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Abstract

Fluorogenic enzyme probes go from a dark to a bright state following hydrolysis and can provide a
sensitive, real-time readout of enzyme activity. They are useful for examining enzymatic activity
in bacteria, including the human pathogen Mycobacterium tuberculosis. Herein, we describe two
fluorogenic esterase probes derived from the far-red fluorophore 7-hydroxy-94-(1,3-dichloro-9,9-
dimethylacridin-2-one) (DDAO). These probes offer enhanced optical properties compared to
existing esterase probes because the hydrolysis product, DDAQO, excites above 600 nm while
retaining a good quantum yield (¢=0.40). We validated both probes with a panel of commercially
available enzymes alongside known resorufin- and fluorescein-derived esterase substrates.
Furthermore, we used these probes to reveal esterase activity in protein gel-resolved mycobacterial
lysates. These probes represent new tools for esterase detection and characterization and should
find use in a variety of applications.
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Tuberculosis (TB) is a serious human disease caused by several mycobacterial species,
including Mycobacterium tuberculosis. Small molecule probes are versatile tools for
studying bacterial pathogens because they can target specific enzyme classes in complex
mixtures or living organisms.[2=3] A variety of enzyme-targeted probes have been used to
better understand M. tuberculosis. Substrate analogues have been employed to annotate the
genome, [l identify therapeutic targets,[® €] and characterize enzymatic activity.[’] A small
but powerful subset of mycobacterially targeted probes are fluorogenic, which enables the
sensitive and direct readout of enzyme activities.[®] For example, a fluorogenic probe
specific for the M. tuberculosis B-lactamase BlaC has been used to detect infections in
mouse modelsl®] and sputum samples.[19] Furthermore, we recently applied fluorogenic
probes to examine mycobacterial sulfatases in a protein gel-based assay format.[11 121 we
found that although most mycobacterial species, including M. tuberculosis, could hydrolyze
sulfated fluorophores, the pattern of sulfatase activity varied from one species to another.
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Fluorogenic probes could be ideal tools to detect, classify, and characterize mycobacterial
esterases, of which there are more than 30 predicted in the M. tuberculosis genome.[13. 14]
This enzyme class includes lipases, which are most active with long-chain, water-insoluble
esters.[15] Although very few of the M. tuberculosis esterases or lipases have been
biochemically characterized,[16-22] it is likely that they have roles in cell wall remodeling,
cell division, nutrient acquisition, and pathogenesis.[*4] Detecting and characterizing these
esterases has been difficult because most form inclusion bodies in heterologous hosts (i.e.,
Escherichia coli).[16-22] Fluorogenic enzyme probes could directly detect enzyme activities
in intact organismst® 191 or in protein gel-resolved lysates without the need for isolated
enzyme.[11. 12, 23]

The simplest fluorogenic esterase probes are fluorophores masked by acetate esters (e.g.,
fluorescein diacetate, FDA), but these can suffer from high background fluorescence due to
significant levels of spontaneous hydrolysis.[24-26] Thus, researchers have developed a
variety of masking strategies to create more stable substrates.[24-30] A foremost example of
this is the acetoxymethyl (AM) ether masking moiety,[24: 26. 28] which we used to mask
substrates in this work. Ester cleavage yields a hydroxymethyl ether, which spontaneously
decomposes to generate the free fluorophore (Scheme 1).

Among the existing scaffolds, there is a shortage of esterase probes that excite above 600
nm, where cellular autofluorescence and light scattering are diminished.[3] Most existing
fluorogenic esterase substrates are based on coumarin,[24: 27:32] fluorescein,[26: 331
rhodamine,[29: 30.32] and resorufin[26. 341 scaffolds. The Nagano group reported a ratiometric
esterase probe with fluorescence emission at 760 nm,[3%] but most standard laboratory
equipment lacks sensitive detection in the near-infrared (NIR). Probes derived from far-red
fluorophores, which excite above 600 nm but do not require NIR detection, could prove
quite useful. In this category, the far-red fluorophore 7-hydroxy-9+-(1,3-dichloro-9,9-
dimethylacridin-2-one) (DDAO, Agpsiem = 646/660 nm) was successfully developed into a
sulfatase[!1] and a B-galactosidase probe.[36: 371 Additionally, the high fluorescence of
DDAO above its pK; of 5.7 makes DDAO-derived probes usable across a broad pH range. In
spite of these favorable properties, DDAO has not been previously converted into an esterase
substrate.

In this work, we report two new fluorogenic probes that are versatile tools for detecting
esterase and lipase activity. We synthesized DDAO-AME 1 and 2, two distinct AM ether-
masked fluorogenic probes derived from DDAO. We also synthesized the known compound
resorufin AM ether (Res-AME)[26] to enable comparative analyses (Scheme 2). We
validated each substrate with a commercial panel of esterases and lipases. Ultimately, we
used each probe to examine esterase activity in gel-resolved lysates derived from a set of
mycobacterial pathogens.

DDAO was converted into fluorogenic esterase substrates through a silver-mediated O-
alkylation. The reaction yielded two regioisomers, DDAO-AME 1 and 2 (Scheme 2), which
were separable by column chromatography. The site of O-alkylation was determined by
using NOESY (see Figures S1-S2 in the Supporting Information). Res-AME was
synthesized as previously described.[2¢]
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A critical feature of any fluorogenic probe is its spectral distinction from the parent
fluorophore. We determined the spectral characteristics of DDAO-AME 1, DDAO-AME 2,
and Res-AME (Scheme 2 and Table S1). Although they are regioisomers, DDAO-AME 1
and 2 have distinct absorbance and emission spectra (Figure 1). DDAO-AME 1 (Aaps/em =
465/625 nm) is blue-shifted compared to DDAO and has a sixfold decrease in quantum yield
(¢=0.07 vs. ¢=0.40l11]). DDAO-AME 2 is further blue-shifted (a5 = 395) and has no
detectable fluorescence, making this an exceptional “turn-on” probe. Resorufin (Aaps/em =
571/588 nm) and Res-AME (Aansem = 475/605 nm) have some overlap in their absorbance
and emission spectra (Figure 1), but Res-AME has a substantial decrease in quantum yield
(¢= 0.01) compared to resorufin (¢=0.74[38]). Both DDAO and resorufin have favorable p&;
values of 5.7 and 5.8, respectively, and are fluorescent above pH 6 (Figure S3, Table S1).

As it is imperative that probes remain masked in the absence of enzyme, we assessed the
hydrolytic stability of DDAO-AME 1, DDAO-AME 2, and Res-AME alongside the
commercially available substrate FDA. The fluorescence generated through spontaneous
unmasking was monitored at 37 °C in PBS (pH 7.4) or in Dulbecco’s Modified Eagle’s
Medium supplemented with 10 % fetal bovine serum (DMEM-FBS; Figure S4). All three
AM ether probes were more stable in PBS than in DMEM-FBS (Table S2). FDA was less
stable than any of the AM ether-masked probes, with a calculated half-life (42) of 8 hiin
PBS. Res-AME underwent limited hydrolysis in PBS, with a calculated half-life of 13 h.
DDAO-AME 1 and 2 both offered improved stability, with half-lives of 27 and 41 h,
respectively. In DMEM-FBS, all probes were more susceptible to spontaneous hydrolysis,
with calculated half-lives of approximately 0.3 h. The enhanced stability of the two DDAO-
AME probes in PBS compared to Res-AME and FDA allows high signal-to-noise to be
maintained over longer time course experiments.

We confirmed that DDAO-AME 1 and 2 were broadly useful esterase substrates by using a
panel of commercially available fungal, bacterial, and mammalian esterases and lipases
(Figure 2). We evaluated three esterases, from porcine liver (PLE), Saccharomyces
cerevisiae, and Bacillus subtilis. The enzyme panel also included nine lipases, from
Aspergillus sp., Candida antarctica, Candida rugosa, Mucor miehei, Pseudomonas cepacia,
Pseudomonas fluorescens, Rhizopus arrhizus, Rhizopus niveus, and porcine pancreas. All
enzymes rapidly hydrolyzed DDAO-AME 1 and 2 to produce a statistically significant (P <
0.01) fluorescent signal within 10 min. Res-AME and FDA were cleaved by many of the
enzymes but showed little or no activation in the presence of M. mieheilipase, porcine
pancreas lipase, and S. cerevisiae esterase. The DDAO-based probes were excellent
substrates for P, fluorescens lipase, an enzyme source that was only modestly active with
Res-AME and FDA. As PLE gave a high signal-to-noise ratio for all probes, we used it to
confirm that active enzyme was required for probe cleavage. We reduced the catalytic
activity of PLE by using the esterase inhibitor diethyl-p-nitrophenyl phosphate (E-600) or
heat inactivation; both methods resulted in an attenuated signal. Overall, the DDAO-AME
probes were hydrolyzed rapidly by all of the esterases and lipases examined, demonstrating
that these probes offer enhanced speed and versatility for characterizing a diverse set of
enzymes, including enzymes that prefer lipid-containing substrates.
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Highly sensitive fluorogenic probes are well-suited for verifying the presence of scarce
esterases inside cells or in complex lysates.[39] In order to examine the sensitivity of our
probes, we determined the PLE detection limit of the DDAO-AME probes alongside Res-
AME, FDA, and the chromogenic substrate p-nitrophenyl acetate (-NPA; Table 1 and
Figure S5). Each probe was incubated in 10 mM HEPES (pH 7.3) at 37 °C with varying
amounts of PLE (0.55 to 2750 pg). After 10 min, the signal from each hydrolyzed probe was
measured. FDA was the most sensitive for PLE detection and could detect the lowest amount
of PLE evaluated (0.55 pg), whereas p-NPA was the least sensitive (2750 pg). Res-AME
detected 27.5 pg PLE, whereas DDAO-AME 1 (11 pg) and DDAO-AME 2 (2.75 pg) were
able to detect 2.5-fold to tenfold less PLE, respectively. These results demonstrate the high
sensitivity of fluorogenic probes for detecting extremely small amounts of esterase.

Next, we characterized the Kinetics of a subset of esterases (PLE and B. subtilis esterase;
Figures S6-S7) and lipases (C. antarcticaand M. miehei, Figures S8-S9) with DDAO-AME
1 and Res-AME. Unfortunately, the limited aqueous solubility of DDAO-AME 2 above 30
UM prevented us from accurately determining the Michaelis constant, Ky, or the maximal
velocity, Vimax- The enzymes evaluated represent a range of hydrolytic activities observed in
our enzyme screen (see Figure 2). As summarized in Table 2, DDAO-AME 1 and Res-AME
both gave Kj, values in the low micromolar range with each enzyme evaluated. DDAO-
AME 1 was a favorable substrate for PLE (Ky = 7.5 £ 0.8 UM, Vjpax = 1.2 pmol s71). Res-
AME was also efficiently cleaved by PLE, with a calculated Ky value of 4.9 £ 0.7 yM and a
Vinax Of 0.69 pmol s™1. This is close to the reported Ky value for this compound (K = 21
pMI28]) and the discrepancy might be due to differences in the concentration range of
substrate evaluated or the amount of enzyme used. PLE is a well-defined enzyme; this
enabled us to determine the catalytic constant (kg5t) and the specificity constant (A.q/ Kp) of
PLE with DDAO-AME 1 (kgat = 1.8 571, keat/ K = 2.4 x 10° M1 s71) and Res-AME (kgyt =
10 571, keat/ Ky = 2.0 x 108 M1 s71). Of the enzymes examined, M. miehei lipase had the
slowest rate of hydrolysis with each probe, consistent with the low activity observed in the
enzyme screen (Figure 2). Furthermore, a larger amount of enzyme was required to obtain
accurate kinetics data for the lipases than the esterases, suggesting that the probes are better
esterase substrates. This is expected, as the AM ether masking moiety has a short chain
ester. Based on our results, we predict that DDAO-AME 1 will be useful for the kinetic
characterization of a variety of esterases and a subset of lipases, including enzymes isolated
from M. tuberculosis.

We hypothesized that the DDAO-derived esterase probes could be used to detect
mycobacterial esterase activity without requiring purified enzyme. We were most interested
in the enzymes found in the mycobacterial species that cause TB in humans, which are all
classified as members of the M. tuberculosis complex (MTBC). We therefore evaluated
MTBC lysates prepared from three strains of M. tuberculosis (Erdman, H37Rv, and
CDC1551), Mycobacterium africanum, and Mycobacterium bovis [bacillus Calmette-Guérin
(BCG)]. We included Mycobacterium kansasii, Mycobacterium avium, and Mycobacterium
intracellulare in our analysis because these three species also cause pulmonary disease.[40]
For comparison, we evaluated lysates from four other species (i.e., Mycobacterium
smegmatis, Mycobacterium marinum, Mycobacterium flavescens, and Mycobacterium
nonchromogenicum). We prepared lysates from each species as previously described!*!] and
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confirmed that DDAO-AME 1, DDAO-AME 2, and Res-AME could each detect
mycobacterial esterase activity in a 96-well plate format. All species hydrolyzed the AM
ether to produce a detectable fluorescent signal within 10 min (Figure S10).

We previously described a native protein gel-based assay for profiling sulfatase activity in
mycobacterial lysates.[!1: 121 For the current work, we reasoned that we could use AM ether-
masked probes to examine esterase activity in an analogous format. The lysates from twelve
mycobacterial species and strains (vide supra) were resolved by native gel electrophoresis on
three identical gels. Each gel was soaked in a solution of DDAO-AME 1 (1 uM), DDAO-
AME 2 (1 uM), or Res-AME (5 uM). After 5 min, fluorescence imaging revealed bands of
hydrolyzed probe corresponding to discrete mycobacterial esterases in every species
examined (Figure 3).

This assay format enabled us to identify probe-specific and species-specific patterns of
activity. Res-AME had a lower signal-to-noise ratio and produced faint banding patterns
with the MTBC members (lanes 8-12), despite using a fivefold higher concentration of
probe. In contrast, DDAO-AME 1 and DDAO-AME 2 each produced strong, clear banding
patterns with the MTBC members. These banding patterns were similar for each of the five
MTBC samples but dissimilar from those produced by other mycobacterial species. Notably,
DDAO-AME 1 revealed an enzyme band that is missing in M. africa-num (lane 9) but
present in the other MTBC members. This subtle difference in banding patterns was not so
apparent with DDAO-AME 2 or Res-AME.

All three probes revealed distinctive banding patterns with M. kansasii (lane 5), M. avium
(lane 6), and M. intracellulare (lane 7), three “atypical” mycobacterial species that cause
pulmonary disease. These patterns are different from those observed for members of the
MTBC and could hint at a way to distinguish mycobacterial pathogens in the clinic. Res-
AME produced many discrete fluorescent bands with M. kansasii, indicating that this probe
could be particularly useful for evaluating esterase activity in this species. Importantly, these
fluorogenic probes quickly revealed mycobacterial esterases in gel-resolved crude lysates,
bypassing the need for technically challenging enzyme expression or lengthy refolding
procedures.

Although there is overlap in the activity patterns revealed by each probe, the bands are not
identical. This is consistent with the differential activity observed in the enzyme screen
(Figure 2). Together, these results confirm that esterases have substrate preferences.
Additionally, our results imply that the fluorophore scaffold, not just the cleavable masking
group, can substantially influence reactivity. In the future, the reactivity and selectivity of
fluorogenic probes could be fine-tuned for specific enzymes by utilizing alternative
fluorophores or by altering the ester acyl chain.[33 41]

In conclusion, we synthesized and characterized AM ether-masked esterase probes starting
from the far-red fluorophore DDAO. The attachment of the AM ether group caused a
significant change in spectral properties, making these activatable probes trivial to
distinguish from DDAO. The DDAO AM ether probes provide a longer wavelength option
compared to previously described substrates. These probes were highly sensitive, able to
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detect low-picogram amounts of PLE after a short incubation. DDAO-AME 1 displayed Ky
values in the low micro-molar range for every enzyme evaluated. Additionally, we used
these fluorogenic probes in a new application. We revealed distinct esterase activity patterns
in gel-resolved mycobacterial lysates by using DDAO-AME 1, DDAO-AME 2, and Res-
AME. With these fluorogenic probes in hand, we look forward to developing assays that can
stratify mycobacterial strains, annotate enzyme function, and track specific esterase
activities during different stages of TB infection.

Experimental Section

Please refer to the Supporting Information for experimental protocols detailing the synthesis,
characterization, and evaluation of DDAO-AME 1, DDAO-AME 2, and Res-AME,
including additional data (Tables S1-S2 and Figures S1-S16).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The absorbance and emission spectra of AM ether fluorogenic probes. The absorbance

curves are shown as solid lines, with emission curves shown as dashed lines. Each sample
was prepared as 1 UM probe in 10 mM HEPES (pH 7.3). A) Spectra for DDAO (Aex = 600
nm), DDAO-AME 1 (Agx = 465 nm), and DDAO-AME 2 (nonfluorescent). B) Spectra for
resorufin (Aeyx = 525 nm) and Res-AME (Agy = 475 nm).
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Fluorogenic esterase probes can be hydrolyzed by a variety of enzymes. A) 5 yM DDAO-

AME 1 (DDAO: Agyx = 635, Agm = 670). B) 5 UM DDAO-AME 2 (DDAO: Agy = 635, Agm =
670). C) 5 UM Res-AME (resorufin: Agx = 550, Agm = 600). D) 5 uM FDA (fluorescein: Agy
= 485, Aem = 530). Enzymes (5 pg mL™1) were incubated with probe in 10 mM HEPES (pH

7.3) for 10 min at 37 °C. Probe cleavage was detected by an increase in fluorescence (in
arbitrary units, AU) compared to the enzyme-free control. Lipases are indicated by gray

bars, and esterases are indicated by white bars. Heat-killed PLE was prepared by heating the
sample at 90 °C for 15 min. Inhibited enzyme was pre-incubated with 50 uM E-600 for 1 h
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at 37 °C prior to probe addition. The enzyme-free control is the same data set for both
lipases and esterases. All unlabeled responses are statistically significant (< 0.01).
Reponses labeled “ns” are not significant compared to the enzyme-free control. Error bars
represent one standard deviation; /7 =6.
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Figure 3.

Fluorogenic esterase probes reveal distinct mycobacterial esterase activities. Mycobacterial
lysates (1-8 ug of total protein per lane) were resolved by using native PAGE (10-20 %
Tris-HCI gradient gel). NativeMark molecular weight ladder was run on each gel (not
shown), and the apparent molecular weights are provided. The dashed line indicates species
that cause pulmonary disease, and the solid line indicates members of the MTBC. Each gel
was incubated for 5 min in 10 mM HEPES (pH 7.3) with A) 1 uM DDAO-AME 1, B) 1 yM
DDAO-AME 2, or C) 5 pM Res-AME. The gels were imaged to reveal fluorescent bands
corresponding to hydrolyzed probe. Lane assignments: 1) M. smegmatis, 2) M. marinunr, 3)
M. flavescens, 4) M. nonchromogenicum, 5) M. kansasif, 6) M. avium, 7) M. intracellulare,
8) M. bovis (BCG); 9) M. africanurm, 10) M. tuberculosis Erdman; 11) M. tuberculosis
H37Rv; 12) M. tuberculosis CDC1551.
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Fluorogenic Acetoxymethyl Ether
Esterase Probe Free Fluorophore
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Scheme 1.
Esterases activate, or “turn-on,” AM ether-masked fluorogenic probes. The hydroxymethyl

ether intermediate (not shown) spontaneously decomposes following ester hydrolysis, which
releases free fluorophore. Fluorogenic probes of this design are useful for examining
enzymes in complex mixtures (e.g., cell lysates or living cells).
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Scheme 2.
The synthesis of AM ether-masked fluorogenic probes and their spectral properties. a)

Agy0, 4 A sieves, CH3CN; b) KoCOg3, BugNHSOy,, CH20|2/H20.
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PLE detection limits of DDAO-AME 1, DDAO-AME 2, Res-AME, FDA, and p-NPA.

Table 1

Probe [uM] Detection limit [pg PLE]  Probe [uM] Detection limit [pg PLE]
DDAO-AME 1 [25] 1 DDAO-AME 2 [25]  2.75

Res-AME [25] 275 FDA [25] 0.55

-NPA [1700] 2750
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Kinetic parameters of DDAO-AME 1 and Res-AME with esterases and lipases.

Table 2

Probe Enzyme (amount [ug mL™])  Vmax [Pmol s Ky [uM]

DDAO-AME 1 PLE (0.5) 1.2 75+0.8
B. subtilis esterase (0.5) 0.45 6.7+0.5
C. antarctica lipase (10) 24 95+11
M. mieheilipase (10) 0.06 44+0.7

Res-AME PLE (0.050) 0.69 49+0.7
B. subtilis esterase (0.5) 0.30 19+2
C. antarctica lipase (10) 0.30 6.8+0.4
M. mieheflipase (20) 0.16 19+3
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