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Abstract

Enzyme-activated, fluorogenic probes are powerful tools for studying bacterial pathogens, 

including Mycobacterium tuberculosis (Mtb). In prior work, we reported two 7-hydroxy-9H- (1,3-

dichloro-9,9-dimethylacridin-2-one) (DDAO)-derived acetoxymethyl ether probes for esterase and 

lipase detection. Here, we report four-carbon (C4) and eight-carbon (C8) acyloxymethyl ether 

derivatives, which are longer-chain fluorogenic substrates. These new probes demonstrate greater 

stability and lipase reactivity than the two-carbon (C2) acetoxymethyl ether-masked substrates. We 

used these new C4 and C8 probes to profile esterases and lipases from Mtb. The C8-masked 

probes revealed a new esterase band in gel-resolved Mtb lysates that was not present in lysates 

from nonpathogenic M. bovis (bacillus Calmette-Guérin), a close genetic relative. We identified 

this Mtb-specific enzyme as the secreted esterase Culp1 (Rv1984c). Our C4- and C8-masked 

probes also produced distinct Mtb banding patterns in lysates from Mtb-infected macrophages, 

demonstrating the potential of these probes for detecting Mtb esterases that are active during 

infections.
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Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis (TB), a major 

global health threat. In 2014, there were an estimated 9.6 million new cases and 1.5 million 

deaths from TB, making it the most lethal single-agent infectious disease.1 After initial 

infection, Mtb can persist for decades as a latent, asymptomatic infection, with reactivation 

from dormancy occurring in approximately 10% of individuals.2 In both latent and active 

TB, Mtb adapts to its environment by regulating enzyme activity, but hydrolase regulation in 

latency and the roles of these enzymes during reactivation are poorly understood. This is 

due, in part, to the scarcity of tools available to monitor and track hydrolase activities in 

complex samples (e.g., lysates and tissues).

Mtb utilizes host-derived lipids as an energy source during dormancy and reactivation, 

making lipid metabolizing enzymes attractive targets for new diagnostic biomarkers or 

therapeutics.3–6 The importance of lipid metabolism for Mtb growth, persistence, and 

pathogenicity is reflected in the 250 Mtb genes linked to lipid processing—about 5 times as 

many as found in E. coli, which has a similarly sized genome.7 Of these 250 genes, 21 were 

initially annotated as encoding esterases or lipases, a lipid-preferring subclass, but the actual 

number is likely at least 2-fold higher. Ninety-four gene products are predicted to contain the 

α/β hydrolase fold characteristic of these enzymes,8 and misannotated esterases and lipases 

continue to be identified.9–13 However, difficulties expressing and isolating active Mtb 
esterases and lipases have hindered in vitro characterization of these enzymes.3,11,14

To circumvent this challenge, we directly assessed Mtb hydrolase activities using an assay 

that combined fluorogenic probes with native polyacrylamide gel electrophoresis (PAGE)-

resolved cellular lysates. Distinct hydrolases were detected in-gel by selecting an appropriate 

fluorogenic probe, such as fluorogenic arylsulfates to reveal sulfatases15,16 or acetoxymethyl 

ether (AME)-masked probes to detect esterases.17 Originally, we reported that this assay 

could distinguish mycobacterial species and strains based on sulfatase activity.15 More 

recently, we observed highly conserved esterase activity for Mtb complex (MTBC) members

—organisms that cause TB.17 However, we saw far fewer fluorescent bands in this assay 

than we anticipated based on the Mtb genome, and we suspected that our two-carbon (C2) 

AME probes were hydrolyzed by only a subset of the Mtb esterases. Many Mtb esterases 

and lipases, including Culp1, LipC, LipH, LipI, and LipY, prefer longer four-carbon (C4) 

and eight-carbon (C8) substrates.11,14,18,19 Therefore, we report herein an expanded probe 

set with C4 and C8 acyloxymethyl ether derivatives of DDAO, a far-red fluorophore. We 

validated these probes with a panel of esterases and lipases. We then used these new 

substrates to reveal esterase activity in lysates from mycobacteria and Mtb-infected 

macrophages.

In our work, much of our probe development has focused on far-red fluorophores that excite 

above 600 nm (i.e., DDAO15,17 or DSACO20). Cellular autofluorescence and light scattering 

is minimal in this region of the spectrum, giving far-red fluorophores superior fluorescent 

properties for imaging in living systems.21 Therefore, we modified DDAO to create a set of 

fluorogenic esterase probes (Scheme 1). The archetypical fluorogenic esterase probe is 

green-fluorescent fluorescein diacetate, but acetate-masked probes are hydrolytically 

unstable. Chemists have used acyloxymethyl ethers to create esterase probes with improved 

stability.22,23 We synthesized AME-masked DDAO substrates through a silver-mediated O-
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alkylation, as previously described.17 The C4 butanoylmethyl ether (BME)- and C8 

octanoylmethyl ether (OME)-masked substrates were synthesized in good yields under 

biphasic conditions from DDAO and the corresponding iodomethyl esters. Both reactions 

produced a mixture of 2- and 7-substituted regioisomers, which were separated by column 

chromatography. The lower calculated pKa
24 of the 2-position phenol tautomer favored 

formation of the 2-substituted product under these reaction conditions. We assigned 

substrate regiochemistry though heteronuclear single quantum correlation (HSQC) and 

heteronuclear multiple bond correlation (HMBC) 2D-NMR spectroscopy, as described in the 

Supporting Information.

We determined the spectral properties of each compound (Table 1 and Figure S1), including 

absorbance (λabs) and emission (λem) maxima, extinction coefficients (ε), and quantum 

yields (ϕ). Consistent with the DDAO-AME probes,17 the absorbance maxima of the BME- 

and OME-masked DDAO compounds were significantly blue-shifted from DDAO. The 

extinction coefficients of these compounds were also 2- to 3-fold lower compared with the 

parent compound. All of the 2-substituted regioisomers were nonfluorescent, and the 7-

substituted regioisomers retained minimal fluorescence. DDAO-7-BME and DDAO-7-OME 

had over a 50-fold reduction in quantum yield compared with DDAO. These were also an 

order of magnitude lower than DDAO-7-AME. We measured the relative fluorescence of the 

masked compounds using DDAO’s excitation and emission settings (λex 635 nm, λem 670 

nm); all six exhibited a 650- to 1420-fold reduction in fluorescence compared with DDAO. 

Because the 2-masked substrates are nonfluorescent, the fluorescence detected with these 

settings is likely due to trace amounts of DDAO. These data show that the acyloxymethyl 

ether-masked DDAO probes are excellent “turn-on” substrates.

We assessed probe reactivity with a diverse panel of commercially available esterases and 

lipases (Figure 1). Heat-killed porcine liver esterase (PLE) did not hydrolyze our substrates, 

demonstrating that an active enzyme is required for probe cleavage. After 30 min, all of the 

probes were hydrolyzed by every enzyme, but to varying degrees. As expected, the longer-

chain BME- and OME-masked probes were improved lipase substrates compared with the 

AME-masked probes, but they also retained high esterase reactivity. DDAO-7-BME was a 

moderately less favorable substrate for this enzyme panel compared with DDAO-2-BME 

and the two OME-masked probes. Despite their different chain lengths, DDAO-2-BME and 

DDAO-2-OME displayed nearly identical reactivity profiles. Overall, the longer-chain 

DDAO-derived probes had improved reactivity compared to the AME-masked probes, 

highlighting the versatility of these new probes as esterase and lipase substrates.

We further characterized the probes with PLE, determining their kinetic parameters (Figure 

S2) and detection limits (Figure S3). All six fluorogenic probes were good PLE substrates 

with Michaelis constants (KM) ranging from 3 to 9 μM. The catalytic efficiency (kcat/KM) 

ranged from 0.2 μM−1s−1 (DDAO-2-AME) to 0.7 μM−1s−1 (DDAO-2-OME). The AME-

masked probes were the least sensitive for PLE detection (25 pg/mL), while DDAO-2-BME, 

DDAO-7-OME, and DDAO-2-OME were 10-fold more sensitive (2.5 pg/mL). DDAO-7-

BME had intermediate sensitivity (5 pg/mL). Additionally, the new probes had improved 

hydrolytic stability, with ≥90% of each probe remaining after 60 h (Table S1, Figure S4).
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Fluorogenic esterase probes are common reagents for live-cell imaging.25 We evaluated our 

new probes with a human osteosarcoma cell line using confocal fluorescence microscopy. 

All of our DDAO-derived probes were rapidly internalized and hydrolyzed by intracellular 

esterases to generate DDAO-stained cells (Figure S5). The AME- and BME-masked probes 

produced more DDAO fluorescence than the OME-masked probes at the same 

concentration. Therefore, DDAO acyloxymethyl ethers are a far-red alternative to 

fluorescein derivatives for live-cell imaging.

Next, we used these six probes to profile Mtb esterase and lipase activities. Many of these 

enzymes are secreted11,12 or cellwall-associated,9,26 making them good targets for assessing 

whole-cell esterase activity. We found that all six probes were hydrolyzed by live Mtb 
mc26020, an auxotrophic strain derived from the virulent H37Rv lab strain (Figure S6).27 

However, this whole-cell assay did not indicate whether the new probes could reveal 

esterases missed by our AME-masked probes. We used a native PAGE-based assay to profile 

esterase and lipase activity patterns, as previously described.15–17 We evaluated lysates from 

M. smegmatis, M. marinum, Mtb mc26020, and M. bovis (BCG), an attenuated vaccine 

strain (Figure 2a). Overall, the four species displayed different esterase activity patterns, but 

with high similarity between Mtb mc26020 and M. bovis (BCG), two members of the 

MTBC. Despite biochemical evidence that many Mtb esterases prefer longer-chain 

substrates,11,14,18,19 DDAO-7-AME revealed the greatest number of Mtb esterases. A subset 

of these enzymes were revealed by the BME-masked probes, with the absent bands likely 

attributable to esterases preferring C2 esters. The OME-masked probes were activated by the 

same Mtb enzymes as the BME probes but revealed an additional band not detected with the 

shorter-chain probes. Interestingly, this band was present in the Mtb lysate and not in the 

BCG lysate. The differences revealed by these probes highlight the benefits of using probes 

of varying chain lengths in order to track different enzyme sub-classes. These results also 

demonstrate the power of fluorogenic probes coupled with the in-gel activity-based assay for 

observing enzyme differences in closely related species.

Because we previously observed highly conserved esterase activity patterns for MTBC 

members,17 we were intrigued by the Mtb-specific esterase band revealed by the OME 

probes. We excised this band and subjected it to in-gel tryptic digestion and protein 

identification by mass spectrometry. The gel slice contained peptides corresponding to 

Culp1 (Rv1984c), a secreted cutinase-like protein with esterase activity (Table S2).28,29 The 

gene encoding Culp1 lies within the region of deletion 2 (RD2), a genomic region that is 

deleted in M. bovis (BCG) sub-strains but retained in Mtb.7,30,31 This genomic difference 

accounts for the band’s absence in M. bovis (BCG) lysate.

We used an Mtb CDC1551 transposon mutant to confirm that the fluorescent signal was 

produced through Culp1-mediated hydrolysis. The OME-specific band was present in lysate 

from the wild type Mtb CDC1551 but absent in the Culp1 transposon mutant (Figure 2b). 

We also examined conditioned medium from Mtb mc26020. We observed two strongly 

fluorescent bands at a lower apparent molecular weight than the Culp1 whole-cell lysate 

band (Figure 2c). Culp1 contains a signal sequence that is cleaved upon export,32 and we 

reasoned that this post-translational modification could result in greater protein mobility in-

gel. To test this hypothesis, we excised these bands and identified Culp1 peptides in both. 
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Sequence coverage for both bands began at the N-terminus of the cleaved, secreted protein 

(Table S2).32 Therefore, Culp1 is active both within bacilli and upon secretion. This result 

highlights the utility of fluorogenic probes for detecting Mtb esterases in both lysates and 

conditioned medium.

Culp1 is one of the best-studied Mtb esterases. Recombinant Culp1 was characterized as 

maximally active with a C4 substrate by West and co-workers,11 but Schué et al. found that 

it was 86-times more active with a C8 substrate over a C4 substrate.18 Our results indicate 

that Culp1 prefers C8 substrates, which agrees with the findings of Schué et al. Culp1 

induces alveolar epithelial cell apoptosis,33 suggesting that it may contribute to Mtb 
pathogenesis by facilitating mycobacterial dissemination. Because it is an immunodominant 

RD antigen, Culp1 has been explored as a potential candidate for an improved TB vaccine.
29,34 Immunization with recombinant Culp1 provided partial protection against TB,29 and 

supplementing the BCG vaccine with Culp1 and other RD antigens enhanced the vaccine’s 

efficacy in mice.34 The ability to track Culp1 activity using OME-masked fluorogenic 

substrates could benefit future investigations of this clinically relevant esterase.

Next, we evaluated lysates from Mtb mc26020-infected murine macrophages (Figure 2d). 

Mock-infected macrophages were prepared in tandem to compare host cell esterase activity. 

In mock-infected macrophage lysates, DDAO-7-BME revealed the greatest number of 

esterases, while DDAO-7-OME revealed the fewest. Mtb-infected samples displayed 

esterase bands originating from both the host and the pathogen. Notably, a subset of the Mtb 
esterase bands could be distinguished from those originating from host cells based on their 

migration patterns. For example, macrophage-associated esterases generally appeared in the 

top portion of the gel, while Mtb esterases were more prominent in the lower quadrant. 

DDAO-7-OME provided the clearest Mtb banding patterns in these complex lysates and 

revealed Culp1 activity in Mtb-infected macrophages. These results demonstrate that our 

assay platform can track esterase activity in mixed cell populations without interference 

from host enzymes. We anticipate that this type of assay will be useful for analyzing esterase 

activity in other host–pathogen models, including Mtb-infected animal tissues or patient-

derived samples.

In conclusion, we synthesized and characterized C4 and C8 acyloxymethyl ether-masked 

fluorogenic probes from the far-red fluorophore DDAO. These probes were “turn-on” 

substrates with superior stability and esterase reactivity compared with our previously 

reported C2-masked probes. This expanded set is a powerful toolbox for uncovering 

substrate preferences, quantifying esterase activities, and live-cell microscopy. We used our 

DDAO-derived probes to examine Mtb esterases and lipases in whole cells and in native 

PAGE-resolved lysates. The OME-masked probes revealed a key difference in esterase 

activity between Mtb and M. bovis (BCG), two closely related species. The Mtb-specific 

band was identified as Culp1, a clinically relevant secreted esterase. The OME-masked 

probes were also better for distinguishing mycobacterial esterases from host cell esterases in 

Mtb-infected macrophage lysates. Overall, our probes are long-chain, far-red fluorogenic 

substrates that can be used for detecting and tracking esterase and lipase activities in a wide 

range of assay formats.
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METHODS

Details of experimental procedures are provided in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
DDAO-based fluorogenic probes are versatile esterase and lipase substrates. Fluorescence 

generation by esterases (dark gray bars) and lipases (light gray bars) is given in relative 

fluorescence units (RFUs). All unlabeled responses are statistically significant (P < 0.01), 

and those labeled “ns” were not significant compared to the enzyme-free control. Error bars 

represent one standard deviation (n = 4).
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Figure 2. 
DDAO-derived fluorogenic probes reveal mycobacterial esterases and lipases in native 

PAGE-resolved lysates. (a) Lysates from (1) M. smegmatis, (2) M. marinum, (3) Mtb 
mc26020, and (4) M. bovis (BCG) were examined. The arrow highlights an Mtb-specific 

band revealed by the OME probes. (b) Lysates from Mtb CDC1551 wild type (wt) and a 

Culp1 transposon mutant confirmed that the Mtb-specific band corresponds to Culp1 

activity. (c) Whole-cell lysate and conditioned medium (CM) from Mtb mc26020 both 

displayed Culp1 activity. Arrows indicate bands in the CM identified as Culp1 by mass 

spectrometry-based proteomics. (d) Mtb-infected RAW macrophages were collected and 

lysed immediately after the 4 h infection (T0), 1 day post-infection, or 3 days post-infection. 

Mock-infected macrophage lysates and Mtb mc26020 lysates were analyzed for comparison.
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Scheme 1. 
Structures of DDAO-Derived Fluorogenic Esterase Probes: (a) Previously Reported DDAO-

AME Probes17 and (b) Synthesis of Longer-Chain DDAO-Acyloxymethyl Ethers and 

Illustration of the DDAO Numbering Scheme
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Table 1.

Spectral Properties of DDAO and DDAO-Derived Fluorogenic Probes in 10 mM HEPES (pH 7.3)

compound λabs (nm) λem (nm) ε (M−1cm−1) ϕa
fluorescence decrease

b

DDAO 646 659 36 000 0.39

DDAO-2-AME 395 11 000 1420-fold

DDAO-7-AME 465 625 4900 0.07 890-fold

DDAO-2-BME 400 13 000 1015-fold

DDAO-7-BME 453 613 14 000 0.006 1180-fold

DDAO-2-OME 392 21 000 890-fold

DDAO-7-OME 451 614 23 000 0.007 650-fold

a
The fluorescence quantum yields were measured at 25 °C using oxazine 1 (ϕ = 0.15 in EtOH) or fluorescein (ϕ = 0.89 in 0.1 M NaOH) as 

reference standards.

b
The fluorescence decrease was calculated as the ratio of DDAO fluorescence and fluorogenic probe fluorescence at the same concentration (λex 

635 nm, λem 670 nm).
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