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Abstract

EsxA (6-kDa early secreted antigenic target, ESAT-6) is a critical virulence factor of
Mycobacterium tuberculosis (Mtb). EsxA is secreted in a heterodimer with EsxB (10-kDa culture
filtrate protein, CFP-10) through the Type VIl secretion system of Mtb, called ESX-1. The
dissociation of EsxA and EsxB heterodimer (EsxA:B), upon acidification, is required for EsxA to
penetrate into the phagosomal membranes, which has been implicated in Mtb translocation
from the phagosome to the cytosol. However, the mechanism of EsxA:B dissociation is not
clear. In this study, we investigated the role of N-a-acetylation of EsxA in the heterodimer
dissociation, mycobacterial cytosolic translocation, and overall virulence as well. Our results
have demonstrated that N-ai-acetylation of EsxA is required for the dissociation of the
heterodimer at acidic conditions, which facilitates the mycobacterial cytosolic translocation.
Subsequently, we also tried to identify the potential acetyltransferase of EsxA by gene bank
search and tested if Riml, a potential N-a-acetyltransferase, acetylates EsxA in vitro. However,
our data suggests that Riml does not acetylate EsxA. Inspired by a recent finding that EsxA may
interact with the host mitochondrial receptors prohibitin 1 and 2 (PHB1 and PHB2), which plays
a role in Mtb-regulated autophagy, we initiated a new study to express and purify the PHB1/2
proteins and characterize their interactions with EsxA. In summary, the study has revealed the
mechanism of N-a-acetylation of EsxA in Mtb virulence and built the basis for future studies of

EsxA interactions with host factors.
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Chapter 1: Introduction

1.1 Statistics of Tuberculosis Disease Caused by Mycobacterium tuberculosis

Mycobacterium tuberculosis (Mtb) is the causative agent responsible for the highly contagious
infectious disease known as tuberculosis (TB). The World Health Organization (WHO) reported
that in 2020, a staggering 10 million people across the globe were diagnosed with TB, and
approximately 1.5 million fatalities were directly linked to this devastating disease (1). In fact,
TB ranks among the top 10 causes of death worldwide and has the dubious distinction of being

the leading cause of death resulting from a single infectious agent, even surpassing HIV/AIDS

(1).

The symptoms of TB typically include persistent cough, high fever, significant weight loss, and
recurring night sweats (2). Transmission of TB occurs through the air when an infected
individual coughs, sneezes, or speaks, effectively releasing infectious droplets into the
environment (3). These droplets are then inhaled by others who will be at risk of developing the
disease. Importantly, TB is not spread through physical contact, such as shaking hands, sharing

food or drinks, or kissing (3).

TB is more prevalent in low- and middle-income countries, where crowded living conditions and
limited access to healthcare facilities contribute to its rapid dissemination. In 2020, 22 out of 30
nations with the highest TB burden were located in Africa (4). Alarmingly, an estimated 417,000

people in Africa succumbed to the disease in 2016 (4).

Individuals with compromised immune systems, such as those living with HIV, are at an

elevated risk of developing TB (1,2; 5,6). This poses a further threat to Africa and other regions



where HIV/AIDS is prevalent (7). While TB is normally found as a pulmonary disease, it has the

ability to infect beyond the lungs resulting in extra pulmonary tuberculosis (8).

1.2 Treatment of TB and the Rise of Antibiotic Resistance.

TB is generally treatable and curable by using a combination of antibiotics. However, the
emergence of TB strains that display resistance to multiple antibiotics has compromised
treatment efforts (9). The standard treatment regimen for TB involves a combination of several
antibiotics administered for at least six months (10). First-line drugs for TB treatment, such as
isoniazid and rifampin, are typically used in conjunction with other antibiotics, including
ethambutol, pyrazinamide, and streptomycin (10). The latter three drugs are generally only

prescribed during the initial two months of treatment.

Despite the existence of these treatment regimens, the rise of drug-resistant TB (DR-TB) poses a
significant challenge to global health (1, 10). Treating DR-TB often requires more complex and
longer interventions. Treatment of multidrug-resistant TB (MDR-TB) can last up to 20 months
and necessitates the use of second-line drugs, which are not only more expensive but also
associated with a higher incidence of adverse effects (11). Extensively drug-resistant TB (XDR-
TB) is an even more severe form of TB that is resistant to multiple anti-TB drugs, including the
two most potent first-line drugs, isoniazid, and rifampicin, as well as at least three second-line

drugs used to treat drug-resistant TB (11,12).

Complicating matters further, cases of totally drug-resistant TB (TDR-TB) have been reported
(13-15). This alarming development highlights the urgent need for novel therapeutic

approaches to combat this increasingly drug-resistant and deadly disease. Continuous



dissemination of antibiotic resistant strains could have catastrophic effects (16). For this reason,

the development of new treatment options is more critical now than ever before.

1.3 Current Vaccination Options

At present, the only vaccine available for TB is the Bacille Calmette-Guérin (BCG) vaccine, which
was first developed in the early 20th century as a significant breakthrough in combating the
disease. BCG is a live and attenuated vaccine administered as a single dose, typically at birth,
and offers some degree of protection against severe forms of TB (17). Over time, BCG has
become the only vaccine for TB prevention, owing to its reasonable efficacy and low risk profile

(18, 19).

Nevertheless, there has been a longstanding interest in developing a more effective vaccine, as
the BCG vaccine's effectiveness tends to wane over time (20-22). Moreover, revaccination with
the BCG vaccine does not recover protection against TB (23-25). Encouragingly, several novel TB
vaccine candidates are currently under development, with some even advancing to clinical trials

(26).

One of the most promising candidates is the M72/AS01E vaccine, which demonstrated efficacy
against TB in a Phase lIb clinical trial (27). Additional vaccine candidates in development include
the VPM1002 vaccine, which is a recombinant BCG vaccine based on the EsxA and EsxB
heterodimer (28). The continued exploration of these and other potential vaccine candidates as
well as other preventive measures is crucial in the ongoing fight against TB and the

development of more effective preventative measures.

1.4 Regions of Difference (RDs) Reveal Much About Mtb Virulence.



Comparative genomic analyses have uncovered several regions of difference (RDs) between the
virulent Mtb strain H37RV and the attenuated strains, such as H37Ra and BCG (29-32). Thus,
the RDs have become the focal points of TB research for the past decades, because a deeper
understanding of the role of RDs in Mtb pathogenesis will pave the way for the development of

innovative diagnostic, preventive and treatment strategies against TB (33).

Over time, the original samples used for the initial sequencing of Mtb were lost, necessitating
the development of modern methods to establish a reference genome (34). These studies have
identified a total of 10 regions of difference (RD1-10) within the Mtb genome. Among these
regions, RD1 has emerged as the most heavily researched due to its association with virulence

and the presence of the highly immunogenic antigens EsxA (ESAT-6) and EsxB (CFP-10) (35-39).

1.5 The Type VIl Secretion System

Mtb has a variety of sophisticated and diverse secretion systems that are crucial for its
pathogenesis and survival within host cells. Mtb utilizes these systems to deliver virulence
factors, effectors, and other molecules to host cells, allowing it to manipulate host cell
functions for its advantage. One of the most extensively studied secretion systems in Mtb is the
type VII (T7SS), which consists of five unique ESX systems, each characterized by a specific set of
components and substrate proteins (40-42). These ESX systems, labeled as ESX-1 through ESX-
5, play vital roles in the virulence and survival of Mtb (43). Additionally, the ESX1-5 systems are
composed of analogous structural proteins, with their primary distinctions being the effector

proteins specific to each system (44).



The ESX-1 system is accountable for secreting the virulence factors EsxA and EsxB, which are
crucial for lysing the phagosome membrane and enabling Mtb to escape into the cytosol of
infected cells (45-47). As the most characterized ESX system in Mtb, ESX-1 is indispensable for
Mtb pathogenesis. In contrast, ESX-2 and ESX-4 are the least studied, and their roles are largely
unknown. While ESX-1, ESX-3, and ESX-5 are conserved, ESX-2 and ESX-4 are not as conserved

across mycobacteria and are predicted to be non-functional (43, 48).

ESX-3 participates in the uptake of essential metals, such as iron and zinc, which are crucial for
the growth and survival of Mtb within the host (49, 50). Investigations into ESX-3 have revealed
that PPE4 is the most important PPE protein of Mtb for iron utilization (51). Finally, ESX-5 has
been found to play a role in nutrient uptake by using PE and PPE proteins (52). ESX-5 has also
been implicated in outer membrane permeability (53), seemingly due to the presence of the

PPE25 and PE19 genes (54).

1.6 The ESX-1 Secretion System

ESX-1 is the most renowned among the ESX systems and is the central focus of this dissertation.
As previously mentioned, ESX-1 is responsible for secreting several key virulence factors,
including EsxA and EsxB (45-47). EsxA and EsxB are secreted as a heterodimer (EsxA:B), in which

EsxA is a membrane-lytic protein, and EsxB is a molecular chaperone of EsxA (45, 46).

In addition to EsxA and EsxB, there are other essential virulence factors that are secreted by
ESX-1, such as the Esp proteins, including EspA, EspC, EspD, EspE, EspF, EspG, amongst others.
EspB protein is not found within the same operon, but it is still part of ESX-1 (43). Intriguingly,

the expression of the Esp proteins is co-dependent on each other and on EsxA and EsxB (55-57).



In addition to all these proteins, ESX-1 also comprises several structural Ecc proteins, such as
eccA, eccB, eccCa, EccCb, EccD, and EccE (43). These components work together to facilitate the

function and secretion of virulence factors, which are crucial for the pathogenesis of Mtb.

1.7 EsxA:B Heterodimer Complex

EsxA and EsxB are the primary effectors of ESX-1 and play a significant role in manipulating the
host immune response (35, 58). EsxA's membrane lytic activity is vital for the survival of Mtb
within host cells. When a host macrophage phagocytizes Mtb, the bacterium can translocate

from the phagosome to the cytosol due to EsxA's ability to form a membrane-spanning insert

i?'a

(47, 59).
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Figure 1. Proposed Model of Mtb Cytosolic Translocation Via EsxA (59, 60)
Following infection, Mtb encounters macrophages which phagocytize the bacteria. As it encounters acidic pH within the
phagosome, EsxA dissociates from EsxB and forms a membrane spanning insert which allows Mtb to escape from the

phagosome.

The exact mechanism of EsxA's cytolytic activity has been a topic of debate in various studies.
Some research suggests that EsxA can only enact its cytolytic activity after dissociating from

EsxB, which may be due to a change in pH within the phagosome, and subsequently gains the



ability to form a pore for cytosolic translocation (47, 61). On the other hand, other studies
propose an alternative mechanism that may impact the membrane lytic activity of EsxA,

suggesting that it does not depend on low pH (62, 63).

An earlier report, however, revealed the possibility of mycobacterial specific N-a-acetylation of
EsxA could result in a change in EsxB's binding preference to EsxA (64). This finding leads to the
hypothesis that the EsxA protein prepared from mycobacteria might have unique post-

translational modifications that are not present in E. coli, potentially explaining the discrepancy

in reported mechanisms of its membrane lytic activity.

1.8 N-a-Acetylation

N-a-acetylation is a post-translational modification that entails the addition of an acetyl group
to the amino-terminal residue of a protein. This modification is catalyzed by a family of

enzymes known as N-a-acetyltransferases (NATs) (65).

3C NH,

NAT

HSC Acetyl-Coenzyme A
OH

Figure 2. Diagram of N-a-Acetylation of Threonine Residue (66).

Acetylation occurs when an N-a-acetyltransferase transfers and acetyl group from acetyl-coenzyme A into the N-termini of a
residue (threonine pictured), resulting in an acetylated residue and coenzyme A.

N-a-acetylation is among the most prevalent protein modifications in eukaryotes, with higher

rates of acetylation observed in more complex organisms (67). This modification has been
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linked to various cellular processes, including protein stability, protein-protein interactions,
subcellular localization, and even acting as a molecular switch for protein activity (68-71).
Recent studies have also identified the presence of N-a-acetylation in prokaryotes and its role
in the pathogenicity of certain pathogens (72-74). However, N-a-acetylation has not been

thoroughly studied in prokaryotes.

In our previous study, we have found that the EsxA:B heterodimer purified from E. coli does not
exhibit membrane-lytic ability (45). The earlier report highlighting the absence of acetylation
offers a compelling explanation for the discrepancies in the results obtained by different
research groups (64). It is thus conceivable that N-a-acetylation may play a role in facilitating

the heterodimer dissociation and enabling EsxA to engage in cell membrane lysis.

1.9 EsxA Interactions with Host Proteins

EsxA has been shown to interact with several host proteins, such as TLR2 (Toll-like receptor 2),
which is a key receptor involved in recognizing bacterial pathogens (75). EsxA was also shown to
interact with human syntenin-1, which is a scaffold protein involved in the regulation of various
cellular processes, including cell migration, adhesion, signaling and involvement in the
formation of exosomes (76). Recently, reports that EsxA interacts with host proteins have

continued to increase (77-79).

Interestingly, EsxA was reported to have effects on the mitochondria of alveolar epithelial cells
(80). Accordingly, EsxA can induce mitochondrial fragmentation as opposed to Mtb strains

lacking EsxA. This evidence further supports previous studies that suggest EsxA plays a role in



autophagy (81). Altogether, EsxA appears to be a virulence factor with diverse roles and

functions in pathogenesis.

1.10 Prohibitin-1 and -2 Proteins

One of the most important proteins within the mitochondria are prohibitins (PHBs), which are a
highly conserved family of proteins found in eukaryotes. This family of proteins consists of two
major proteins, prohibitin-1 (PHB1) and prohibitin-2 (PHB2). These two proteins share a
considerable sequence similarity and form hetero-oligomeric complexes in various cellular

compartments, particularly the inner mitochondrial membrane (82-84).

PHB1 was initially discovered as an anti-proliferative protein in mammalian cells and was
predominantly localized in the mitochondria (84). PHB2 shares approximately 50% sequence
similarity with PHB1 and is also primarily localized in the inner mitochondrial membrane.
Together these proteins have been suggested to serve in the regulation of cell cycle

progression, transcription, apoptosis, mitochondrial biogenesis, and cell signaling (85-89).

Why these proteins have so many roles is still not well understood. Part of their diversity is
largely due to their ability to form oligomeric complexes, which can be as large as 20-25nm (75,
90). An earlier report indicated that prohibitins may act as a membrane bound chaperon for
stability of mitochondria proteins (91). For this reason, PHBs may be involved in a variety of
processes. Unfortunately, due to its versatility it may also be a key target for pathogens. It was
discovered that prohibitin indeed served as a target for several pathogens, such as the Vi
polysaccharide of Salmonella, nonstructural protein 2 of SARS-CoV, and as the target of

Chikungunya virus receptor protein (92-94).



In conclusion, PHB1 and PHB2 are evolutionarily conserved proteins that play critical roles in
maintaining cellular homeostasis, particularly in the context of mitochondrial function and cell
cycle regulation. Their diverse roles have also been implicated in a number of infections. Given
the essential role EsxA has in interactions with host mitochondrial membranes, it is reasonable
to believe the prohibitins could interact with EsxA and serve as a pathway for the diverse role

EsxA seems to play in tuberculosis infection.

1.11 Prohibitin-1 and -2 Interactions with EsxA

Previous studies have presented evidence indicating that EsxA may have direct interaction with
host proteins, particularly those from the mitochondria (81, 82). Given that PHB1 and PHB2
play crucial roles in the cellular processes of the mitochondria, as well as serving as a target for
multiple virulence factors in other pathogens (90-94), we decided to investigate further.
Through a pulldown assay with the lysates of human lung epithelial cells (A549), we discovered
that EsxA and EsxA:B pulls down with PHB1 and PHB2. Further exploration in our laboratory
revealed that knockdown of PHB1 enhanced Mycobacterium marinum’s invasion and

upregulated its intracellular survival (95).

We believe that investigating this interaction is of significant value and lays the foundation to
deciphering a key pathway in TB infection. Our findings strongly indicate PHB1 interacts with
EsxA to regulate mycobacterial infection. Understanding the molecular mechanisms that govern
their function and regulation will provide valuable insights into the development of novel

therapeutic strategies targeting tuberculosis.
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1.12 Significance

EsxA is a crucial virulence factor in Mycobacterium tuberculosis, possessing membrane lytic
activity that contributes to Mtb’s pathogenicity (47). The regulation of EsxA activity involves
several factors, including N-a-acetylation, a post-translational modification with a previously
studied role in pathogenesis (38, 56, 64). However, the precise impact of N-a-acetylation on
EsxA interactions and its overall influence on virulence mechanisms in Mtb remains unclear.
Investigating how N-a-acetylation affects EsxA’s interactions with other proteins could provide

crucial insights into the virulence mechanisms of Mtb.

A key aspect of this investigation is identifying the enzyme responsible for EsxA acetylation in
Mtb. While previous studies have identified enzymes in Mycobacterium marinum that acetylate
EsxA, the enzyme responsible for this modification in Mtb remains unknown (96). Determining
the specific N-a-acetyltransferase that acetylates EsxA is critical to understanding this process
in Mtb virulence. Identifying the enzyme could pave the way for the development of novel

therapeutic strategies targeting Mtb.

Moreover, EsxA has been reported to interact with numerous host proteins, thereby eliciting a
potent immune response (75-79). Notably, EsxA has been implicated in interactions with
various host mitochondrial proteins (81,82). Our previous findings, which demonstrated EsxA
pulled down with prohibitin-1 (PHB1) and prohibitin-2 (PHB2), highlight an intriguing
interaction between these proteins (95). Given the multifaceted roles of the prohibitin proteins
in host cells, exploring this interaction is of significant importance, as it may lead to the
discovery of essential physiological pathways and broaden our understanding of Mtb
pathogenesis.
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1.13 Research Goal

EsxA holds several interacting partners which contribute to the pathogenesis of Mtb (75-79, 81,
82, 95). N-a-acetylation of EsxA, mediated by an as-yet unidentified N-a-acetyltransferase in
Mtb, influences its interactions with binding partners, such as EsxB (64). These interactions are
essential for the virulence mechanisms of Mycobacterium tuberculosis (96, 97). Investigating
the effect of N-a-acetylation on EsxA interactions and identifying the specific enzyme which
interacts with EsxA for this post-translational modification will provide valuable insights into the
complex network of protein-protein interactions that contribute to Mtb pathogenesis.
Furthermore, this may lead to the development of novel therapeutic strategies targeting these
interactions. Moreover, the implications of EsxA interacting with host proteins reveal more
about the pathways it exploits to aid MTB in pathogenesis. The discovery of possible interplay
with prohibitin proteins further elucidates the diversity of EsxA. Therefore, the key goal of this
study is to gain further insight into the complex network of EsxA interactions.
1.14: Specific Aims
1. Investigate role of N-a-acetylation of EsxA in virulence of Mycobacterium tuberculosis
and its effect on the interaction with EsxB.
a. Determine the state of acetylation of proteins previously generated containing
Threonine 2 mutations.
b. Confirm the effect N-a-acetylation has in the cell lytic activity of EsxA.
c. Test whether the lack of a N-a-acetylation has an effect in Mtb virulence in vivo.
2. ldentify and select possible enzyme(s) for catalyzing the N-a-acetylation of the EsxA

protein via computational methods to express and purify them.
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a. Research known N-a-acetyltransferases and use bioinformatics to cross
reference them against proteins in Mtb.

b. Clone the gene from genomic DNA samples and insert it into an expression
vector.

c. Express the gene and purify.

d. Carry out reaction and verify with DTNB qualitative method.

3. Express and purify prohibitin-1 protein to study its interaction with EsxA.
a. Clone prohibitin-1 protein in expression vectors.

b. Express and purify proteins on E. coli.
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Chapter 2: Specific Aim I: 1. Investigate Role of N-a-acetylation of EsxA
in Virulence of Mycobacterium tuberculosis and its Effect on the
Interaction with EsxB.
2.1 Introduction

The success of Mtb as a pathogen is due, in part, to its ability to evade host immune defenses
and establish long-term infections within host cells. The secretion of virulence factors is a key
mechanism by which Mtb achieves these goals, and one such factor is the early secreted
antigenic target 6 kDa (EsxA). Previous reports indicated EsxB had differential preference for
binding between acetylated and un-acetylated EsxA (64). The purpose of this aim is to build on
previous work done in our laboratory which confirms the state of acetylation in EsxA and its
importance in virulence (96). We had previously generated EsxA with mutations at threonine2,
the site of acetylation of EsxA, to study the effect of acetylation in the virulence of Mtb. In
these mutants, the second threonine was mutated to an alanine (T2A), glutamine (T2Q), which
were intended to serve as acetylation mimicking residues, and arginine (T2R), which was meant
to function as an acetylation negative control (98, 99). It was later discovered these mutants did
not behave in this fashion and therefore an additional serine mutant (T2S) was developed due
to biochemical similarity to threonine and possibility of a different acetylation mechanism

(100).

The importance of N-a-acetylation and its role in the pathogenesis of EsxA from Mtb was well
established by our team. Additionally, others had also confirmed the effects of N-a-acetylation

in Mycobacterium marinum (97). While the role of pathogenesis was clearly established, we
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were unable to explain how N-a-acetylation affected the interaction of EsxA and EsxB. Initial
attempts at comparing binding affinity showed some differences in binding affinity between
acetylated and unacetylated EsxA but were inconclusive due to the difficulty binding the EsxB
protein to a CM5 sensor chip (98). In this aim, we refined the effect N-a-acetylation had in the
virulence of EsxA as well as to explain the difference acetylation had in the interaction of EsxA

and EsxB.

In this study, we investigated the N-a-acetylation of EsxA in Mtb and its functional
consequences. Through our team’s development of in vitro separation of Mycobacterium
smegmatis produced EsxA:B heterodimer, we were able to expand in the study of N-a-
acetylation of EsxA and its effect in the interaction with EsxB (96). Using a combination of mass
spectrometry, biochemical assays, and genetic approaches, we demonstrate that EsxA is N-a-
acetylated. We further show that N-a-acetylation of EsxA is required for its stability, secretion,
and cytotoxicity in macrophages. Our findings shed light on the post-translational regulation of
EsxA and provide new insights into the mechanisms of Mtb pathogenesis. Understanding the
role of N-a-acetylation of EsxA could lead to the development of novel therapeutic strategies

for TB.

2.2 Methods
2.2.1 Generation of Proteins

2.2.1.1 Generation of EsxA Proteins from E. coli Expression Vector.

As previously described, EsxA proteins were generated in E. coli using the pET22b plasmid (75).
Briefly, the T2A, T2Q, T2R, and T2S mutations were conferred into the EsxA gene via PCR and

transformed into E. coli BI-21 (DE3) cells and expressed (96). All proteins were then purified via

15



an on-column refolding protocol as previously described (98). For further purification a
Superdex-75-containing column was used for size exclusion chromatography (SEC) and buffer
exchange. Samples were concentrated using a 5,000MWCO vivaspin® until <5ml sample
remained. The samples were then injected into the column and purified via an isocratic elution
for > 1.5 column volumes (CV) with tris-buffered saline (TBS).

2.2.1.2 Generation of EsxA:B Heterodimer from M. smegmatis Expression Vector.

The EsxA:B heterodimer was expressed in Mycobacterium smegmatis using the pMyNT plasmid
(98). The plasmids were transformed into the Mycobacterium smegmatis (Ms) Mc?155 strain
for expression (96). The proteins were then purified, as previously described, with few
modifications (96). The proteins were sonicated at 70% amplitude using a % inch horn for a
total of 10 minutes pulsing for 5 seconds and pausing for 10 seconds. After 5 minutes of
sonication had elapsed, the sonication was paused, and cell lysate was allowed to cool down.
The sonication was then continued until completion of the 10 minutes. Cell lysate was then
centrifuged at 15,000 RPM for 45 minutes. The supernatant was passed through a pre-
equilibrated Ni%* column using a peristaltic pump. The samples were run through a gradient
using an AKTA FPLC for a total length of 500ml and exchanging between 0%-70% buffer A
(300mM NaCl, 10mM Imidazole 20mM Tris, pH 7.3) and buffer B (300mM NaCl, 500mM
Imidazole, and 20mM Tris, pH 7.3). Following His-based purification the proteins were
concentrated using a 5,000MWCO vivaspin® until <5ml sample remained. The sample was
injected via injection loop into a Superdex-75 resin-containing column for SEC and buffer
exchange through an isocratic elution > 1.5CV using TBS.

2.2.1.3 In vitro Separation of Ms Produced EsxA from EsxB Using 6M Guanidine.
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EsxA:B heterodimer was concentrated using a 5,000MWCO vivaspin® until a concentration of
nearly 5mg/ml was achieved. Guanidine was then added to the sample to a final 6M
concentration. The sample was incubated overnight at 4°C. The proteins were then loaded into
2 Cytiva his-trap HP — 5ml columns connected in tandem. Elution was run through an AKTA FPLC
in a 0-70% gradient with a total length of 150ml. The flowthrough was collected, containing
EsxA, as well as the elution containing EsxB. Samples were exchanged into TBS via extensive
dialysis.

2.2.2 Liposome Leakage Assay.

2.2.2.1 Liposome Preparation.

Liposomes for leakage assay were prepared as previously described (45, 101, 102). Briefly, 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glyecro-3[(N-(5-amino-1-
carboxypentyl)iminodiacetyic acid) succinyl] (Ni* salt) (DGS-NTA(Ni) were mixed at a 100:8
molar ratio and prepared as previously described (101). Alternatively, lipids were also produced
at a 4:1 ratio of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine) (POPC) to 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (POPG).

2.2.2.2 ANTS/DPX Leakage Assay.

Prepared liposomes were rehydrated using 5mM HEPES, 50mM 8-aminonaphthalene-1,3,6
trisulfonic acid (ANTS) and 50mM p-xylene-bis-pyridinium bromide (DPX). The samples were
subjected to 6 freeze-thaw cycles and extruded through a 0.2um membrane filter a total of 20
times. The liposomes were desalted using a Cytiva HiTrap de-salting column into TBS. The
desalted liposomes were mixed into a 1.5ml sample consisting of 100ul liposomes, 100um

NaAc, pH 4.0, and 150mM NacCl. The samples were loaded into an ISS K2 modulation
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fluorometer with crossed polarizers on excitation and emission beams and a 435nm long path
filter to reduce background scatter. After ~30 s, 100 pg of the protein was injected into the
sample and fluorescence signal was monitored in real-time.

2.2.2.3 EsxA Titration Using EsxB.

ANTS/DPX liposomes were mixed into a 1.5ml sample consisting of 100ul liposomes, 100um
NaAc, pH 4.0, 150mM NaCl sample as well the pre-determined molar quantity of EsxB as
compared to EsxA. The samples were loaded into an ISS K2 modulation fluorometer with cross
polarizers on excitation and emissions as well as a 435nm long path filter. The reaction was
initiated with 100 ug of EsxA being added after ~30s.

2.2.3 Detection of N-a-Acetylation Via NBD-CI.

4-chloro-7-nitrobenzafurazan (NBD-Cl) was used for rapid detection of N-a-acetylation in the
EsxA protein as previously described (96). Briefly, 6ul of the proteins were incubated with
0.5mM NBD-Cl in a 50mM sodium citrate and 1mM EDTA, pH 7.0 buffer. The reaction was
monitored for 24 hours with measurements taken periodically with excitation at 460nm and

emissions recorded at 535nm.

2.2.4 Mass Spectrometry

2.2.4.1 Sample Preparation.
FASP protein digestion (Expedeon, catalog no. 44250) was carried out using 100ug of each

protein with trypsin (Sigma, catalog no. T6567) or pepsin (Sigma, catalog no. P7012). Briefly, the
samples were resuspended in 200 ul of 12.48M urea, Tris-HCL solution (urea solution). Then,
10mg of dI-DTT was added to each sample and mixed in a nutating mixer for 45 minutes.

Samples were then transferred to a 30-kDa filter and centrifuged at 14,000 RPM for 15 minutes.
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Flow through was removed and 200 ul of urea solution was added to each spin filter and
centrifuged at 14,000 RPM for 15 minutes. This step was repeated once more. Samples were
then added 100ul of a 1:10 iodoacetamide to urea solution and incubated for 20 minutes
without mixing in the dark. Afterwards, samples were spun at 14,000 RPM for 10 minutes. Flow
through was discarded and the samples were washed twice with 100 ul urea solution. Urea was
removed using 100 pl of a 50mM sodium bicarbonate solution 3 times, centrifuging at 14,000
RPM between each wash. Spin filters were transferred to a new collection tube and added 100
ul of either trypsin or pepsin at 0.02ug/pl. The samples were then incubated at 37°C for 18
hours. Peptides were eluted using 200ul of a 0.1% formic acid solution, and spun at 14,000RPM
for 10 minutes. Digested peptides were frozen at -80°C for 2 hours and then lyophilized for 12
hours. The samples were resuspended into 100ul of 0.1% formic acid solution to a final
concentration of 1ug/ul.

2.2.4.2 LC-MS/MS

Peptides, after trypsin or pepsin digestion, were analyzed by LC-MS/MS for 2 hours to 1 day
using a QE Orbitrap and the Dionex UltiMate 3000 RSL Cnano UHPLC system in technical
duplicates. A C18 PicoChip column (75-pum inner diameter X 15-um tip packed with 10.5 cm of
Reprosil PUR C18 3um120 A; 25um X 50 cm fused-silica tail, New Objective) that was pre-
equilibrated using solvent A (95% water, 5% acetonitrile, 0.1% formic acid) and solvent B (5%
water, 95% acetonitrile, 0.1% formic acid) was used for loading of samples in line. The column
was conditioned using 95% solvent A and 5% solvent B for 10 minutes with a 0.5ul/min
flowrate. Peptides were eluted in a gradient to 40% solvent B for 95 min, followed by 10 min of

95% solvent B. The sample was re-equilibrated with 5% solvent B. Full-scan spectra were
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collected using Xcalibur. Two blank injections were run in between samples using a 30-minute
interval with seesaw washes using 5-80% solvent A to B gradients. QE Orbitrap settings were as
follows: full MS resolution of 70,000, AGC target of 1e6, scan range from 400 to 1600m/z;
MS/MS were run with a resolution of 17,500, AGC target of 2e6, scan range from 200 to 2000,
and 3 m/z isolation window.

2.2.4.3 Bioinformatic Data Analysis

The resulting spectra were searched using Proteome Discoverer 2.1.1.21 and filtered via
Sequest HT with an estimated false-discovery rate of 0.01 against sequences from Ms Mc?155,
E coli BL21, human, bovine, human keratin, and porcine trypsin. A 20-ppm precursor and 0.02
fragment tolerance were used. Cysteine carbamidomethylation, methionine oxidation, and
lysine, threonine, serine, alanine acetylation was set fixed and variable modifications,
respectively. The output files were manually analyzed and used to generate representative
data.

2.2.5 Native Gel Shift Assay

Native gel shift assay was performed as previously described (45). Briefly, 1 uM of EsxB was
incubated with varying concentrations of EsxA (0.5 uM, 1 uM, 1.5 uM, and 2 uM) at room
temperature for a period of two hours. After the incubation period, the samples were subjected
to native gel electrophoresis, using a 12% native gel. The separated proteins were then
visualized using Coomassie Brilliant Blue staining.

2.2.6 Cytotoxicity Assay

Raw264.7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%

fetal bovine serum (FBS) with penicillin and streptomycin (100units/ml). Samples were kept at
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37°C and 5% CO; until 60% confluent. Raw 264.7 macrophages were seeded in a 24-well plate
with a density of 5.0 X 10°/well for infection the following day. Mycobacterium marinum (Mm),
an Mm strain containing knocked out gene MmAEsxAB, and MmAEsxAB strains complemented
with EsxA:B and EsxA:B containing T2 mutations as previously reported (98), were cultured and
prepared using a single cell preparation protocol (47, 103). Raw264.7 cells were then infected
with Mm strains at a multiplicity of infection of 10 for 1 hour. During this hour cells were
incubated at 30°C and 5% CO,. The macrophages were then washed three times using
phosphate buffered saline (PBS) to remove residual mycobacteria. The infected Raw264.7 cells
were then incubated for another 3 hours at 30°C and 5% CO.. The infected macrophages were
then stained using calcein-AM and ethidium homodimer (Life Sciences) for 30 minutes. The
samples were visualized under a fluorescent microscope for green cells (live) and red cells
(dead). The number of dead cells were quantified from dozens of random fields from each
sample. Images were processed using Imagel.

2.2.7 CCF4-AM FRET Assay

Raw264.7 cells were plated in a 6-well plate at a density of 2.5 X 108/well in triplicate the day
before infection. The cells were infected as previously described with few modifications (47,
104-107). Aspirate DMEM media and replace with EM media (7.02 g of NaCl, 0.52 g of KCl, 0.26
g of CaCl2, 0.076 g of MgCl, 0.9 g glucose and 6.5 of HEPES, pH 7.3 in 1L). Macrophages were
infected at an MOI of 10 and incubated for 2 hours at 30°C and 5% CO>. The infected raw 264.7
cells were washed 3 times to remove extracellular bacteria. Then, 2.5ml of pre-warmed EM
media with 10% FBS was added, and cells were incubated for 48 hours. The macrophages were

then probed with CCF4-AM according to the manufacturer’s protocol (Liveblazer B/G loading
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kit, Life Sciences). Samples were then excited at 409nm, and emissions measured at 450nm and
535nm. The blue/green ratio was calculated as /450/153s.

2.2.8 Molecular Dynamics Simulation

The 1WAB structure for the EsxA:B heterodimer was downloaded from the Protein Data Bank
(107). Protonation of states of ionizable residues at pH 4 and pH 7 were obtained using the
DelPhiPka web server (108) and were assigned their respective states with visual molecular
dynamics (VMD) (109). After removal of the first methionine, N-a-acetylation of was performed
at the second threonine. The four structures, acetylated and unacetylated EsxA at either pH 4
or 7, were then solvated in water box with TIP3 (110) water model and ionized with 150mM
NaCl in VMD. The final systems were simulated with the MD simulation program NAMD with
each simulation performed for 20 ns employing a CHARMM_27 force field (111, 112). Conditions
were as follows: temperature 300K, pressure 1 atm. The snapshots from the simulations were
taken to study the behaviors of the loop and flexible arm with and without acetylation at the

second threonine.

2.3 Results

2.3.1 Acetylated EsxA:B Heterodimer Produced from Mycobacterium smegmatis (Ms) Contained
Membrane Lytic Ability as Opposed to Non-Acetylated EsxA:B Heterodimer Produced from
Escherichia coli (Ec).

We previously hypothesized the EsxA:B heterodimer produced from Mycobacterium smegmatis
(Ms) would dissociate at low pH and be able to enact cell lysing ability as opposed to the
heterodimer produced from Escherichia coli (Ec) (96). To test this, the two proteins were
subjected to two different assays to evaluate the differences in their behavior in relation to

their acetylation state.
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Firstly, an ANTS/DPX dequenching assay was performed. In this assay, the ANTS and DPX dye
pair is encapsulated inside a lipid membrane where, due to their close proximity, DPX quenches
the fluorescence of ANTS. Upon lysis, ANTS is de-quenched and exhibits measurable
fluorescence (Fig. 3A). The membrane-permeabilizing activity of the EsxA:B heterodimer
produced from Ms was compared to the Ec-produced EsxA:B heterodimer using this assay. As
predicted, the heterodimer produced from MS was able to permeabilize the liposome

membrane at low pH, as opposed to the Ec-produced heterodimer (Fig. 3B).

Next, the proteins were assessed using a 4-Chloro-7-nitrobenzofuran (NBD-Cl) assay. NBD-Cl is a
fluorophore that binds to the N-terminus of a protein at sites without N-a acetylation, resulting
in fluorescence. In contrast, if a protein contains N- a acetylation, the fluorophore cannot bind,
and no fluorescence is observed. Interestingly, the EsxA:B heterodimer purified from Ms did not
exhibit fluorescence, suggesting the presence of N-a acetylation. This was in contrast to the
heterodimer purified from Ec, which did exhibit measurable fluorescence (Fig. 3C). This result
suggests that the Ms-produced heterodimer contains acetylation at the N-terminus as opposed

to the Ec-produced proteins.

Collectively, these results indicate that the EsxA:B heterodimer from Ms and Ec exhibit different
properties, with the Ms-derived protein appearing to have N-a acetylation, unlike its Ec-derived
counterpart. This difference may contribute to the observed variation in their ability to lyse

lipid membranes at low pH.
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Figure 3. The EsxA:B Heterodimer Purified from Ms, but not in E. coli, Permeabilized the Liposomes at Low pH, Implicating
the Role of N-a-Acetylation in Heterodimer Dissociation.

A) ANTS and DPX are encased within a liposome, and due to their close proximity, DPX suppresses ANTS fluorescence. When
EsxA is introduced at a low pH, if the liposome membrane is lysed, ANTS will be separated from DPX, resulting in fluorescence.
B) EsxA:B heterodimers purified from M. smegmatis (Ms) or E. coli (Ec) were evaluated in three separate experiments using the
ANTS/DPX de-quenching assay at pH 4.0. C) Equivalent quantities of EsxA:B(Ms) or EsxA:B(Ec) heterodimers were exposed to
NBD-Cl at room temperature. NBD-Cl is a fluorescent dye that specifically reacts with unacetylated sites, and its emission at 535
nm following 480 nm excitation can be plotted over time.

2.3.2 Mutations at Threonine-2 Abolished Cell Lysis Activity of the EsxA:B Heterodimer from Ms.

In previous studies, the alanine and glutamine residues were used to functionally mimic
acetylation of a lysine residue, while arginine was used as a non-functional control. In our study
we generated mutations at the second threonine (T2) of EsxA, by substituting the residue with
either alanine (T2A), glutamine (T2Q) or arginine (T2R). These mutant heterodimer proteins
from Ms were then tested using the ANTS/DPX dequenching assay. Unexpectedly, the results
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revealed the heterodimers with the T2-mutations were not able to lyse the lipids containing the
fluorescent pair as compared to the wild-type (WT) EsxA (Fig. 4A, B). This result suggested the
mutations either blocked the separation of the EsxA:B heterodimer or blocked the membrane

lytic ability of EsxA.

To confirm the mutations were not responsible for abolishing membrane lytic activity, we
purified the EsxA proteins from E. coli containing the same mutations and revealed that the
proteins were able to lyse the liposomes through the ANTS/DPX de-quenching assay (Fig. 4C,D).
This result suggests the mutations did not abolish the membrane lytic ability of EsxA.
Furthermore, this supports the hypothesis that the mutations blocked the heterodimer
dissociation at low pH.

2.3.3 Separation of the EsxA:B Heterodimer

Prior to this study, there were no reports of the in vitro separation of the EsxA:B heterodimer.
Successful separation was achieved using denaturing conditions with 6M guanidine as
diagrammed (Fig. 5A). The previously co-purified heterodimer was subjected to denaturing
conditions using 6M guanidine and was applied to a Ni* affinity column for separation. The
hexa-histidine tagged EsxB bound to the column and was eluted through an imidazole gradient,
while EsxA was collected as flowthrough. The proteins were refolded using extensive dialysis

and observed via SDS-PAGE (Fig. 5B).
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Figure 4. The Mutations at Thr-2 of EsxA Diminished the Membrane-Permeabilizing Activity of EsxA:B Heterodimer.

A) The EsxA:B heterodimer proteins (WT and mutants with T2A, T2Q, and T2R mutations) were purified from Ms. The
membrane-permeabilizing capabilities of the purified heterodimer proteins were assessed using the ANTS/DPX fluorescence
dequenching assay, with representative dequenching curves displayed. B) The mean endpoint fluorescence intensities from a
minimum of three independent experiments were computed. The displayed results are the averages of three replicates, and
error bars indicate standard deviation (S.D.). C) The EsxA proteins (WT and T2A, T2Q, and T2R mutants) were purified from Ec.
The membrane-permeabilizing function of the Ec-EsxA proteins extracted from Ec was examined using the ANTS/PDX assay, and
representative curves are provided. D) The average endpoint fluorescence intensities from at least three separate experiments
were determined, with error bars representing S.D. NS denotes not significant.

2.3.4 N-a-Acetylation Is Absent in Mutants Lacking Membrane Lysing Ability.

As previous, the NBD-Cl assay was used once more to identify whether the T2 mutants
contained acetylation. The Ms produced EsxA proteins were separated using 6M guanidine and
compared to EsxA produced from Ec. Consistent with our previous result (Fig. 3C), the mutated

EsxA proteins, which abrogated the activity of the EsxA:B heterodimer, did not contain N-a-
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acetylation as determined by NBD-CI. This was evident due to significantly higher fluorescence

seen for all the mutants as opposed to the wild-type EsxA from Ms (Fig. 6A).

To validate the acetylation state of the mutants the Ms- produced EsxA wild-type (Ms-EsxA),
Ms-EsxA (T2A), and Ec- produced EsxA wild-type (Ec-EsxA), were then subjected to LC-MS/MS.
Additionally, due to its biochemical similarity a serine mutant was produced in Ms
(MsEsxA(T2S)), and applied to LC-MS/MS. As expected, the Ms-EsxA contained acetylation, in
addition to Ms-EsxA (T2S). Meanwhile the Ms-EsxA(T2A) and the Ec-EsxA did not contain
acetylation (Fig. 6B). These proteins containing acetylation also had a methionine cleavage,
distinctive to N-a-acetylation. Interestingly, other sites containing acetylation were discovered,

although the roles of these modifications are not yet known.
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Figure 5. EsxA:B Heterodimer Was Separated In vitro Using 6M Guanidine.
A) Schematic depicting the procedure for separation of the EsxA:B heterodimer. The two proteins are bound via salt bridge,

incubation with 6M guanidine disrupts that bond and allows for separation with nickel affinity. B) The EsxA:B heterodimer
purified from Ms was separated by 6M guanidine, after which EsxA and EsxB were purified via nickel affinity.
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Figure 6. Detection of N-a-Acetylation of EsxA by NBD-Cl and LC-MS/MS.

A) The indicated EsxA proteins, purified from Ms, were incubated with NBD-CI. At the indicated times, the fluorescence
intensity of NBD-Cl was measured. B) The indicated EsxA proteins, purified from Ms or Ec, were analyzed via LC-MS/MS to
identify the post-translational modifications. The residues with acetylation are labeled as A, and the residues with oxidation are
labeled as O.
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Figure 7. The N-a-Acetylation of EsxA Did Not Affect the Membrane-Permeabilizing Activity of EsxA.

A) The indicated Ms-EsxA proteins isolated from the Ms-heterodimer were tested for membrane-permeabilizing activity using
ANTS/DPX assay. The Ec-EsxA (WT) protein, was used as a control. The representative curves from at least three independent
experiments are shown. B) The average end-point fluorescence intensity from at least three independent experiments was
calculated and is shown (p < 0.05).
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2.3.5 Ms-Produced EsxA Regained Activity After Separation from EsxB.

Following the generation of in vitro separation of the EsxA:B heterodimer, the dissociated EsxA
proteins were tested once more using the ANTS/DPX dequenching assay. The Ms-EsxA WT, Ms-
EsxA (T2A), Ms-EsxA (T2S) were tested and the Ec-EsxA WT was used as a control for this assay.
Through this experiment, it was revealed that upon in vitro separation, from EsxB, The EsxA
protein was able to lyse cell membranes irrespective of the state of acetylation (Fig. 7A-B).
Paired with the previous results (Fig. 4), this demonstrates the lack of N-a-acetylation is
primarily linked to the inhibition EsxA:B heterodimer dissociation. Moreover, this result
confirms the mutations do not inhibit the membrane-permeabilizing activity of the EsxA
protein. Paired with the previous confirmation of acetylation states of the protein, this result

validates that N-a-acetylation does not affect the activity of the EsxA protein.
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Figure 8. Generation of a Hyper-Sensitive ANTS/DPX Assay.

A) The Ms-EsxA and Ms-EsxB proteins isolated from the Ms-heterodimer were tested for membrane-permeabilizing activity
using ANTS/DPX assay. Triton X-100 and TBS buffer were used as positive and negative controls, respectively. Representative
curves from at least three independent experiments are shown. B) Data is transformed using the starting point of the assay to
remove background light scatter. C) The average end-point fluorescence intensity from at least three separate experiments was

calculated and is shown (p > 0.05).

2.3.6 Liposomes at a 4:1 POPC to POPG Resulted in an Optimized ANTS/DPX Assay for Measuring

the Membrane Permeabilizing Ability of EsxA.
While ANTS/DPX assay has been extensively used by our group, we often noticed the sensitivity

was not as high as opposed to other proteins (110). Therefore, we sought to optimize
conditions to improve membrane permeabilizing ability of EsxA in liposome models. In a
previous study we discovered membrane fluidity and charge contributed to the regulation of
EsxA membrane insertion (113). Via a formulation of liposomes at a 4:1 ratio of 1-palmitoyl-2-

oleoyl-glycero-3-phosphocholine) (POPC) to 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-
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glycerol) (sodium salt) (POPG), respectively (114) we observed intensities at x10° units (Fig. 8A).
This represents nearly a 100-fold increase in sensitivity as opposed to the previous formulation

(Fig. 7A).

After removal of scattered light, and data transformation at the moment liposomes were added
to the experiment, a clear curve can be obtained and may even be useful in determining
kinetics of EsxA (Fig. 8B, C). The new formulation resulted in the ability of EsxA to rupture the
liposome membranes with nearly the same efficiency as Triton X-100. Furthermore, EsxB was
once more tested using the new liposome formulation and maintains no activity. This result will
facilitate future experiments using the ANTS/DPX assay for the study of membrane
permeabilizing ability of EsxA.

2.3.7 EsxB Preferentially Bound to Nonacetylated EsxA and Inhibited Membrane Lysing Ability.
Given the EsxA:B heterodimer does not have membrane lytic activity we sought to reverse the
reaction and incubate EsxB with EsxA. Furthermore, since a previous study found EsxB
preferentially bound to EsxA in a 2-D overlay assay (64), we hypothesized EsxB would complex
with EsxA and preferentially inhibit the membrane lysing ability of EsxA containing acetylation
rather than the non-acetylated mutant. First, we used a native gel shift assay to determine
whether the recently prepared proteins formed a complex. As expected upon incubation of the
two proteins at different molar ratios of EsxA to EsxB, the EsxA:B complex was formed and led

to the depletion of either protein at relative molar ratios (Fig. 9A).

Next, we applied the newly optimized ANTS/DPX assay to the EsxA (WT) and EsxA (T2A) mutant
by incubating with EsxB at different molar ratios. Upon incubation with 0.5:1 molar ratio of

EsxB to EsxA (T2A), the membrane permeabilizing ability of EsxA(T2A) was rapidly diminished
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(Fig. 9B). Higher concentrations of EsxB, led to more inhibition of permeabilizing ability. On the
contrary, at a 0.5:1 molar ratio of EsxB to EsxA(WT), a smaller decrease in inhibition was
observed (Fig. 9C). The data from these experiments was normalized by using the maximum
fluorescence observed from EsxA without EsxB, against the samples containing EsxB at different
molar ratios. It was discovered that EsxB preferentially inhibited the liposome lysing ability of
EsxA(T2A), which contained acetylation, as opposed to the non-acetylated EsxA(WT) at the

0.5:1 and 1:1 molar ratios (Fig. 9D).
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Figure 9. EsxB Preferentially Inhibited Nonacetylated EsxA(T2A) Over its N-a-Acetylated Counterpart.

The Ms-produced EsxA(WT) and EsxA(T2A) proteins were incubated with various concentrations of EsxB at the indicated molar
ratios. The mixtures were tested in triplicate by the ANTS/DPX assay for membrane permeabilizing activity. The representative
curves are shown in B and C, respectively. The relative inhibition from at least three independent experiments for a totaln =9
was summarized in D. For EsxA:B 0.5:1.0 ratio, p < 0.0015 and for EsxA:B 1:1 ratio p < 0.0012. Error bars represent S.D.
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Figure 10. The Nonacetylated EsxA Diminished Virulence of Mycobacterium marinum Through a Cytotoxicity Assay.

A) RAW264.7 cells were infected with the indicated Mm strains at MOI of 10. The cytotoxicity was measured by using the
live/dead assay. Dead cells were counted in random fields (***, n22,p <0.0001). B) EsxA proteins were found expressed in the
total cell lysate and culture filtrate of the indicated M. marinum strains. GroEL was detected as a loading control for cell lysate
and Ag85 was located as a loading control for culture filtrate.

2.3.8 The Mutations Without N-a Acetylation Attenuated Virulence of Mycobacterium marinum.

Next, we sought to investigate the effects of acetylation in pathogenesis of mycobacteria. The
genes carrying the T2 mutations were inserted into the pMH406 vector. The genes were then
expressed in a Mycobacterium marinum (Mm) strain in which the endogenous EsxB and EsxA
operon was deleted (MmAEsxA:B). Through a live/dead assay it was revealed the marinum
strains carrying the T2-mutations lacking acetylation (MmAEsxA:B(T2Q), MmMAEsxA:B(T2R),
MmAEsxA:B(T2A), had significantly lower cytotoxicity compared to the strains complemented
with acetylation containing strains (MmAEsxA:B(WT) and MmAEsxA:B(T2S))(Fig. 10A). The wild
type Mycobacterium marinum (Mm) was used as a positive control, the MMAEsxA:B was used
as a negative control, and a sample containing only phosphate buffered saline (PBS) was used
as a vehicle control. The data confirms the lack of acetylation results in inhibition of

mycobacterial pathogenesis and is consistent with a previous report (97).
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To confirm the complemented strains were still capable of secreting the completement EsxA:B
genes, the strains were subjected to immunoblotting. We found the mutations at T2 did not
affect the expression, or secretion of EsxA:B heterodimer in the generated strains (Fig. 10B).
Ag85 was probed using a-Ag85 antibody and was used as a loading control for culture filtrate
and was observed in all strains. GroEL was probed using a-GroEL antibody and used as a loading
control for cell lysate and was observed across all strains on cell lysate, but not expressed in the
culture filtrate as expected.

2.3.9 Adaptation of CCF-4 FRET Assay for Investigation of Cytosolic Translocation of M. marinum

in Raw264.7 Macrophages.

The previously developed B-lactamase reporter assay based on Forster resonance energy
transfer (FRET) was applied in this study for investigation of the cytosolic translocation of
Mycobacteria in macrophages (115, 116). More recently, this assay was applied to track
Mycobacterium tuberculosis cytosolic translocation in THP-1 cells (104). We were particularly
interested in applying it for use of Mycobacterium marinum (Mm) for the infection of Raw264.7
cells as the Mm strain is a safer BSL-2 pathogen (117). The assay utilizes CCF4-AM which
contains 4-hydroxycoumarin and fluorescein bound via a lactam ring which when excited at
405nm sees a transfer of energy from 4-hydroxycoumarin to fluorescein emitting at 535nm (Fig.
11A). Upon infection with M. marinum, the macrophage will be endocytosed into a phagosome,
and should the pathogen translocate, it will encounter CCF4-AM and cleave the lactam ring

resulting in a loss of FRET, observable via emission at 450nm instead (Fig. 11A).

We applied this assay to wild-type M. marinum and M. marinumAEsxA:B and discovered the

wild-type strain was able to translocate from the phagosome into cytosolic space due the loss
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of FRET and the emissions recorded at 450nm (blue light) (Fig. 11B). The M. marinumAEsxA:B
strain was not able to translocate from the phagosome as there was not shift in the peak
emission spectra, and was consistent with a non-infected negative control. In order to quantify
the difference, the emissions were recorded as a blue/green ratio as l450//535 (Fig. 11C, D). This
assay will facilitate the investigation of cytosolic translocation of M marinum.

2.3.10 The Mutations Lacking N-a-Acetylation Reduced Cytosolic Translocation of M. marinum in

Raw 264.7 Macrophages.

Using the adapted FRET assay, the Mm strains generated in this study were tested to see the
effect the lack of N-a-acetylation has in the cytosolic translocation of M marinum. As expected,
the results showed that the MmAEsxA:B(T2Q), MmAEsxA:B(T2R), and MmAEsxA:B(T2A) strains
reduced the ability of the mycobacteria’s cytosolic translocation (Fig. 12). This was observed
due to minimal loss of FRET as observed via low blue/green ratios. On the other hand, the
acetylation containing MmAEsxA:B(WT) and MmAEsxA:B(T2S) complement strains were all
capable of cytosolic translocation. Mm was used as a positive control, MmAEsxA:B was used as
negative control and PBS was used as a vehicle control. This experiment reveals the

physiological effect of N-a-acetylation in Mm.
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Figure 11. Adaptation of CCF4-AM FRET Assay for Study of Cytosolic Translocation of M. marinum in Macrophages.

A) The CCF4-AM FRET pair was internalized in macrophages. Upon infection with M. marinum, the bacteria are able to
translocate into cytosolic space. The B-lactamase present on the mycobacterial cell wall is then able to cleave the lactam ring of
the dye pair resulting in a loss of FRET. B) Emission spectra was recorded between 420 and 600 nm wavelengths. WT M.
marinum had a higher number of emissions at ~450nm, showing cytosolic translocation. C) The blue/green ratio was measured
by comparing emissions at 450 and 535 nm with excitation at 405 nm. D) The data were calculated from at least three
independent experiments error bars represent SD (***, n =3, p <0.0001).

2.3.11 Molecular Dynamic Simulation Revealed a Bind and Release Contact Between Acetylated
Threonine-2 and EsxB

Due to a lack of understanding of how N-a acetylation affects the structure of the heterodimer,
we performed an MD simulation on the EsxA:B heterodimers with N-a acetylation and without
acetylation in pH 7 and pH 4. As confirmed in this study, a low pH is required in order for EsxA
and EsxA:B heterodimer mediated lipid lysis (Figs. 3-4, 6-7). Interestingly, at a neutral pH EsxB

comes to close vicinity of EsxA without acetylation but is unable to make contact (Fig. 13 A, C).
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The acetylated EsxA does not come into contact either and tends to be further away than EsxB
at pH 7 (Fig. 13 B, D). At low pH the EsxB does not contact the un-acetylated EsxA (Fig.13 E, G).
However, at pH 4, the acetylated EsxA is able to make direct contacts with EsxB in an
interesting bind- and release- mode (Fig. 13 F, H). This finding reveals the importance of N-a

acetylation in EsxA and EsxB interaction.
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Figure 12. The Nonacetylated EsxA Reduced Cytosolic Translocation of M. marinum.
Mycobacterial cytosolic translocation was monitored by using CCF4-AM as a FRET reporter. The blue/green ratio was measured

by comparing emissions at 450 and 530 nm with excitation at 409 nm. The data were calculated from at least three
independent experiments error bars represent SD (¥***, n =3, p < 0.0001).
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Figure 13. Molecular Dynamic Simulation Detects the Acetylated Thr-2(Ac) Interacts with EsxB in a Bind-and-Release Mode.

The structures of Mtb EsxA:B heterodimers with/out N-a-acetylation were analyzed by molecular dynamic simulation. The
figures were generated from snapshots of 20-ns MD simulations at pH 7 and pH 4. EsxA, EsxB, and the Thr-2 residue are shown
in cyan, pink, and red, respectively. The structures of EsxA:B heterodimer with non-acetylated Thr-2 at pH 7 and pH 4 are shown
in A (pH 7, top view), C (pH 7, side view), E (pH 4, top view), and G (pH 4, side view), respectively. The structures of EsxA:B
heterodimer with acetylated Thr-2(Ac) are shown in B (pH 7, top view), D (pH 7, side view), F (pH 4, top view), and H (pH 4, side
view), respectively.

2.4 Discussion

In mycobacteria, EsxA and EsxB are co-expressed and co-secreted as a heterodimer. Previous
studies have confirmed the essential roles of ESX-1, EsxA, and EsxB in mycobacterial cytosolic
translocation and virulence (62, 104, 118, 119). Biochemical studies have demonstrated that
EsxA has pH-dependent membrane-permeabilizing activity, whereas EsxB functions as a
chaperone for EsxA (45). Current studies suggest the EsxA:B heterodimer is dissociated at low
pH, which allows EsxA to permeabilize membranes (46). However, the mechanism of the
heterodimer separation remains unclear. For the first time, this study found that N-a

acetylation at Thr-2 of EsxA facilitates heterodimer separation at low pH, which allows EsxA to
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permeabilize liposomal membranes and mediate mycobacterial phagosome escape and

cytosolic translocation in macrophages.

The importance of EsxA and EsxB in mycobacterial pathogenesis is well-documented, with
genetic manipulations that deleted the genes or abolished their secretion, attenuated virulence
and inhibited phagosome rupture, cytosolic translocation, and cell-to-cell spreading (62, 104,
118-120). EsxA possesses a unique membrane-permeabilizing activity absent in its
nonpathogenic ortholog M. smegmatis, and the secreted EsxA may penetrate the phagosome
membranes during infection to facilitate mycobacterial cytosolic translocation (45, 46). In
addition, mutations at the GIn-5 residue of EsxA have demonstrated up- or down-regulation of
EsxA membrane-permeabilizing activity in vitro, affecting mycobacterial virulence and cytosolic

translocation accordingly emphasizing the role of EsxA in membrane permeabilizing ability (47).

The study provides new evidence that the N-a-acetylation at Thr-2 of EsxA is required for
mycobacterial virulence and cytosolic translocation by facilitating heterodimer separation.
Although Thr-2 has no contact with EsxB in the reported solution structure of EsxA:B
heterodimer, the MD simulation result generates an interesting model in which the acetylated
Thr-2 has frequent bind-and-release contacts with EsxB at low pH, producing a dragging force

to pull EsxB away from EsxA.

Protein N-a-acetylation is common in eukaryotes and plays crucial roles in protein-protein
interaction, protein activity and stability, and cell growth and cell cycle (68-70, 121, 122). Over
100 proteins in Mtb have been found to be N-acetylated, including EsxA, and protein

acetylation has been correlated with pathogenesis (123-125). However, little is known about N-
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a-acetylation in bacteria, including mycobacteria. Further investigation is needed to understand
the role of protein modifications in bacterial pathogenesis and to elucidate the mechanisms

particular to Mycobacterium tuberculosis.
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Chapter 3: Specific Aim II: Identify and Select Possible Enzyme(s) for
Catalyzing the N-a-acetylation of the EsxA Protein via Computational
Methods to Express and Purify Them.
3.1 Introduction

N-a-acetylation is a pivotal post-translational modification that plays a crucial role in the
membrane lytic ability of the EsxA:B heterodimer and, consequently, has a significant impact on
the virulence of Mycobacterium tuberculosis (Mtb). Notably, the second threonine residue of
the EsxA protein is highly conserved across various strains (Fig. 14), emphasizing the
importance of identifying the enzyme responsible for its acetylation. Uncovering the enzyme
responsible for this modification could lead to the development of novel therapeutics targeting

Mtb virulence, as suggested by previous studies (127).

A) EsxA_Mycobacterium_Absessus MSRYEVDSARVAQASAAVHGSVTAIRAEVGANMRHLTDLQASNRGGAASS FTGVMAQWQT 60
EsxA_Mycobacterium_smegmatis MTEQVWNFAGIEGGASEIHGAVSTTAGLLDEGKASLTTLASAWGGTGSEAYQAVQARWDS 60
EsxA_Mycobacterim_ulcerans MTEQQWNFAGIEAASSSIGGNVGSIHSLLDEGKQSLHKLAAAWGGSGSEAYQGVQQKWDS 60
EsxA_Mycobacterium_tuberculosis MTEQQWNFAGIEAAASAIQGNVTSIHSLLDEGKQSLTKLAAAWGGSGSEAYQGVQQKWDA 6@
EsxA_Mycobacterium_Africanum MTEQQWNFAGIEAAASAIQGNVTSIHSLLDEGKQSLTKLAAAWGGSGSEAYQGVQQKWDA 60
EsxA_Mycobacterium_Canetti MTEQQWNFAGIEAAASAIQGNVTSIHSLLDEGKQSLTKLAAAWGGSGSEAYQGVQQKWDA 69
EsxA_Mycobacterium_bovis MTEQQWNFAGIEAAASATIQGNVTSIHSLLDEGKQSLTKLAAAWGGSGSEAYQGVQQKWDA 68
EsxA_Mycobacterium_leprae MTEQQWNFAGIEAAASAIQGNVTSIHSLLDEGKQSLTKLAAAWGGSGSEAYQGVQQKWDA 60
EsxA_Mycobacterium_Kansasii MTEQQWNFAGIEAAASAIQGNVTSIHSLLDEGKQSLTKLAAAWGGSGSEAYQGVQQKWDA 60
EsxA_Mycobacterium_marinum MTEQQWNFAGIEAASSAIQGNVTSIHSLLDEGKQSLTKLSAAWGGSGSEAYRGVQQKWDS 60
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Figure 14. Multiple Sequence Alignment of the First 60 Amino Acids of Homologous EsxA Proteins.

A) Alignment of 10 EsxA proteins, performed with Clustal Omega (127), reveals a highly conserved threonine at the second
position. B) Logo generated using weblogo from UC Berkley for clarity.

In other prokaryotes, several N-a-acetyltransferases (NATs) have been identified and
characterized, including Riml, RimJ, and RimL in Escherichia coli (128). Interestingly, the genome
of Mycobacterium marinum (Mm) contains a limited number of putative NATSs, including the
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identified MMAR_0039 protein which a study found to acetylate EsxA (97). However, in Mtb, no
such orthologue exists raising the question as to what enzyme is responsible for the acetylation.
Recently, another study revealed Mtb possess the Riml NAT and appears to produce relaxed

substrate specificity (129).

In this aim, our primary objective is to identify the NAT responsible for the modification of EsxA.
We will use bioinformatics to identify candidate enzymes in Mtb that may be involved in the N-
o acetylation of EsxA. In parallel we will use biochemical approaches to express and purify the
candidate enzyme capable of modifying EsxA. Additionally, we will perform in vitro acetylation
assays to screen for candidate enzymes that can modify EsxA. In conclusion, this study will

provide important insights into the regulation of EsxA and the pathogenesis of tuberculosis.

3.2 Methods

3.2.1 Bioinformatic Study of Possible NAT Proteins

Riml, RimJ, RimL sequences from Pseudomonas aureginosa were downloaded from NCBI protein bank. A
BLAST(p) analysis was run against Mycobacterium tuberculosis (taxid: 1773). Representative data of each
blast was stored. The MMAR_0039 protein was input into the conserved domain search. The conserved
domain was then used to compare to the Riml, RimJ, and RimL sequences using Clustal-OMEGA. The

generated file was then analyzed using MView.

3.2.2 Construction of Vectors

Riml gene was isolated from genomic Mtb DNA via PCR. PCR samples were purified using a PCR
clean up kit (Thermo Cat#K310001). The Riml gene was cloned into the Ndel and Xhol sites into
pET22b, pET28b, and pCold-TF vectors. Additionally, the Riml gene was inserted into the

BamH1 and EcoRl site in pGEX-4T-1. All constructs were verified using DNA sequencing.
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Table 1. Primers Used for Generation of Vectors Containing the Riml Protein.

List of primers used in the study for cloning the Riml protein into the pET22b, pET28b, pGEX4t-1 and pCOLD-TF vectors.

Vector F-Primer R-Primer
pET22b ATGCCATAGCCTGACGGCCGACACCGAGCC ATGCCTCGAGTTATGACGGGTCCCCCGAATCCC
pET28b ATGCCATAGCCTGACGGCCGACACCGAGCC CCGCTCGAGTCATGACGGGTCCCCCGAATCCC
PGEX-4T-1 ATGCGGATCCATGGTGACGGCCGACACCGAGCC ATGCCTCGAGTCATGACGGGTCCCCCGAATCCC
pCOLD-TF CATATGGTGACGGCCGACACCGAGCC AAGCTTTCATGACGGGTCCCCCGAATCCC

3.2.3 Optimization of Purification Conditions.

3.2.3.1 Expression in pET22b, pET28B, or pGEX-4t1 Plasmid.
The expression of Riml protein was analyzed using the pET22b, pET28b, or pGEX-4t-1 plasmid in

E. coli BL21(DE3) strain. A single colony of transformed bacteria was inoculated into 5 mL of LB
broth supplemented with carbenicillin. The cultures were incubated overnight at 37°C with
shaking at 220 RPM. The overnight culture was then used to inoculate 50 mL of LB broth
supplemented with carbenicillin at a final concentration of 100ug/ml in a 250 mL flask. The
sample was grown at 37°C with shaking at 220 RPM until the ODsgo reached 0.6 to 0.8. The
expression of Riml protein was induced by addition of IPTG to the culture at a final
concentration of 1 mM and continuing to shake at varying temperatures, RPM, and time as
described in the tables below (Table 2 and 3). The bacteria were harvested by centrifugation at
5,000 x g for 10 minutes at 4°C. The cells were lysed using 300l of bacterial protein extraction
reagent (B-PER'™). A 50 ul sample was retained to observe the total lysate sample, the

remainder was centrifuged at 15,000RPM for 10 minutes at 4°C to collect the insoluble fraction,
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found in the pellet, as well as the soluble fraction, supernatant. All samples were loaded into an
SDS-PAGE for analysis.

3.2.3.2 Expression of Riml in pCold-TF Plasmid.

The expression of Riml protein was analyzed using the pCold-TF plasmid in E. coli Lemo21
strain. The samples were grown usings similar conditions to the previous plasmids but also
contained varying concentrations of L-rhamnose.

3.2.4 Purification of Riml Protein.

The Riml containing pCold-TF vector was expressed into E. coli Lemo21 cells. For protein
expression, a single colony was inoculated into 5 ml LB broth containing 100 pug/ml carbenicillin
and incubated overnight at 37°C with shaking at 200 RPM. L-rhamnose was added at a final
concentration of 500ug/ml to tune for soluble expression. The overnight culture was then used
to inoculate 1L of LB broth containing 100 pug/ml carbenicillin and grown at 37°C with shaking at
200 RPM until the ODeggo reached 0.6. The cells were induced with IPTG to a final 1mM
concentration and incubated at 16°C while shaking at 200 RPM for 48 hours. The cells were
harvested by centrifugation at 8000 RPM for 10 minutes at 4°C. The cells were resuspended in
buffer A (300Mm NaCl, 10mM imidazole, 20mM tris, pH 7.3) containing a protein inhibitor
cocktail (Pierce™ Cat #32965) and sonicated on ice for 10 minutes pulsing on and off for 5
seconds and 9 seconds, respectively. The cell lysate was then centrifuged at 15,000 RPM for 45
minutes at 4°C to remove cell debris. The clarified cell lysate was loaded onto two 5mL HiTrap'™
TALON® crude columns (Cytiva Cat# 28953766) connected in tandem using a peristaltic pump.
The protein was eluted using an AKTA FPLC, pre-equilibrated with Buffer A and Buffer B

(300mM NaCl, 10mM imidazole, 20mM tris, pH7.3), on a 100mL gradient from 0% - 70% Buffer
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B. The eluted protein fractions were concentrated using a 30,000MWCO Vivaspin®. The
concentrated protein sample was injected into an AKTA FPLC into a superdex-200 column for
size exclusion chromatography and buffer exchange.

3.2.5 DTNB Quantitative Assay.

A DTNB assay was performed as before with few modifications (129). In a 100ul sample
acetylation reactions were carried out using 0.5mM acetyl CoA, 4mM peptide substrate or
protein, in a 50mM tris buffer pH 8.0. The reaction was initiated by the addition of 8uM or 4uM
Riml. The samples were incubated at 25 °C for one hour. The reaction was ended by addition of
60ul of a 3.2M Gn-Hcl solution. Then, 10ul of a 2mM DTNB solution was added, mixed, and
incubated for 5 minutes. The absorbance at 412nm was measured and total product was

calculated using a CoASH standard curve.
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3.3 Results
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Figure 15. Riml Is Selected as Best Candidate for Acetylation of EsxA.

”

Interval E-value

4.30e-32
1.50e-24
8.80e-05
7.31e-03

A) The Riml, RimJ and RimL proteins from Pseudomonas aureginosa were used to blast against H37Rv Mtb. The e-value for Riml
and RimJ showed confidence in the hits received. B) The MMAR_0039 protein is analyzed using the domain search tool from
NCBI. C) The Riml protein is the closest match to the Ard1p catalytic subunit.
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3.3.1 Bioinformatic Analysis Reveals Riml as the Best Candidate for Acetylation of EsxA.

Given the importance of N-a acetylation in the overall virulence of Mm as found in this study
and the influence it has on the membrane lytic activity of the EsxA:B heterodimer, identifying a
possible enzyme responsibly for catalyzing the interaction might serve as a therapeutic target.
In previous studies, Riml, RimJ, and RimL were found to be common bacterial N-a-
acetyltransferases (128, 130). After a blast(p), it was revealed these 3 proteins had a
homologue in Mtb (Fig. 15A). Furthermore, the previously implicated MMAR_0039 protein was
analyzed using the domain search tool from NCBI (Fig. 15B), revealing it formed part of the
NAT_SF superfamily which contain the Ard1p catalytic subunit. Next, the catalytic subunit was
compared to the sequences of the Rim proteins and Riml contained the closest match (Fig.
15C). Upon research of these proteins Riml was isolated as a non-specific enzyme which may
acetylate more proteins in Mtb than previously thought (129). For this reason, Riml was

selected for further study.
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Figure 16. Generation of pET22b and pGEX-4T-1 Vector Containing Riml.

A) 1.0% agarose gel shows band at expected size after polymerase chain reaction using genomic Mtb DNA. B) pGEx-4T-1
plasmid and PCR products were digested. C) Following a transformation into E. coli d5ha cells, colonies were verified using
double digestion, PCR product of Riml was used as a positive control.
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3.3.2 Generation of pET22b and pGEX-4T-1 Vectors Containing Riml and Optimization of
Expression.

The Riml protein was selected as the candidate for acetylation of EsxA, therefore the gene
encoding for the Riml protein was amplified via PCR from genomic Mtb DNA (Fig. 16A). The
resulting PCR product was then applied for the generation of the pET22b vector (result not
shown) and pGEX-4T1 vectors (Fig. 16B, C). Both vectors have long been used and provide

robust expression of proteins.

The vectors were then used in attempts to purify the gene through an array of conditions as
outlined in tables 2. The conditions for expression in pET22b did not yield any successful
expression of Riml. For this reason, we moved on to using the pGEX4t-1 vector, which expresses
the target protein as a fusion protein with GST, typically resulting in solubilization of the target
protein (131). As before, several different conditions were attempted as outlined in Table 2.
Using lower temperatures post-induction resulted in the expression of the Riml protein as
observed via SDS-PAGE (Fig. 17). To our surprise, soluble expression was not achieved using

this vector, we therefore sought to move on to other vectors for expression.
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Table 2. Expression Conditions Used with the pET22b and pGEX-4T-1 Vectors.

The different conditions used for expression of the Riml protein using either the pET22b or pGEX-4T-1 plasmids. Temperatures
before induction (BI) and after induction (Al) were varied to improve changes of soluble expression. (* Denotes conditions with
which expression of Riml was observed).

Plasmid BI 0D600 IPTG (mM) Induction Al
Temperature Induced at Time (Hours) Temperature
(°Q) (°C)
pET22b 37 0.6 1 4 37
pET22b 37 0.6 8 16
pET22b 37 0.6 1 6 30
pET22b 37 0.6 0.1 8 16
pGEX-4T-1 37 0.6 1 8 37
pGEX-4T-1 37 0.6 0.1 8 37
pGEX-4T-1* 37 0.6 1 8 16
PGEX-4T-1* 30 0.6 1 8 16
pGEX-4T-1 37 15 1 8 16
pGEX-4T-1 37 2.5 1 8 16
pGEX-4T-1 37 0.6 1 6 30
pGEX-4T-1 37 0.6 1 4 37
PGEX-4T-1* 30, 30 startup 0.6 1 8 16
(kDA)
72
55 RimI-GST
43 Fusion protein
34

Figure 17. Riml Expression Using the pGEX-4T-1 Vector in BI21 E. coli Cells.

The bacterial samples were assayed using B-PER to produce a total cell lysate, soluble proteins from supernatant and insoluble
proteins from cell lysate. The samples were compared before induction (Bl) and after induction (Al) using 1mM IPTG. Riml
fusion proteins are labelled with an arrow theoretical protein size was expected at 45.5Kda and was observed below the 55kDA
protein mark and above the 43kDa protein marker in a 15% tris-tricine gel. Soluble expression was not achieved using this

vector.
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3.3.3 Generation of a pET28b Plasmid Containing the Riml Protein and Expression in E. Coli.

Following the inability to obtain soluble expression of the Riml protein using the previous
vectors, we decided to move on to the pET28b plasmid. Previous reports successfully used the
pET28b plasmid for expression of Riml, and we therefore sought to replicate the conditions.
Using the recently generated Riml gene, it was inserted into the Ndel and Xhol sites of the

PET28b plasmid (Fig. 18).

Following the generation of the pET28b harboring the Riml gene, expression was then
attempted under various conditions as outlined in table 3. After several attempts using

different conditions, we were still not able to successfully express the Riml protein in E. coli.

A B
(Bp) (Bp)
6000 6000
3000 3000
1000 1000
750 750
500 500

Figure 18. Generation of pET28b-TF Plasmid Containing Riml

A) pET28B plasmid and Riml PCR product were double digested. B) Following a transformation into d5ha cells, colonies were
verified using a double digestion. Positive samples were then verified via DNA sequencing.
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Table 3. Conditions Used for Expression of Riml in a pET28b Vector.

The various conditions used to express the Riml protein, none of these conditions yielded expression of the Riml protein.
Temperatures before induction (Bl) and after induction (Al) were varied to improve changes of soluble expression.

Plasmid BI 0OD600 IPTG (mM) Induction Al
Temperature Induced at Time (Hours) Temperature
(°C) (°C)
pET28b 37 0.6 1 4 37
pET28b 37 0.6 1 30
pET28b 37 0.6 1 16 16
pET28b 37 14 1 4 37
pET28b 37 14 1 6 30
pET28b 37 1.4 1 16 16
pET28b 37 0.6 0.1 4 37
pET28b 37 0.6 0.1 6 30
pET28b 37 0.6 0.1 16 16
pET28b 37 1.4 0.1 4 37
pET28b 37 14 0.1 6 30
pET28b 37 1.4 0.1 16 16
* n) " p) O
6000 | 6000
3000
3000 3000
1000

1000
750

500

N
Q}G

Figure 19. Riml Gene Was Inserted in the pCold-TF Vector.

500

A) Riml gene containing the Ncol and HindlIl restriction sites was generated via PCR. B) The pCOLD, pCOLD-GST and pCOLD-TF

vectors were double digested using Ncol and Hindlll. C) Riml protein was inserted into the pCold-TF vector as verified via double

digestion. Samples were confirmed via DNA sequencing.
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3.3.4 Riml Was Purified Through Chromatography Using a Trigger Factor (TF) Fusion.

The purification of Riml was challenging with many different vectors being explored at a large
number of conditions. We therefore turned to the pCOLD vector as another attempt to express
the gene in E coli. We used the pCOLD, pCOLD-GST, and pCOLD-TF vectors and were able to
insert the gene successfully into the pCOLD-TF vector(Fig. 19). The sequence was further

confirmed via DNA sequencing.

Riml protein was then expressed using as previous, this time using only induction temperatures
at 16°C. Furthermore, we obtained the Lemo21 (DE3) competent E. coli strain (NEB
CAT#C2528J) which contains the Lemo System'™ for tunable expression of proteins. Prior to
culturing, L-rhamnose was added to a final 0.5uM concentration, which slows down the
expression in the Lemo21 competent cells. The cultures were grown at 37°C, 200 RPM, until
ODeoo 0.4-0.8. At this point they were cooled down with ice and induced with 1 mM IPTG. The
cultures were allowed to continue to grow at 16°C, 150 RPM, for 24-48 hours; these conditions
yielded soluble expression of Riml (Fig. 20A). The cells were harvested by centrifugation and
sonicated. The soluble cell lysate was spun down at 15,000 RPM for 1 hour. The soluble
fraction, supernatant was applied to 5mL HiTrap'™ TALON® crude columns and purified by
metal affinity chromatography using an imidazole gradient as described in methods. SDS-PAGE
revealed the purified Riml protein with TF fusion (Fig. 20B). Successful purification opened the

opportunity to test whether the acetylation of EsxA was performed by the Riml enzyme.
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(kDA) (kDA)

100

Figure 20. Riml Under the Control of a Tac and Cold Promoter Expressed in Lemo21 Cells.

A) Riml and TF fusion protein expression using pCOLD-TF in E. coli Lemo21 cells and 0.5uM rhamnose. Samples were tested for
expression using B-PER, where total, soluble and insoluble fractions were obtained and compare before induction (BI) to after
induction (Al). Theoretical protein size was expected and observed at approximately 79.5Kda in a 15% tris-tricine gel. B) Cells
were lysed with sonication and purified using a TALON® crude column and fractionated using an AKTA prime plus, fractions
containing a pure Riml protein as observed via SDS-PAGE.

3.3.5 The Purified RimI-TF Fusion Protein Was Not Able to Acetylate Proteins In vitro.

Following the purification of the RimI-TF fusion protein, the enzyme was used to test whether it
was able to acetylate the EsxA gene. As a positive control for the study, the N-a-peptide of the
NatC substrate, MLRYFRR, was used. This peptide was previously found to be acetylated with

high affinity by Riml (129).

To test the extent of acetylation, a DTNB reagent based assayed was carried out after in vitro as
previously described with a few modifications (129). Namely the concentration of peptide and
EsxA protein was reduced to 1mM after initial attempts at 4mM. The concentration of Riml was
also varied at either 8uM and 4uM for both EsxA and NatC substrate peptide. Negative control
consisting of BSA protein as well as one lacking Riml was also prepared. Through this assay we

discovered the Rim-I TF fusion protein was not able to acetylate either EsxA or the NATC
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peptide (Fig. 21). Multiple attempts were carried out; however, none was successful, suggesting
the Riml protein did not contain relaxed substrate specificity as previously thought. Our result

was consistent with the findings of another group (132).
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Figure 21. In vitro Acetylation of EsxA with Riml.

An acetylation reaction was carried out using Riml, the NatC substrate was used as a positive control while a negative control
lacked Riml. There was no increase in the OD41; of any of the samples, revealing the acetylation reaction was not successful.
This represents the average of 3 separate experiments, error bars show SD, p < 0.05.
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3.4 Discussion

In this study, we focused on investigating the potential involvement of the Riml protein in the
acetylation of EsxA, a crucial virulence factor in Mycobacterium tuberculosis (Mtb). To assess
the acetylation activity of Riml towards EsxA, we employed the DTNB (5,5'-dithiobis(2-
nitrobenzoic acid)) assay, a well-established method for detecting acetyltransferase activity
(133). Contrary to our initial hypothesis, our results demonstrated that Riml did not acetylate

EsxA.

This finding raises important questions regarding the presence of other acetyltransferases that
may be involved in the regulation of EsxA acetylation. Furthermore, our study explored the
substrate specificity of Riml towards other peptides, revealing no evidence of relaxed substrate
specificity. This observation suggests that Riml may have a more specific and narrowly defined

role in acetylating a limited range of protein substrates within the bacterial cell.

Our results are consistent with those from another study, which also found that the Riml
protein did not acetylate EsxA or previously implicated peptides (132). Interestingly, the same
study identified two other enzymes, MMAR_1067 and MMAR_1968 from Mycobacterium
marinum, which were capable of acetylating EsxA (132). This finding highlights the possibility of
alternative enzymes from Mtb which may be responsible for EsxA acetylation, and

subsequently have a role in the pathogenesis of Mtb.

It is worth noting that protein acetylation has been successfully targeted for therapeutic
purposes in various diseases. For instance, histone deacetylase inhibitors (HDACi) have been

developed to target aberrant acetylation in cancer cells, leading to the approval of drugs such
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as vorinostat, romidepsin, and belinostat for the treatment of certain types of cancer (134).
Additionally, HDACi have shown promise in the treatment of neurodegenerative disorders such
as Alzheimer's and Parkinson's diseases, where they modulate histone acetylation and other

cellular processes to exert neuroprotective effects (135).

Although our results did not support the initial hypothesis regarding Riml's involvement in EsxA
acetylation, our study rules out interactions with Riml. Moreover, it emphasizes the need for
additional studies aimed at identifying the enzyme(s) in Mtb responsible for EsxA acetylation, as
understanding this regulatory mechanism is critical for elucidating Mtb virulence and
developing novel therapeutic strategies against tuberculosis. Given the successful targeting of
acetylation in other disease contexts, this line of research may uncover new opportunities for

drug development in the fight against Mtb infections.
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Chapter 4: Specific Aim Ill: Express and Purify Prohibitin-1 Protein to
Study its Interaction with EsxA.
4.1 Introduction

The EsxA protein is a strong virulence factor of Mtb which appears to play many roles in the
virulence of Mtb (35, 47, 60, 77-80). While the role of EsxA as an effector protein for
phagosomal escape of Mtb is well documented, less is known about what EsxA’s function
becomes once Mtb translocation occurs (47, 61). Previous studies have demonstrated the
strong immune response EsxA can create due to its ability to interact with a plethora of host

proteins (77-80).

Interestingly, some of the previous reports show EsxA interacting with host mitochondria
pathways (80). Once such example is the role of EsxA in the mechanistic target of rapamycin
(mTOR) (80). There are more studies which implicate EsxA interactions with host mitochondria
(136). Through a pulldown assay of epithelial lung cells our group discovered the PHB1 protein

pulls down with EsxA as well as the EsxA:B heterodimer and may be interacting partners (95).

Given that the prohibitin-1 and -2 proteins form a complex oligomer and have a set of roles in
the mitochondria, they are often associated with many other host proteins (90, 91, 137-139).
Additionally, PHB1 and PHB2 have also been the targets of pathogens (92-94). Our study went
on to discover that knockdown of PHB1 enhances Mycobacterium marinum invasion and
upregulates its intracellular survival (95). Together, these findings suggest PHB1 and PHB2

directly interact with EsxA.

Understanding the interaction between these two proteins could shed light on the mechanisms

of the ESX-1 secretion system and its role in Mtb pathogenesis, as well as provide new insights
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into the role of PHB1 and PHB2 in bacterial metabolism and virulence. By exploring the

potential interaction between these two proteins in the context of their interactions with host
mitochondrial proteins, we hope to uncover new insights into the complex interplay between
Mtb and host cells during infection. In this aim purification methods for the PHB-1 protein are

explored. Being able to purify the proteins will pave the way for novel studies.

4.2 Methods

4.2.1 Construction of Vectors

PHB1 and a PHB1 gene containing a deletion of the first 36 amino acids (PHB1A36) gene were

isolated from a previously generated pCold-GST plasmid containing the PHB1 gene via PCR. PCR
samples were purified using a PCR clean up kit (Thermo Cat#K310001). The genes were inserted
into the Ndel and Xhol sites into pET22b, the BamH1 and EcoRl site in pGEX-4T-1, and the EcoRl

and Hindlll site in pMAL-c2X vectors. All clones were verified using DNA sequencing.

Table 4. Primers Used for Generation of Vectors Containing the PHB1 and PHB1A36 Proteins.

List of primers used in the study to clone PHB1 and PHB1A36 protein genes into the pET22b, pGEX-4t-1, and pMAL-c2X vectors.

Vector F-Primer R-Primer
pET22b PHB1 CCGGCATATGGCTGCCAAAGTGTTTGA CCGGCTCGAGTCACTGGGGCAGCTGGA
PGEX-4t-1 PHB1 CGGGATCCATGGCTGCCAAAGTGTTTGA CCCTCGAGTCACTGGGGCAGCTGGAG
PMAL-c2X PHB1 CCGGGAATTCATGGCTGCCAAAGTGTTTGA CCGGAAGCTTTCACTGGGGCAGCTGGA
pET22b PHB1A36 CCGGCATATGGTCATCTTTGACCGATTCC CCGGCTCGAGTCACTGGGGCAGCTGGA
PGEX-4t-1 PHB1A36 | CCGGGGATCCATGGTCATCTTTGACCGATTCC CCCTCGAGTCACTGGGGCAGCTGGAG
PMAL-c2X PHB1A36 | CCGGGAATTCATGGTCATCTTTGACCGATTCC CCGGAAGCTTTCACTGGGGCAGCTGGA

58



4.2.2 Expression of PhB1 in pET22b, pGEX-4T-1 and pMAL-c2X Plasmids.

To analyze the expression of the PHB1 protein, different plasmids such as pET22b, pGEX-4t-1, or
pPMAL-c2X were used to transform either E. coli BL21(DE3) or Lemo21 strains with PHB1 or
PHB1A36. A single colony of the transformed bacteria was inoculated into 5 mL of LB broth
supplemented with carbenicillin and incubated at 37°C with shaking at 220 RPM overnight.
Subsequently, the overnight culture was used to inoculate 50 mL of LB broth supplemented
with carbenicillin (100ug/ml) in a 250 mL flask and grown at 37°C with shaking at 220 RPM until
the ODsoo reached 0.6 to 0.8. To induce the expression of PHB1 proteins they were first cooled
using ice, then IPTG was added to the culture at a final concentration of 1 mM, and the culture
was allowed to continue to grow at 16°C while shaking at 150RPM. The bacteria were harvested
by centrifugation at 5,000 x g for 10 minutes at 4°C. To lyse the cells, 300ul of bacterial protein
extraction reagent (B-PER'™) was used. A 50 pl sample was retained to observe the total lysate
sample. The remaining lysate was centrifuged at 15,000RPM for 10 minutes at 4°C to pellet the
insoluble fraction. The supernatant containing the soluble fraction was transferred to a clean
microcentrifuge tube. Finally, all samples were subjected to SDS-PAGE analysis to observe for
soluble expression. For more sensitive application, the PHB1 protein expressed in the pGEX-
4T1-1 vector were observed via immunoblotting. The total and insoluble fractions were diluted
20-fold prior to loading into SDS-PAGE. They were then proved using a-PHB1 antibody.

4.2.3 Purification of PHB1 and PHB1A36 in pMAL-c2X Vector

The pMAL-c2X-PHB1 and PHB1A36 constructs were transformed into Lemo21 cells. A single
colony was inoculated into 5 mL of LB broth containing 100 pug/mL carbenicillin and incubated

overnight at 37°C with shaking at 200 RPM. The overnight culture was then used to inoculate 1L
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LB broth containing 100 pug/mL carbenicillin, 1ImM L-rhamnose, and grown at 37°C with shaking
at 200 RPM until the ODeoo reached 0.6. The cells were then cooled on ice and induced with
IPTG at a concentration of 1 mM and incubated at 16°C with shaking at 150 RPM for 24 hours.
The cells were harvested by centrifugation at 8,000 RPM for 10 minutes at 4°C. The cell pellet
was resuspended in lysis buffer (20 mM Tris-HCI, 200 mM NacCl, 1 mM EDTA, pH 8.0) containing
a protease inhibitor cocktail (Pierce™ Cat #32965) and sonicated on ice for 10 minutes pulsing
on and off for 5 seconds and 9 seconds, respectively. The cell lysate was then centrifuged at
15,000 RPM for 45 minutes at 4°C to remove cell debris. Using a peristaltic pump, the clarified
cell lysate was loaded onto a 15 mL amylose resin column pre-equilibrated with column buffer
(20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, pH 8.0). The samples were eluted using an AKTA
FPLC pre-equilibrated with column buffer and elution buffer (10 mM maltose in column buffer),
on a 100 mL gradient from 0% - 100% elution buffer. The eluted protein fractions were

collected and analyzed by SDS-PAGE.

4.3 Results

4.3.1 Generation of pET22B Vectors Containing PHB1 and PHB1A36

The PHB1 protein consists of a large number of hydrophobic residues, for this reason we
figured the purification of the protein would be difficult. To combat this, we sought to work
with the full length PHB1 as well as a truncated PHB1 containing a deletion of the first 36 amino
acids (PHB1A36). Due to their robust performance, the PHB-1 and PHB-1A36 proteins were
inserted into the Ndel and Xhol sites of the pET22b vector, using the previously generated

pCOLD-GST vectors containing PHB1 or PHB1A36 (Fig. 22).
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4.3.2 Expression of PHB1 and PHB1A36 in the pET22B and pCold-GST Vectors

Following the generation of the pET22b and pCold-GST vectors, their expression was tested. In
PET22b expression was observed in the insoluble fraction for the PHB1A36 gene (Fig. 23A).
Expression was not observed for the full length PHB1 protein (Fig.23A). Expression was
achieved by insertion of the plasmid into E. coli BI21(De3) and culturing at 37°C until ODsoo
reached 0.6, at which point the proteins were induced with 1mM IPTG. The samples were then

left to continue growing for 3 hours. The cells were then harvested by centrifugation.

We then moved onto expression of the PHB1 proteins in the pGEX-4t-1 plasmid and failed to
achieve soluble expression as observable via SDS-PAGE. We therefore decided to immunoblot
to see if any expression of the PHB1 protein was achievable. Total and insoluble fractions were
diluted 20-fold prior to loading and after probing with aPHB1 antibody, soluble expression was

observed for both proteins (Fig. 23B, C).
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Figure 22. Generation of pET22-b and pCold-GST Vectors Containing the PHB1 Gene.

(A) The PHB1 and PHB1A36 genes were amplified via PCR from pCOLD-GST vector B) The PHB1 and PHB1A36 genes were
double digested and used to generate the pET22b vector and confirmed via DNA sequencing.
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Figure 23. Expression of the PHB1 and PHB1A36 Genes in the pCold-GST Vector.

A) The PHB1A36 gene showed expression in the pET22b vector, albeit insoluble. The full length PHB1 gene did not show any
expression. B) Samples were loaded into an SDS-PAGE and compared for expression before induction (BI) and after induction

(Al). The SDS-PAGE was used for immunoblotting and soluble expression was appreciated in the pGEX-4t-1 vector with a slightly
higher expression observed in the PHB1A36 protein.
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4.3.3 Generation of pMAL-c2X Plasmid Containing PHB1 and PHB1A36 Gene and Purification of
PHB1 Proteins.

Following evidence of the soluble expression of the PHB1 protein (Fig. 23), we sought to

improve the conditions of soluble expression. To do this, we moved on to use the pMAL-c2X
vector which creates a fusion of the target protein and maltose binding protein MBP. MBP is
capable of solubilizing other proteins to greater degree (140). The genes encoding PHB1 and

PHB1A36 were cloned into the EcoR1 and Hindlll sites of the pMAL-c2X plasmid (Fig. 24).

To further increase our chances of successfully expressing soluble PHB1 proteins, we expressed
the vectors in E. coli Lemo21 cells with 1mM L-rhamnose throughout growth of the culture. The
cells were harvested after 16 hours post induction at 16°C. Initial analysis of the cell lysates
using B-PER'™ by SDS-PAGE revealed the presence of an overexpressed protein in the soluble
fraction with an approximate molecular weight of 65 kDa, corresponding to the expected size of
the PHB1 protein fused with the maltose-binding protein (MBP) (Fig. 25). Soluble expression

was achieved without the presence of L-rhamnose, although to a lesser extent.

To obtain the PHB1 protein we purified it using amylose resin. The cells were lysed using
sonication at 70% amplitude, and the soluble fraction of the lysate was obtained after
centrifugation. The lysate was subjected to amylose resin chromatography and eluted with
10mM maltose. To assess the purity of MBP-PHB1 protein, we performed an SDS-PAGE analysis
which revealed the target protein and some additional bands (Fig. 26). These initial purifications
reveal the possibility of purification of the PHB1 protein, which in the future can be used for

subsequent biochemical studies to elucidate its interaction with EsxA from Mtb.
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Figure 24. Generation of pMAL-c2X Vectors Containing the PHB-1 or PHB-1A36 Gene.

A) The pMAL-c2X vector was digested along with the PHB-1 gene, and the PHB-1 gene containing a deletion of the first 36
amino acids using EcoR1 and HindlIl. The clones were verified via DNA sequencing.

A
11éM) , PHB1 1125@«5«) PHB1A36
66.2 66.2
45 45
35 Ak

Figure 25. Expression of the PHB1 Gene Using the pMAL-c2X Vectors.

A) The pMAL-c2X vector was expressed using the Lemo21 cells with (Rha*) or without L-rhamnose (Rha’). B) The pMAL-c2X
containing the PHB1A36 gene was expressed using the Lemo21 cells with or without L-rhamnose.
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Figure 26. SDS-PAGE Analysis of the PHB1 Protein Using Amylose Resin.

The gel image displays the SDS-PAGE analysis of the purified PHB1 protein fractions obtained during the purification process. A
band was observed below the 66.2 kDa marker consistent with the size of the PHB1 fused with MBP.

4 .4 Discussion

In this study, we successfully purified PHB1 using amylose resin, which selectively binds to
proteins fused to maltose binding protein (MBP) tags. Our strategy involved cloning the PHB1
gene into pMAL-c2X with an MBP tag, which allowed for purification of the PHB1-MBP fusion
protein. SDS-PAGE analysis confirmed purity of the PHB1-MBP fusion protein, with an apparent
molecular weight of ~70 kDa. Other bands were still present in the SDS-PAGE, but these may be
the result of free-MBP. Furthermore, the PHB1 and PHB2 proteins are known for their ability to
form complex oligomers, and the different bands might be indicative of different

oligomerization states (84).

The purified protein of interest will be used to study its interactions with EsxA. Understanding
of the interaction between these two proteins could shed light on the mechanisms of the ESX-1

secretion system and its role in bacterial pathogenesis. In previous studies, it was discovered
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EsxA may interact with host mitochondrial proteins (80, 136). Furthermore, the pulldown of
PHB1 and PHB2 with EsxA, as well as the enhanced virulence of Mycobacterium marinum
following a PHB1 knockdown suggests these EsxA directly interacts with the prohibitin proteins

(95).

In conclusion, the successful purification of both PHB1 and the protein of interest is an
important step towards elucidating the interactions between EsxA and PHB1. Given the
similarity PHB2 has with PHB1, it may be possible to translate the purification methods to
PHB2. The purified proteins will lead to increased understanding of the complex interactions
between EsxA and prohibitin proteins. Furthermore, it may also serve as a catalyst for the

development of novel therapeutics against Mtb.
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Chapter 5: Conclusions and Future Directions
In conclusion, our study has revealed important insights into the critical role of N-a-acetylation

of EsxA in mycobacterial cytosolic translocation and virulence. Our findings also revealed that
the acetylation status of EsxA results in differential binding to EsxB, which further emphasizes
the critical role of acetylation in EsxA interactions with its molecular chaperone. Along the way
of this study, we discovered a method to dissociate EsxA from EsxB in vitro. This finding opens
the way for future research in Mtb. Furthermore, this study also leads to the conclusion that
EsxA dissociation from EsxB is not only important, but essential for the cytolytic ability of EsxA.
This study also provides compelling evidence for the role that N-a-acetylation plays in the pH

dependent dissociation and its overall role in the virulence of Mtb.

Our results also provide strong evidence that EsxA acetylation is essential for efficient
translocation of the protein into the host cell cytosol, and that this modification is crucial for
mycobacterial pathogenesis. The discovery of the importance of EsxA acetylation suggests this

modification could potentially serve as a novel therapeutic target for tuberculosis.

Moreover, our study has ruled out Riml as being responsible for the acetylation of EsxA, which
suggests the presence of a unique acetyltransferase enzyme in Mtb responsible for this
modification. Future studies aimed at identifying the specific enzyme responsible for EsxA
acetylation could provide valuable insights into the mechanism underlying this modification and

its impact on host-pathogen interactions.

Finally, this study lays the groundwork for studies on interactions between EsxA and PHB1 and
PHB2 proteins. These future studies reveal potential new targets for developing novel

therapeutics for mycobacterial infections and further elucidates the complex interactions EsxA
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can form with host protesin. The identification of these interactions provides a better
understanding of the molecular basis of mycobacterial pathogenesis and could pave the way for

the development of new drugs that target these interactions.

Overall, our findings contribute to a better understanding of the molecular mechanisms
underlying mycobacterial pathogenesis and virulence. Our results highlight the importance of
acetylation in EsxA interactions with EsxB. Furthermore, it can be concluded that EsxA does not
interact with the Riml protein. Future studies may further elucidate the role of EsxA acetylation
and the enzyme which acetylates EsxA at its N-terminus. Lastly, our group has found strong
evidence of EsxA interacting with PHB1 and PHB2. This study has found a lead for purification of
the PHB1 in bacterial models. This model provides a more accessible option to produce the
PHB1 protein, and due to its similarity, might also be translatable to PHB2. Successful
purification of the prohibitin proteins will help identify the interactions between these proteins
and EsxA. As a whole, this study has provided valuable insights in the interactions between EsxA
and EsxB as a result of N-a acetylation, discards Riml as the enzyme responsible for acetylation,

and lays the foundation for studying the host interactions with the PHB1 and PHB2 proteins.
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