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Abstract

Tuberculosis (TB) is a pulmonary disease caused by Mycobacterium
tuberculosis (Mtb). Approximately one-third of the global population is infected
with latent TB, an asymptomatic form of the disease that is phenotypically drug-
tolerant. Dormant Mtb reactivates when the immune system weakens,
contributing to the nearly 10 million new cases of active TB that occur each year.
In order to better diagnose, treat, and ultimately eradicate TB, there is an urgent
need to understand the enzymes associated with dormancy and reactivation.

In my dissertation research, | used chemical tools to identify Mtb
enzymatic activity associated with dormant, reactivating, and active Mtb. My
research focused on esterases, including the lipase subclass, which influence
Mtb pathogenicity and reactivation from dormancy. Prior studies used
transcriptomics and shotgun proteomics to identify proteins that are differentially
regulated in dormancy and reactivation, while my research focused on
determining how esterase activity changes under these conditions. First, |
developed a set of fluorogenic esterase probes that become fluorescent following
esterase-mediated hydrolysis and used them to screen mycobacterial esterase
activity in a native protein gel assay (Chapter 2). Next, | expanded this probe set
to include more favorable lipase substrates (Chapter 3). Lastly, | used both
fluorogenic probes and activity-based probes to profile changes in Mtb esterase

activity in dormancy, during reactivation, and in active Mtb (Chapter 4). Although

XV



most esterase activity decreased in dormant and reactivating Mtb, | identified
several esterases that retain activity in dormancy. These esterases may be

valuable diagnostic and therapeutic targets.
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Chapter 1: Introduction

Tuberculosis

Tuberculosis (TB) is a deadly airborne disease caused by several closely
related species and strains of mycobacteria, collectively called the
Mycobacterium tuberculosis complex (MTBC). Primarily a pulmonary disease,
characteristic TB symptoms include chronic cough with blood-tinged sputum,
fever, fatigue, and weight loss. Early MTBC strains emerged in Africa around
70,000 years ago and co-evolved with humans.” MTBC members include M.
tuberculosis (Mtb), M. bovis, M. microti, M. africanum, M. pinnipedii, and M.
caprae. These species share 99% of their DNA sequence identity—an extreme
example of genetic conservation.? While human infections from other species
can occur, Mtb and M. africanum are the only MTBC members that have
sustained and efficient human-to-human transmission.? M. africanum strains are
restricted to West Africa and are less virulent than Mtb, in part due to mutations
in genes encoding a virulence regulator.’

Mtb is arguably the most successful pathogen in human history. TB has
caused more deaths than any other infectious disease, with over one billion
deaths in the past two hundred years alone.? For example, in 17" to 19" century
Europe, 20-30% of all deaths were due to TB.° During this time, society’s

understanding of TB—including whether or not it was infectious in nature—was



limited,’ and factors like crowded living conditions and poor nutrition contributed
to its high mortality rate.’

A turning point for TB research came in 1882. Robert Koch, a physician
and bacteriologist, presented his discovery of the “tubercle bacillus,” proving that
TB was caused by a bacterium.” In 1921, Albert Calmette and Camille Guérin
introduced a TB vaccine derived from attenuated M. bovis. Even though the
bacillus Calmette-Guérin (BCG) vaccine has variable efficacy and primarily only
protects against childhood TB, it remains the only approved TB vaccine.? In
1944, streptomycin, the first antibiotic effective against Mtb, was isolated, and TB
became a drug-treatable disease.’

Despite advances in medicine and our understanding of Mtb
pathogenesis, TB remains the most lethal single-agent infectious disease
today.’® In particular, TB continues to devastate developing countries.*’® TB
incidence rates support this; in 2014, 58% of new infections occurred in South-
East Asia and the Western Pacific. Africa had 28% of new cases and the most
severe burden relative to population.’” Ultimately, there were an estimated 9.6
million new cases and 1.5 million deaths from TB worldwide in 2014.° Global
efforts to control TB are complicated by the emergence of drug-resistant bacteria

as well as a vast reservoir of latent infection (vide infra).’’



Disease Pathogenesis

TB is transmitted through pathogen-containing aerosols, which are
expelled into the air by an individual with pulmonary TB. Mib then infects a new
host through the respiratory tract. Upon inhalation, Mtb is phagocytosed by
resident alveolar macrophages and dendritic cells. These cells are designed to
kill pathogens and initiate the adaptive immune response, but Mtb has developed
countermeasures. Mtb evades killing by macrophages and instead replicates
within them until the host develops acquired immunity.’* The acquired immune
response ultimately results in granuloma formation.’* "

Initially, the granuloma consists of a core of infected macrophages
surrounded by “foamy” macrophages rich in lipid bodies, other mononuclear
phagocytes, and lymphocytes.’?™* Over time, the macrophage core is encased
in a fibrous capsule.” In most people, the granuloma contains the infection in a
“stalemate,” not only keeping the bacteria from spreading but also preventing
further immune responses.’?’® Some granulomas even resolve on their own.’?"?
However, in progressive infection, the granuloma center undergoes caseous

necrosis, liquefies, and cavitates, releasing infectious Mtb into the airways, which

can be transmitted to others.’?

Latent TB

Approximately one-third of the global population is infected with latent

TB.™ Latent TB infection is defined as the presence of an immune response to



Mitb antigens in the absence of TB symptoms.’®’®"” About 5-15% of latently-
infected individuals will develop active TB within their lifetimes, usually within the
first several years post-infection.’”® The probability of reactivation is higher for the
immunocompromised. Thus, TB and HIV/AIDS comorbidity significantly
contributes to the global TB burden.’® Other factors, such as aging, malnutrition,
pregnancy, and diabetes, can also trigger reactivation.’”® Currently, there is no
method to distinguish the 90% of latently-infected individuals who will never
develop TB from the 10% who will. Furthermore, the most common TB
screening methods, the tuberculin skin test and the interferon-y release assay, do
not distinguish between individuals with active disease, those with latent
infections, and those who have completely cleared the infection and do not
require treatment.”®’”

In latent TB, Mib slows its metabolism and exists primarily in a dormant,
non- or slowly-replicating state.’®’” The conversion to this phenotype is triggered
by stresses exerted on Mtb by the immune system. These include acidic,
oxidative, nitrosative, hypoxic, and nutritional stresses.?>?’ Mtb adapts to these
stresses through a variety of mechanisms, many of which are poorly understood.
Overall, researchers hypothesize that dormant Mtb utilizes distinct metabolic
pathways for survival, which is supported by the fact that very few compounds kill
both dormant and actively replicating Mtb.?° Dormant Mtb is phenotypically drug-
tolerant, which contributes to the prolonged (i.e., 6—9 months), multi-drug

treatment required to cure drug-sensitive TB.?’ Patient non-compliance during



this long treatment course has contributed to the rise of drug-resistant TB, "%

which now comprises more than 3% of new cases.’’ Therefore, a central goal in
TB research is to identify enzymes that are indispensable to Mtb during

dormancy or reactivation so that they can be targeted with new therapeutics.

Dormancy Models

In order to investigate latent TB biology, researchers have developed in
vitro dormancy models that subject Mtb to stresses encountered in the human
host and drive the pathogen into a non- or slowly-replicating state.?**° However,
there is no one generally accepted model, and no single model fully
encompasses physiological conditions. Despite their limitations, in vitro
dormancy models provide insights into Mtb’s strategies for persistence during
latent infection. It is likely that each model induces a unique stress response,
with common players essential for non-replicating persistence induced across all
models.??’

There are several nutrient deprivation models. The Loebel model uses
phosphate-buffered saline in oxygen-rich conditions for complete starvation,
which forces Mtb to utilize stores of trehalose, glycogen, fatty acids from lipids,
and glutamate.?>?° Although developed in the 1930s, this model is still used
today.?**?3 However, Mtb is unlikely to be completely starved of nutrients in the

t.20

human hos A less extreme nutrient starvation model, the carbon starvation

model, cultures Mitb in a base broth without additional carbon sources.?’ This



medium contains essential cofactors and trace elements but does not contain
enough carbon to support replication.?’

As many TB granulomas are severely hypoxic,® the well-studied hypoxia
model exposes Mtb to a low oxygen environment in nutrient-rich medium.?* This
model has become the gold standard for inducing dormancy due to its ease of
use.® However, even within this model, there are variations on hypoxia
induction (e.g., slow versus rapid withdrawal of oxygen) that influence the long-
term viability of the bacteria.*

Multi-stress models combine microenvironmental components that Mtb
encounters in the human host. Deb et al. used acidic pH, hypoxia, high CO,, and
low nutrients to induce dormancy.?” A model developed by the Nathan laboratory
includes acidic pH, hypoxia, reactive nitrogen intermediates, and a fatty acid as
the sole carbon source.?>%

In my work, | have employed the carbon starvation model and the hypoxia

model to identify mycobacterial esterases and lipases that are active across Mib

metabolic states (Chapter 4).

Esterases and Lipases in Mycobacterium tuberculosis

Lipids comprise 40—-60% of the dry weight of Mtb, suggesting that lipids
and lipid metabolism play a central role throughout the Mib life cycle.®®

Furthermore, Mtb triggers macrophages—both infected and uninfected —to



accumulate lipids, resulting in so-called “foamy macrophages.”’?™ Electron
micrographs of Mtb-infected foamy macrophages showed bacilli-containing
phagosomes positioned near host lipid bodies and lipid accumulation within the
bacilli.” Mtb utilizes these lipids as a carbon source in an otherwise nutrient-
deprived environment during dormancy and reactivation, making lipid-
metabolizing enzymes attractive targets for new diagnostic biomarkers and
therapeutics.’”*° The importance of lipid metabolism for Mtb growth,
persistence, and pathogenicity is also reflected in the 250 Mtb genes linked to
lipid processing—about five times as many as found in E. coli, which has a
similarly-sized genome.*’

A subset of the 250 genes associated with lipid metabolism encodes
esterases. Esterases are widely expressed across all kingdoms of life and use
water and a catalytic serine to cleave an ester into an alcohol and an acid (Figure
1.1). These enzymes are classified based on the type of ester bond they
hydrolyze (e.g., carboxylesterases, thioesterases, phosphodiesterases).
Carboxylesterases cleave carboxylic esters and are often simply called
“esterases.” Lipases, which are maximally active with long-chain esters (i.e.,
lipids; Figure 1.2), constitute a sub-class of carboxylesterase.”’ Unlike
esterases, lipases can hydrolyze emulsions of water-insoluble medium- and long-
chain esters, such as eight-carbon (C8) and longer esters.**** Esterases and
lipases can be further distinguished by kinetic studies, with esterases displaying

significantly lower apparent Ky values with short-chain esters than lipases.*



There were 21 genes initially annotated as encoding esterases or lipases
in the Mtb H37Rv genome —the so-called “Lip” family.*’ The cutinase-like
proteins (Culps) comprise another set of Mtb esterases. However, approximately
one-third of the Mtb protein-coding genes encode conserved hypothetical
proteins or proteins of unknown function,* and many misannotated esterases
have already been identified.**®’ Therefore, the list of Mtb esterases continues
to grow (Table 1.1). Although we only have a partial understanding of which
esterases are most utilized during different stages of infection, certain esterases,
discussed in the following sections, are implicated in Mtb pathogenicity. A
clearer picture of the esterases pivotal for dormancy and reactivation will further

aid TB diagnostic and drug development efforts.

The Lip Family

LipC through LipW were annotated in 1998 when the Mtb H37Rv genome
was first sequenced.?’ LipX (Rv1169c), LipY (Rv3097c), and LipZ (Rv1843)
were identified using a homology screen and added to the Lip family in 2006.%”
Some of the Lip family members have been characterized and their esterase
activity confirmed (Table 1.2). Others, including LipK (Rv2385) and LipS
(Rv3176¢), were re-annotated.®* LipJ (Rv1900c) has both an N-terminal o/p
hydrolase domain and a C-terminal cyclase homology domain.>® Thus far, only

the adenylyl cyclase activity of LipJ has been characterized.?



Despite being called the “Lip” family, most of the characterized Lip
esterases are non-lipolytic—that is, unable to hydrolyze water-insoluble esters.
Cao et al. expressed 10 Lip family members (Lipl, LipL, LipM, LipN, LipQ, LipT,
LipU, LipY, and LipZ).>* Of the enzymes screened, LipL (Rv1497) had the
greatest activity with long-chain esters. However, LipL still had higher activity
with C2 and C4 esters than long-chain esters, highlighting the fact that many of
these enzymes can accommodate a variety of substrate chain lengths. LipL also
has B-lactamase activity—the first example of a mycobacterial enzyme with both
activities.”® As B-lactamases render treatment with B-lactam antibiotics
ineffective, these findings suggest a dual role for LipL in lipid metabolism and
intrinsic antibiotic resistance.”®

The gene encoding LipF (Rv3487c) lies within a gene cluster related to
virulence.®” In support of its potential role in virulence, a lipF mutant had
attenuated growth in mouse bone marrow-derived macrophages.®” In addition to
hydrolyzing short-chain esters,® LipF has phospholipase C activity, hydrolyzing
phosphatidylcholine to generate diacylglycerol (DAG), a signaling molecule that
can activate macrophages.”® This suggests that LipF could contribute to the host
immune response to Mtb infection.

Twelve of the Lip family members (LipC, LipF, LipH, Lipl, LipM, LipN,
LipO, LipQ, LipR, LipU, LipW, and LipY) are also hormone-sensitive lipase (HSL)
family members.?’ These enzymes are homologous to human HSL, which

mobilizes free fatty acids from stored triacylglycerol (TAG) in adipocytes in



response to hormone stimulation.?”®? That makes these Mtb esterases of
particular interest for their potential roles in utilizing host-derived TAG in
dormancy and reactivation.

Delorme et al. successfully expressed nine of these family members
(LipC, LipF, LipH, Lipl, LipN, LipR, LipU, LipW, and LipY) and examined their
substrate preferences.®’ LipY (Rv3097c) was the only true lipase of the set, able
to hydrolyze long-chain, insoluble TAG. This confirmed previous studies that
characterized LipY as a lipase involved in TAG utilization.?”?° Furthermore, lipY
is under the control of the DosR regulon, which controls the initial transcriptional
response to hypoxia.®*®? Quantitative PCR studies confirmed lipY’s
transcriptional upregulation.®® Together, these findings strongly implicated a role
for LipY in Mtb dormancy and reactivation, and LipY emerged as a promising
new candidate for latent TB-targeted therapeutics.” "

Despite its transcriptional upregulation, LipY has not been identified in
shotgun proteomic studies of lysates from normoxic or hypoxic cultures.””® This
suggests that transcript level does not correlate with LipY abundance. LipY has
only been found in a proteomic study of Mib-infected guinea pig lungs 90 days
post-infection,”® providing evidence that it is expressed at appreciable levels
during infection.

LipY is also a PE protein. Nearly 10% of all Mtb proteins belong to the
PE/PPE family, so-named for the proline-glutamic acid (PE) or proline-proline-

glutamic acid (PPE) motifs in their N-terminal domains.?’ Although their functions
10



are largely unknown, PE/PPE proteins are implicated in mycobacterial
virulence.””®" LipX, PE16 (Rv1430), and LipY are the only known esterases in
the PE/PPE family. PE/PPE proteins are secreted via ESX-5, a type VI
secretion system, and the PE/PPE domains are then cleaved at the cell
surface.® The PE domain of LipY contributes to its aggregation and decreases

its enzymatic activity compared with LipY lacking the domain,?*%4

suggesting that
it not only marks LipY for secretion but has a functional role in modulating its
activity. However, LipY has not been detected in proteomic studies of culture

filtrate,%°8”

showing that its secretion does not account for its absence in
proteomic profiling experiments of in vitro cultures.

Several Mtb Lip family members have been explored as potential
immunodiagnostic markers for TB. Recombinant LipC and LipY both elicited a
strong immune response in patients with active TB but not in individuals with
latent TB.?>#® Recombinant LipL also induced an immune response in sera from
TB patients that was significantly higher than that from healthy controls.**
Overall, these results indicate that Mtb esterases may be useful biomarkers for
distinguishing patients with active TB infections from those with latent infections.

However, there is still a pressing need for latent TB-specific biomarkers. %599

Cutinase-Like Proteins

Cutinases are a specialized class of esterase that cleave cutin, a hydroxy

and epoxy fatty acid polyester found in plant cuticles.””% The seven cutinase-
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like proteins (Culps) of Mtb have a similar predicted active site to a well-
characterized fungal cutinase from Fusarium solani.®® However, these Mtb
enzymes do not cleave cutin.*’

Culp6 (Rv3802c) has the most similarity to CulpL of Mycobacterium
leprae, an organism that has undergone reductive evolution, suggesting that the
other Mtb Culps are products of gene duplication.”” Two secreted Culps, Culp1
(Rv1984c) and Culp4 (Rv3452), share 52% identity and 66% homology,
suggesting that they are structurally related.®* However, biochemical
characterization revealed different enzyme activities (Table 1.3). Culp1 showed
a preference for C8 monoester substrates.” Culp4 has phospholipase A;

929 and moderate activity with short-chain esters.?” Both of these

activity
enzymes may contribute to mycobacterial dissemination; Culp1 induces alveolar
epithelial cell apoptosis,®” and Culp4 induces macrophage lysis in vitro.”” The
gene encoding Culp1 lies within the region of deletion 2 (RD2), a genomic region
that is missing from M. bovis (BCG) substrains but retained in Mtb.*"9%%9
Immunization with recombinant Culp1 provided partial protection against TB,’®
and supplementing the BCG vaccine with Culp1 and other RD antigens
enhanced the vaccine’s efficacy in mice.”®’ Furthermore, both Culp1 and Culp4
have been explored as potential TB diagnostic biomarkers, with Culp4 having
greater sensitivity and specificity.*°

Of the remaining Culps, only Culp6 has appreciable esterase activity. It

displayed lipase, phospholipase, and thioesterase activities.’® Notably, this
12



enzyme is essential for in vitro growth.’®%* Like Culp1, Culp6 has been

explored as a vaccine candidate due to its ability to protect against TB in mice.’®

Other Identified Esterases and Lipases

Rv0183 was the second Mib lipase to be purified and biochemically
characterized.’®’%” Rv0183 is a monoacylglycerol (MAG) lipase active against
MAGs of varying chain lengths (C4—-C18) (Table 1.4).7% Although Rv0183 also
hydrolyzes DAGs and vinyl esters to a lesser extent, it does not hydrolyze
TAGs.'%"%” This suggests that Rv0183 completes the TAG lipolysis process
started by TAG lipases such as LipY.

The Rv0183 Mycobacterium smegmatis ortholog, MSMEG_0220, has
similar biochemical properties to Rv0183.7%” M. smegmatis is a non-pathogenic
species of mycobacteria frequently used as a model organism to investigate
mycobacterial physiology. Dhouib and colleagues disrupted MSMEG_0220,
reasoning that this would also inform on the physiological role of Rv0183 in
Mtb.”®” The mutant strain was unable to grow with monoolein as the sole carbon
source, indicating that MSMEG_0220 is essential for the metabolism of this lipid.
These findings suggest a role for Rv0183 in Mtb exogenous lipid metabolism and
have prompted researchers to identify selective Rv0183 inhibitors.”® "%
Whereas Rv0183 is lipolytic, carboxylesterase A (CaeA, Rv2224c) is a

non-lipolytic cell wall-associated esterase.? Originally annotated as a

proteinase, the gene encoding CaeA was identified as a putative virulence

13



gene.’®""" |nterestingly, only esterase activity was observed when CaeA was
first characterized. However, subsequent studies also detected proteolytic
activity, and CaeA is therefore also known as Hip1 (hydrolase important for
pathogenesis 1).”’? In a mouse model of TB, mutant Mtb strains lacking CaeA
had a smaller bacterial burden and were less lethal than wild type Mtb, 6"
indicating that CaeA is required for full Mtb virulence. Further studies showed

that CaeA dampens macrophage proinflammatory responses’’#7"#

and impairs
dendritic cell functions,’’ suggesting that CaeA accelerates disease progression.

Rv0045c was originally annotated as a hydrolase of unknown function,
sharing little sequence similarity to other mycobacterial esterases and lipases.’’®
However, biochemical characterization defined Rv0045c as an esterase,
hydrolyzing C2—C14, but not longer-chain p-nitrophenyl esters.”® The structure
of Rv0045c was determined using X-ray crystallography and showed similarity to
two very different bacterial hydrolases: ybfF hydrolase from E. coli and (E)-2-
(acetamindomethylene) succinate hydrolase from Mesorhizobium loti."'%""° The
ybfF hydrolases catalyze the hydrolysis of 1,2-O-isopropylideneglycerol esters’®’
as well as the thioester of malonyl-CoA’’® whereas (E)-2-(acetamindomethylene)
succinate hydrolase catalyzes the final step in the degradation of vitamin Bs.”"’
Thus, structural homology did not inform on the natural substrate specificity of
Rv0045c.

In an effort to better define the reactivity of this unique Mtb esterase,

Lukowski et al. characterized Rv0045c with a diverse library of fluorogenic
14



hydrolase substrates.’®’ They found that although Rv0045¢ had a broad, open
binding pocket, two residues bordering the binding pocket, Gly90 and His187,
narrowed its substrate selectivity to short, straight chain alkyl substrates.
Recently, Kumar and colleagues performed an in silico analysis to identify
additional uncharacterized esterases and lipases.’? Rv0421c, Rv0519c,
Rv0774c, Rv1191, Rv1592¢c, and Rv3591c all contained the characteristic serine
hydrolase o/ hydrolase fold and the G-X-S-X-G esterase active site motif.
Biochemical characterization of these hypothetical proteins confirmed esterase
activity. Rv0421c, Rv0519c, Rv0774c, and Rv1191 favored short to medium-
chain (C2-12) esters, while Rv1592c and Rv3591c could also hydrolyze longer

chain esters (C18).

Chemical Tools for Detecting Esterase Activity

Despite difficulties expressing and isolating active Mtb esterases,””*”%

researchers have made substantial progress in characterizing these enzymes in
vitro. However, such characterizations usually only hint at an esterase’s
biological role. Mtb gene and protein expression data provide further information
for identifying esterases that may be utilized in dormancy and reactivation
(Tables 1.5 and 1.6). Yet, serine hydrolases, including esterases, can be post-

12,
d,’#

translationally regulate so protein abundance is not an indication of

functional enzyme.
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Unlike transcriptomics and whole-cell proteomics, chemical tools provide a
means of determining changes in enzyme activity. These versatile probes can
target specific enzyme classes in complex mixtures or living organisms.’?*7%% A
handful of enzyme-targeted probes have been used to better understand Mib.

127

Substrate analogs have been employed to annotate the genome, “” identify

128,129 and to characterize enzymatic activity.”*® My

therapeutic targets,
dissertation research utilized two classes of chemical tools for Mtb esterase
detection and characterization: fluorogenic probes and activity-based probes

(Figure 1.3).

Fluorogenic Probes

Enzyme-targeted fluorogenic probes become fluorescent upon enzyme
turnover, providing a sensitive and direct readout of enzyme activity.’’ These
probes are not specific for Mtb enzymes but are targeted to a particular enzyme
class. Fluorogenic probes can be used in a variety of applications, including
enzyme characterization assays (e.g., kinetics, inhibitor screens, substrate
screens), in vivo enzyme detection,’* and fluorescence microscopy.’? 7%

The simplest fluorogenic esterase probes are fluorophores masked by
acetate esters (e.g., fluorescein diacetate, FDA), but these suffer from high
background fluorescence due to significant levels of spontaneous hydrolysis.’®*

37 Thus, researchers have developed a variety of masking strategies to create

more stable substrates.’**’*" A foremost example of this is the acyloxymethyl

16



ether masking moiety.”?>7%”7% Ester cleavage yields a hydroxymethyl ether,

which rapidly decomposes to generate the parent fluorophore.

Activity-Based Probes

Activity-based probes (ABPs) form a covalent bond with an enzyme’s
catalytic residue, resulting in stoichiometric labeling.”?*'#* ABPs have three main
parts: a reactive group that binds to the catalytic residue of a particular enzyme
class based on its reaction mechanism; a linker region, which can also include a
specificity element to narrow the reactivity of the probe; and a tag for detection.
The tag can be a fluorophore for in-gel fluorescence visualization or an affinity
handle for targeted enrichment and protein identification by mass spectrometry.
This makes ABPs particularly powerful for identifying enzymes of a specific class
based on their activity, with no prior knowledge of the enzyme needed.

APBs can be designed to be narrowly or broadly reactive. For example,
an ABP analogue of a selective covalent inhibitor can be used to determine the
inhibitor’s targets.’?® Broadly reactive ABPs are useful for global profiling and
genome annotation.?*"?”3 Flyorophosphonates (FPs) specifically react with
the active site serine of serine hydrolases.’*®’** Therefore, FP ABPs can be

employed to globally profile serine hydrolases, including esterases, in Mtb.?
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Dissertation Overview

The overarching goal of my dissertation research was to develop and use
chemical tools to study Mtb. | hypothesized that Mtb esterases are utilized
across pathogen metabolic states, and a better understanding of the active
esterases would aid TB diagnostic and drug development efforts. First, |
developed broadly reactive fluorogenic esterase substrates and showed that they
could be used to examine Mitb esterases in cellular lysates (Chapter 2). Next, |
collaborated with Dr. Samantha Levine, a post-doctoral researcher in the Beatty
lab, to develop an expanded probe set with longer-chain moieties that are
superior lipase substrates. | used these probes to reveal active Mtb esterases in
lysates from Mib-infected macrophages (Chapter 3). Then, | used both
fluorogenic probes and ABPs to identify active Mtb esterases in replicating,
dormant, and reactivating bacteria (Chapter 4). Overall, | developed an assay for
screening mycobacterial esterase activity across stages of infection, which could
be applied to other infection models or enzyme targets. Furthermore, | identified
esterases that remain active in dormant bacteria, which can be exploited as

diagnostic biomarkers or drug targets.
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Tables

Table 1.1. Essentiality, size, and cellular location of known Mtb esterases.

Mass
Name Rv Essential (kDa) Localization® Ref
LipC Rv0220 N 44.3  cell surface 88,705,104
LipD Rv1923 N 47.2  cell membrane, whole-cell lysate 105,704, 745,145
LipE Rv3775 N 45.3  cell membrane, whole-cell lysate 105,104, 746-148
LipF Rv3487¢c N 20.4 ND 58,59,103,104
LipG Rv0646¢ N/Y? 32.9 cell membrane 703,704,748,149
LipH (NIhH) Rv1399¢ N 33.9  whole-cell lysate 44,103,104,147,150
Lipl Rv1400c Y 34.1  whole-cell lysate 104,147
LipJ Rv1900c N 49.7  whole-cell lysate 103,704,147
LipL Rv1497 N 45.8  cell surface 54,55,103,104
> LipM Rv2284 N 46.7  cell membrane, whole-cell lysate 105,104, 146-145, 151
£ _LipN Rv2970c N 40.1  cell membrane, whole-cell lysate 105,104,146-148,152
“ _LipO Rv1426¢ N 46.1  cell membrane 703,104 757
5 i b 103,104,149,151
3 LipP Rv2463 N/Y 42.8  cell membrane 104,149,
LipQ Rv2485¢c N 45.2  cytosol 703,104,157
LipR Rv3084 N 32.6  cell membrane 103,104,751
LipT Rv2045¢c N 561 ND 703,704
LipU Rv1076 Y 316 ND 704
LipV Rv3203 N 23.6  whole-cell lysate 103,704,147,153
LipW Rv0217¢c N 322 ND 703,704
LipX (PE11) Rv1169c Y 10.8  cell membrane 103,146,147, 154
LipY Rv3097¢ N 45.0  cell surface, cytosol 37,60,103,104
LipZ Rv1834 N 316 ND 703,704
47,86,87,95,104,146,
2  Culp1 (Cfp21) Rv1984c N 21.8  culture filtrate, cell membrane, whole cell ™
2 Culp2 47,86,87,103, 104,146,
e i 147
o (Cut2, Cfp25) Rv2301 N 23.9  culture filtrate, cell membrane, whole cell
£ Culp3 (Cut3) Rv3451 N 26.5 culture filtrate, cell membrane #7.87.105,104, 746,747
< _Culp4 (Cutd) Rv3452 N 23.1 _ secreted #7.95,103,707
@ _Culp5 (Cutl) Rv1758 N 179 ND 7703707
S 47,103,104,146,147,
3 _Culp6 Rv3802c Y 35.4 culture filtrate, cell membrane %8
Culp7 (Cut5b) Rv3724B ND 18.8 ND 7
- Rv0045¢ N 32 whole-cell lysate 105,104,147
— Rv0183 N 30.3  cell wall and membrane 103,104,146-148,151
- Rv0421c N 21.7  cytosol 703,122,151
o = Rv0519¢ N 31.3  culture filtrate only 103,104,122,147
9 _= Rv0774c N 30.1 culture filtrate, whole-cell lysate 67,103,104,122,147
g - Rv1191 N 326 membrane 703,104,122,146-148
E’ - Rv1592¢ N 480 ND 703,104,122
5 _— Rv1683 Y 107.4 _ cell membrane, whole-cell lysate 103,104,146-145,151
g - Rv2525¢ N 25.4  culture filtrate only 103,104,147
CaeA 96,87,103,104,109,
(Hip1) Rv2224c N/Y® 55.9  cytosol, cell membrane, culture filtrate 146-149,151,155
PE16 Rv1430 N 546 ND 705,704,170
TB22.2 Rv3036¢ N 24.4  cell membrane, culture filtrate 87,105,104,147

Data curated from TuberculList: http://www.tuberculist.epfl.ch. “ND” denotes “no data.”

?Enzyme localization determined by proteomic studies or Western blot. See references for more
information.
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’Non-essential for in vitro growth but essential for Mtb survival in macrophages.
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Table 1.2. Ester substrate preferences of characterized Lip family members.

Maximal Activity

Temp
Esterase Ester Chain (°C) pH Inhibitors Ref
LipC C4 60,88
LipD Ci16 40 8 THL 60,128,145
LipF C2 35 7.5 58,60
LipH C3 45 7 E-600, THL 60,128,150
Lipl C4 60
LipL C2-C4 37 8 54,55
LipN c2 45 8 THL 60,152
LipR C8 60
LipU C8 60
LipV C14 50 8 THL 128,153
LipwW C4 60
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Table 1.3. Ester substrate preferences of characterized Mtb Culps.

Maximal Activity

Temp
Esterase Ester Chain (°C) pH Inhibitors Ref
Culp1 cs8 37 75 E-600, THL #%
Culp4 c4 75 E-600, THL #%
Culp6 C12 E.600, THL  #'%
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Table 1.4. Ester substrate preferences of other characterized Mtb esterases.

Maximal Activity

Temp
Esterase Ester Chain (°C) pH Inhibitors Ref
CaeA C4 39 7  E-600 4
PE16 Cé6 37 7-8 PMSF 49
Rv0045c C4 39 8 48121
Rv0183 C8 (MAG) 50 7.4 PMSF, E-600, THL %797
Rv0421c C4 122
Rv0519¢c C4 122
Rv0774c C8 122
Rv1191 C12 122
Rvi592¢c C12 122
Rv2525¢c C4 38 8 51
Rv3036c C2 38 8 50

Rv3591c C12 122




Table 1.5. Mtb esterase genes that are differentially regulated in various growth conditions.

Condition

63,156

Esterase  Starvation® Hypoxia Murine Adipocyte 17 Other

caeA A macrophage infection’’’

culp2

culp3

> DD

lipC

lipD A oxidative stress’

lipE

58,158,159

lipF v A acid stress

lipG

lipH

lipl

lipd

lipL A acid stress®

lipM

lipN A acid stress’*

lipP

> € € > DD €D |€ €€

lipQ

lipR A acid stress’”’

lipT A

lipU A

lipV A acid stress’*®

lipw

lipX » » A acid stress,”* high temp’®

lipY A

€ DD €eP

lipZ

Rv1592¢c \Z o)

The up arrow denotes transcriptional upregulation, and the down arrow denotes transcriptional
downregulation. The absence of an arrow means the transcript level was not significantly
changed in the indicated studies.
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Table 1.6. Mib esterase identification in proteomic profiling experiments.

Guinea Pig Lungs

Esterase Normoxia Hypoxia 30days 90 days Ref
CaeA X X 73-75,161
Culp1 X X 74,75,161
Culp2 X X 75,76,161,162
Culp3 X 73,161
Culp5 76

Culp6 X X 73,75,161
LipC X X 73,161,162
LipD X X 73-75,161,162
LipE X X 73-75,161,162
LipF X X 73,75,161,162
LipG X X 73,75,161,162
LipH X X 74,75,161,162
Lipl X X 73-75,161,162
LipJ X X 75,161

LipL X 161,162
LipM X X 73-75,161,162
LipN X X 73-75,161,162
LipO X X 73,75,161,162
LipP X 73,161,162
LipQ X 74,161,162
LipR X X 74-76,161,162
LipT X 73,161,162
LipV X X 73-75,161,162
LipW X X 73,75,161,162
LipY 76

LipZ X 73,161
Rv0045c X X 73,75,161
Rv0183 X X 73-75,161
Rv0421c X X 75,76,161
Rv0774c X X 75,161
Rv1191 X X 74,75,161
Rv1592¢ X X 75,161
Rv1683 X X 73-75
Rv2525¢ X 161
Rv3036¢ X X 73-75,161
Rv3591c X X 74,75,161

An “X” indicates that the protein was identified in the corresponding condition.

25



Figures
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Figure 1.1. Esterases hydrolyze an ester into an alcohol and an acid.
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Figure 1.2. Lipases cleave water-insoluble esters.

In this example, a TAG lipase hydrolyzes triolein to release diolein and oleic acid.
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Reaction with Fluorophore Released
Fluorogenic Probe Active Site Restored

Enzyme Active Site

Reaction with Enzyme-Probe Adduct
Activity-Based Probe

Tag: - Fluorophore for in-gel visualization
— Affinity handle for enrichment and
mass spectrometry-based analysis

Figure 1.3. Chemical tools for esterase characterization.
Fluorogenic probes and ABPs both react with the catalytic serine of active esterases. Whereas
fluorogenic probes produce an amplifiable signal, ABPs covalently label the active site residue for

stoichiometric (1:1) labeling. Fluorogenic probes become fluorescent upon enzyme turnover, but

ABPs must include a reporter tag for detection.
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Chapter 2: Far-Red Fluorogenic Probes for

Esterase and Lipase Detection

Katie R. Tallman and Kimberly E. Beatty

This work was originally published by ChemBioChem on January 2, 2015
in volume 16, issue 1, pages 70—75 (Copyright 2014 John Wiley and Sons).’® It

has been adapted for this dissertation and reprinted with permission.

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-9H-(1,3-dichloro-
9,9-dimethylacridin-2-one) (DDAO). These probes offer enhanced optical
properties compared to existing esterase probes because the hydrolysis product,
DDAO, 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-
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resolved mycobacterial lysates. These probes represent new tools for esterase

detection and characterization and should find use in a variety of applications.

Introduction

Tuberculosis (TB) is a serious human disease caused by several
mycobacterial species, including Mycobacterium tuberculosis (Mtb). Small
molecule probes are versatile tools for studying bacterial pathogens because
they can target specific enzyme classes in complex mixtures or living
organisms.’?*'% A variety of enzyme-targeted probes have been used to better
understand Mtb. Substrate analogs have been employed to annotate the

127

genome,’®” identify therapeutic targets, %% 7%

and to characterize enzymatic
activity.”? A small but powerful subset of mycobacterially-targeted probes are
fluorogenic, which enables a sensitive and direct read-out of enzyme activities.’’
For example, a fluorogenic probe specific for the Mtb B-lactamase BlaC has been

used to detect infections in mouse models’*

and sputum samples. %
Furthermore, we recently used fluorogenic probes to examine mycobacterial
sulfatases in a protein gel-based assay.’®>'%® We found that while most
mycobacterial species, including Mtb, could hydrolyze sulfated fluorophores, the
pattern of sulfatase activity varied from one species to another.

Fluorogenic probes could be ideal tools to detect, classify, and

characterize mycobacterial esterases, of which there are more than 30 predicted
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in the Mtb genome.”®” % This enzyme class includes lipases, which are most
active with long-chain, water insoluble esters.?* Although few Mib esterases or
lipases have been biochemically characterized,?”# it is likely that they have roles
in cell wall remodeling, cell division, nutrient acquisition, and pathogenesis. '

Detecting and characterizing these esterases has been difficult because most

form inclusion bodies in heterologous hosts (i.e., E. coli).?”>558145.150.153,169

Fluorogenic enzyme probes could directly detect enzyme activities in intact

132,164

organisms or in protein gel-resolved lysates without the need for isolated

enzyme. 165,166,170
The simplest fluorogenic esterase probes are fluorophores masked by
acetate esters (e.g., fluorescein diacetate, FDA), but these suffer from high
background fluorescence due to significant levels of spontaneous hydrolysis.’®*
37 Thus, researchers have developed a variety of masking strategies to create
more stable substrates.’®*’*" A foremost example of this is the acetoxymethyl

135,137,139

ether (AME) masking moiety, which we have used to mask substrates in

this work. Ester cleavage yields a hydroxymethyl ether, which spontaneously
decomposes to generate the free fluorophore (Scheme 2.1).

Among the existing scaffolds, there is a shortage of esterase probes that
excite above 600 nm, where cellular autofluorescence and light scattering are

diminished.’”” Most existing fluorogenic esterase substrates are based on

137,172 140,141,173 137,174

coumarin, 34738741 flyorescein, rhodamine, and resorufin

scaffolds. The Nagano group reported a ratiometric esterase probe with
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fluorescence emission at 760 nm,’”” 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-9H-(1,3-
dichloro-9,9-dimethylacridin-2-one) (DDAO, Aapsiem = 646/660 nm) was
successfully developed into a sulfatase’® and a B-galactosidase probe.’”®””
Additionally, DDAQ’s high fluorescence above its pK; of 5.7 makes DDAO-
derived probes usable across a broad pH range. Despite these favorable
properties, DDAO had 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-7-AME and
DDAO-2-AME, two distinct AME-masked fluorogenic probes derived from DDAO.
We also synthesized the known compound resorufin acetoxymethyl ether (Res-
AME)"®” to enable comparative analyses. We validated each substrate using 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.

Results and Discussion

DDAOQO was converted into fluorogenic esterase substrates through a

silver-mediated O-alkylation. The reaction yielded two regioisomers, DDAO-7-
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AME and DDAO-2-AME (Scheme 2.2), which were separable by column
chromatography. The site of O-alkylation was determined using Nuclear
Overhauser Effect Spectroscopy (NOESY; see Figures 2.1-2.2). Res-AME was
synthesized as previously described.’?”

A critical feature of any fluorogenic probe is its spectral distinction from the
parent fluorophore. We determined the spectral characteristics of DDAO-7-AME,
DDAO-2-AME, and Res-AME (Scheme 2.2 and Table 2.1). Although they are
regioisomers, DDAO-7-AME and DDAO-2-AME have different absorbance and
emission spectra (Figure 2.3). DDAO-7-AME (Aaps/em = 465/625 nm) is blue-
shifted compared with DDAO (Ahapsem = 646/660 nm, ¢ = 0.40'"*) and has a six-
fold decrease in quantum yield (¢ = 0.07). DDAO-2-AME is further blue-shifted
(Aabs = 395) and has no detectable fluorescence, making this an exceptional
“turn-on” probe. Resorufin (Aapsem = 571/588 nm) and Res-AME (Aaps/em =
475/605 nm) have some overlap in their absorbance and emission spectra
(Figure 2.3), but Res-AME has a substantial decrease in quantum yield (¢ = 0.01)
compared with resorufin (¢ = 0.74’%). Both DDAO and resorufin have favorable
pK, values of 5.7 and 5.8, respectively, and are fluorescent above pH 6 (Figure
2.4, Table 2.1).

Since it is imperative that probes remain masked in the absence of
enzyme, we assessed the hydrolytic stability of DDAO-7-AME, DDAO-2-AME,

and Res-AME alongside the commercially available substrate FDA. The
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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 2.5). All three AME probes were
more stable in PBS than in DMEM-FBS (Table 2.2). FDA was less stable than
any of the AME-masked probes, with a calculated half-life (t,2) of 8 h in PBS.
Res-AME underwent limited hydrolysis in PBS, with a calculated half-life of 13 h.
DDAO-7-AME and DDAO-2-AME 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 with Res-
AME and FDA allows high signal-to-noise to be maintained over longer time
course experiments.

We confirmed that DDAO-7-AME and DDAO-2-AME were broadly useful
esterase substrates using a panel of commercially available fungal, bacterial, and
mammalian esterases and lipases (Figure 2.6). 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-7-AME and DDAO-2-AME 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
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no activation in the presence of M. miehei lipase, porcine pancreas lipase, and S.
cerevisiae esterase. The DDAO-based probes were excellent substrates for P.
fluorescens lipase, an enzyme that was only modestly active with Res-AME and
FDA. Since 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 PLE’s
catalytic activity 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.

Highly sensitive fluorogenic probes are well-suited for verifying the
presence of scarce esterases inside cells or in complex lysates.”* 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 (p-NPA; Table 2.3 and Figure 2.7). 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), while p-NPA was the least sensitive
(2750 pg). Res-AME detected 27.5 pg PLE, while DDAO-7-AME (11 pg) and

DDAO-2-AME (2.75 pg) were able to detect 2.5- to 10-fold less PLE,
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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 2.8—-2.9) and lipases (C. antarctica and M. miehei,
Figures 2.10-2.11) with DDAO-7-AME and Res-AME. Unfortunately, DDAO-2-
AME'’s limited aqueous solubility above 30 yM 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 2.6). As summarized in Table 2.4, DDAO-7-AME
and Res-AME both gave Kwv values in the low micromolar range with each
enzyme evaluated. DDAO-7-AME was a favorable substrate for PLE (Ku =7.5 +
0.8 uM, Vmax = 1.2 pmol/s). Res-AME was also efficiently cleaved by PLE, with a
calculated Ky of 4.9 + 0.7 yM and a maximal velocity of 0.69 pmol/s. This is
close to the reported Ky value for this compound (Ku = 21 uM™®), and the
discrepancy may be due to differences in the concentration range of substrate
evaluated or the amount of enzyme used. PLE is a well-defined enzyme, which
enabled us to determine the catalytic constant (k.a:) and the specificity constant
(Kcat/ K1) of PLE with DDAO-7-AME (keat = 1.8 8™, kea/ Km = 2.4 x 10° M s°") and
Res-AME (keat = 10 87", koK = 2.0 x 10° M s™7). 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 2.6). Furthermore, a

larger amount of enzyme was required to obtain accurate kinetics data for the
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lipases than the esterases, suggesting that the probes are better esterase
substrates. This is expected, as the AME masking moiety has a short chain
ester. Based on our results, we predict that DDAO-7-AME will be useful for the
kinetic characterization of a variety of esterases and a subset of lipases,
including enzymes isolated from Mib.

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 Mtb complex
(MTBC). We therefore evaluated MTBC lysates prepared from three strains of
Mtb (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.”” 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 confirmed that DDAO-7-AME,
DDAO-2-AME, and Res-AME could each detect mycobacterial esterase activity
in a 96-well plate format. All species hydrolyzed the AME to produce a

detectable fluorescent signal within 10 min (Figure 2.12).
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We previously described a native protein gel-based assay for profiling
sulfatase activity in mycobacterial lysates.’®>"®® For the current work, we
reasoned that we could use AME-masked probes to examine esterase activity in
an analogous format. The lysates from twelve mycobacterial species and strains
(vide supra) were resolved by native polyacrylamide gel electrophoresis (PAGE)
on three identical gels. Each gel was soaked in a solution of DDAO-7-AME (1
uM), DDAO-2-AME (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 2.13).

This assay format enabled us to identify probe-specific and species-
specific patterns of activity. Res-AME had lower signal-to-noise and produced
faint banding patterns with the MTBC members (lanes 8—12), despite using 5-fold
more probe. In contrast, DDAO-7-AME and DDAQO-2-AME 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-7-AME revealed an
enzyme band that is missing in M. africanum (lane 9) but present in the other
MTBC members. This subtle difference in banding patterns was not so apparent
using DDAO-2-AME 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 were
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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 2.6). Together, these results confirm that
esterases have substrate preferences. Additionally, our results imply that the
fluorophore scaffold, not just the 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 altering
the acyl group.’”% 8

In conclusion, we synthesized and characterized AME-masked esterase
probes starting from the far-red fluorophore DDAQO. The attachment of the AME
group caused a significant change in spectral properties, making these
activatable probes trivial to distinguish from DDAO. The DDAO-AME probes
provide a longer wavelength option compared to previously described substrates.

These probes were highly sensitive, able to detect low picogram amounts of PLE

after a short incubation. DDAO-7-AME displayed Ky values in the low
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micromolar 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 using DDAO-7-AME, DDAO-2-
AME, 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.

Materials and Methods

Unless otherwise stated, reactions were magnetically stirred in oven-dried
glassware under argon atmosphere. Anhydrous solvents were purchased in
sure-seal bottles and kept under argon atmosphere. All chemicals were
purchased from Sigma-Aldrich or Fisher Scientific unless otherwise noted and
used as received. Reactions were monitored by thin-layer chromatography
(TLC) using glass-backed silica gel plates. Flash column chromatography was
performed with the indicated solvents using Silicycle SiliaFlash P60 as the
stationary phase. Mass spectra were acquired on an electrospray ionization
(ESI) spectrometer and obtained by peak matching.

'H-NMR data were obtained at ambient temperature at 400 MHz in CDCls.
3C-NMR data were obtained at 101 MHz in CDCl;. Chemical shifts are reported

as 6 values in ppm and were calibrated with tetramethylsilane (TMS). Coupling
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constants (J) are reported in Hertz (Hz) and are rounded to the nearest 0.1 Hz.
Multiplicities are defined as: s = singlet, d = doublet, m = multiplet, dd = doublet

of doublets.

Synthesis of DDAO-7-AME and DDAO-2-AME

DDAO (Synchem OHG, 20 mg, 0.065 mmol), powdered 4-A molecular
sieves (60 mg), and silver(l) oxide (38 mg, 0.16 mmol, 2.5 equiv) were
suspended in anhydrous acetonitrile (1.5 mL). Bromomethyl acetate (8 yL, 0.08
mmol, 1.2 equiv) was added, and the mixture was stirred for 24 h at room
temperature. The reaction mixture was diluted with dichloromethane (CH.Cl),
filtered through a plug of Celite® S, and concentrated by rotary evaporation to
give an orange solid. Purification by silica gel flash chromatography (5% ethyl
acetate/40% CH>CI,/55% hexanes) yielded two products: one bright orange and
fluorescent under ultraviolet (UV) light (DDAO-7-AME, R;= 0.26; 14 mg, 57%
yield), and the other yellow and not fluorescent under UV light (DDAO-2-AME, R
=0.14; 6.4 mg, 26% yield). NOESY was used to assign the two regioisomers

(Figures 2.1-2.2).

DDAO-7-AME (Figures 2.14-2.15)
'H NMR (400 MHz, CDCls) & (ppm): 7.65 (s, 1H), 7.65 (d, J = 8.7 Hz, 1H),
7.14 (d, J=2.7 Hz, 1H), 7.08 (dd, J= 8.7, 2.7 Hz, 1H), 5.86 (s, 2H), 2.17 (s, 3H),

1.89 (s, 6H).
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3C NMR (101 MHz, CDCls) & (ppm): 173.2, 169.7, 159.6, 148.5, 140.5,
139.4, 137.0, 136.8, 135.0, 133.9, 114.7, 114.6, 84.5, 39.1, 26.7, 20.9.
ESI-MS [M+H]* m/z calculated for C1gH16CIoNO,4: 380.0456; found:

380.0459.

DDAO-2-AME (Figures 2.16-2.17)

'"H NMR (400 MHz, CDCls) & (ppm): 7.78 (s, 1H), 7.37 (d, J = 10.1 Hz,
1H), 6.70 (m, 2H), 5.80 (s, 2H), 2.16 (s, 3H), 1.81 (s, 6H).

3C NMR (101 MHz, CDCls) & (ppm): 187.3, 170.0, 153.0, 151.7, 148.2,
140.9, 140.5, 133.3, 132.6, 132.3, 129.5, 128.8, 127.9, 88.0, 38.1, 28.8, 20.9.

ESI-MS [M+H]* m/z calculated for C1gH16CI-NO,: 380.0456; found:

380.0458.

Synthesis of Res-AME

Res-AME was synthesized on a 100 mg scale according to the published
protocol.”” Following extraction, Res-AME was purified by silica gel flash
chromatography (0 to 10% MeOH in CH»Cl,). The product was isolated as a

dark yellow solid (53 mg, 40% yield).

Res-AME (Figures 2.18-2.19)
'H NMR (400 MHz, CDCls) & (ppm): 7.75 (d, J=8.8 Hz, 1H), 7.43 (d, J =
9.8 Hz, 1H), 7.05 (dd, J= 8.9, 2.6 Hz, 1H), 7.00 (d, J= 2.6 Hz, 1H), 6.85 (dd, J=

9.8, 2.1 Hz, 1H), 6.34 (d, J = 2.0 Hz, 1H), 5.84 (s, 2H), 2.16 (s, 3H).
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3C NMR (101 MHz, CDCls) & (ppm): 186.3, 169.6, 160.1, 149.6, 146.7,
145.3, 134.8, 134.6, 131.7, 129.3, 114.3, 107.0, 102.6, 84.6, 20.9.
ESI-MS [M+H]* m/z calculated for C15H12NOs: 286.0715; found:

286.0714.

pK, Determination

The pKa's of DDAO and resorufin were determined by measuring their
fluorescence over a pH range. The following buffers were prepared at room
temperature at the indicated pH: citric acid-disodium phosphate (pH 2.8, 2.9,
3.1,3.4,3.8,4.4,49,53,5.9, 6.1, 6.4); potassium phosphate (pH 4.7, 5.6, 6.6,
7.2,7.6); Tris (pH 7.8, 8.0, 8.1, 8.6, 8.8); and sodium carbonate-sodium
bicarbonate (pH 9.2, 9.6, 10.3). DDAO (5 mM in DMSOQO) and resorufin (20 mM in
0.1 N NaOH) were diluted to 10 uM in H-O. Fluorophores were then further
diluted to 1 yM in buffer at each pH (n = 3 for each pH). Fluorescence was
assessed on a Tecan Infinite M200 Pro microplate reader (DDAQO: Aex 635 nm,
Aem 670 nm; resorufin: Aex 550 nm, Aem 600 NM). Data were plotted and fit to a
sigmoidal curve in GraphPad Prism 6. The pK; was determined as the inflection

point of the curve (Figure 2.4).

Spectral characterization

The spectral properties of DDAO-7-AME, DDAO-2-AME, and Res-AME

are summarized in Table 2.1. Absorbance and emission spectra were acquired
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on a Tecan Infinite M200 Pro microplate reader in fluorescence-grade quartz
cuvettes for absorbance reads (2 nm step size) and in black 96-well plates for
fluorescence reads (10 reads per well; 2 nm step size). Compounds were diluted
to1 yuMin 10 mM HEPES (pH 7.3).

The extinction coefficient was determined for DDAO, resorufin, DDAO-7-
AME, DDAO-2-AME, and Res-AME. Three to four separate stock solutions were
prepared in DMSO (5 mM for DDAO, DDAO-7-AME, DDAO-2-AME, and Res-
AME) or 0.1 N NaOH (20 mM resorufin). Experiments were performed in a 96-
well plate format using a pathlength correction based on the absorbance of
water: sample pathlength (cm) = (Abs977 yater — ADS900yater)/0.182, where 0.182
= (AbsS977 water — AbS900uater) in @ 1 cm cuvette. The absorbance at Amax Was
then divided by the sample pathlength for the pathlength-corrected absorbance
(i.e., the absorbance for a 1 cm pathlength). Molar extinction coefficients were
calculated as the slope of the absorbance vs. probe concentration using Beer’s
Law (A=ecl; A = absorbance, ¢ = extinction coefficient, ¢ = concentration, | =
pathlength). Only pathlength-corrected absorbance values between 0.1 and 1
were used for these calculations.

The relative quantum yields’®’ of DDAO-7-AME and Res-AME were
determined using 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4 H-
pyran (DCM, Exciton; ¢ = 0.44 in EtOH) as the reference standard. Each sample
was excited at 450 nm, and the full fluorescence emission curve was obtained on

a Tecan Infinite M200Pro microplate reader. DDAO-7-AME and Res-AME were
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evaluated in both DMSO and in 10 mM HEPES (pH 7.3) buffer. DDAO-2-AME

was not evaluated, as it displayed no detectable fluorescence.

Aqueous stability

DDAO-7-AME, DDAO-2-AME, Res-AME, and FDA were diluted to 1 yM in
PBS (pH 7.4), DMEM-FBS [Dulbecco's Modified Eagle Medium (Gibco®)
supplemented with 10% fetal bovine serum (HyClone™)], or DMEM-FBS (h.i.)
(heat-inactivated serum; heated at 56 °C for 40 min). Samples, prepared in
triplicate, were incubated at 37 °C, and fluorescence was measured every 5 min
for 15 h on a Molecular Devices SpectraMax M5 microplate reader (DDAO: Aex
635 Nnm, Aem 670 nm; resorufin: Aex 550 NM, Aem 600 Nm; fluorescein: Aex 490
nm, Aem 525 nm). Stability curves are shown in Figure 2.5. Because samples
were completely hydrolyzed within the 15 h time course in DMEM-FBS and
DMEM-FBS (h.i.), curves were fit to a one phase decay equation (Y =[Yo —
Plateau]*exp(-K*X) + Plateau, where Y = fluorescence, K = the rate constant, X =
time, and the half-life is calculated as In(2)/K in GraphPad Prism 6. Because the
probes did not completely hydrolyze in PBS, each probe was also diluted into
PBS containing 1 yg PLE and allowed to react for the duration of the experiment
to obtain the fluorescence value (plateau) of fully hydrolyzed probe. The one
phase decay equation was constrained with this value in order to calculate the

probe half-life in PBS. Calculated half-lives are reported in Table 2.2.
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Esterase screen

Esterases and lipases were purchased from Sigma-Aldrich. Lipases were
purchased as Lipase Basic Kit (product number 62327). Enzymes were
prepared as 10 mg/mL stocks and diluted to 5 yg/mL in 10 mM HEPES buffer
(pH 7.3). Heat-inactivated PLE was prepared by incubating PLE at 90 °C for 15
min. Alternatively, PLE activity was inhibited by incubation with 50 yM E-600
(Sigma-Aldrich, 36186) at 37 °C for 60 min prior to probe addition. The reactions
were initiated with 5 yM DDAO-7-AME, DDAO-2-AME, Res-AME, or FDA. The
reactions were incubated at 37 °C before reading on a Tecan Infinite M200Pro
microplate reader (fluorescein: Aex 485 NM, Aem 530 NmM; resorufin: Aex 550 nm,

Aem 600 Nm; DDAO: Aex 635 NM, Aem 670 nm) at 10 min (Figure 2.6).

PLE detection limit

PLE was diluted in 10 mM HEPES (pH 7.3) so that the final amount in
each reaction mixture ranged from 0.275 pg to 550 pg for DDAO-7-AME, DDAO-
2-AME, Res-AME, and FDA. A larger range, from 1.1 pg to 2750 pg, was used
for p-NPA owing to the lower sensitivity for detecting p-NP absorbance. The
reactions were initiated by the addition of substrate at a final concentration of 25
uM for DDAO-7-AME, DDAO-2-AME, Res-AME, and FDA, or 1700 uM for p-NPA
and incubated at 37 °C (Figure 2.7). Fluorescence (DDAO, resorufin, and

fluorescein) or absorbance (p-NP) was measured on a Tecan Infinite M200Pro
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microplate reader (DDAQO: Aex 635 NM, Aem 670 Nm; resorufin: dex 550 NmM, Aem

600 nm; fluorescein: Aex 490 NM, Aem 525 NM; p-NP: Aqps 348 nm).

Kinetics

All kinetic assays were performed in triplicate or sextuplicate in 10 mM
HEPES buffer (pH 7.3) at 37 °C. Probe solutions were pre-incubated at 37 °C for
15 min prior to enzyme addition. For each enzyme and probe pair, the amount of
enzyme used was optimized to allow an accurate measurement of the initial rate.
After enzyme addition, fluorescence was measured every 20 or 30 son a
Molecular Devices SpectraMax M5 microplate reader. Kinetic parameters were
calculated using GraphPad Prism 6 software with the method of initial rates.’®
Data were fit to a Michaelis-Menten enzyme kinetics curve, V = Vina[Sl/(Ku +
[S]), where Vis the reaction rate and S is the substrate concentration.

Porcine liver esterase was evaluated with DDAO-7-AME and Res-AME at
a final concentration of 500 ng/mL enzyme with DDAO-7-AME and a final
concentration of 50 ng/mL enzyme for Res-AME (Figure 2.8). DDAO-7-AME was
used at a concentration range of 3 to 80 yM, and enzyme-catalyzed hydrolysis
was measured by detecting DDAO formation (Aex 635 NM, Aem 670 Nm). Res-
AME was used at a concentration range of 0.4 and 40 yM, and hydrolysis was
measured by detecting resorufin formation (Aex 550 nm, Aem 600 NM).

B. subtilis esterase was evaluated with DDAO-7-AME and Res-AME at a

final concentration of 500 ng/mL enzyme (Figure 2.9). DDAO-7-AME was used
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at a concentration range of 0.6 to 80 M, and hydrolysis was measured by
detecting DDAO formation (Aex 635 Nnm, Aem 670 Nm). Res-AME was used at a
concentration range of 0.4 to 40 yM, and hydrolysis was measured by detecting
resorufin formation (Aex 550 Nm, Aem 600 NM).

C. antarctica lipase was evaluated with DDAO-7-AME and Res-AME at a
final concentration of 10 yg/mL enzyme (Figure 2.10). DDAO-7-AME was used
at a concentration range of 0.6 to 80 M, and hydrolysis was measured by
detecting DDAO formation (Aex 635 Nnm, Aem 670 Nm). Res-AME was used at a
concentration range of 0.6 to 80 M, and hydrolysis was measured by detecting
resorufin formation (Aex 550 NM, Aem 600 NM).

M. miehei lipase was evaluated with DDAO-7-AME and Res-AME at a
final concentration of 10 yg/mL enzyme for DDAO-7-AME and 20 pg/mL enzyme
for Res-AME (Figure 2.11). DDAO-7-AME was used at a concentration range of
0.6 to 80 yM, and hydrolysis was measured by detecting DDAO formation (Aex
635 nm, em 670 Nm). Res-AME was used at a concentration range of 0.6 to 80
UM, and hydrolysis was measured by detecting resorufin formation (Aex 550 nm,

Aem 600 NM).

Mycobacterial lysate screen

Mycobacteria were cultured, harvested, and lysed as previously
described.’® Each species was handled using appropriate biosafety level 2 or 3
precautions. The species analyzed included M. smegmatis, M. marinum, M.
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flavescens, M. nonchromogenicum, M. kansasii, M. avium, M. intracellulare, M.
bovis (BCG), M. africanum, and three strains of Mtb (Erdman, H37Rv, and
CDC1551). Lysates (1 ug of total protein) were evaluated with 5 yM of DDAO-7-
AME, DDAO-2-AME, or Res-AME in triplicate in 10 mM HEPES (pH 7.3).
Reactions were incubated at 37 °C for 10 min, and hydrolyzed probe
fluorescence was measured on a Tecan Infinite M200Pro microplate reader
(DDAO: Aex 635 nm, Aem 670 NM; resorufin: Aex 550 Nm, Aem 600 Nm). After 10

min, each species displayed significant esterase activity (Figure 2.12).

In-gel activity assay

Lysates (1 to 8 ug of total protein per lane, adjusted to approximately
normalize band brightness) were resolved by native gel electrophoresis (10—-20%
Tris-HCI Criterion gel, Bio-Rad). Gels were run on ice for 95 min at 200 V in 1X
Tris-Glycine buffer (Bio-Rad) prepared in deionized water without methanol.
NativeMark Unstained Protein Standard (Life Technologies) was included,
although it is difficult to accurately estimate molecular weight on a native protein
gel. Gels were incubated in 10 mM HEPES (pH 7.3) containing 1-5 uM
fluorogenic probe for 5 min before imaging on a fluorescence scanner (Typhoon
9410 Variable Mode Imager, GE Healthcare). DDAO-7-AME and DDAO-2-AME
were evaluated at 1 yM instead of 5 M due to optimal signal-to-noise at this

concentration. DDAO was detected using 633 nm excitation and a 670 nm (bp
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30) emission filter. Resorufin was detected using 532 nm excitation and a 580

nm (bp 30) emission filter. The resulting images were analyzed in ImagedJ.’®
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Tables

Table 2.1. Spectral characteristics of fluorogenic probes and parent fluorophores.

Compound Labsiem (NM)? pKa e (M'ecm™) ¢ (Solvent)

DDAO 646/660 5.7 33,000° 0.40 (PBS pH 7.4)"%

DDAO-7-AME 465/625 —  1,400%° 0.07 (10 mM HEPES pH 7.3)
0.02 (DMSO)

DDAO-2-AME 395/— —  2,300%° —

Resorufin 571/588 5.8 57,0007 0.74 (pH 9.5 buffer)'”®

Res-AME 475/605 —  4,100° 0.01 (10 mM HEPES pH 7.3)

0.001 (DMSO)

%in 10 mM HEPES, pH 7.3

%in PBS, pH 7.4

“These values were subsequently re-measured using another method, which we believe
to be more accurate (see Table 3.1 and Chapter 3 Materials and Methods).

%n 0.1 N NaOH
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Table 2.2. Half-life (h) for the hydrolysis of each probe in different buffer conditions.

DMEM-FBS
Probe PBS (pH 7.4) DMEM-FBS (heat-inactivated)
DDAO-7-AME 27 0.3 2.6
DDAO-2-AME 41 0.4 3.1
Res-AME 13 0.3 2.0

FDA 8 0.3 0.3




Table 2.3. PLE detection limit of DDAO-7-AME, DDAO-2-AME, Res-AME, FDA, and p-NPA.

Probe (uM) Detection Limit

(pg PLE)
DDAO-7-AME (25) 11
DDAO-2-AME (25) 2.75
Res-AME (25) 27.5
FDA (25) 0.55

p-NPA (1700) 2750




Table 2.4. Kinetic parameters of DDAO-7-AME and Res-AME with esterases and lipases.

Probe Enzyme (Amount) Vimax (pmol/s)  Ku (uM)

DDAO-7-AME  PLE (0.5 pyg/mL) 1.19 75+0.8
B. subtilis esterase (0.5 pg/mL) 0.45 6.7+0.5
C. antarctica lipase (10 yg/mL) 0.24 9.5+1.1
M. miehei lipase (10 yg/mL) 0.06 44+0.7

Res-AME PLE (0.050 pg/mL) 0.69 49+0.7
B. subtilis esterase (0.5 pg/mL) 0.30 19+2
C. antarctica lipase (10 yg/mL) 0.30 6.8+£04
M. miehei lipase (20 pg/mL) 0.16 19+3
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Figures

Fluorogenic Acetoxymethyl Ether

Esterase Probe Free Fluorophore
o 1. esterase o
O 2. spontaneous
decomposition

Bright Fluorescence

Scheme 2.1. Esterases activate, or “turn-on,” AME-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 2.2. The synthesis of AME-masked fluorogenic probes and their spectral properties.
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Figure 2.1. NOESY spectrum of DDAO-7-AME.
The methylene protons (Hg) of the AME moiety (s, 2H, 5.86 ppm) exhibit Nuclear Overhauser
effects (NOEs) with aromatic protons He (d, 1H, 7.14 pm) and H¢ (dd, 1H, 7.08 ppm), showing

that O-alkylation occurred on the side of the molecule opposite the chlorides.
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Figure 2.2. NOESY spectrum of DDAO-2-AME.
The methylene protons (Hg) of the AME moiety (s, 2H, 5.80 ppm) exhibit no NOEs, indicating that

the AM ether group is between the two chlorides.
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Figure 2.3. The absorbance and emission spectra of AME fluorogenic probes.

The absorbance curves are shown as solid lines, while the emission curves are dashed lines.
Spectra for DDAO (Aex 600 nm), DDAO-7-AME (Agx 465 nm), and DDAO-2-AME (non-
fluorescent). (b) Spectra for resorufin (Aex 525 Nm) and Res-AME (Lgx 475 nm). Each sample

was prepared as 1 yM probe in 10 mM HEPES buffer (pH 7.3).
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Figure 2.4. Determination of the pK, of DDAO and resorufin.

The fluorescence of (a) DDAQO (Aex 635 Nm, e 670 Nm) and (b) resorufin (Aex 550 Nm, Aem 600

nm) was measured in triplicate in buffers at various pH’s (ranging from 2.8 to 10.3) and is

reported in relative fluorescence units (RFUs). Data were fit to a sigmoidal curve, and the pK, of

each fluorophore was determined as the inflection point of the curve.
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Figure 2.5. The stability of esterase probes in various buffers.

Each probe (DDAO-7-AME, DDAO-2-AME, Res-AME, and FDA) was diluted to 25 yM in (a) PBS,
(b) DMEM-FBS, or (c) DMEM-FBS with heat-inactivated serum. Parent fluorophore fluorescence
(in relative fluorescence units, RFUs) was measured every 15 min for 15 h (DDAQO: A 635 nm,
Aem 670 nm; resorufin: dex 550 Nm, Ay 600 Nm; fluorescein: Aex 490 NM, Aem 525 Nm). Each line

represents the average of three replicates.
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Figure 2.6. Fluorogenic esterase probes can be hydrolyzed by a variety of enzymes.
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(a) 5 uM DDAO-7-AME. (b) 5 uM DDAO-2-AME. (c) 5 uM Res-AME. (d) 5 uM FDA. Enzymes
(5 pg/mL) were incubated with 5 yM probe in 10 mM HEPES (pH 7.3) for 10 min at 37 °C. Probe
cleavage was detected by an increase in fluorescence (in relative fluorescence units, RFUs)
compared to the no enzyme control (DDAO: Aex 635 NM, Aem 670 NM; resorufin: Ag 550 NmM, Aem
600 nm; fluorescein: A¢x 485 nm, Aem 530 nm). 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 yM E-600 for 1 h at 37 °C prior to
probe addition. The no enzyme control is the same data set for both lipases and esterases. All
unlabeled responses are statistically significant (P < 0.01). Reponses labeled “ns” are not
significant compared to the no enzyme control. Error bars represent one standard deviation (n =

6).
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(a) DDAO-7-AME (25 uM). (b) DDAO-2-AME (25 uM). (c) Res-AME (25 uM). (d) FDA (25 uM).
(e) p-NPA (1700 yM). Enzyme was diluted in 10 mM HEPES (pH 7.3) and incubated with probe
for 10 min at 37 °C. The formation of hydrolyzed product was detected by measuring the
fluorescence of DDAO (Aex 635 NM, Aem 670 NM), resorufin (Aex 550 NM, Aem 600 NM), or
fluorescein (Aex 490 NM, Aem 525 Nm). Fluorescence is shown in relative fluorescence units
(RFUs). Alternatively, p-NPA hydrolysis was detected by measuring the absorbance of p-
nitrophenol at 348 nm. The detection limit was determined as the lowest statistically significant
detectable amount compared to the no enzyme control (*P < 0.01). Error bars represent one

standard deviation (n = 6).
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Figure 2.8. Kinetic evaluation of DDAO-7-AME and Res-AME with PLE.

(a) DDAO-7-AME (ranging from 3—80 yM) was evaluated with 500 ng/mL PLE in triplicate.

DDAOQO: Aex 635 nm, Aey 670 Nnm. (b) Res-AME (ranging from 0.5-40 yM) was evaluated with 50

ng/mL PLE in sextuplicate. Resorufin: Aex 550 nm, Aem 600 Nm. Experiments were performed in

10 mM HEPES buffer (pH 7.3) at 37 °C. Fluorescence generation was measured every 20 or 30

s. All data were fit to a Michaelis-Menten enzyme kinetics curve, and did not fit a substrate

inhibition curve.
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Figure 2.9. Kinetic evaluation of DDAO-7-AME and Res-AME with Bacillus subtilis esterase.

(a) DDAO-7-AME (ranging from 0.6—80 yM) was evaluated with 500 ng/mL B. subtilis esterase in
sextuplicate. DDAO: Liex 635 NM, Aem 670 nm. (b) Res-AME (ranging from 0.4-40 yM) was
evaluated with 500 ng/mL B. subtilis esterase in triplicate. Resorufin: Ag 550 nm, A, 600 Nm.
Experiments were performed in 10 mM HEPES buffer (pH 7.3) at 37 °C. Fluorescence
generation was measured every 20 s. Data were fit to a Michaelis-Menten enzyme kinetics

curve.
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Figure 2.10. Kinetic evaluation of DDAO-7-AME and Res-AME with Candida antarctica lipase.
(a) DDAO-7-AME (ranging from 0.6—80 yM) was evaluated with 10 yg/mL C. antarctica lipase.
DDAOQO: Aex 635 Nnm, Aey 670 Nnm. (b) Res-AME (ranging from 0.6—80 yM) was evaluated with 10
pg/mL C. antarctica lipase. Resorufin: Aex 550 nm, Aem 600 Nm. Experiments were performed in
triplicate in 10 mM HEPES buffer (pH 7.3) at 37 °C. Fluorescence generation was measured

every 20 s. Data were fit to a Michaelis-Menten enzyme kinetics curve.
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Figure 2.11. Kinetic evaluation of DDAO-7-AME and Res-AME with Mucor miehei lipase.

(a) DDAO-7-AME (ranging from 0.6—80 yM) was evaluated with 10 yg/mL M. miehei lipase.
DDAOQO: Aex 635 nm, Aey 670 Nnm. (b) Res-AME (ranging from 0.6—80 yM) was evaluated with 20
ug/mL M. mieheilipase. Resorufin: Ag 550 nm, A 600 Nnm. Experiments were performed in
triplicate in 10 mM HEPES buffer (pH 7.3) at 37 °C. Fluorescence generation was measured
every 20 s. Data were fit to a Michaelis-Menten enzyme kinetics curve. Data did not fit a

substrate inhibition curve.
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Figure 2.12. Mycobacterial lysates have esterase activity.

Lysates (1 pg) were incubated with 5 yM fluorogenic probe in 10 mM HEPES (pH 7.3) for 10 min
at 37 °C. Probe cleavage was detected by an increase in fluorescence (in relative fluorescence
units, RFUs) compared to the buffer control. (a) DDAO-7-AME (DDAO: Ag 635 nm, Aem 670
nm). (b) DDAO-2-AME (DDAO: Lex 635 Nm, Aem 670 Nm). (¢) Res-AME (resorufin: A 550 nm,
Aem 600 Nm). All responses are statistically significant (P < 0.01) compared to the no enzyme

control. Error bars represent one standard deviation (n = 3).
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Figure 2.13. Fluorogenic esterase probes reveal distinct mycobacterial esterase activities.
Mycobacterial lysates (1-8 pg of total protein per lane) were resolved using native polyacrylamide
gel electrophoresis (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 yM DDAO-7-
AME, (b) 1 uM DDAO-2-AME, or (c) 5 uM Res-AME. The gels were imaged to reveal fluorescent
bands corresponding to hydrolyzed probe. Lane assignments: 1, M. smegmatis; 2, M. marinum;
3, M. flavescens; 4, M. nonchromogenicum; 5, M. kansasii; 6, M. avium; 7, M. intracellulare; 8, M.

bovis (BCG); 9, M. africanum; 10, Mtb Erdman; 11, Mtb H37Rv; 12, Mtb CDC1551.
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Figure 2.14. 'H-NMR spectrum of DDAO-7-AME (400 MHz; CDCl5).
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Figure 2.15. '®*C-NMR spectrum of DDAO-7-AME (101 MHz; CDCly).
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Figure 2.16. 'H-NMR spectrum of DDAO-2-AME (400 MHz; CDCl5).
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Figure 2.17. '®*C-NMR spectrum of DDAO-2-AME (101 MHz; CDCly).
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Figure 2.18.
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Figure 2.19. '®*C-NMR spectrum of Res-AME (101 MHz; CDCls).
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Chapter 3: Profiling Esterases in Mycobacterium
tuberculosis Using Far-Red Fluorogenic

Substrates

Katie R. Tallman, Samantha R. Levine, and Kimberly E. Beatty

This work was originally published by ACS Chem. Biol. on July 15, 2016 in
volume 11, issue 17, pages 1810-1815 (Copyright 2016 American Chemical

Society). "%

It has been adapted for this dissertation and reprinted with
permission. This project was a close collaboration with Dr. Samantha Levine,

who synthesized and characterized the C4 and C8 DDAO substrates.

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
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esterases and lipases from Mtb. The C8-masked probes revealed a new
esterase band in gel-resolved Mib lysates that was not present in lysates from
non-pathogenic 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.

Introduction

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.’® After initial infection, Mtb can persist for decades as a
latent, asymptomatic infection, with reactivation from dormancy occurring in
approximately 10% of individuals.” 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
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diagnostic biomarkers or therapeutics.’”*° The importance of lipid metabolism
for Mtb growth, persistence, and pathogenicity is reflected in the 250 Mtb genes
linked to lipid processing—about five times as many as found in E. coli, which
has a similarly-sized genome.”” 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 two-fold higher. Ninety-four gene products are predicted
to contain the a/p hydrolase fold characteristic of these enzymes, '®® and
misannotated esterases and lipases continue to be identified.***”#?*" However,
difficulties expressing and isolating active Mtb esterases and lipases have
hindered in vitro characterization of these enzymes.?”#"%

To circumvent this challenge, we directly assessed Mitb 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 sulfatases %>

or acetoxymethyl ether
(AME)-masked probes to detect esterases.’® Originally, we reported that this
assay could distinguish mycobacterial species and strains based on sulfatase
activity.’®® More recently, we observed highly conserved esterase activity for Mtb
complex (MTBC) members—organisms that cause TB.'®® 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 Mib esterases and
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lipases, including Culp1, LipC, LipH, Lipl, and LipY, prefer longer four-carbon
(C4) and eight-carbon (C8) substrates.?”%%>"" 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.

Results and Discussion

In our work, much of our probe development has focused on far-red
fluorophores that excite above 600 nm (i.e., DDAO%*%° or DSACO®). 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.””” Therefore, we modified DDAO to create a set of fluorogenic
esterase probes (Scheme 3.1a). 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.’**’%” We synthesized AME-masked
DDAO substrates through a silver-mediated O-alkylation, as previously
described.’®® 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 (Scheme 3.1b).
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Both reactions produced a mixture of 2- and 7-substituted regioisomers, which
were separated by column chromatography. The lower calculated pK,'®” 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 Materials
and Methods.

We determined the spectral properties of each compound (Table 3.1 and
Figure 3.1), including absorbance ( Aaps) and emission (Aem) maxima, extinction
coefficients (¢), and quantum yields (¢). Consistent with the DDAO-AME
probes,''® 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 non-fluorescent,
and the 7-substituted regioisomers were minimally fluorescent. 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 DDAQO’s
excitation and emission settings (Aex 635 Nm, Aem 670 NM); all six exhibited a
650-fold to 1420-fold reduction in fluorescence compared with DDAO. Because

the 2-masked substrates are non-fluorescent, the fluorescence detected with
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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 3.2). Heat-killed porcine liver esterase
(PLE) did not hydrolyze our substrates, demonstrating that an active enzyme is
required for probe cleavage. After 30 minutes, 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 3.3) and detection limits (Figure 3.4). All six fluorogenic
probes were good PLE substrates with Michaelis constants (Ku) ranging from 3
to 9 uM. The catalytic efficiency (ksa/Kwv) ranged from 0.2 uM™" s™' (DDAO-2-
AME) to 0.7 uM™" s' (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
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intermediate sensitivity (5 pg/mL). Additionally, the new probes had improved
hydrolytic stability, with =90% of each probe remaining after 60 h (Table 3.2,
Figure 3.5).

Fluorogenic esterase probes are common reagents for live-cell imaging.”*
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 3.6). The AME- and BME-masked probes produced more DDAO
fluorescence than the OME-masked probes at the same probe 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

47, 46,
d .50 d, 6,88

activities. Many of these enzymes are secrete or cell wall-associate
making them good targets for assessing whole-cell esterase activity. We found
that all six probes were hydrolyzed by live Mtb mc®6020, an auxotrophic strain
derived from the virulent H37Rv lab strain (Figure 3.7)."%® 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.’®>76>7% we
evaluated lysates from M. smegmatis, M. marinum, Mtb mc?6020, and M. bovis

(BCG), an attenuated vaccine strain (Figure 3.8a). Overall, the four species

displayed different esterase activity patterns, but with high similarity between Mtb
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mc26020 and M. bovis (BCG), two members of the MTBC. Despite biochemical
evidence that many Mib esterases prefer longer-chain substrates, #0921
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 specific for C2 esters. The OME-masked probes were
activated by the same Mib 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 had previously observed highly conserved esterase activity
patterns for MTBC members,’®® 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 3.3).2°’% The gene encoding Culp1 lies
within the region of deletion 2 (RD2), a genomic region that is deleted in M. bovis
(BCG) substrains but retained in Mtb.***% This genomic difference accounts for

the band’s absence in M. bovis (BCG) lysate.
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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 lysates from the wild type Mtb CDC1551, but absent
in the Culp1 transposon mutant (Figure 3.8b). We also examined conditioned
medium from Mtb mc?6020. We observed two strongly fluorescent bands at a
lower apparent molecular weight than the Culp1 whole-cell lysate band (Figure

t,5” and we

3.8c). Culp1 contains a signal sequence that is cleaved upon expor
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. Sequence coverage for both bands began at the N-
terminus of the cleaved, secreted protein (Table 3.3).5” 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,*”
but Schué et al. found that it was 86-times more active with a C8 substrate over a
C4 substrate.” Our results indicate that Culp1 prefers C8 substrates, which
agrees with the findings of Schué et al. Culp1 induces alveolar epithelial cell
apoptosis,” 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
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vaccine.’ %" Immunization with recombinant Culp1 provided partial protection
against TB,’® and supplementing the BCG vaccine with Culp1 and other RD
antigens enhanced the vaccine’s efficacy in mice.’”" 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 mc6020-infected murine
macrophages (Figure 3.8d). 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.
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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.

Materials and Methods

ACS grade solvents were used as received. DDAO was purchased from
Shanghai Medicilon Inc. All other chemicals were purchased from Sigma-
Aldrich, Fisher Scientific, or VWR Scientific and used as received. Unless

otherwise stated, reactions were magnetically stirred. Reactions were monitored
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by thin-layer chromatography (TLC) on glass-backed silica gel plates (Silicycle
60 A, 250 UM). Flash column chromatography was performed with the indicated
solvents on Silicycle SiliaFlash P60.

Mass spectra were acquired at Portland State University's BioAnalytical
Mass Spectrometry Facility on a ThermoElectron LTQ-Orbitrap Discovery high-
resolution mass spectrometer with electrospray ionization (ESI).

NMR spectra were acquired at ambient temperature at Portland State
University's NMR facility. 'H-NMR data were obtained in the specified solvent on
a Bruker Avance Il at 400 MHz. '*C-NMR data were obtained on the same
instrument in the specified solvent at 101 MHz. Spectra were calibrated to the
residual solvent peak. Chemical shifts are reported in ppm. Coupling constants
(J) are reported in Hertz (Hz) and rounded to the nearest 0.1 Hz. Multiplicities
are defined as: s = singlet, d = doublet, dd = doublet of doublets, t = triplet, m =

multiplet, br s = broad singlet.

Synthesis of iodomethyl butyrate

o Nal o
—
/\)I\o/\m acetone oY
chloromethyl butyrate iodomethyl butyrate

Sodium iodide (0.28 g, 1.97 mmol, 6 equiv) was combined with acetone (2
mL) in a 20 mL scintillation vial. Chloromethyl butyrate (0.25 mL, 1.97 mmol, 6
equiv) was dissolved in acetone (0.5 mL), and the solution was added to the vial

dropwise via syringe. The syringe was rinsed with 0.5 mL acetone, and the vial
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was sealed and protected from light. After stirring overnight, 3 mL of CH»Cl, was
added to the vial, and the resulting mixture was filtered through fiberglass filter
paper (Whatman GF/A). Concentration in vacuo and resuspension in CH.Cl»
was followed by a second filtration. Concentration of the resulting clear solution
produced 0.277 g of iodomethyl butyrate as a brown oil (62% yield), which was

used without further purification.

Synthesis of DDAO-2-butanoylmethyl ether (DDAO-2-BME) and DDAO-7-
butanoylmethyl ether (DDAO-7-BME)

Cl
HO
O P K,CO3, nBu4NHSO4 ‘ O
N Cl CH,Cl,/H,0 cl

DDAO DDAO-7-BME DDAO-2-BME
19% vyield 61% vyield

A 20 mL scintillation vial was charged with DDAO (0.1002 g, 0.325 mmol,

1 equiv) and tetrabutylammonium hydrogen sulfate (0.0112 g, 0.033 mmol, 0.1
equiv). Then CHCl; (3.3 mL) was added, resulting in a deep red suspension. A
solution of K2CO3 (0.1348 g, 0.975 mmol, 3 equiv) in H>O (1 mL) was added via
pipet, followed by an additional 0.625 mL H,O (0.2 M total). The reaction mixture
became dark blue upon vigorous stirring. lodomethyl butyrate was added via
pipet, followed by additional CH>Cl> (1 mL, 0.08 M total), and the vial was sealed
and protected from light. Additional H>O (2 mL, 0.13 M) was added after 21 h,
and the reaction mixture was stirred for another 3 days. The reaction mixture
was transferred to a separatory funnel with additional CH.Cl, and H>,O. The

layers were separated, and the organic layer was washed with H,O (1 x 15 mL).
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The combined aqueous layers were extracted with CH>Cl, (3 x 15 mL). The
combined organic layers were washed with brine (1 x 20 mL), dried over MgSQs.,
filtered, and concentrated in vacuo to a yellow-brown oil. Purification by column
chromatography (SiO;, loaded in toluene, 1.5 to 5% EtOAc in hexanes with 40%
CHCI, as a co-solvent) yielded two major products: an orange solid identified as
DDAO-7-BME (R¢= 0.66, 10% EtOAc/45% hexanes/45% CH.Cl,) (0.0248 g, 19%
yield) and a yellow-orange solid identified as DDAO-2-BME (R:= 0.48, 10%

EtOAC/45% hexanes/45% CH,Cl,) (0.0806 g, 61% yield).

DDAO-2-BME (Figures 3.9-3.12):

'H-NMR (400 MHz; CDCls): & 7.74 (s, 1H), 7.35 (d, J= 10.1 Hz, 1H), 6.66
(d, J=1.8 Hz, 1H), 6.66 (dd, J = 10.0, 2.0 Hz, 1H), 5.79 (s, 2H), 2.36 (t, J= 7.4
Hz, 2H), 1.78 (s, 6H), 1.65 (sextet, J = 7.4 Hz, 2H), 0.94 (t, J = 7.4 Hz, 3H).

8C-NMR (101 MHz, CDCL,): & 187.36, 172.66, 153.08, 151.87, 148.30,
141.03, 140.59, 133.40, 132.68, 132.38, 129.62, 128.92, 127.97, 88.12, 38.17,
35.97, 28.91, 18.02, 13.77.

ESI-HRMS [M+H]* m/z calculated for CooH20CloNO4: 408.0764; found:

408.0774.

DDAO-7-BME (Figures 3.13-3.16):
'"H-NMR (400 MHz; CDCl3): § 7.62 (s, 1H), 7.62 (d, J = 8.7 Hz, 1H), 7.13
(d, J=2.6 Hz, 1H), 7.05 (dd, J = 8.7, 2.7 Hz, 1H), 5.85 (s, 2H), 2.37 (t, J= 7.4

Hz, 2H), 1.87 (s, 6H), 1.67 (sextet, J = 7.4 Hz, 2H), 0.94 (1, J = 7.4 Hz, 3H).
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3C-NMR (101 MHz, CDCl,): & 173.30, 172.43, 159.84, 148.54, 140.59,
140.57, 139.55, 137.12, 136.88, 135.08, 133.98, 114.86, 114.76, 84.52, 39.27,
36.10, 26.85, 18.30, 13.69.

ESI-HRMS [M+H]* m/z calculated for CooH20CloNO4: 408.0764; found:

408.0771.

Synthesis of chloromethyl octanoate

o chloromethyl chlorosulfate o
b L~
5 OH K5,CO3, nBu,NHSO, s 0  "CI
CH,Cl,
octanoic acid 60% yield chloromethyl octanoate

Octanoic acid (0.5 mL, 3.16 mmol, 1 equiv) and tetrabutylammonium
hydrogen sulfate (0.0536 g, 0.16 mmol, 0.05 equiv) were dissolved in CHxClI (3
mL) in a 20 mL scintillation vial. A solution of K.CO3 (1.75 g, 12.6 mmol, 4 equiv)
in H2O (83 mL, 1 M final concentration) was then added, and the reaction mixture
was stirred for 3 min. Chloromethyl chlorosulfate (0.4 mL, 3.94 mmol, 1.25
equiv) was dissolved in 3 mL CH.CI, (0.5 M total) and added to the reaction
mixture portion-wise over 50 min. The reaction mixture was then stirred for an
additional 70 min. The reaction mixture was transferred to a separatory funnel
with additional CHx>Cl, and H2O. The layers were separated, and the organic
layer was washed with H>O (1 x 15 mL). The combined aqueous layers were
then extracted with CHxCl, (2 x 15 mL). The combined organic layers were
washed with brine and dried over MgSO,. Filtration and concentration in vacuo

gave the crude product. Purification by SiO. plug (loaded in hexanes, 1 to 2.5%

92



EtOAc in hexanes) and concentration in vacuo gave 0.36 g (60% yield) of the
product as a clear, pale yellow oil. Spectral data matched that reported in the

literature.%°

Synthesis of iodomethyl octanoate

(o}
~ o,
\(V)GJLO cl acetone, 75 C

chloromethyl octanoate iodomethyl octanoate

Sodium iodide (0.2548 g, 1.7 mmol, 1.01 equiv) was combined with
acetone (2 mL) in a 2-dram vial. Chloromethyl octanoate (0.3221 g, 1.68 mmol,
1 equiv) in acetone (1 mL) was added dropwise, followed by 1 mL acetone (0.42
M total). The vial was sealed and protected from light, and the reaction mixture
was stirred for 7 h. CHxCl, (1 mL) was added, followed by filtration through
fiberglass filter paper, concentration in vacuo, refiltration, and concentration
under a stream of air to give an orange oil, which was used without further

purification.

Synthesis of DDAO-2-octanoylmethyl ether (DDAO-2-OME) and DDAO-7-
octanoylmethyl ether (DDAO-7-OME)

ci
HO > R(L\n/ YJ)G
L e O R
N cl 2Cla/H, cl cl

DDAO DDAO-7-OME DDAO-2-OME
16% vyield 63% yield

In a 20 mL scintillation vial, DDAO (0.1022 g, 0.332 mmol, 1 equiv) and

tetrabutylammonium hydrogen sulfate (0.0113 g, 0.032 mmol, 0.1 equiv) were
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combined in CHxCl, (3 mL) to give a deep red suspension. A solution of K.COj3
(0.1376 g, 1 mmol, 3 equiv) in HO (1 mL) was added to the reaction mixture,
followed by an additional 2 mL H»O (0.1 M total). lodomethyl octanoate (0.48 g,
1.7 mmol, 5 equiv) was then added via pipet, followed by an additional 3 mL
CHxCI, (0.05 M total). The reaction mixture was stirred vigorously for 40 h and
then transferred to a separatory funnel with additional CH2Cl» and H>,O. The
layers were separated, and the organic layer was washed with H,O (1 x 15 mL).
The combined aqueous layers were extracted with CH>Cl, (3 x 15 mL). The
combined organic layers were washed with brine (1 x 20 mL), dried over MgSQs.,
filtered, and concentrated in vacuo to a brown oil. Purification by column
chromatography (SiO, loaded in toluene, 1.5 to 5% EtOAc in hexanes with 40%
CHCI, as a co-solvent) gave two major products: an orange solid identified as
DDAO-7-OME (Rs= 0.71, 10% EtOAc/45% hexanes/45% CH.Cl,) (0.0239 g,
16% yield) and a yellow-orange solid identified as DDAO-2-OME (Rs= 0.60, 10%

EtOAc/45% hexanes/45% CH.Cly) (0.0842 g, 63% yield).

DDAO-2-OME (Figures 3.17-3.20):

"H-NMR (400 MHz; CDCls): & 7.75 (s, 1H), 7.35 (d, J = 10.2 Hz, 1H), 6.66
(d, J=1.8 Hz, 1H), 6.66 (dd, J=10.2, 1.8 Hz, 1H), 5.79 (s, 2H), 2.37 (t, J= 7.5
Hz, 2H), 1.78 (s, 6H), 1.61 (quintet, J = 7.4 Hz, 2H), 1.30-1.24 (m, 8H), 0.86 (t, J

= 6.9 Hz, 3H).
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8C-NMR (101 MHz, CDCL,): & 187.37, 172.87, 153.08, 151.88, 148.31,
141.05, 140.60, 133.40, 132.70, 132.40, 129.64, 128.94, 127.99, 88.14, 38.18,
34.13, 31.74, 29.14, 29.02, 28.93, 24.54, 22.70, 14.19.

ESI-HRMS [M+H]* m/z calculated for Co4H23CIoNO4: 464.1390; found:

464.1398.

DDAO-7-OME (Figures 3.21-3.24):

'H-NMR (400 MHz; CDCly): & 7.62 (s, 1H), 7.62 (d, J = 8.7 Hz, 1H), 7.13
(d, J=2.6 Hz, 1H), 7.05 (dd, J = 8.7, 2.7 Hz, 1H), 5.84 (s, 2H), 2.38 (t, J= 7.5
Hz, 2H), 1.87 (s, 6H), 1.62 (dd, J = 14.8, 7.4 Hz, 3H), 1.28-1.22 (m, 10H), 0.84 (t,
J=7.0 Hz, 3H).

3C-NMR (101 MHz, CDCL,): & 173.30, 172.62, 159.83, 148.53, 140.59,
140.57, 139.55, 137.12, 136.88, 135.08, 133.98, 114.84, 114.75, 84.48, 39.27,
34.28, 31.72, 29.08, 28.98, 26.86, 24.81, 22.68, 14.18.

ESI-HRMS [M+H]* m/z calculated for Co4H23CIoNO4: 464.1390; found:

464.1396.

Regioisomer determination for the C4 and C8 probes

'"H-NMR data were used to identify the protons on the methylether unit.
We confirmed the identity of the methylether carbon by combining *C-NMR with
a heteronuclear single quantum correlation (HSQC) experiment. A heteronuclear

multiple bond correlation (HMBC) experiment was used to identify the aromatic
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carbon in the phenolic ether by its relationship to the protons on the methylether,
which were three bonds away. Further examination of the HMBC data then
allowed us to determine the aromatic proton(s) that were three bonds away from
that carbon. The regioisomers were assigned based on whether or not the
phenolic ether carbon was correlated with an aromatic proton that exhibited
coupling in the "H-NMR spectrum. Coupling indicated a regioisomer substituted
at the 7-position, whereas no coupling indicated a regioisomer substituted at the

2-position.

With our data, along with that available from previously reported DDAO-

derived compounds, '%>79%79

we verified a method for determining the
regioisomers based on the "H-NMR chemical shifts of the protons at the 6 and 8
positions. Substitution at the 2-position is characterized by those protons having

a chemical shift between 6.5 and 7 ppm. Substitution at the 7-position is

characterized by a chemical shift of 7—7.5 ppm. This assignment strategy was
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H=6.5-7ppm H=7-7.5ppm
previously proposed by Warther et al., who synthesized the 2 and 7 allyl ether-

substituted regioisomers of DDAO and assigned their structures by HSQC and

HMBC.'%

Spectral characterization of fluorogenic probes

Spectra were acquired on a Tecan Infinite M200 Pro microplate reader in
clear 96-well microplates for absorbance reads or black 96-well microplates for
fluorescence reads (10 reads per well, 1 nm step size). All measurements were
performed in 10 mM HEPES buffer (pH 7.3). In order to remain within the linear
range of the instrument, compounds were diluted to 5 yM for absorbance reads
and 2.5 uM for fluorescence reads. Compound fluorescence was excited at 602
nm (DDAO), 453 nm (DDAO-7-BME), or 451 nm (DDAO-7-OME). DDAO-2-BME
and DDAO-2-OME were non-fluorescent.

The fluorescence of each probe (1 M) was directly compared to the
fluorescence of DDAO (1 yM) by measuring each compound’s emission at 670
nm following excitation at 635 nm. The fluorescence decrease, as provided in
Table 3.1, was calculated as the ratio of DDAO fluorescence and fluorogenic
probe fluorescence and reported as a fold decrease in fluorescence compared to

DDAO.
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Extinction coefficients were measured in 10 mM HEPES (pH 7.3). Four
independent 5 mM stocks were prepared in DMSO for each compound. Two
independent 10 yM solutions were prepared from each stock in 10 mM HEPES
(pH 7.3). Absorbance was measured with a Tecan Infinite M200 Pro microplate
reader in a Starna Cell 18F-Q-10 quartz cuvette at the wavelength of maximum
absorption. The molar extinction coefficients were calculated using Beer's law (A
= ecl; A = absorbance, ¢ = extinction coefficient, ¢ = concentration, | = path
length). The reported extinction coefficients are the average of eight reads per
compound.

The relative quantum yield of DDAO was determined using oxazine 1
(Anaspec, ¢ = 0.15 in EtOH) as the reference. The relative quantum yields of
DDAO-7-BME and DDAO-7-OME were determined using fluorescein (Sigma-
Aldrich, ¢ = 0.89 in 0.1 N NaOH) as the reference. A 10 yM solution of each
compound was diluted into the appropriate solvent [DDAO, DDAO-7-BME, and
DDAO-7-OME: 10 mM HEPES (pH 7.3); oxazine 1: EtOH; fluorescein: 0.1 N
NaOH]. The absorbance of each solution was measured on a Tecan Infinite
M200 Pro microplate reader in a Starna Cell 18F-Q-10 quartz cuvette. DDAO
and oxazine 1 were measured at 520 nm. DDAO-7-BME, DDAO-7-OME, and
fluorescein were measured at 400 nm. For each compound, three independent
dilutions at a calculated absorbance of 0.01 were prepared from the 10 yM
solution. Three samples from each dilution (for a total of n = 9) were excited at

520 nm (DDAO and oxazine 1) or 400 nm (DDAO-7-BME, DDAO-7-OME, and
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fluorescein) in a 96-well black plate, and the fluorescence emission curves were
obtained on a Tecan Infinite M200 Pro microplate reader. The total fluorescence

was calculated by integrating the area under the curve using GraphPad Prism 6

software. The quantum yields were calculated as: ¢, = (ﬁ—i) C‘_:) (Z—’s‘)z ¢s. In

this formula, ¢ = quantum yield, A = absorbance, F = total fluorescence, n =

refractive index of the solvent, s = standard, and x = unknown.

Enzyme panel screen

Esterases and lipases were

Esterase Product #
. ) . porcine liver esterase E2884
purchased from Sigma-Aldrich. Enzymes 5= — = e 96667
Aspergillus sp. lipase 84205
were prepared as 10 mg/mL stocks and Candida antarctica lipase 65986
Candida rugosa lipase 62316
. . Mucor miehei lipase 62298
diluted to 1 ug/mL in 10 mM HEPES (pH Pseudomonas cepacia lipase 62309
Pseudomonas fluorescens lipase | 95608
7.3). Heat-killed porcine liver esterase Rhizopus arrhizus lipase 62305

(PLE) was prepared by heating PLE at 90 °C for 20 min. The reactions were
initiated with 5 yM substrate and incubated for 30 min at 37 °C (n=4). Probe
cleavage was detected by measuring DDAO fluorescence on a Tecan Infinite

M200Pro microplate reader (Aex 635 Nm, Agm 670 NM).

PLE kinetics

Probes were evaluated with 50 ng/mL PLE. Kinetic assays were
performed in triplicate at 37 °C in 10 mM HEPES buffer (pH 7.3) with 20% (v/v)

DMSO as a co-solvent. Probe solutions were pre-incubated at 37 °C for 10 min
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prior to enzyme addition. After enzyme addition, DDAO fluorescence was
measured every 30 s on a Tecan Infinite M200Pro microplate reader (Aex 635 nm,
Aem 670 Nm). Kinetic parameters were calculated using GraphPad Prism 6
software with the method of initial rates.’® Data were fit to a Michaelis-Menten
enzyme kinetics curve, V = Vmax[S)/(Ku + [S]), where Vis the reaction rate, S is
the substrate concentration, and Ky is the Michaelis constant. Relative
fluorescence units were converted to pmol of DDAO using a DDAO standard

curve.

PLE detection limit

PLE (1 pg/mL to 2500 pg/mL) was serially diluted in 10 mM HEPES (pH
7.3) + 20% (v/v) acetonitrile. Reactions were initiated with 25 yM esterase probe
and incubated at 37 °C for 10 min (n = 4). Fluorescence was measured on a
Tecan Infinite M200Pro microplate reader (Aex 635 NM, Aem 670 Nm). The
detection limit was defined as the lowest statistically significant (P < 0.01)
detectable amount of enzyme compared to the no-enzyme control using an

unpaired, two-tailed t test with Welch’s correction.

Probe hydrolytic stability

DDAO-7-BME, DDAO-2-BME, DDAO-7-OME, and DDAO-2-OME were
diluted to 1 yM in PBS. Samples (n = 6 for each probe) were incubated at 37 °C,

and DDAO fluorescence (hex 635 nm, Aem 670 NmM) was measured every 10 min
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for 60 h on a Tecan Infinite M200Pro microplate reader. Since the probes did not
completely hydrolyze in PBS within 60 h, each probe was also diluted into PBS
containing PLE (10 pg/mL) to determine the fluorescence value of fully-
hydrolyzed probe. We used the fluorescence value of PLE-hydrolyzed probe to

calculate the percent of each probe hydrolyzed after 60 h (Table S1).

Fluorescence microscopy of mammalian cells

U20S epithelial cells were generously provided by Prof. Xiaolin Nan
(OHSU). Cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM,
Gibco®) supplemented with 10% (v/v) FBS (VWR), 100 U/mL penicillin, and 100
pg/mL streptomycin (Invitrogen) in a humidified incubator at 37 °C and 5% CO..
Cells were seeded in an 8-well chambered cover glass (Cellvis) at a density of 5
x 10* cells per well and allowed to adhere overnight. Cells were counterstained
with 1 pg/mL Hoechst 33342 (Invitrogen) before esterase probe treatment. Cells
were incubated with 10 yM fluorogenic probe for 10 min at room temperature in
Live Cell Imaging Solution (Molecular Probes; 140 mM NaCl, 2.5 mM KCl, 1.8
mM CaCl,, 1 mM MgCl,, 20 mM HEPES). The cells were washed once with
additional Live Cell Imaging Solution and imaged in the same medium. Images
were collected using a Zeiss 40X/0.95 NA objective on a Yokogawa CSU-X1
spinning disk confocal mounted on a Zeiss Axio Observer microscope at OHSU’s
Advanced Light Microscopy Core. Hoechst 33342 fluorescence was obtained by

excitation at 405 nm (450/50 nm emission filter), and DDAO fluorescence was
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obtained by excitation at 638 nm (690/50 nm emission filter). Images were
processed in ImageJ.’® The brightness and contrast settings were optimized for
the Hoechst nuclear stain, and the same settings were used for all images
(Figure 3.6; false-colored green). Although all six probes produced DDAO
fluorescence in live cells (false-colored magenta), the fluorescence varied from
probe to probe. Therefore, the maximum brightness and contrast setting was
determined separately for each probe. We used the same minimum value for all
probes. To enable a direct comparison, the same DDAO settings were applied to
a corresponding image of DMSO-treated cells; no far-red fluorescence was

detected in DMSO-treated cells using any of our display settings.

Mycobacterial culture conditions

M. smegmatis mc?155 (700084) and M. marinum (BAA-535) were
obtained from ATCC. M. bovis (BCG) was obtained from G. Purdy (OHSU). Mtb
mc?6020 (AlysA ApanCD mutant)’®® was obtained from W.R. Jacobs (Albert
Einstein College of Medicine, HHMI). These strains were handled as BSL-2
pathogens with appropriate precautions. Cells were thawed from frozen stocks
(stored at —80 °C in 6% glycerol). M. bovis (BCG), M. smegmatis, and M.
marinum were cultured in 7H9 broth supplemented with 0.5% (v/v) glycerol,
0.05% (v/v) Tween 80, and 10% (v/v) ADC (albumin, dextrose, catalase). Mtb
mc®6020 was grown in the same 7H9 broth further supplemented with 80 pg/mL

lysine, 24 ug/mL pantothenate, and 0.2% (w/v) casamino acids. Cultures were
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grown at 37 °C (BCG, M. smegmatis, and Mtb mc?6020) or 30 °C (M. marinum)
with slow shaking (75—-100 RPM).

Wild type Mtb CDC1551 (NR-13649) and a CDC1551 transposon mutant
for MT2037/Rv1984c (NR-18745) were acquired from BEI Resources and
handled as BSL-3 pathogens. Wild type CDC1551 was thawed from a frozen
stock, and the transposon mutant was inoculated from an agar slant. Cultures
were grown in 7H9 supplemented with 0.5% (v/v) glycerol, 0.05% (v/v) Tween
80, and 10% (v/v) ADC at 37 °C and 5% CO, with stirring.

To prepare conditioned medium (CM), Mtb mc®6020 was grown to an OD
between 0.5 and 1, pelleted, washed twice with Sauton’s Minimal Medium, and
resuspended in Sauton’s Minimal Medium. Cultures were grown at 37 °C with
slow shaking (75 RPM). Cells were grown to an OD ~1 and pelleted. The pellet
was stored for subsequent lysis (—30 °C), and the clarified CM was sterile filtered
through a 0.2 ym membrane (SteriFlip, Millipore) and stored (—30 °C). Thawed

CM was subsequently concentrated with a 10 kDa MWCO filter (Amicon).

Mycobacterial whole-cell assay

Mtb mc26020 was cultured to an ODggo between 0.5 and 1.0 in rich growth
medium and then diluted to an ODggo of 0.2 in PBS (pH 7.4) with 0.05% Tween
80. Varying numbers of bacilli (3,000,000 to 0) were incubated with 10 yM
fluorogenic probe (DDAO-2-AME, DDAO-7-AME, DDAO-2-BME, DDAO-7-BME,

DDAO-2-OME, or DDAO-7-OME) for 30 min at 37 °C (n =4). Cells were treated
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with phosphate-buffered formalin before DDAO fluorescence was measured on a
Tecan Infinite M200Pro microplate reader (Aex 635 Nm, Aem 670 NmM). We
determined the significance (P < 0.05) of the fluorescence signal produced by
each sample compared to a cell-free control using an unpaired, two-tailed t test
with Welch’s correction. The number of bacilli in each dilution was estimated by
assuming that a culture with an ODggo of 1 contains 3 x 10° colony forming units

(CFUs)/mL.™#

RAW macrophage infection

RAW 264.7 macrophages were purchased from ATCC and maintained at
37 °C, 5% CO: in a humidified incubator. Cells were cultured in DMEM
supplemented with 10% (v/v) FBS (HyClone™), 100 U/mL penicillin, and 100
pg/mL streptomycin. Near-confluent cells were dislodged with a cell scraper for
sub-culturing.

Macrophages (4 x 107 cells/flask) in DMEM-FBS (no antibiotics) were
infected with Mtb mc?6020 (8 x 10° bacteria/flask; multiplicity of infection = 20).
For mock infection, the same volume of vehicle (DPBS) was added. Aftera 4 h
infection, the cells were washed twice with warm DPBS, and an initial time point
was immediately harvested. The remaining flasks were changed to DMEM-FBS
with 25 pyg/mL amikacin. After 1 h, cells were washed twice with warm DPBS
and placed in DMEM-FBS (no antibiotics). At each time point, cells were

harvested by centrifugation (3000 RPM, 4 °C) and resuspended in lysis buffer [50

104



mM Tris (pH 7.5 at 4 °C), 200 mM NaCl, 0.5 mM CacCl,, 0.5 mM MgCl,, 0.2%
(v/v) Triton X-100]. Samples were stored at —30 °C prior to lysis by mechanical
disruption. The resulting lysates were sterile-filtered (0.2 yum membrane, PALL)
and concentrated (10 kDa MWCO filters, Amicon). Protein concentration was

determined by BCA assay (Pierce).

Native PAGE in-gel activity assay

Cell pellets were resuspended in lysis buffer [50 mM Tris (pH 7.5 at 4 °C),
200 mM NaCl, 0.5 mM CacCly, 0.5 mM MgCly, 0.2% (v/v) Triton X-100] and lysed
by mechanical disruption. The resulting lysates were sterile-filtered (0.2 ym
membrane, PALL), and protein concentration was determined by BCA assay
(Pierce). Lysates were resolved by native polyacrylamide gel electrophoresis
(10—20% Tris-HCI Criterion gel, Bio-Rad). For mycobacterial profiling, 1 to 8 ug
of total protein was loaded per lane, approximately normalized by band
brightness. For the macrophage infection samples, an equal amount of total
protein (8 yg) was loaded per lane. Gels were run on ice for 2 h at 200 V in 1X
Tris-Glycine buffer (Bio-Rad) prepared in deionized water without methanol.
Gels were incubated in 10 mM HEPES (pH 7.3) (for DDAO-7-AME, DDAO-2-
AME, DDAO-7-BME, and DDAO-2-BME) or 10 mM HEPES (pH 7.3) + 0.1% (v/v)
Triton X-100 (for DDAO-7-OME and DDAQO-2-OME) containing 5 uM probe.
After 5—10 min, the gels were imaged on a fluorescence scanner (Typhoon 9410

Variable Mode Imager, GE Healthcare). DDAO was detected using a 633 nm
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excitation laser with a 670 nm (bp 30) emission filter. The resulting images were

analyzed in ImageJ.’®

Identification of proteins by mass spectrometry

Esterase bands were excised from a protein gel based on DDAO
fluorescence. Gel slices were submitted for protein tryptic digestion, peptide
extraction, and LC-MS/MS analysis. For the band excised from whole cell lysate,
analysis was performed by the OHSU Proteomics Shared Resource on a Thermo
Scientific Orbitrap Fusion (NIH grant S100D012246). This facility has partial
support from NIH core grants P30EY010572 and P30CA069533. The resulting
MS/MS spectra were analyzed using Sequest (Thermo Fisher Scientific).
Sequest was set up to search the UniProt M. tuberculosis H37Rv database (8350
entries) assuming tryptic digestion. Sequest was searched with a fragment ion
mass tolerance of 1.0 Da and a parent ion tolerance of 1.5 Da.
Carbamidomethylation of cysteine was specified in Sequest as a fixed
modification. Scaffold (Proteome Software Inc.) was used to validate MS/MS-
based peptide and protein identifications. Peptide identifications were accepted
if they could be established at greater than 50.0% probability by the Peptide
Prophet algorithm’®>"** with Scaffold delta-mass correction. Protein
identifications were accepted if they could be established at greater than 95.0%
probability and contained at least 2 identified unique peptides (see Table S2 for a

list of identified Culp1 peptides). Proteins that contained similar peptides and
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could not be differentiated based on MS/MS analysis alone were grouped to
satisfy the principles of parsimony.

For the CM bands, analysis was performed by the UC Davis Proteomics
Core. The resulting MS/MS spectra were searched using X! Tandem (The GPM,
thegpm.org; version CYCLONE 2013.02.01.1). X! Tandem was set up to search
the uniprotM_20160127_ja6Dre database (8206 entries) assuming tryptic
digestion. X! Tandem was searched with a fragment ion mass tolerance of 20
ppm and a parent ion tolerance of 20 ppm. Carbamidomethylation of cysteine
was specified in X! Tandem as a fixed modification. Glu->pyro-Glu of the N-
terminus, ammonia-loss of the N-terminus, GIn->pyro-Glu of the N-terminus,
deamidation of Asp and Glu, oxidation of Met and Trp, dioxidation of Met and
Trp, and acetylation of the N-terminus were specified in X! Tandem as variable
modifications. Scaffold was used to validate MS/MS-based peptide and protein
identifications. Peptide identifications were accepted if they exceeded specific
database search engine thresholds. X! Tandem identifications required at least -
Log(Expect Scores) scores greater than 1.5. Protein identifications were
accepted if they contained at least 2 identified unique peptides. Proteins that
contained similar peptides and could not be differentiated based on MS/MS

analysis alone were grouped to satisfy the principles of parsimony.
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Tables

Table 3.1. Spectral properties of DDAO and DDAO-derived fluorogenic probes in 10 mM HEPES

(pH 7.3).

Compound  Aas (NM) Aem (M) & (M'cm™)  ¢° F'g:;‘:::::fe
DDAO 646 659 36,000  0.39 ~
DDAO-2-AME 395 - 11,000 - 1420-fold
DDAO-7-AME 465 625 4,900  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

*The fluorescence quantum yields were measured at 25 °C using oxazine 1 (¢ = 0.15 in EtOH) or
fluorescein (¢ = 0.89 in 0.1 M NaOH) as reference standards.

®The fluorescence decrease was calculated as the ratio of DDAO fluorescence and fluorogenic
probe fluorescence at the same concentration (Aex 635 Nm, ey 670 NM).
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Table 3.2. Percentage of DDAO-derived probes hydrolyzed in PBS (pH 7.4) after 60 h.

Probe % Hydrolyzed
DDAO-2-BME 8.0+0.7
DDAO-7-BME 10.3 +0.6
DDAO-2-OME 2.0+0.1
DDAO-7-OME 3.4+0.3
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Table 3.3. Identification of Culp1 by mass spectrometry.

% Spectral
Sample Rv Name Coverage Peptide List’ Counts
Mitblysate Rv1984c Culpi 14.7 R.SIGVYAVNYPASDDYR.A 3
R.ASASNGSDDASAHIQR.T 2
MtbCM  Rvi984c Culpi  36.4 R.ASASNGSDDASAHIQR.T 14
gzgg)er Y.AVNYPASDDYR.A 1
A.DPCSDIAVVFAR.G 6
R.GTHQASGLGDVGEAFVDSLTSQVGGR.S 6
R.SIGVYAVNYPASDDYR.A 5
R.TVASCPNTR.I 1
MtbCM  Rvi984c Culpl  32.3 R.ASASNGSDDASAHIQR.T 3
(lower A.DPCSDIAVVFAR.G 5
band) R.GTHQASGLGDVGEAFVDSLTSQVGGR.S 3
R.SIGVYAVNYPASDDYR.A 5

“Periods (.) separate found peptides from the previous and next residues in the protein sequence.
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Scheme 3.1. The structures of DDAO-derived fluorogenic esterase probes.
(a) Previously reported DDAO-AME probes.116 (b) Synthesis of longer-chain DDAO-

acyloxymethyl ethers and illustration of the DDAO numbering scheme.
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Figure 3.1. The absorbance and emission spectra of DDAO-derived fluorogenic probes.

Solid lines indicate absorbance spectra for 5 yM compound and dashed lines indicate
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fluorescence emission spectra for 2.5 yM compound in HEPES (pH 7.3). (a) Spectra of DDAO

(Aex = 602 nm), DDAO-2-BME (non-fluorescent), and DDAO-7-BME (A¢ = 453 nm). (b) Spectra of

DDAO (Aex = 602 nm), DDAO-2-OME (non-fluorescent), and DDAO-7-OME (Agy = 451 nm).
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Figure 3.2. DDAO-based fluorogenic probes are versatile esterase and lipase substrates.
Fluorescence generation by esterases (from PLE and B. subtilis, blue bars) and lipases (green
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 3.3. Kinetic evaluation of DDAO-derived fluorogenic probes with 500 ng/mL PLE.

Reactions were performed in triplicate at 37 °C in 10 mM HEPES (pH 7.3) + 20% DMSO. Probe

hydrolysis was detected by measuring DDAO fluorescence (Aex 635 Nm, Agm 670 NM).
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Figure 3.4. Threshold of PLE detection.

PLE was diluted in 10 mM HEPES (pH 7.3) + 20% acetonitrile and incubated with 25 yM probe
for 10 min at 37 °C. Probe hydrolysis was detected by measuring DDAO fluorescence (Leyx 635
nm, Aem 670 Nm), and the detection limit was determined as the lowest statistically significant
signal compared to the enzyme-free control (*P < 0.01). Error bars represent one standard

deviation (n = 4).
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Figure 3.5. The stability of DDAO-derived acyloxymethyl ether probes in PBS (pH 7.4).
Probes (1 uM) were incubated at 37 °C, and DDAO fluorescence (Aex 635 Nnm, Aey 670 NM) was

measured every 10 min for 60 h (n = 6). Graphs denote the average fluorescence value of all six

replicates.
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Figure 3.6. Live cell imaging of DDAO fluorescence (magenta) using DDAO-derived fluorogenic

esterase probes.
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Live U20S cells were counterstained with Hoechst 33342 (green). The maximum DDAO display
settings were optimized for each probe, with the minimum and maximum pixel values indicated.
A DMSO control (— Probe) is provided to show background fluorescence in the far-red imaging

channel, and has been adjusted to match each probe’s image settings. Scale bars denote 20

pm.
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Figure 3.7. Live Mtb mc6020 hydrolyzes fluorogenic probes.

Bacilli were incubated with 10 yM probe for 30 min at 37 °C in PBS (pH 7.4) + 0.05% Tween 80.
Cells were killed with phosphate buffered formalin before measuring DDAO formation (Lex 635
nm, Aem 670 Nm). Samples denoted with an asterisk (*) produced statistically significant
fluorescence compared to the cell-free control (P < 0.05). Error bars represent one standard

deviation (n = 4).
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Figure 3.8. 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 mc?6020, 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 mc®6020 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 (Ty), 1 d post-infection, or 3 d post-
infection. Mock-infected macrophage lysates and Mtb mc6020 lysates were analyzed for

comparison.
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Figure 3.20. HMBC spectrum of DDAO-2-OME (CDCls).
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Chapter 4: Small Molecule Probes Reveal
Esterases with Persistent Activity in Dormant and

Reactivating Mycobacterium tuberculosis

Katie R. Tallman, Samantha R. Levine, and Kimberly E. Beatty

This chapter details work from a manuscript in preparation. The project
was a collaboration with Dr. Samantha Levine, who helped grow mycobacterial
cultures for the activity-based protein profiling experiments and participated in the

resulting data analysis.

Abstract

Mycobacterium tuberculosis (Mtb) is the deadliest bacterial pathogen in
the world. An estimated one-third of humans harbor Mtb in a dormant state.
These asymptomatic, latent infections impede tuberculosis eradication due to the
long-term potential for reactivation. Dormant Mtb has reduced enzymatic activity,
but hydrolases that remain active facilitate pathogen survival. We targeted Mtb
esterases, a diverse set of enzymes in the serine hydrolase family, and studied
their activities using both activity-based probes (ABPs) and fluorogenic esterase
substrates. These small molecule probes revealed functional esterases in active,
dormant, and reactivating cultures. We identified seven esterases that remained
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active in dormant Mtb using ABPs, including Culp1 (Rv1984c), LipL (Rv1497),
LipM (Rv2284), and LipN (Rv2970c). Three of the seven, CaeA (Rv2224c),
Rv0183, and Rv1683, were catalytically active in all three culture conditions.
Fluorogenic probes confirmed Culp1 activity and also revealed LipH (Rv1399c)
and Rv3036c¢ activity in dormant and active cultures. Esterases with persistent
activity are potential diagnostic biomarkers or therapeutic targets for Mtb-infected

individuals with latent or active tuberculosis.

Introduction

Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis
(TB), the world’s most lethal single-agent infectious disease.’® An estimated 2
billion people harbor latent TB, an asymptomatic form of the disease. In latent
TB, Mtb slows its metabolism and converts to a dormant, non-replicating
state.’®’” Dormant Mitb is phenotypically drug-tolerant, which contributes to the
prolonged, multi-drug treatment required to cure TB.® Furthermore, common TB
screening methods do not distinguish between latent and active infections.’®’”
Approximately 5—-15% of latently-infected individuals will transition to active TB."

To investigate latent TB biology in vitro, researchers subject bacilli to
stresses encountered in the human host, including hypoxia, nutrient deprivation,

reactive nitrogen species, and acidic pH.?° Mtb adapts to these stresses by

converting to a non-replicating state that mimics latent infection. Dormant Mib
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has decreased metabolism, *” phenotypic drug-resistance, and a

24,63,195 74,75

substantially altered transcriptome and proteome.
Survival during dormancy and reactivation relies on enzymes that process
fatty acids as an energy source.?”*"% % These enzymes—including esterases
and the lipid-preferring lipase subclass—are ideal drug targets due to their roles
in Mtb persistence.”®”"7%.767 Esterase regulation in dormancy has been inferred

2457.63 and proteomic”*” data. However, those

primarily from transcriptomic
studies do not reveal whether or not an esterase is catalytically active. The
activity of serine hydrolases, including esterases, can be post-translationally
regulated.”®"%” Three Mtb esterases—LipE (Rv3775), LipN (Rv2970c), and
Culp2 (Rv2301)—contain acetylated lysines, which could influence their
activity.”®® Lipl (Rv1400c) and LipN can be phosphorylated at their catalytic
serine, which could be a mechanism for regulating catalytic activity.’*® Overall, it
is unclear which of the approximately 40 Mtb esterases are active in dormant and
reactivating Mib.

Functional enzymes can be detected and identified in Mtb using activity-
based probes (ABPs), which are irreversible, active-site targeted small molecules
(Figure 4.1a)."#*"* Thus far, two studies have identified mycobacterial esterases
through activity-based protein profiling (ABPP). Wenk and coworkers used an
ABP to identify the targets of tetrahydrolipstatin (THL), a lipase and fatty acid

synthase inhibitor with anti-Mtb activity.?”° They found 14 THL targets in

normoxic (replicating) and hypoxic (dormant) cultures of M. bovis (BCG), a close
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genetic relative of Mtb. Interestingly, they did not identify two validated Mtb
targets of THL: Culp6 (Rv3802c)’% or LipY (Rv3097c).%°

In 2016, Grundner et al. used a serine-reactive fluorophosphonate (FP)
ABP to identify serine hydrolases in dormant and replicating Mtb cultures.’??
Their analysis identified 78 proteins with serine hydrolase activity. They also
demonstrated that Mtb serine hydrolase abundance and activity are poorly
correlated. Unlike Wenk et al., they found Culp6 in both normoxic and hypoxic
cultures. Similar to the prior study, they did not find LipY, a lipase that is
transcriptionally upregulated in dormant Mtb.%”%3

The Mtb esterases and lipases are members of a diverse group of serine
hydrolases that cannot be identified using a single small molecule probe. With
FP probes, even the linker can influence probe reactivity.”" As a complement to
ABPs, we previously developed fluorogenic probes for detecting Mtb hydrolases
in a native polyacrylamide gel electrophoresis (PAGE) assay.’6%76>766784 n|ike
the stoichiometric (1:1) labeling of ABPs, fluorogenic probes are hydrolyzed to
produce an amplifiable fluorescent signal that correlates with enzyme activity
(Figure 4.1b).”* We varied both the fluorescent reporter’®® and the masking
group’® to increase the diversity of the esterases we could detect. Most
recently, we described a fluorogenic lipase substrate, DDAO-OME, that revealed
Culp1 (Rv1984c) activity in Mtb—an esterase missing from the two prior ABPP

studies.
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In the present study, we used chemically diverse ABPs and fluorogenic
probes to obtain a more comprehensive list of Mtb esterases that retain activity
under replicating and non-replicating conditions. For the first time, we identified
esterases that are functional during the early hours of reactivation from
dormancy, a key pathophysiological transition. We used desthiobiotin-FP, an
ABP, to identify 22 esterases in replicating, normoxic Mtb—the most
comprehensive hit list to date. Of these esterases, seven retained activity in
hypoxia, and three were active during reactivation. We used our fluorogenic
probes to confirm esterase functionality and to detect esterases that were missed
by ABPs (i.e., Rv3036¢c). We propose that esterases with persistent activity in
dormancy and reactivation are valuable targets for new diagnostic assays or

therapeutics.

Results and Discussion

We initiated our research using red-fluorescent TAMRA-FP (Figure 4.2) to
detect serine hydrolases in replicating, normoxic cultures of Mtb mc6020 (an
auxotrophic strain of H37Rv*®). We observed fluorescent signal only in the ABP-
treated protein gel-resolved lysates (Figure 4.3). TAMRA-FP labeling was
reduced by pre-incubating the lysate with covalent serine hydrolase inhibitors,
demonstrating that active enzyme is required for probe binding. Methyl

arachidonyl FP (MAFP), a serine hydrolase inhibitor with an FP warhead,
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blocked nearly all TAMRA-FP labeling. Diethyl-p-nitrophenyl phosphate (E-600,
a carboxyl esterase inhibitor), phenylmethylsulfonyl fluoride (PMSF, a serine
protease inhibitor), and THL each inhibited some of the serine hydrolases. No
two inhibitors targeted the exact same set of enzymes, highlighting the diversity
of the Mtb serine hydrolases.

Next, we induced Mtb dormancy using two different models: carbon
starvation®® and hypoxia.?> Carbon starvation was induced by culturing Mtb in
unsupplemented medium for 5 weeks, as described by Hung and coworkers.®
Hypoxia was induced in standing flasks using a hypoxia chamber (1% O, and 5%
CO,) for 2 weeks. We allowed the hypoxic cultures of dormant Mtb to reactivate
for 4.5 hours using two different reaeration conditions. In one, we reaerated in
rich growth medium. In the other, we reaerated under carbon starvation to
encourage the bacteria to utilize stored lipids (i.e., TAG).?” We collected cells
from each condition and treated the resulting lysates with TAMRA-FP (Figure
4.4). We resolved the lysates by SDS-PAGE and included recombinant, purified
LipY (lane 6) as a positive control and molecular weight marker (45 kDa).
TAMRA-FP labeling revealed substantial serine hydrolase activity
downregulation in the dormant cultures compared with the replicating culture.
Lysate from carbon-starved Mib displayed a more pronounced decrease in
serine hydrolase activity than the hypoxic culture. After reaeration in rich
medium, some serine hydrolase activity was restored. By comparison, changes

in activity were undetectable for reactivation under carbon starvation, which could
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reflect a slower recovery from dormancy. Overall, the TAMRA-FP probe
confirmed that serine hydrolase activities are modulated in response to
environmental changes.

ABPs are powerful tools for enriching subsets of the proteome for mass
spectrometry-based identification. We labeled lysates with desthiobiotin-FP to
identify Mtb serine hydrolases active in replicating, dormant, and reactivating
conditions. For these samples, we induced dormancy by hypoxia (2 weeks) and
reactivated cultures by reaeration under carbon starvation (4.5 hours). We
evaluated our labeling and enrichment by Western blot, probing with an anti-
biotin antibody (Figure 4.5). Although we observed endogenously biotinylated
proteins, as previously described,?’’ there were additional biotinylated proteins in
the desthiobiotin-FP-labeled samples. Biotinylated proteins were isolated by
streptavidin affinity chromatography and digested with trypsin for liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis.

We identified 229 distinct proteins, including 48 proteins previously
annotated as serine hydrolases (see Appendix A).?”? Positive hits were selected
based on two or more distinct peptide hits per protein found in at least two of the
three replicates. The identified serine hydrolases ranged in functional category
annotation, including intermediary metabolism/respiration (24 proteins), lipid
metabolism (11 proteins), cell wall/cell processes (7 proteins), conserved
hypotheticals (4 proteins, including two putative esterases), and

virulence/detoxification/adaptation (2 proteins). We identified fewer serine
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hydrolases in dormancy and reactivation compared to normoxic lysates (Figure
4.6), consistent with prior studies.’?% %

We narrowed our focus to known esterases and lipases (see Table 1.1).
We then compared our findings with desthiobiotin-FP to prior studies with a THL-
alkyne (Wenk)?® and an alkyne-PEG-FP (Grundner)’?® (Table 4.1). Overall,
Wenk identified fewer esterases because THL has a narrower reactivity profile.
Many of the esterases we identified in our enrichment overlap with those found
by Grundner et al., although their alkyne-PEG-FP probe also revealed three
esterases missed in our study (Culp6, Rv0421c, and Rv3591c). There were only
two esterases identified by all three studies in both normoxic and hypoxic
cultures: CaeA (Rv2224c) and LipM (Rv2284). This suggests that CaeA and
LipM are potential therapeutic targets for both latent and active TB. In all three
ABPP studies, LipD (Rv1923), Lipl, and LipV (Rv3203) were associated only with
replicating cultures. These esterases could be used to distinguish active TB from
latent disease.

Esterases that remain active in dormant Mitb could facilitate survival during
dormancy. In all three ABPP studies, no esterases were uniquely active during
dormancy. We found seven esterases that remained catalytically active in
dormancy: CaeA, Culp1, LipL (Rv1497), LipM, LipN, Rv0045c, and Rv1683. We
identified only four esterases in Mtb undergoing reactivation from hypoxia:

CaeA, LipR (Rv3084), Rv0183, and Rv1683. LipR was not identified in our
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hypoxia samples, and it is possible that LipR activity is rapidly restored during
reactivation.

Importantly, our ABPP with desthiobiotin-FP enabled us to identify five
esterases that were missed by prior studies: Culp1 (Rv1984c), Culp4 (Rv3452),
LipR, LipT (Rv2045c), and Rv1191. Culp1 and Culp4 are notable findings
because they are both functionally linked to Mtb dissemination.?>®” Immunization
with recombinant Culp1 provides partial protection against TB,® and
supplementing the BCG vaccine with Culp1 and other antigens enhances the
vaccine’s efficacy in mice.’®’ Furthermore, both Culp1 and Culp4 are being
explored as potential TB immunodiagnostic biomarkers, with Culp4 having the
greatest sensitivity and specificity of the examined enzymes.*°

Our identification of CaeA, Rv0183, and Rv1683 in dormant, reactivating,
and active cultures suggests that these esterases are worth further investigation
as diagnostic or therapeutic targets for all stages of TB disease. CaeA is a cell

"3 1t is required for full

wall-associated dual-function esterase?® and protease.
virulence in a mouse model of TB*® and is transcriptionally upregulated under
nutrient starvation.”* Rv0183 is a cell wall-associated monoacylglycerol (MAG)
lipase that likely degrades host-cell lipids.’®%” MAG lipase inhibitors —including
ones specific for Rv0183—are being pursued as antimicrobials.”®”'% Rv1683 is

annotated as a bifunctional long-chain acyl-CoA synthase and lipase, but has not

yet been biochemically characterized. Rv1683 is essential for growth in vitro’®
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and is found in the cell membrane.” In addition to their persistent activities,
CaeA, Rv0183, and Rv1683 are accessible targets due to their localization.

Desthiobiotin-FP and alkyne-PEG-FP have the same reactive warhead but
react with different Mtb esterases (Table 4.1). This is consistent with our prior
observation that fluorogenic esterase probes are not “one size fits all”
substrates.’®®'# Thus, we further evaluated Mtb esterase activity in native
protein gel-resolved lysates. Esterase activity patterns were revealed using a
diverse set of fluorogenic esterase probes (Figure 4.7), including a new
fluorogenic probe, 2’,7’-dichlorofluorescein diacetyoxymethyl ether (DCF-AME),
and our previously described probes (C2-masked DDAO-7-AME '%® and C8-
masked DDAO-7-OME %),

DCF-AME and DDAO-7-AME revealed Mtb esterase activity patterns in
normoxic lysates that were similar but not identical, with DCF-AME revealing a
greater number of esterases (Figure 4.8). Esterase activity was inhibited by pre-
incubating lysate with serine hydrolase inhibitors. As with the TAMRA-FP
labeling, MAFP inhibited the greatest number of esterases, followed by E-600.
PMSF and THL each inhibited only a few esterases. These results highlight the
power of using fluorogenic probes with a native PAGE assay for fast inhibitor
screens.

Because MAFP did not inhibit all of the active esterases in-gel, we
analyzed samples treated with TAMRA-FP for residual activity with DCF-AME

(Figure 4.9). TAMRA-FP abolished in-gel DCF fluorescence for all but one
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enzyme, which we excised and identified as Rv3036¢ using MS-based
proteomics (see Table 4.2 for peptide identifications). Rv3036c¢ is cell wall-
associated, secreted esterase that prefers two-carbon substrates.®® It has a non-
canonical S-X-X-K active site motif, which could affect its reactivity with FPs.
Notably, this esterase retained activity under non-replicating conditions (see
Figure 4.10).

Our ABPP experiments required large amounts of protein (~1 mg) for
identification, whereas profiling with fluorogenic probes in a native PAGE assay
uses substantially less (1-10 pg). The smaller sample amount enabled us to
evaluate time-dependent changes in esterase activity for Mtb cultured in hypoxia
and carbon starvation (Figure 4.10). We prepared lysates from cultures
harvested after 2 h, 24 h, 4 d, or 2 weeks in hypoxia. We selected these time
points because prior studies found that Mtb has an initial hypoxic response
followed by an enduring hypoxic response, which is a more substantial and
stable response that occurs by day 4.°4%%* For comparison, we harvested similar
time points for Mtb subjected to carbon starvation.

In both models, the decrease in esterase activity was time-dependent. In
the hypoxia model, esterase activity decreased by 2 h, with substantial
downregulation by 24 h (Figure 4.10a). We observed further loss of activity by 4
days that remained absent through 2 weeks. Under carbon starvation, esterase
activity was reduced by 2 h, with further downregulation by 24 h (Figure 4.10b).

The 5-week carbon-starved culture showed minimal esterase activity.
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We excised fluorescent esterase bands for identification by MS-based
proteomics. We observed persistent activity in dormancy from an excised band
containing LipH peptides. In our ABPP study, LipH was only identified in our
replicating cultures (Table 4.1), highlighting an advantage of using amplifiable
fluorogenic substrates to detect enzymes.

Other esterase activities correlated well between our ABPP and
fluorogenic probe-based studies. For example, DDAO-7-OME revealed a
fluorescent band that we previously identified as Culp1.”®* This band was
present in lysates from both active and dormant cultures, which agreed with our
ABPP findings. Our fluorogenic probes confirmed that LipV and Rv0045¢ were
undetectable in dormant Mib.

In conclusion, we used serine hydrolase ABPs and fluorogenic esterase
probes to identify catalytically active esterases in replicating, dormant, and
reactivating Mtb. These chemical tools revealed that many esterase activities
were downregulated in dormancy. However, ABPs and fluorogenic probes
together enabled us to identify nine esterases that retained activity in dormancy:
CaeA, Culp1, LipH, LipL, LipM, LipN, Rv1683, Rv0183, and Rv3036¢c. We
suggest that these esterases are worth investigating further as either diagnostic
or therapeutic targets. Functional CaeA, Rv1683, Rv0183, and LipR were also
present in recently reactivated Mtb. Our analysis enabled us to directly compare
ABPP and fluorogenic probe-based profiling for evaluating Mtb esterase activity

across metabolic states. Overall, ABPP worked well for enrichment and
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identification of serine hydrolases, but fluorogenic probe-based profiling was
more sensitive for detecting esterases with persistent activities and required 50—

100-fold less protein.

Materials and Methods

Synthesis and characterization of DCF-AME

o__O
o \n/v

)LO/\Br o o
> Cl
Ag,0, 4 Am.s.
CH;CN
2',7'-dichlorofluorescein (DCF) DCF-AME, 34% yield
Mabsiem = 503/527 colorless
¢$=0.88 nonfluorescent

All chemicals were purchased from Sigma-Aldrich and used as received.
DCF-AME was synthesized according to a published protocol for masking a
xanthene with an acetoxymethyl ether moiety.”®” DCF (2’,7’-dichlorofluorescein,
134 mg, 0.36 mmol, 1 equiv) was combined with 4-A molecular sieves (300 mg)
and silver(l) oxide (Ag20, 210 mg, 0.91 mmol, 2.5 equiv) and put under argon
atmosphere. The mixture was suspended in 6 mL anhydrous acetonitrile
(CH3CN), and bromomethyl acetate (0.15 mL, 1.4 mmol, 4 equiv) was added
drop-wise via syringe. The mixture was stirred for 60 h at room temperature and
monitored by TLC. The reaction mixture was diluted with dichloromethane
(CH2ClI,) and filtered through a plug of Celite® S. The crude product was
concentrated by rotary evaporation to give an orange oil and then purified by
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silica gel chromatography (Biotage Isolera flash chromatography system, 0 to
40% ethyl acetate/hexanes with a constant 40% CH.Cl,). The product (DCF-
AME, 62 mg, 34% yield), was isolated as a white crystalline solid (R¢= 0.67, 20%
ethyl acetate/hexanes).

Mass spectra were acquired at Portland State University's BioAnalytical
Mass Spectrometry Facility on a ThermoElectron LTQ-Orbitrap Discovery high-
resolution mass spectrometer with electrospray ionization (ESI) (NSF instrument
grant 0741993).

NMR spectra were acquired at ambient temperature in CDCl3 at Portland
State University's NMR facility on a Bruker Avance Il. 'H-NMR data were
obtained at 400 MHz. *C-NMR data were at 101 MHz. Spectra were calibrated
to the internal tetramethylsilane (TMS) peak. Chemical shifts are reported in
ppm. Coupling constants (J) are reported in Hertz (Hz) and rounded to the
nearest 0.1 Hz. Multiplicities are defined as: s = singlet, dt = doublet of triplets,
td = triplet of doublets, m = multiplet, app = apparent.

"H-NMR (400 MHz, CDCl3) & (ppm): 8.07 (app dt, J = 7.5, 0.9 Hz, 1H),
7.74 (app td, J=7.4,1.4 Hz, 1H), 7.70 (app td, J = 7.4, 1.2 Hz, 1H), 7.16 (app dt,
J=17.6,0.8 Hz, 1H), 7.09 (s, 2H), 6.79 (s, 2H), 5.87-5.84 (m, 4H), 2.18 (s, 6H).
(Figure 4.10)

3C-NMR (101 MHz, CDCl3) & (ppm): 169.5, 168.6, 154.0, 151.9, 150.3,
135.6, 130.5, 129.2, 126.2, 125.6, 123.8, 119.6, 113.8, 104.1, 85.4, 81.1, 20.9.

(Figure 4.11)
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ESI-MS [M+H]" calculated for CosH1sCl2Og: 545.0406; found: 545.0415.

DCF-AME was spectrally characterized and validated as a fluorogenic
esterase probe, using previously described methods. %% We determined the
kinetic parameters with 500 ng/mL porcine liver esterase and calculated an
apparent Michaelis constant (Ky) of 3.9 + 0.5 yM and a maximal velocity (Vimax) of

0.11 pmol/s.

Mycobacterial culture conditions

Cells were thawed from frozen stocks (stored at —80 °C in 6% glycerol).
Mtb mc?6020 (AlysA and ApanCD mutant)’® was cultured in 7H9 medium (7H9
broth, 0.5% glycerol, 0.05% Tween 80, 10% OADC) supplemented with 80
pg/mL lysine, 24 ug/mL pantothenate, and 0.2% casamino acids. Cultures were
grown at 37 °C with 75 rpm shaking and handled as BSL-2 pathogens. Cells

were collected by centrifugation, and the pellets were stored at —30 °C.

Culturing Mtb in hypoxic conditions

Cultures were grown to an ODgoo between 0.5 and 1.0 and then diluted to
an ODggo of 0.4 in 7H9 complete medium (see above). Cultures (200 mL) were
grown at 37 °C in standing flasks with (0.2 ym filtered) vented caps in a Heracell
150i incubator (Thermo Scientific) at 1% O. and 5% CO.. Cultures were

harvested by centrifugation (5 min, 2800 x g, 4 °C) after2 h, 24 h, 4 d, or 2
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weeks. Methylene blue (1.5 pg/mL) decolorization in control cultures indicated

oxygen depletion between 9 and 14 days, as previously reported.?*%°

Culturing Mtb using a carbon starvation model

A modified version of the carbon starvation protocol developed by Grant et
al. was used to induce dormancy.? Cultures were grown in 7H9 complete
medium until an ODgg between 0.6 and 1.5 was reached. Cells were harvested
by centrifugation (5 min, 2800 x g, 4 °C) and washed twice with PBS containing
0.05% tyloxapol. Cells were resuspended at an ODggp of 0.2 in carbon starvation
medium (7H9 broth base with 0.05% tyloxapol) and grown as standing cultures in
sealed 1 L bottles (200 mL culture per bottle) at 37 °C. Cultures were harvested
by centrifugation (5 min, 2800 x g, 4 °C) after 2 h, 24 h, 4 d, or 5 weeks. Grant et
al. reported that cultures become dormant by two weeks, but that the respiration
rate of Mtb under starvation conditions continues to decline until a plateau is

reached by five weeks.?>%’

Preparation of reaeration samples

Cultures were grown under hypoxia as described above. After two weeks,
cells were harvested by centrifugation (5 min, 2800 x g, 4 °C) and washed twice
with PBS containing 0.05% tyloxapol. The pellets were resuspended in 50 mL of

carbon starvation medium supplemented with 80 yg/mL lysine and 24 ug/mL
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pantothenate or in 7H9 complete medium and then grown at 37 °C in

atmospheric conditions.

Preparation of lysates for in-gel analysis with fluorogenic probes

Cell pellets were thawed and resuspended in lysis buffer [50 mM Tris (pH
7.5 at 4 °C), 200 mM NacCl, 0.5 mM CaCl,, 0.5 mM MgCl,, and 0.2% Triton X-
100]. Cells were lysed by mechanical disruption on a BioSpec Beadbeater (3 x 1
min pulses with rests on ice) using 0.1 mm zirconia/silica beads (BioSpec
Products) in screw cap tubes. Insoluble debris and beads were pelleted by
centrifugation (13,000 x g, 4 °C, 10 min) and the clarified supernatant was
transferred to a clean tube. Samples were further clarified by centrifugation
(15,700 x g, 4 °C, 5 min) to remove residual insoluble material. Lysates were
sterilized by filtration through a 0.2 ym PVDF membrane (Pall Acrodisc 13 mm

syringe filter).

Preparation of lysates for ABPP

Pellets of normoxic and hypoxic samples were washed twice with PBS
containing 0.05% Tween 80 in order to remove BSA. The pellets were then
resuspended in lysis buffer [50 mM Tris (pH 7.5 at 4 °C), 50 mM NacCl, 0.5 mM
CaCly, 0.5 mM MgCl,, 0.2% Triton X-100] and lysed, as described above.

Pellets from hypoxic cultures reaerated in carbon starvation medium were

resuspended in detergent-free lysis buffer [50 mM Tris (pH 7.5 at 4 °C), 50 mM
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NaCl, 0.5 mM CaCl,, 0.5 mM MgCl,] and lysed by mechanical disruption. The
supernatant was removed following centrifugation. Fresh detergent-free lysis
buffer was added, and the pellet was mechanically disrupted once more in order
to maximize protein yield. After centrifugation, this second supernatant was
combined with the first. The remaining material was mixed with lysis buffer
containing 0.2% Triton X-100 and mechanically disrupted for 60 s. After
centrifugation, the supernatant was removed and combined with the other two
fractions. All lysates were clarified by centrifugation and sterilized, as described

above.

LipY expression and purification

LipY (Rv3097c) was cloned into pMyNT to attach an N-terminal Hisg-tag
(Addgene plasmid #42191) and expressed in Mycobacterium smegmatis
mc?155, as previously reported, with some modifications.”’ M. smegmatis
carrying the LipY construct was used to inoculate 7H9/Hyg (7H9 medium
supplemented with 10% ADC, 0.5% glycerol, 0.05% Tween 80, and 50 pyg/mL
hygromycin B). The culture was grown overnight to an ODeqo of 4.9, then diluted
1:100 in expression medium (7H9, 0.2% glucose, 0.2% glycerol, 0.05% Tween
80, 50 pg/mL hygromycin B).?** When an ODgg of 0.5 was reached, LipY
expression was induced with 0.02% acetamide for 24 h. The culture was
harvested by centrifugation (5 min, 2800 x g, 4 °C), and pellets were stored at —

30 °C.
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Pellets were thawed and washed twice with cold PBS containing 0.05%
Tween 80. Cells were resuspended in lysis buffer [10 mM Tris (pH 8 at 4 °C),
150 mM NaCl, 1% N-lauroyl sarcosine] and lysed by mechanical disruption (see
above).

The resulting lysate was loaded onto Ni-NTA resin (pre-equilibrated with
lysis buffer) and bound for 1 h at 4 °C. The column was washed with 8 column
volumes of wash buffer [10 mM Tris (pH 8 at 4 °C), 150 mM NaCl, 10 mM
imidazole] and eluted with increasing concentrations of imidazole.

Impure LipY was buffer exchanged into 50 mM Tris (pH 8 at 4 °C), 0.5 mM
CaCly, 0.5 mM MgCly, 0.2% Triton X-100 using a Zeba Spin Desalting Column
(7K MWCO, Thermo Scientific). LipY was further purified by anion exchange
chromatography (Pierce Q columns) in 50 mM Tris (pH 8 at 4 °C), 0.5 mM CaCly,
0.5 mM MgCly, 0.2% Triton X-100 with increasing NaCl concentration (LipY
eluted around 100 mM NaCl). Finally, the Hise-tag was cleaved in-solution with
ProTEV Plus (Promega) for 3 h at 30 °C, and the protease was removed using

the His-Spin Protein Miniprep Kit (Zymo).

In-gel detection of active Mtb serine hydrolases using an activity-based

probe

Lysates (15 g total protein) or LipY (500 ng) were incubated with 10 uM
ActivX TAMRA-FP (Fisher, PI88318) or DMSO (unlabeled control) for 1 h at

room temperature. For inhibitor studies, lysates were pre-incubated with 100 yM

156



of inhibitor (MAFP, PMSF, E-600, or THL) for 1 h at room temperature prior to
TAMRA-FP treatment. For 10% Bis-Tris PAGE, samples were boiled for 5 min in
SDS-PAGE loading buffer, and insoluble material was removed by centrifugation.
Proteins were resolved at 180 V for 1 h at 4 °C, and TAMRA fluorescence was
detected (Lex 488 Nnm, Aem 580 BP 30 nm) using a Typhoon 9400 Imager (GE

Healthcare).

Identification of active Mtb serine hydrolases using desthiobiotin-FP

Mtb mc?6020 lysates (n = 3 each condition) were concentrated to a
volume of 45 L using a 10 kDa MWCO centrifugal filter (Amicon). For normoxic
and reactivation lysates, 750 pg of total protein was used. For hypoxic lysates,
500 pg was used due to the low protein content of those samples. The lysates
were labeled with 100 M ActivX desthiobiotin-FP (Fisher, P188317) for 1 h at
room temperature. Unreacted probe was removed using Zeba Spin Desalting
Columns (7K MWCO, Thermo Scientific), and samples were exchanged into 500
uL of urea resuspension buffer (URB: 5 M urea, PBS pH 7.4, 0.1% Triton X-
100). Lysates were enriched for labeled enzymes using 250 pL (bed volume) of
pre-washed High Capacity Streptavidin Agarose Resin (Thermo Scientific). The
lysate/resin suspensions were incubated overnight at 4 °C with constant rotation.
Unbound proteins were removed from the resin using microcentrifuge spin
columns (Pierce). Resin containing bound, biotinylated proteins was washed

twice with urea wash buffer (UWB: PBS pH 7.4, 4 M urea), three times with
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wash buffer A (WB-A: 1% Triton X-100, PBS pH 7.4), twice with wash buffer B
(WB-B: 50 mM ammonium bicarbonate), twice with PBS pH 7.4, and twice with
WB-B.?* Aliquots (200 L) of the unbound protein and all washes were
concentrated by acetone precipitation and used for Western blot analysis.

The resin was resuspended in 435 pL of WB-B and incubated at 70 °C for
10 min. Urea was added to reach a concentration of 2 M, and the solution was
cooled to room temperature. Samples were agitated for 30 min at room
temperature with 3 mM TCEP followed by 11.3 mM iodoacetamide for 30 min at
room temperature in the dark. CaCl, was added (0.1 mM final concentration),
and the samples were treated with 1 yg sequencing grade trypsin (Promega)
overnight at 37 °C with shaking. Digested peptides were separated from the
resin using microcentrifuge spin columns (Pierce). Active site peptides were
eluted from the resin using 0.1% TFA, 50% acetonitrile. Samples were stored at

—30 °C prior to submission to the UC Davis Proteomics Core for analysis.

Proteomic identification of active serine hydrolases

The resulting MS/MS spectra were searched using X! Tandem (The GPM,
thegpm.org; version X! Tandem Vengeance, 2015.12.15.3). X! Tandem was set
up to search the uniprotM_20160127_ja6Dre database (8206 entries) assuming
tryptic digestion with a maximum of one missed cleavage. X! Tandem was
searched with a fragment ion mass tolerance of 20 ppm and a parent ion

tolerance of 20 ppm. Carbamidomethylation of cysteine was specified in X!

158



Tandem as a fixed modification. Glu->pyro-Glu of the N-terminus, ammonia-loss
of the N-terminus, GIn->pyro-Gilu of the N-terminus, deamidation of Asp and Glu,
oxidation of Met and Trp, dioxidation of Met and Trp, and acetylation of the N-
terminus were specified in X! Tandem as variable modifications. Scaffold was
used to validate MS/MS-based peptide and protein identifications. Peptide
identifications were accepted if they could be established at greater than 14.0%
probability for an FDR (false discovery rate) of less than 1.0% by the Scaffold
Local FDR algorithm. Protein identifications were accepted if they could be
established at greater than 98.0% probability for an FDR of less than 5.0% and
contained at least 2 unique identified peptides. Protein probabilities were
assigned by the Protein Prophet algorithm.”* Proteins that contained similar
peptides and could not be differentiated based on MS/MS analysis alone were

grouped to satisfy the principles of parsimony.

Western blot analysis

Denatured protein samples were resolved on a 10% Bis-Tris
polyacrylamide gel and transferred to a Immobilon-P PVDF membrane (Millipore;
90 V, 1 h). Membranes were blocked with 5% BSA in TBST for 1 h and
incubated with 1:25,000 anti-biotin-HRP (Jackson ImmunoResearch) in 5%
BSA/TBST for 1 h. Chemiluminescence was generated using Supersignal West
Pico ECL substrate (Thermo Scientific) and detected on a MyECL imager

(Thermo Scientific).
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In-gel detection of active Mtb esterases using fluorogenic probes

For inhibitor competition experiments, lysates were pre-incubated with 100
UM inhibitor (MAFP, PMSF, E-600, or THL) for 1 h at room temperature. Lysates
(8 ug total protein) were resolved by native PAGE as previously described.’®*
Gels were equilibrated in 10 mM HEPES (pH 7.3), incubated with 5 yM probe for
5—10 min, and then imaged on a Typhoon 9400 Imager (DCF detection: Aex 488
nm, Aem 520 BP 40 nm; DDAO detection: Aex 633 nm, Aem 670 BP 30 nm).

Select bands were excised and submitted to the OHSU Proteomics
Shared Resource for protein tryptic digestion, peptide extraction, and LC-MS/MS

analysis, as previously described.’®* See Table S4 for peptide identifications.
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Tables

Table 4.1. Active Mib esterases revealed by ABPP.

THL-alkyne? aIkyne-PEG-FPb desthiobiotin-FP

Rv Number Esterase N H N H N H
Rv2224c CaeA X X X X X X
Rv1984c Culp1 X X
Rv2301 Culp2 X X
Rv3452 Culp4 X
Rv3802c Culp6 X X
Rv1923 LipD X X X
Rv3775 LipE X X
Rv0646¢c LipG X X
Rv1399c LipH X X X
Rv1400c Lipl X X X
Rv1497 LipL X X X X
Rv2284 LipM X X X X X X
Rv2970c LipN X X X X X
Rv1426¢ LipO X X
Rv3084 LipR X
Rv2045c LipT X
Rv3203 LipV X X X
Rv0217c LipWw X X
Rv0045¢c Rv0045¢c X X
Rv0183 Rv0183 X X X X
Rv0421c Rv0421c X X
Rv0774c Rv0774c X X
Rv1191 Rv1191 X
Rv1683 Rv1683 X X X
Rv3591c Rv3591c X X

Total hits: 10 2 17 9 22 7

An “X” indicates that the esterase was identified in the corresponding condition for each
study (N, normoxic; H, hypoxic). Esterases highlighted in green were found in all three
studies in both N and H. Esterases highlighted in blue were uniquely identified in this
study. “Wenk et al. performed ABPP in M. bovis (BCG) with a THL analog, and their

proteins are listed as the Mtb (H37Rv) ortholog.
an alkyne-PEG-FP."® For a compiled list of Mtb esterases, see Table 1.1.

Grundner et al. performed ABPP with
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Table 4.2. Identification of esterases within excised fluorescent bands by mass spectrometry.

Rv Name | % Coverage | Peptide List’ Count XCorr | DeltaCN
Rv3203 | LipV 33.3 K.ATGAWADVDPPVLDAELDEHLVALPNGR.Y | 2 3.7232 | 0.4450
R.ISLPAMVCYWSELAR.D 1 3.3899 | 0.6121
R.DIVLPPVGTATTLVR.A 1 2.9661 | 0.5791
R.ASPAYVSDQLLAALDK.R 1 3.9791 | 0.6550
R.ASPAYVSDQLLAALDKR.L 1 4.4774 | 0.6517
R.ASPAYVSDQLLAALDKR.L 1 1.4800 | 0.3705
Rv3036¢c | TB22.2 | 12.3 R.DGFVNVAQGSPLR.D 2 2.6935 | 0.3894
K.FFQDLGGAHPSTWYK.A 1 3.6171 | 0.6638
Rv0045¢c | - 18.4 R.VQAGAISALR.W 1 2.3210 | 0.3296
R.EDGNYSPQLNSETLAPVLR.E 2 4.2688 | 0.7071
R.LDNGNWVWR.Y 1 1.5701 | 0.2361
R.GGSSGFVTDQDTAELHR.R 1 3.5035 | 0.6428
R.GGSSGFVTDQDTAELHR.R 1 2.9242 | 0.5843
Rv1399c | LipH 33.8 K.TPPELLPELR.I 1 2.1334 | 0.4551
R.DNLPVVVYYHGGGWSLGGLDTHDPVAR.A | 1 3.4798 | 0.4964
R.AHAVGAQAIVVSVDYR.L 1 4.4550 | 0.7224
R.LAPEHPYPAGIDDSWAALR.W 1 1.7980 | 0.2240
R.LAPEHPYPAGIDDSWAALR.W 1 2.3297 | 0.4376
R.WVGENAAELGGDPSR.I 2 3.5699 | 0.6221
R.IAVAGDSAGGNISAVMAQLAR.D 1 2.1501 | 0.4154

“Periods (.) separate found peptides from the previous and next residues in the protein sequence.
The spectral count (Count) for each peptide is given.
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Figure 4.1. Small molecule probes for revealing active Mtb esterases.

(a) ABPs form a covalent bond with an active site serine for irreversible serine hydrolase labeling.

ABPs contain a tag for direct detection or for affinity enrichment (i.e., for identification by mass

spectrometry-based proteomics). (b) Fluorogenic esterase probes are substrates that produce

fluorescence upon serine-mediated hydrolysis. Following probe cleavage, the active site is

restored.
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Figure 4.2. The structures of serine hydrolase-targeted ABPs.

(a) In their study of Mib serine hydrolase regulation, Grundner et al. employed a “clickable” FP
ABP, which was later reacted with an azide-derivatized Cy7.5 fluorescent reporter for in-gel
detection or biotin-azide for enrichment.’? (b) We used two FP ABPs in our study: desthiobiotin-

FP for target enrichment and TAMRA-FP for in-gel fluorescence detection.
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Figure 4.3. TAMRA-FP enables detection of active serine hydrolases in replicating Mtb.
Lysates were treated with TAMRA-FP or vehicle (DMSO) for 1 h before SDS-PAGE analysis.
Alternatively, lysates were pre-treated with 100 M of the indicated inhibitor prior to TAMRA-FP
labeling. Arrowheads highlight some of the differences in banding between PMSF, E-600, and

THL inhibition.
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Figure 4.4. Serine hydrolase activity is reduced in dormancy.

Lysates from normoxic (N), dormant (D) and reaerated (R) cultures were treated with TAMRA-FP
and then resolved by SDS-PAGE. Lane 1: normoxic lysates. Lane 2: hypoxic lysates. Lane 3:
reaerated lysates, reactivated from hypoxia in rich growth medium. Lane 4: reaerated lysates,
reactivated from hypoxia under carbon starvation. Lane 5: carbon-starved lysates. Lane 6:

LipY.
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Figure 4.5. ABP-based enrichment of Mtb serine hydrolases for LC-MS/MS analysis and target
identification.

Mtb lysates from (a) normoxic, (b) hypoxic, or (c) reactivating cultures were treated with 100 yM
desthiobiotin-FP for 1 h at room temperature. After incubation with streptavidin resin, the
unbound proteins were separated from the resin by centrifugation. The resin was washed to
remove proteins with non-specific binding before the bound proteins were digested with trypsin.
Biotinylated proteins were detected using anti-biotin-HRP (left). The membranes were

subsequently stained with India ink to reveal protein content (right).
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Figure 4.6. Diagrams of the number of ABPP hits found in each growth condition.

a) Total Protein Hits
Normoxia

Hypoxia Reactivation

b) Annotated Serine Hydrolases
Normoxia

L Reactivation

c) Esterases .
Normoxia

Hypoxia Reactivation

(a) Distribution of the 229 proteins identified in each condition. We used a cutoff of at least two

unique peptides per protein in at least two replicates. (b) Distribution of the 48 enzymes

bioinformatically annotated as serine hydrolases. (c) Distribution of the active esterases identified

in each condition.
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Figure 4.7. The chemical structures of the fluorogenic probes used in this study.
DCF-AME is derived from the green fluorophore 2’,7°-dichlorofluorescein. The DDAO probes are

derived from the far-red fluorophore DDAO.
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Figure 4.8. Fluorogenic probes detect active Mtb esterases.
Lysates were pre-incubated with 100 yM of the indicated inhibitor for 1 h at room temperature
and then resolved by native PAGE. Gels were soaked in 5 yM probe (5—10 min) and imaged on

a fluorescence scanner.
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Figure 4.9. Fluorophosphonate ABPs and fluorogenic probes can reveal different active

esterases in native gel-resolved lysates.

After TAMRA imaging, the gel was incubated with 5 yM DCF-AME and imaged again. A
fluorescent band containing Rv3036c, a secreted esterase with a non-canonical active-site motif,

was not labeled by TAMRA-FP or inhibited by MAFP but hydrolyzed DCF-AME.
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Figure 4.10. Mtb esterase activity is downregulated in dormancy in a time-dependent manner.

Lysates were resolved by native PAGE, and the gels were incubated with 5 yM of the indicated

probe (5—-10 min) before imaging. Select fluorescent bands were excised, and esterases present

within the bands were identified using mass spectrometry-based proteomics. (a) Cultures were

harvested after 2 h, 1 d, 4 d, or 2 weeks in hypoxia. (b) Cultures were harvested after 2 h, 1d, 4

d, or 5 weeks under carbon starvation.

173



& 8
L 1 L | L

86'€

mmq.;_ LO’L 2960
26’L ¥66°0 €0°L

08lLe

X0

()

\

) o \
o\/o\__/

P
s
g

SEB'S
258'S
258°S
€48°S

DN

9.L/_/_.L/_/_/_/_/_/_/_/_.L/_/_/_/_/_./_Oooooooooooo

LLLLLL OO NNNNNNNNOOOOOO
88395/./.L/./.66I.|.I.2€.V DU O N0
D= WAHA—=NAODOUINWHOWONNOW—=WNOW

Figure 4.11. 'H-NMR spectrum of DCF-AME (400 MHz; CDCl5).
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Chapter 5: Concluding Remarks

Mtb esterases have long been implicated in pathogen persistence and
virulence but have been difficult to express and characterize using heterologous
systems.?”#694767 Fyrthermore, characterization studies of recombinant
enzymes do not reveal changes in enzyme activities within the pathogen as it
responds to its environment. In this work, | developed and used chemical tools
to study the activity of Mtb esterases in active, dormant, and reactivating Mib.

In Chapters 2 and 3, | described the development of generic fluorogenic
esterase substrates from the far-red fluorophore DDAO. Although my
dissertation research focused on using these probes to study Mtb esterases, |
expect these tools to be broadly useful for biochemically characterizing esterases
or for imaging applications requiring a far-red fluorescent read-out. Notably, we
demonstrated that our DDAO-derived fluorogenic esterase probes can be used in
live-cell imaging (Chapter 3).

Ultimately, | utilized fluorogenic probes in a native PAGE assay to rapidly
screen mycobacterial esterase activity. Using this method, | determined that
esterase activity is well-conserved across members of the MTBC (Chapter 2).
Culp1, an enzyme that is genetically deleted in M. bovis (BCG), was a notable
exception (Chapter 3). Furthermore, non-MTBC mycobacteria and mammalian

cells produce distinct esterase activity patterns from Mtb (Chapters 2 and 3).
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This enabled me to distinguish host-cell esterase activity from Mib esterase
activity in an in vitro macrophage infection model. In the future, these fluorogenic
probes could be further optimized for tracking Mtb esterase activity in TB animal
models or patient samples.

| observed that the substrate preferences of Mtb esterases can be
revealed using fluorogenic probes and the native PAGE assay. For example,
Culp1 was specifically detectable with C8 substrates. Other esterases, including
one | putatively identified as Rv3036c, preferred C2 substrates. My data
indicated that the Mtb esterases have substrate preferences despite their
conserved catalytic mechanism. Even a change in regiochemistry, such as
DDAO-2-AME and DDAO-7-AME, resulted in differing esterase reactivity.

Lastly, | used both fluorogenic probes and ABPs to identify esterases that
were active in replicating, dormant, and reactivating Mtb (Chapter 4). By using a
variety of esterase-targeted probes, | was able to generate a list of esterases that
may be key to Mtb survival during dormancy and reactivation. Most notably,
CaeA, Rv0183, Rv1683 retained activity across all three conditions. While
CaeA*®""% and Rv01837%07972% haye already been implicated in Mtb
pathogenicity, Rv1683 is an exciting new target. Future work should focus on
determining the natural substrates for Rv1683 and its role in dormancy and
reactivation. Additionally, | directly compared ABPP and fluorogenic probe-
based profiling. Our fluorogenic probes revealed that Rv3036¢ and LipH were

active during both hypoxia- and carbon starvation-induced dormancy. Although
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these enzymes have been biochemically characterized,’®’* their roles in Mtb
pathogenicity have not been explored. Overall, | anticipate that the results of my

dissertation research will aid TB drug discovery and diagnostic development.
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Appendix A: Serine Hydrolase Activity-Based

Protein Profiling Hits

Table A.1. List of serine hydrolases identified by ABPP with desthiobiotin-FP and their functional

annotations.
Rv Protein Name Function Category
Number
Rv0183 Rv0183 MAG lipase. IMR
Rv0457¢ Rv0457¢ Probable peptidase; likely hydrolyzes IMR
peptides and/or proteins.
Rv1263 AmiB2 Amidase involved in cellular IMR
metabolism, active on 2- to 6- carbon
aliphatic amides and on many
aromatic amides.
Rv1683 Rv1683 Possible bifunctional enzyme long- LM
chain acyl-CoA synthase and lipase;
supposed involvement in lipid
biosynthesis and degradation.
2 Rv2224c Carboxylesterase A (CaeA) Converts unknown esters to CwWP
;g corresponding free acid and alcohol.
2 Rv2524c Fas Fatty acid synthetase; catalyzes the LM
8 formation of long-chain fatty acids
3 from acetyl-CoA, malonyl-CoA and
NADPH.
Rv2940c Mas Mycocerosic acid synthase; catalyzes LM
the elongation of N-fatty acyl-CoA
with methylamalonyl-CoA (not
malonyl-CoA) as the elongating
agent to form mycocerosyl lipids.
Rv3671c Rv3671c Serine protease; hydrolyzes peptides IMR
and/or proteins.
Rv3800c Pks13 Polyketide synthase; involved in the LM
final steps of mycolic acid
biosynthesis. Catalyses the
condensation of two fatty acyl chains.
Rv0045c Rv0045c Converts unknown esters to LM
corresponding free acid and alcohol.
Rv0125 PepA Probable serine protease; possibly IMR
hydrolyzes peptides and/or proteins.
Rv0217¢c LipW Probable esterase; lipolytic enzyme IMR
- probably involved in cellular
c metabolism.
Cz) Rv0405 Pks6 Polyketide synthase possibly LM
involved in lipid synthesis.
Rv0646¢ LipG Probable esterase; lipolytic enzyme IMR
involved in cellular metabolism.
Rv0774c Rv0774c Unknown; could possibly have CWP
lipolytic activity.
Rv1062 Patatin (Uncharacterized protein) Function unknown. CH
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Rv
Number

Protein Name

Function

Category“

Rv1191

Rv1191

Converts unknown esters to
corresponding free acid and alcohol.

CH

Rv1399c

LipH (NIhH)

Converts unknown esters to
corresponding free acid and alcohol.

IMR

Rv1400c

Lip!

Converts unknown esters to
corresponding free acid and alcohol.

IMR

Rv1426¢

LipO

Converts unknown esters to
corresponding free acid and alcohol.

IMR

Rv1527¢

Pks5

Polyketide synthase; involved in
polyketide metabolism.

LM

Rv1923

LipD

Converts unknown esters to
corresponding free acid and alcohol.

IMR

Rv2045¢

LipT

Converts unknown esters to
corresponding free acid and alcohol.

IMR

Rv2214c

EphD

Probable oxidoreductase; thought to
be involved in detoxification reactions
following oxidative damage to lipids.

VDA

Rv2223c

Carboxylesterase B (CaeB)

Function unknown; thought to
hydrolyze peptides and/or proteins.

CWP

Rv2301

Culp2

Function unknown; cutinase-like
protein.

CWP

Rv2385

MbtJ

Putative acetyl hydrolase; involved in
the biogenesis of the
hydroxyphenyloxazoline-containing
siderophore mycobactins. Possibly
required for N-hydroxylation of the
two lysine residues at some stage
during mycobactin assembly.

LM

Rv2695

Rv2695

Conserved hypothetical alanine rich
protein; function unknown.

CH

Rv2888c

AmiC

Amidase; hydrolyzes a
monocarboxylic acid amide and
generates a monocarboxylate.

IMR

Rv3203

LipV

Converts unknown esters to
corresponding free acid and alcohol.

IMR

Rv3341

Homoserine O-acetyltransferase

Catalyzes acylation of L-homoserine.
Involved in biosynthesis of
methionine; homoserine
transacetylase variant; first step.

IMR

Rv3375

AmiD

Putative amidase; involved in cellular
metabolism.

IMR

Rv3452

Culp4

Cutinase-like protein shown to have
esterase and phospholipase activity.

CWP

Rv3775

LipE

Converts unknown esters to
corresponding free acid and alcohol.

IMR

Rv3825¢

Pks2

Phthioceranic/hydroxyphthioceranic
acid synthase; supposedly involved
in lipid metabolism.

LM

R Only

Rv0129c

Ag85c Fibronectin-binding protein C (Fbps

C)

Diacylglycerol
acyltransferase/mycolyltransferase.
Proteins of the antigen 85 complex
are responsible for the high affinity of
mycobacteria to fibronectin.
Possesses a mycolyltransferase
activity required for the biogenesis of
trehalose dimycolate (cord factor), a
dominant structure necessary for
maintaining cell wall integrity.

LM
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Rv Protein Name Function Category*
Number
Rv0554 BpoC Putative non-heme bromoperoxidase; VDA
supposedly involved in detoxification
reactions.
Rv1192 Rv1192 Probable acetyl transferase. CH
Rv1223 HtrA Probable serine protease; possibly IMR
hydrolyzes peptides and/or proteins
(seems to cleave preferentially after
serine residue).
Rv1497 LipL Converts unknown esters to IMR
corresponding free acid and alcohol.
Rv1984c Culp1 Cutinase-like protein shown to have CWP
i esterase and lipase activity.
£ Rv2037¢c Rv2037¢c Conserved transmembrane protein; CWP
= function unknown.
Rv2284 LipM Converts unknown esters to IMR
corresponding free acid and alcohol.
Rv2363 AmiA2 Generates monocarboxylate from IMR
monocarboxylic acid amide.
Rv2715 Rv2715 Function unknown; probably involved IMR
in cellular metabolism.
Rv2928 TesA Thioesterase; probably involved in LM
biosynthesis of phthiocerol
dimycocerosate (PDIM).
Rv2970c LipN Converts unknown esters to IMR
corresponding free acid and alcohol.
o« Rv3084 LipR Converts unknown esters to IMR
° corresponding free acid and alcohol.
&
-4

Entries are distinguished based on their identification in different growth conditions: all

conditions, normoxia only (N Only), reactivation only (R Only), hypoxia and normoxia (H and N),

and reactivation and normoxia (R and N).

As annotated on TuberculList: http://www.tuberculist.epfl.ch (IMR, intermediary metabolism and
respiration; LM, lipid metabolism; CWP, cell wall and cell processes; CH, conserved
hypotheticals; VDA, virulence, detoxification, adaptation).
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Table A.2. Total unique spectral counts of serine hydrolases identified by ABPP with

desthiobiotin-FP.

Spectral Counts Per Sample

Accession Rv Gene Name N1 N2 N3 | H1 H2 H3 | Ri R2 R3
Number
007427 Rv0183 Rv0183 9 14 11 10 8 7 7 6 3
007178 Rv0457¢c Rv0457¢ 22 25 24 20 12 10 16 11 19
POWQ97 Rv1263 amiB2 9 7 9 12 10 10 9 5 9
All 033185 Rv1683 Rv1683 31 39 37 19 16 25 7 7 7
Conditions PO9WHR3 Rv2224c caeA 17 15 15 17 20 17 20 9 16
P95029 Rv2524c fas 49 58 55 | 32 3 29 3
16Y231 Rv2940c mas 53 50 41 33 37 28 25 21
POWHR9 Rv3671c Rv3671c 6 6 5 8 8 9 4 5 5
16X8D2 Rv3800c pks13 74 78 71 36 35 2 28 16 26
16XU97 Rv0045¢ Rv0045¢ 11 14 11
007175 Rv0125 pepA 2 3 2
P96399 Rv0217¢ lipW 6 7 6
086335 Rv0405 pks6 13 10
P96935 Rv0646¢ lipG 8 13 11
16Y8R4 Rv0774c Rv0774c 5 7 4
053410 Rv1062 Rv1062 8 3 4
005293 Rv1191 Rv1191 10 14 9
PO9WK87 Rv1399c nlhH, lipH 6 7 7
P71668 Rv1400c lipl 9 12 12
006832 Rv1426¢ lipO 6 7 5
053901 Rv1527¢ pks5 12 10
N Only P95290 Rv1923 ll:pD 13 16 19 3
053488 Rv2045c lipT 7 4 5
POWGS3 Rv2214c ephD 2 3 8
PO9WHRS5 Rv2223c caeB 2 9 9
POWP41 Rv2301 cut2, culp2 5 5 4
Q79FE8 Rv2385 mbtJ 4 6 3
16Y1I1 Rv2695 Rv2695 6 5 7
POWQ95 Rv2888c amiC 3 6 3 4
LOTC47 Rv3203 lipV 7 8 8
POWJY9 Rv3341 metX, metA 3 9 11
POWQ93 Rv3375 amiD 9 10 8
006319 Rv3452 cutd, culp4 2 4
P72041 Rv3775 lipE 13 11 14
POWQE9 Rv3825¢ pks2 ,msl-2 63 30 29
R Only POWQN9 Rv0129¢c fbpC, mptd45 B 4
POWNH1 Rv0554 bpoC 14 14 14 6 4
005294 Rv1192 Rv1192 7 11 9 2 5
006291 Rv1223 htrA 10 11 12 12 14 10
P71778 Rv1497 lipL 3 & 5 3
POWP43 Rv1984c Rv1984c 6 6 8 4 6
N and H LOTB61 Rv2037¢c Rv2037¢c 6 4 5 4 6 6 4
Q50681 Rv2284 lipM 17 19 15 13 5 2
POWQ99 Rv2363 amiA2 5 11 7 10 6 5 5
POWNH3 Rv2715 Rv2715 14 16 15 7 6
POWQD5 Rv2928 tesA 11 13 12 8 6
P95125 Rv2970c lipN 9 11 10 2 3
NandR  P9WK85 Rv3084 lipR 7 6 4 5 3 2

Entries are distinguished based on their identification in different growth conditions: all
conditions, normoxia only (N Only), reactivation only (R Only), normoxia and hypoxia (N and H),
and normoxia and reactivation (N and R).
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Appendix B: Protocol for Activity-Based Protein
Profiling with Desthiobiotin-FP

This protocol is modified from the Thermo Scientific/Pierce instructions for
ActivX probes and combined with a proteomic profiling protocol.?” | have
included this detailed protocol because it has been optimized for the enrichment

of Mtb serine hydrolases.

Reagents and Buffers

e 2X SDS-PAGE loading buffer (reducing): 100 mM Tris-CI (pH 7),
4% (w/v) SDS, 0.2% (w/v) bromophenol blue, 20% (v/v) glycerol, 200
mM dithiothreitol (DTT)

o Store the SDS-PAGE loading buffer without DTT at room
temperature.
o Add DTT from a 1 M frozen stock just prior to use.

e Lysis Buffer: 50 mM Tris-Cl (pH 7.5 at 4 °C), 200 mM NaCl, 0.5 mM
CaCly, 0.5 mM MgCly, 0.2% (v/v) Triton X-100

e 5 M Urea Resuspension Buffer (URB): 5 M urea, 1X PBS, 0.1%
(v/v) Triton X-100

e Urea Wash Buffer (UWB): 4 M urea, 1X PBS (pH 7.4).

e Wash Buffer A (WB-A): 1% (v/v) Triton X-100, 1X PBS (pH 7.4)

e Wash Buffer B (WB-B): 50 mM ammonium bicarbonate
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e Elution Buffer (EB): 0.1% (v/v) trifluoroacetic acid (TFA), 50% (v/v)
acetonitrile
e 0.5 M tris(2-carboxyethyl)phosphine (TCEP); make fresh
e 0.5 M iodoacetamide; make fresh
¢ 5mM CaCl;
e Blotting Buffer (4 L): 400 mL 10X Tris/Glycine (Bio-Rad), 800 mL
MeOH, 2800 mL H,O
e 10X TBS (1L): 60.6 g Tris, 87.6 g NaCl
o Dissolve Tris and NaCl in 800 mL H»0.
o Adjustto pH 7.5 with HCI.
o Bring to 1 L with H2O.
e TBS(1L): 100 mL 10X TBS, 900 mL H.O
e TBST(1L): 100 mL 10X TBS, 10 mL 10% (v/v) Tween 20, 890 mL
H.O
e Blocking Buffer: 5% (w/v) BSA in TBST.
o Heat-inactivate for 20 min at 56 °C.
o Gravity-filter to remove particulates.

o Store at 4 °C for up to 6 months.

A. Serine hydrolase labeling with ActivX Desthiobiotin-FP

1. Equilibrate the ActivX Desthiobiotin-FP (Fisher, PI88317) to room
temperature in a desiccator.
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2. Dissolve the probe in 10 yL DMSO (1 mM stock).
a. Store unused probe at —80 °C for up to 6 months.
3. Concentrate lysate using a 10 kDa MWCO centrifugal filter.
a. If possible, use 1 mg of total protein.
4. Bring lysate to 45 L in Lysis Buffer.
5. Add 5 pL of 1 mM Desthiobiotin-FP (100 pyM final concentration).
6. Incubate the samples for 1 h at room temperature.
7. Also prepare unlabeled sample for WB analysis: 2 ug lysate +

appropriate volume of SDS-LD

B. Labeled protein enrichment

1. Use Zeba Spin Desalting Column (7K MWCO, Thermo Scientific,
89882) to remove unreacted probe.
a. Exchange into 500 L of URB.
b. Save 25 yuL of labeled sample for WB analysis.
c. Pause Point: Samples can be stored at —20 °C overnight if
necessary.
2. Pre-wash 250 pL (bed volume) of High Capacity Streptavidin Agarose
resin (Pierce, 20357):
a. Add 500 pL of 50% slurry to a clean microcentrifuge tube.
Pellet resin.

b. Wash with 250 uL of URB (x2).
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8.

9.

Add labeled sample to pelleted streptavidin resin.
a. Pause Point: Incubate overnight at 4 °C with constant
rotation.
Load samples on Thermo spin columns (Fisher, P169725).
Centrifuge at 1000 x g for 2 min and remove supernatant.
a. Note: Save supernatant in case binding did not occur as
expected
Add 500 pL of UWB to each column and vortex to mix. Repeat wash
step.
a. Note: Save all washes for Western blot analysis.
Wash each column thrice with 500 pL of WB-A.
Wash each column twice with 500 yL of WB-B.

Wash each column twice with 500 pyL of 1X PBS (pH 7.4).

10.Wash each column twice with 500 yL of WB-B.

a. Prior to pelleting second wash, remove 50 pL of suspension
for “Enriched” sample.
i. Spin down and remove supernatant.
ii. Add 20 pL of SDS-PAGE loading buffer to resin and

store at —20 °C until further use.

11.Perform acetone precipitation on 200 pL aliquots of supernatant and

each wash step.
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12. Resuspend pellets in 20 yL of WB-B. Add 20 pL of SDS-PAGE

loading buffer and boil for 5 min.

C. On-bead trypsinization

1. Resuspend the resin from each column in 435 pL of NW-B.

a. (Use 87 pL per 100 pL of 50% slurry used for enrichment.)
b. This “reduced” volume is to compensate for a later volume
gain caused by dissolving urea.

2. Transfer the resuspended resin to a clean microcentrifuge tube.

3. Heat the suspension for 10 min at 70 °C with periodic vortexing.

4. Immediately add 90 mg of urea (final concentration 2-3 M).

5. Allow the suspension to cool to room temperature.

6. Add 3.13 yL of 0.5 M TCEP (final concentration = 3.13 mM). Incubate
at room temperature with constant agitation for 30 min.

7. Add 11.25 pL of 0.5 M iodoacetamide (final concentration = 11.25
mM). Incubate at room temperature with constant agitation (protected
from light) for 30 min.

8. Add 10 uL of 5 mM CaCl; (final concentration = 0.1 mM).

9. Add 2.5 yL of 0.4 ug/uL trypsin (1 ug) to suspension.

10.Incubate overnight at 37 °C with constant agitation.

11.Remove the supernatant containing the tryptic peptides using a clean

Thermo spin column.
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12. Resuspend the resin in 250 pL of WB-B. Remove 50 yL. Pellet this
aliquot and remove the supernatant.

a. Add 25 pL of SDS-PAGE loading buffer to pelleted resin and
store at —20 °C until further use as “Post-Trypsinization”
sample.

13.Collect WB-B from the remaining resin and add this to the tryptic
peptides.

14.Add 250 pL of EB to the resin. Incubate for 3 min and centrifuge to
collect flow through containing active-site peptides. Add this to the
tryptic peptides.

a. Repeat with an additional 250 pL of EB (x2).

b. Pause Point: Tryptic peptide samples can be stored at —20

°C prior to MS analysis.

D. Western blot detection

1. Boil all samples for 5 min. Centrifuge to pellet aggregates and
insoluble material.
2. Load samples (5 pL/well) on a 26-well 10 or 12% Bis-Tris gel (Bio-
Rad).
3. Run at 180 V, 55 min in 1X XT-MES at 4 °C.
a. The low temperature keeps the protein from running in a

“smile.”
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. Transfer proteins to Immobilon-P (PVDF) membrane.

a. Pre-soak membrane in MeOH, and soak everything in
Blotting Buffer.

b. Transfer at 90 V for 1 h at 4 °C (with ice pack in rig).

. Stain membrane with Ponceau S and image.

. Wash membrane with TBS for ~10 min (x2).

. Block for 1 h in 5% BSA/TBST (Blocking Buffer).

. Dilute anti-biotin-HRP (Jackson ImmunoResearch, 200-032-211)

1:25,000 in Blocking Buffer.

. Decant off blocking buffer and incubate membrane with anti-biotin-

HRP for 1 h at rt.

a. Can also use 1:50,000 anti-biotin-HRP overnight at 4 °C.

10.Decant and quickly rinse membrane with a small volume of TBST.

11.Wash membrane with TBST (x2) followed by TBS (~10 min each

wash).

12.Image using chemiluminescent substrate.

a. Mix SuperSignal West Pico (Fisher, PI34077) reagents 1:

1.

i. Make 0.1 mL of SuperSignal West Pico substrate per

cm? of membrane.

b. Incubate membrane in substrate for 3—5 min.

c. Detect chemiluminescence on an appropriate imager (e.g.,

MyECL or FluorChemQ).
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