
remove hydrogens from a donor in an NAD'- or FAD-
dependent manner. Of the 22 different types of oxidor-
eductases, most fluorogenic probes target those classes relevant
to pathogen detection and tumor imaging, diagnosis, and
treatment. Key foci of recent work involve creating tools to
investigate cancer biomarkers, tumor-cell hypoxia, and neuro-
degenerative diseases.

Oxidoreductases That Act on the CH-NH, Group of
Donors (EC 1.4). Oxidoreductases of subclass EC 1.4 include
enzymes such as monoamine oxidase (MAO) that are
associated with the outer mitochondrial membrane and
catalyze the oxidative deamination of amines to aldehydes
(Figure 1) Although both MAO-A and MAO-B isoforms are
bound to mitochondria and abundant in the brain, they are
differentially localized at a cellular and tissue level and have
distinct substrate preferences. Isoforms MAO-A and MAO-B
are targets for the treatment of Parkinson’s disease, as both
MAO enzymes are important for maintaining hormone and
neurotransmitter homeostasis.”” Two-photon excited probes 4
and 5 were developed recently to monitor MAO-A and MAO-
B activity selectively in deep-tissue imaging.'>*® Probe 4 is
based on a resorufin scaffold with a linker connecting the
fluorophore and propylamine enzyme-reactive moiety. MAO-A
specificity is conferred by the ortho-halogenated linker, which
is inspired by the MAO-A inhibitor clorgiline and also serves as
an autoimmolative linker that undergoes elimination to release
a quinone methide. Probe § is based on the acedan scaffold
and derives its selectivity for MAO-B from a carbamate linker
moiety, inspired by the MAO-B inhibitor pargyline and
optimized by in silico molecular docking. Probes 4 and $
demonstrate the utility of drug- and inhibitor-inspired probe
design and enable selective imaging of MAO-A and MAO-B in
live cells as well as in Drosophila and mouse models of
Parkinson’s disease.

Oxidoreductases Acting on NADH or NADPH (EC 1.6).
The most frequently encountered enzymes in EC 1.6 are
quinone oxidoreductases and nitroreductases (NTRs).
Although nitroreductases have also been assigned to the EC
1.5 and 1.7 subclasses depending on their mechanism of
action, most nitroreductases targeted by probes in Table 1 are
of the EC 1.6 subclass. The characteristic feature of quinone
oxidoreductases and nitroreductases is their dependence on
NAD(P)H as an electron source.

Quinone oxidoreductases such as NAD(P)H:quinone
oxidoreductase isozyme 1 (hNQO1) are upregulated in
many tumors and constitute promising therapeutic targets.so
hNQO1 regulates the degradation of p53, p73a, and p33
tumor suppressors in breast, lung, liver, stomach, and kidney
tumors, among others.>° Probes 3, 6, and 7 target h(NQO1 via
a quinone propionic acid motif, whose redox potential was
tuned to quench the naphthalimide fluorophore by PET.*'~**
Upon two-electron reduction by hNQOI, the resultant
hydroquinone undergoes lactonization spurred by the gem-
dimethyl substituents, in a manner akin to the trimethyl lock
moiety (cf. EC 3.1.1, probe 32). In probes 3 and 6, the
lactonization directly restores fluorescence, whereas in probe 7,
an additional autoimmolative rearrangement step is necessary.
Nonetheless, the hNQO1-mediated activation of probe 7 was
found to be 2 orders of magnitude faster than that of 3 or 6,
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largely because of steric factors. Probe 7 also benefits from
reduced phototoxicity and background autofluorescence. As a
result of the favorable toxicity profiles and enzymic response of
the naphthalimide probes, rapid identification of hNQOI1-
positive cells was achieved with probe 7 in <10 min with
positive to negative ratios of >500. More recently, a cyanine-
based probe with a similar masking group strategy was applied
to three-dimensional tumor spheroids and ovarian cancer
mouse models.**

Similar to quinone oxidoreductases, two-electron nitro-
reductases are homodimers that employ NAD(P)H to reduce
nitrogen-containing functional groups with aid from FMN as a
cofactor. NTR activity is largely absent in most noncancerous
human tissue but highly prevalent in bacteria, with E. coli and
Enterobacter cloacae nitroreductases being of particular
interest.”>*® Interestingly, E. cloacae NTR was first isolated
from bacteria that metabolize TNT and were discovered in a
munitions factory.” Recent work with bacterial nitroreduc-
tases has focused on the rapid identification of pathogens, an
application that benefits greatly from the low background and
rapid response of fluorogenic probes. Probe 8 consists of a
CyS5.5 fluorophore linked to an NTR-responsive nitroimidazole
quencher.'" As a result of its cationic lipophilic nature, probe 8
readily penetrates both Gram-positive and Gram-negative
bacteria and undergoes NTR-responsive regeneration of
fluorescence. Probe 8 was utilized to identify and distinguish
between key antibacterial-resistant pathogens E. faceium, S.
aureus, K. pneumoniae, A. baumannii, and P. aeruginosa.

Inspired by recent reports of NTR activity in hypoxic tumor
cells, probes 2 and 9—14 were created to study hypoxia-
dependent nitroreductase activity in cancerous cells.”’~*
Probes 2, 9, and 10 were highly selective for nitroreductase
in the presence of other biologically relevant reducing agents
and were used in the imaging of live AS49, HCT116, and
HeLa cells. Spatial differences in nitroreductase activity
between different cellular compartments can be studied using
targeted probes such as 12, a cationic conjugated polymer that
accumulates in the nucleus, or 11, which contains a lysosome-
targeting morpholine moiety. These probes are selective and
highly responsive to nitroreductases, enable targeted imaging,
and span several regions of the visible spectrum, enabling
further studies of hypoxic tumor masses and other hypoxia-
related diseases such as stroke and cardiac ischemia.

In consideration of the putative prokaryotic origin of
mitochondria and nitroreductases, probe 15 was created to
search for intramitochondrial NTR activity in normoxic cancer
cells.”* The cationic and lipophilic nature of probe 15 enabled
selective mitochondrial accumulation in live A549 cells and a
selective NTR response over other background reductases.
Probe 1§ revealed intramitochondrial nitroreductase activity
that was attenuated by bacterial NTR inhibitors. This strategy
was then expanded to prepare a prodrug version of Antimycin
A for targeted release in mitochondria, which showed
enhanced biological activity in WI38, BT474, and DU14S cells.

Unlike the nitroaromatic enzyme-reactive moieties in probes
8—15, probe 16 incorporates an aryl azido group as a mask.
Surprisingly, probe 16 was selective for CYP450 enzymes (EC
1.14) rather than the expected cytochrome P450 reductases.**
This orthogonal response could be exploited for imaging and
delivery applications. On the other hand, the effective
reduction of probe 16 in several different cancer cell lines
suggests instability of the aryl azido groups commonly used for
proximity proteomics and photoaffinity labeling. "’
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Figure 2. Structures of probes activated by transferase enzymes (EC 2). Enzyme-reactive moieties (red) and fluorophore scaffolds (blue) are

highlighted.

Oxidoreductases Acting on Other Nitrogenous
Compounds as Donors (EC 1.7). As an alternative to
nitroreductase-responsive probes, probe 17 is responsive to E.
coli azoreductase (EC 1.7.1.6), which reduces the azo group
that links the rhodamine scaffold and the dimethylaniline
autoimmolative linker.** Reduction of the azo group not only
reverses PET quenching but also enables elimination of the
parent rhodamine green dye. The azoreductase—probe pair can
be used as an orthogonal reporter in any cell line amenable to
transfection, including HeLa, A549, HEK293T, and NIH3T3.
The slight susceptibility of the azo bond to nonspecific
bioreduction under hypoxic conditions is, however, a potential
limitation to the scope of applications.

Enzymes Acting on a Sulfur Group of Donors (EC
1.8). Thioredoxin reductase (TrxR) is a cornerstone of the
thioredoxin pathway as the only known reductase of
thioredoxin.*” Similar to the nitroreductases described above,
TrxR is a homodimer requiring NADPH and FMN cofactors.
Probe 18 enables selective and rapid imaging of TrxR activity
in live cells.*® The selectivity arises from the five-membered
cyclic disulfide attached to a naphthalimide fluorophore via a
carbamate linker. Reduction by TxrR generates a thiolate that
cleaves the carbamate linker to form a stable cyclic carbon-
othioate, releasing the naphthalimide fluorophore. Probe 18
resists nonspecific activation by reducing agents and closely
related enzymes, as demonstrated by in vitro assays and live-cell
imaging in Hep-G2 cells.

Enzymes Acting on Paired Donors, with Incorpo-
ration or Reduction of Molecular Oxygen (EC 1.14).
Probe 19 enables the direct measurement of the activity of a-
ketoglutarate-dependent dioxygenase alkB homologue 3
(ALKBH3), which is also known as prostate cancer antigen-
1.* ALKBH3 demethylates 1-methyladenine in single-
stranded DNA or RNA, and elevated levels of ALKBH3 are
correlated with increased invasiveness and cell survival in
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cancer cells.”® Probe 19 incorporates an electron-deficient 1-
methyladenine quencher and adjacent pyrene fluorophores
into a single strand of DNA. Enzymatic demethylation by
ALKBH3 attenuates 1-methyladenine PET quenching, thus
restoring pyrene fluorescence. Enzyme-optimized probe 19
possesses two pyrene nucleosides on the 3’ end of 1-
methyladenine with symmetric poly(A) tails flanking both 3’
and 5’ ends for a total length of 10—12 nucleotides. The
combination of length and positioning imbues probe 19 with
steady state kinetic parameters that mirror those of native
substrates and higher selectivity for ALKBH3 than for nine
other homologues. As evidenced by flow cytometry and live-
cell imaging with prostate cancer line PC3, probe 19 enables
direct measurement of ALKBH3 activity in lieu of laborious
immunohistochemistry or in vitro assays of enzymatic activity.

Another target of fluorogenic probes in subclass EC 1.14 is
tyrosinase, an enzyme that converts phenols into o-quinones
Although

abnormal tyrosinase levels have been implicated in Parkinson’s

and limits the rate of melanin biosynthesis.”"

disease and vitiligo, detection and quantification of these
enzymes are often complicated by cross-reactivity of probes
with reactive oxygen species (ROS). To circumvent this
limitation, near-infrared probe 20 incorporates a tyrosinase-
responsive mask having an additional methylene group
inserted between the hemicyanine fluorophore and aromatic
ring, obviating ROS oxidation.”" Elevated tyrosinase levels in
murine melanoma B16 cells relative to HeLa cells were
demonstrated by live-cell imaging with cell-permeable 20 and
corroborated by an ELISA. Imaging zebrafish with probe 20
revealed previously unknown asymmetric distributions of
tyrosinase between the yolk sac and tail.
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Figure 3. Structures of probes activated by hydrolases in classes EC 3.1 and EC 3.2. Enzyme-reactive moieties (red) and fluorophore scaffolds

(blue) are highlighted.
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B TRANSFERASES (EC 2)

Transferases facilitate the transfer of functional groups from
donor to acceptor substrates and accommodate an extensive
array of groups such as sulfuryl, phosphoryl, methyl, amino
acyl, and acetyl groups (Figure 2).”* Although transferases are
essential to key biochemical pathways, fewer fluorogenic
probes targeting transferases have been reported than those
targeting the more frequently studied oxidoreductases (EC 1)
or hydrolases (EC 3). This dichotomy is in part due to the
difficulty of designing selective masking groups that can
distinguish transferase activity from that of hydrolases and
other enzymes. Indeed, early observations of transferase
activity attributed the activity to a combination of hydrolases
and other enzymes instead of a single transferase enzyme.>”
Recent probes that have achieved selective activation by
transferases rely on transfer group mimetics (probes 21—
23),°%** specific acceptors (probe 24),°° or recognition
moieties (probe 25).%°

Acyltransferases (EC 2.3). y-Glutamyltransferase is one of
approximately 32 aminoacyltransferases that act on amines to
transfer peptide bonds.”® y-Glutamyltransferase-activated
probes are of particular interest for oncologic surgeries because
y-glutamyltransferase is strongly expressed in a variety of
cancers.”” Fluorogenic probes for such intraoperative applica-
tions require rapid activation and low background to be
effective. Probes 21 and 22 are activated by the enzyme-
catalyzed hydrolysis of a glutamyl amide (which is a side
reaction of y-glutamyltransferase), releasing indocyanine or
silarhodamine fluorophores. These probes, which share the
same rapid-response masking group and minimize autofluor-
escence via red or near-infrared emission, have been used to
image tumors in mouse intestines.

In mycobacteria, such as M. tuberculosis, acyltransferases play
vital roles in cell-envelope biosynthesis.”® FRET-quenched
fluorogenic probe 23°” has been developed to study the
spatiotemporal dynamics of mycolyltransferases that are
essential for the construction of mycobacterial cell envelopes.
Enzyme—probe specificity in probe 23 was achieved by using a
substrate-mimetic linker between a BODIPY fluorophore and
DABCYL quencher. Images of M. smegmatis obtained with this
probe revealed that mycolyltransferase activity is asymmetric.
Notably, fluorescence was generated by a hydrolytic side
reaction catalyzed by mycolyltransferases, thereby leaving the
cell envelope intact (cf. cytotoxic f-lactamase probes). The
ability of this enzyme-activated probe to visualize mycobacteria
selectively and with high sensitivity (>10*fold vs E. coli or
Bacillus subtilis) suggests utility in the diagnosis of tuberculous.

Alkyl- or Aryltransferases (EC 2.5). Glutathione S-
transferase (GST) is an important enzyme for the
detoxification of xenobiotic substances through the transfer
of glutathione for subsequent metabolic decomposition.”” The
structural variety of encountered xenobiotics exerts evolu-
tionary pressure toward either a few enzymes with high
substrate promiscuity or many substrate-specific enzymes.
Ultimately, multiple isoforms of human GST evolved, with at
least eight subclasses present in varied cellular locations,
including the cytosol, mitochondria, and microsomes.”” These
defensive enzymes are also frequently commandeered by
cancer cells to acquire drug resistance. GST catalyzes
nucleophilic aromatic substitution of glutathione into probe
24 to form a Meisenheimer complex, which collapses to release
the parent fluorophore.®” Selectivity for the a and y isoforms is
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achieved by tuning aryl substituents, and probe 24 was
effective for imaging GST in HL60 cells.

Kinases (EC 2.7). Kinases are integral to signaling pathways
and exhibit an extraordinary variety of substrates. The
quantification and spatiotemporal tracking of a particular
kinase activity have required multistep protocols involvin§ the
introduction of non-native proteins into cells.”"** As
alternatives, probe 25%° and its analogues63 have been
developed for the single-step imaging of specific kinases.
Probe 25 consists of three components, a Bruton’s tyrosine
kinase (Btk) inhibitor-based recognition moiety, a fluoro-
phore—quencher pair, and a kinase-cleavable linker. A cysteine
residue (Cys481) in the active site of Btk attaches covalently to
the a-carbon of the amide linker in probe 25, inducing
elimination of the dinitrophenol quencher and enabling real-
time imaging of Btk in live Namalwa cells. Because the kinase
specificity of probe 28 is derived from the inhibitor mimic, this
strategy is generally applicable to any kinase with accessible,
selective small-molecule inhibitors.

B HYDROLASES (EC 3)

Hydrolases, which catalyze the hydrolytic cleavage of chemical
bonds, are preeminent targets of enzyme-activated fluorogenic
probes. Early work with enzyme-activated probes was
predominately on hydrolase-activated probes, which continue
to be important tools for intracellular drug delivery,** imaging
of dgrnamic cell processes,”” and diagnostics and therapeu-
tics.” "7

Esterases (EC 3.1.1). Esterases are particularly amenable to
repurposing for drug delivery and diagnostic applications.
Masking negatively charged carboxylic acids with esters is a
proven technique for enhancing intracellular delivery of

. 68 . 64
sensors, biomolecules,” and therapeutic agents.”” Recent
advances in esterase-activated probes include improvements
in performance and utility (probes 26—28) and new
applications in therapeutics, pathogen detection, and cell
physiology (probes 29—32) (Figure 3).

Probe 26 is a dual-input probe for the super-resolution
imaging of enzymatic activity. Many super-resolution micros-
copy techniques require photoactivatable probes, which is
achieved with probe 26 by replacing the traditional xanthene
lactone with a diazo moiety.”” Because the esterase-reactive
masking group is installed in a manner independent of the
diazo moiety, this strategy can also be used to target other
classes of enzymes in live-cell imaging. Probe 27 provides high
stability, brightness, and photostability because of generally
applicable electronic and steric optimization of the fluorophore
and esterase-labile masking group.”””" Probe 28 along with
exogenous pig liver esterase forms an enzyme—probe pair that
is orthogonal to esterases in human cells. This pair enables an
additional dimension of selectivity and demonstrates the
feasibility of overlaying multiple enzymes catalyzing similar
reactions in a single biological system while also preserving
neatly discernible enzymatic responses.

In recent applications, esterase-activated fluorogenic probes
29 and 30 were shown to target bacterial enzymes relevant to
botulism and tuberculosis. Probe 29 is a combination
therapeutic and diagnostic agent, or “theranostic”,’”” with a
dual-purpose masking group that is also a potent inhibitor of
botulinum neurotoxins.”> A hydroxamate linker enables 29 to
undergo esterase-catalyzed activation of the prodrug and
fluorogenic probe after freely diffusing across the plasma
membrane, with enhanced intracellular delivery and effective-
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Figure 4. Structures of probes activated by hydrolases in classes EC 3.4 and EC 3.5. Enzyme-reactive moieties (red) and fluorophore scaffolds

(blue) are highlighted.

ness in live neurons. Probe 30 is a far-red sensor with variable
lipid tails for profiling bacterial esterase and lipase activities.”*
By testing samples with a battery of probes containing different
lipid moieties, one can use a characteristic esterase fingerprint
to distinguish M. tuberculosis from similar bacterial strains. In
contrast to bacterial probes 29 and 30, probes 31 and 32
function in human cells to provide refined spatiotemporal
control and detailed physiological information. Probe 31 is one
of a family of probes tuned to report esterase activity in the
endoplasmic reticulum selectively, with potential for applica-
tion as a drug release trigger.74 Probe 32 contains a
phosphatidylglycerol moiety, allowing it to embed in the
outer surface of cells and monitor endocytic events.”’ The
internalization of probe 32 allows intracellular esterases to
unmask fluorescence, a feature that was used to demonstrate
fundamental differences in rates of endocytosis in matched
cancer and non-cancer cell lines.
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Thioesterases (EC 3.1.2). The S-acylation of cysteine
residues is a dynamic post-translational modification prevalent
in mammalian cells. The degree of protein S-acylation is tuned
by the careful balance between S-acyltransferases and
thioesterases, which are themselves regulated by a variety of
cell processes, including lipid signaling cascades, neuronal
activation, and growth factor signaling.75 Reversible S-
palmitoylation is of particular interest given its association
with disease and the importance of palmitoylation for proper
protein location and function.”®

Acyl-protein thioesterase 1 and 2 (APT1 and APT2,
respectively) are depalmitoylases essential for the regulation
of S-palmitoylation in the cytosol. Probes 33—385 target APT1
and APT2 via a substrate mimic that, upon activation,
undergoes intramolecular cleavage of a carbamate to release
coumarin or rhodol fluorophores.””~”” The carboxylic acid in
probe 33 increases the aqueous solubility, enabling inclusion of
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a native S-palmitoyl trigger substrate compared to the
abbreviated S-octanoyl triggers in probes 34 and 35.”°
Discovery of previously unknown mitochondrial depalmitoy-
lase activity was accomplished by appending a triphenylphos-
phine moiety to yield mitochondrially targeted probe 34.”” In
addition, imaging of live HEK293T cells with an APTI-
preferential probe variant showed that APT1 is the primary
enzyme responsible for mitochondrial depalmitoylation. To
improve quantification of APT activity, ratiometric probe 35
was prepared from a substituted aminocoumarin and used to
visualize cellular responses to lipid stress and APT activity in
human colon organoids.”® Probes 33—35 constitute a portfolio
of tools for studying the spatiotemporal dynamics of APT1 and
APT?2 activity.

Phosphatases (EC 3.1.3). Minimizing background and
deep-tissue imaging are common themes of probes 36—38,
which target alkaline phosphatases (ALP) or protein tyrosine
phosphatases (PTP), enzymes that play key roles in disease
pathogenesis and cell regulation.*” ALP probe 36 was designed
to detect secreted phosphatases, triggering excited state
intramolecular proton transfer (ESIPT) fluorescence enhance-
ment and irreversibly staining the surrounding area via
fluorophore precipitation. Probe 36 was able to distinguish
cells with different physiological profiles in heterogeneous
tumor tissues.”' In contrast to the sedimentary nature of probe
36, near-infrared probe 37 was designed for dynamic imaging
of ALP in live mice.'* Probe 38, which targets PTP, is a two-
photon acyloxymethyl ketone probe conjugated to cell-
penetrating peptides to facilitate organelle-specific detection
at tissue depths of <100 ym.** Far-red PTP probe 1 provides
reduced phototoxicity and background autofluorescence along
with enhanced cellular uptake compared to those of existing
PTP probes. Probe 1 was used to image PTP activity in HeLa
cells and to identify S. aureus from a panel of similar human
pathogens."”

Glycosidases (EC 3.2.1). Glycosidase-activated probes
typically incorporate monosaccharides as masking groups or
cleavable linkers for FRET quenching. Probes 39 and 40 are
activated by f-galactosidase and are based on naphthalimide
and xanthene scaffolds, respectively.*”** Two-photon excited
probe 39 is designed to identify cell senescence in live SK-
MEL-103 cells and xenograft tumor-imaging experiments.**
Bioconjugable probe 40, together with E. coli }-galactosidase
installed in the cytosol, forms an enzyme—probe pair for
quantification of the entry of the exogenous protein into the
cytosol of HeLa cells.*” Similar pairs with near-infrared
emission profiles have been developed for general imaging
applications in other cell lines.*> Probe 41 detects lysosomal
glucocerebrosidase activity, which is deficient in Gaucher’s
disease,”* via cleavage of the glycosidic bond to release the
parent fluorophore. The modularity of the linkers, quenchers,
and fluorophores provides access to a variety of wavelengths
for imaging fibroblasts. Probe 42 is similarly modular but
instead employs masking groups activated by p-glucuroni-
dase,”” a promising enzyme for prodrug activation.””®” The
linker between the masking group and near-infrared
fluorophore contains a latent o-quinone methide electrophile
that covalently binds the activated probe to the fj-
glucuronidase enzyme, a trapping motif also in f-lactamase
probe 51 (EC 3.5.2). Trappable probe 42 has been used to
visualize both subcutaneous and deep-tissue liver tumors in
mice.
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Proteases (EC 3.4). Proteases, enzymes that cleave peptide
bonds, act with varying degrees of substrate discrimination.
Targeting highly specific proteases with enzyme-activated
fluorogenic probes can be achieved by incorporating peptides
or peptide mimics as masking groups or linkers. Depending on
the desired enzyme target, these protease recognition moieties
can range from a single amino acid to >20 residues. Although
activation mechanisms in protease-activated probes have been
fairly constant, recent advances have enhanced probe perform-
ance, selectivity, and breadth of applications (Figure 4).

Probe 43 detects f-alanyl aminopeptidase activity in P.
aeruginosa, a multi-drug-resistant pathogen commonly found in
hospital-acquired infections.”’ The f-alanyl masking group of
the probe was applied to resorufin, naphthalimide, and other
fluorophore scaffolds to create panels of probes with clinical
utility for identifying P. aeruginosa in culture.”’

Probes 44—47 are designed for tumor visualization to
improve diagnosis and intraoperative inspection during
surgery. Probe 44 contains a single KQLR peptide masking
group that is selectively cleaved by hepsin matriptase in
prostate tumors.”” By leveraging the pH-dependent fluores-
cence of the masked probe relative to that of the parent
hydroxymethyl rhodamine, one can achieve high contrast
ratios even using only a single masking group. The diagnostic
utility of probe 44 was established broadly in live-cell and
mouse imaging experiments. Probes 45—47 target cathepsins, a
group of proteases activated in the acidic environment of
lysosomes that have become a centerpiece of prodrug
strategies.”””* Probe 45 is a non-peptide activity-based probe
containing an electrophilic moiety that first selectively labels
cathepsin S and then eliminates a quencher (QSY21), resulting
in covalently labeling the enzyme with a fluorophore (Cy5).”
Probe 45, when deployed with nonspecific cathepsin-activated
sister probes, has been instrumental for imaging syngeneic
mammary tumors in vivo and profiling pathways of
endolysosomal proteolysis in live dendritic cells. Probes 46
and 47 and others incorporate short peptides targeting
cathepsin B and have been used for selective imagin§ of
cathepsin B in a wide variety of cell lines (Table 1).7° A
discussion of protease-targeted activity-based probes and their
clinical applications can be found elsewhere.”” "%

Protease probes 48 and 49 rely on amino acid or peptide
masking groups to target different proteases. Upon cleavage of
the DEVD peptide in probe 48 by apoptotic protease caspase-
3, the released monomer forms hydrophobic excimers with
long-wavelength fluorescence.'”' Excimer formation spurs
precipitation of aggregates, enabling live-cell imaging of
location-specific caspase activity without the risk of fluo-
rophore diffusion after cell apoptosis. Probe 49, which targets
endoplasmic reticulum (ER) aminopeptidase 1, is a two-
photon excited fluorescent probe that undergoes a bicyclic urea
cyclization to release an ER-targeted naphthalimide.'®
Selective enzymatic hydrolysis of the appropriate amide bond
by the desired enzyme target, rather than nonspecific cleavage
of thiourea and carbamate linkers in probes 46, 47, and 49, was
confirmed by the absence of an undesirable background signal
upon incubation with nontarget proteases.

p-Lactamases (EC 3.5.2). Because of their clinical
significance in antibiotic resistance, f-lactamases are frequent
targets for fluorogenic probes in this class. With >890 p-
lactamases having been identified to date, these cyclic amide
hydrolases seriously challenge the efficacy of current antibiotics
portfolios.'”® Advances in f-lactamase-activated probes focus
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primarily on improvements to the mechanism of activation and
enzymatic specificity, enabling clinically crucial identification of
different antibiotic-resistant bacteria. A challenge in the
development of meaningful probes for f-lactamases is the
intrinsic cytotoxicity of f-lactams, which can limit the usable
concentration of these probes for live-cell imaging.

Probe 50 selectively targets BlaC, a p-lactamase overex-
pressed in M. tuberculosis.® Specificity was attained by tuning
substituents to complement the substrate recognition loop in
BlaC. As a result, probe 50 is 10*-fold more responsive to BlaC
than to homologous f-lactamases (e.g, TEM-1) and can
identify M. tuberculosis in human sputum, though with a false-
positive rate of 27%.

P-Lactamase generates a highly reactive Michael acceptor
from probe 51, comparable to the action of S-glucaronidase
probe 42.°” The nascent electrophile forms covalent bonds
with nucleophilic residues of f-lactamase before probe
diffusion occurs, enabling spatiotemporal tracking of the
enzyme. The utility of this approach was demonstrated in E.
coli cells that produce f-lactamase.

B FUTURE DIRECTIONS

Enzyme-activated fluorogenic probes are highly sensitive tools
for biological imaging applications. Advances in probe design
and application have expanded the toolkit for assessing
enzymatic activity and have established generalizable methods
for imaging in live-cell and in vivo model systems.

Future work will likely focus on two primary areas, enhanced
specificity of enzyme activation and improved probe
chemistries. The attainable spatiotemporal and physiological
information for imaging experiments is related directly to the
degree of enzyme specificity. Expanding the palette of single
enzyme-specific probes (i.e., 24 and 45) and isoform-specific
probes (i.e, 4 and 5) would provide higher-resolution
information for identifying the location and function of a
particular enzyme amidst the intracellular tapestry. Alter-
natively, new orthogonal enzyme—probe systems involving
probes like 28 and 40 could be used to interrogate biological
processes selectively while minimizing undesirable noise from
endogenous enzymes. A logical extension of improved
selectivity would be new theranostic agents such as probe
29, which deliver targeted therapeutic agents and illuminate
disease sites simultaneously.

Improved probe chemistries would enhance the photo-
physical performance of parent fluorophore scaffolds and
improve enzymatic responses.’~ Tuning masking groups and
enzyme recognition moieties, as demonstrated in probes 27
and 48, could yield greater stability, reduced background, and
enhanced activation kinetics. The incorporation of highly
tunable'” and multi-input'**'® fluorophore scaffolds into new
probes would facilitate sophisticated biological imaging and
provide new insight into fundamental aspects of cell biology

and physiology.
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