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Abstract

Human tuberculosis (TB) is a frequently fatal lung disease mostly caused by
Mycobacterium tuberculosis (M. tb), a slow-growing intracellular pathogen. M. tb
utilizes the ESX-1 secretion system, classified as type VII, to export the virulence
factors needed for host infection and pathogenesis. A functional ESX-1 pathway
largely involves the proteins encoded by two gene clusters, esx-1 and espACD.
These proteins are diverse in functions, such as cytolysis, immunogenicity, pore
forming, stabilization and energization. Although many of the ESX-1 associated
proteins were characterized individually, the overall mechanism of ESX-1

secretion is still far from clear.

The main objective of my thesis is to better understand the structure and
function of the ESX-1 secretion system in M. tb. To achieve this, an integrated
approach which combines biochemistry, biophysics and genetics was applied.
The experimental results are organized into three parts, in which I investigated

EspC, EccCb1 and the effect of calcium on ESX-1 secretion.

Firstly, the focus of this thesis is EspC, a secreted protein encoded in the espACD
operon which is not linked to the esx-1 locus, but mediates ESX-1-associated
virulence. Based on what I observed from a series of experiments, we propose a
novel working model of the ESX-1 apparatus, in which EspC interacts with EspA
in the cytosol and then translocates across the membrane to assemble into a
channel in the outer membrane and spans the capsular layer of M. th. This model
could explain the mechanism by which the major virulence factors EsxA and
EsxB (also named ESAT-6 and CFP-10) rely on EspC for secretion. Moreover,
EspC is a potential outer membrane pore protein which has not been previously

identified in M. tb.

Secondly, the putative ATPase EccCb1l is another protein that was studied.
EccCb1 is predicted as an ATPase that targets the EsxA/EsxB heterodimer during



translocation. EccCb1 was overexpressed and purified in the form of a NusA-
EccCb1 fusion protein due to its low stability. The protein was characterized as a
hexamer with an ATPase activity. This result confirms that EccCb1 belongs to the

FtsK/SpollIE ATPase family.

Thirdly, we observed that ESX-1 secretion can be inhibited by a high
concentration of calcium (~500 pM) in the culture medium. Moreover, bacterial
persistence, rather than growth rate, decreased with the elevated calcium. RNA-
seq was performed to evaluate the changes of global gene expression of M. th in
the presence of high calcium levels. Surprisingly, calcium dramatically repressed

hypoxia response genes in the DevRS regulon, leading to reduced persistence.

[ also include a section that describes the additional work I was involved with, in

which we investigated the activation of cGAS-dependent host response by ESX-1.
Taken together, these findings provide new insights into the structural and

functional aspects of ESX-1 secretion system, and will contribute to discovery of

ESX-1 inhibitors with potential applications in TB therapy.

Key words: Tuberculosis, Mycobacterium tuberculosis, ESX-1 secretion system,

type VII secretion system, EspC, EccCb1
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Résumé

La tuberculose humaine (TB) est une des maladies infectieuses les plus
meurtrieres au monde. Touchant principalement les poumons, elle est
majoritairement causée par Mycobacterium tuberculosis (M. tb), une
mycobactérie intracellulaire a croissance tres lente. M. tb utilise le systeme de
sécrétion ESX-1, un des cinq systéemes de sécrétion de type VII, pour le transport
des facteurs de virulence nécessaires a la pathogénicité et I'invasion de I'hote. Le
systeme ESX-1 implique les protéines sécrétées par deux groupes de genes, esx-1
et espACD. Ces protéines ont diverses fonctions incluant la cytolyse,
I'immunogénicité, la formation de pores, la stabilisation et 'apport d’énergie.
Bien que plusieurs de ces protéines aient été caractérisées individuellement, le
mécanisme général du systéme de sécrétion ESX-1 n’est pas completement

élucidé.

L’objectif principal de ma these est d’étudier la structure et la fonction du
systeme de sécrétion ESX-1 chez M. tb en utilisant une approche intégrée
combinant la biochimie, la biophysique et la génétique. Les résultats obtenus
sont organisés en trois parties, dans lesquelles j’ai étudié EspC, EccCb1 et I'effet

du calcium sur la sécrétion d’ESX-1.

Tout d’abord, le sujet principal de cette thése est EspC, une protéine sécrétée
codée par l'opéron espACD, non associé au locus esx-1, mais qui régule la
virulence d’ESX-1. D’apres les résultats obtenus, nous proposons ici un nouveau
modeéle du systéme ESX-1, dans lequel ESX-1 interagi avec EspA dans le cytosol
pour ensuite étre transloquée jusqu’a la membrane externe ou ils forment un
canal traversant ainsi la capsule de M. th. Ce modeéle pourrait expliquer le
mécanisme par lequel les facteurs majeurs de virulence tels que EsxA et EsxB
(aussi connus sous les noms de ESAT-6 et CFP-10) dépendent de EspC pour la
sécrétion. De plus, nous montrons ici que EspC peut former un pore dans la

membrane externe, ceci n’ayant jamais été observé précédemment chez M. tb.

II1



Dans un second temps, je me suis concentrée sur la protéine EccCb1l. Cette
protéine est décrite comme une probable ATPase qui cible I'hétérodimere
EsxA/EsxB pendant la translocation. Afin de confirmer sa fonction, EccCb1 a été
surexprimée et purifiée sous la forme d'une protéine de fusion NusA-EccCb1 en
raison de sa faible stabilité. La protéine a ensuite pu étre caractérisée comme un
hexamere ayant une activité ATPase. Ces résultats confirme que EccCbl

appartient a la famille FtsK/SpollIE des ATPases.

Puis, dans la troisiéme partie, nous avons observé que le systéme de sécrétion
ESX-1 pouvait étre inhibé en présence d'une concentration importante de
calcium (~500 pM) dans le milieu de culture. De plus, la persistance bactérienne,
et non le taux de croissance, est diminuée pour une concentration élevée de
calcium. Nous avons alors comparé les modifications de I'expression génique
chez M. tb en présence de hautes concentrations de calcium en utilisant la
technologie de séquencage de I’ARN. Etonnamment, nous avons observé que le
calcium inhibe considérablement les génes du régulon DevRS, impliqués dans la

réponse a I’hypoxie et conduisant a la réduction de la persistance.

Enfin, j'inclus une quatrieme section qui décrit le travail supplémentaire dans
lequel nous avons étudié I'activation de la réponse de I'hote dépendant du signal

cGAS par ESX-1.

Pris ensemble, ces résultats améliorent notre compréhension sur les aspects
structurels et fonctionnels du systeme de sécrétion ESX-1, et ont permis la
découverte d’inhibiteurs d’ESX-1 avec des applications potentielles dans le

traitement de la tuberculose.

Mots clefs: Tuberculose, Mycobacterium tuberculosis, systeme de sécrétion ESX-

1, systéme de sécrétion de type VII, EspC, EccCb1
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Chapter 1

General introduction






1.1 Tuberculosis

Tuberculosis (TB) is a chronic lung disease caused by Mycobacterium
tuberculosis (M. tb). Around 1.5 million annual deaths from TB were reported by
the World Health Organization (WHO) in 2014. One third of the world’s
population are estimated to be latently infected [1], making the disease a global
public health challenge. In fact, TB has plagued the human population since
prehistoric times and throughout much of known human history. It is suspected
that M. tb has killed more people than any other microbial pathogens during its
long-term co-existence with humans [2]. Hershkovitz et al reported their
detection of mycobacterial DNA in human bone samples from Eastern
Mediterranean as long as ~9000 years ago. According to the authors, it is the
earliest report of the disease in humans that has been confirmed by molecular
means [3]. “Phthisis”, the early term for tuberculosis, was firstly described
around 460 BC by Hippocrates, a physician from ancient Greece [4]. The patients
who suffered from phthisis were described to have fever and cough, and it
became the most common disease of the time. During the 18t and 19t century,
TB, also known as “white death”, “the great white plague” and some other names
derived from its symptoms, was an epidemic in Europe. Millions of people died
from TB, until the late 19th centuries, when Dr. Robert Koch discovered the
“Tubercle bacillus” as the bacterium causing weakness of the lung. He provided
many evidences that TB is an airborne infectious disease. Koch won the Nobel
Prize for Physiology (Medicine) in 1905 for his significant contributions, and
since then the term “tuberculosis” or “TB” has become well accepted. The history

of TB was changed, and the number of deaths gradually declined thereafter [2,4].

In the modern world, although TB is still the second biggest infectious Killer after
HIV, it has been clearly studied. Tubercle bacilli are transmitted in tiny
microscopic droplets through the air from the lungs of TB patients when they
cough. Only 5% to 10% of the infected people develop an active disease over
their lifetime [5]. Normally, the infection can be cleared by a healthy immune

system. Incomplete elimination of the bacilli by the immune system can lead to a



latent infection (LTBI), due to the presence of viable bacilli in the granulomatous
tissues. People with LTBI are asymptomatic carriers and are not able to spread
the disease. However, when the immune system is weakened by aging, stress, or
co-infection with HIV, the host cannot effectively control the M. tb bacillus any
longer. In 2012, 24% of deaths in HIV-infected patients were due to active TB [6].
The situation of TB in recent years was worsened by the emergence of
extensively drug resistant (XDR) and multi-drug resistant (MDR) M. tb strains,
which has become another major concern [7]. In this regard, the history of

human understanding and controlling TB is still far from ending.

1.2 Prevention, diagnosis, and treatment of TB

Currently, Bacille Calmette-Guérin (BCG) is the only vaccine available against TB
with more than 4 billion people having been immunized with BCG [8]. It is an
attenuated vaccine strain that was isolated by Calmette and Guérin from
Mycobacterium bovis and has been used since the early 1900s [9]. Despite being
protective for tuberculous meningitis in children, the efficacy of BCG against
adult pulmonary disease varies dramatically (0 to 80%) and is therefore
inadequate [10]. The reasons for the variation are unclear and under debate. A
high-fidelity vaccination could be developed either by genetically attenuating
mycobacterium or by introducing immunodominant M. tb specific antigens, such
as ESAT-6 (Early secreted antigenic target of 6 kDa, or EsxA) which was found to
confer an enhanced protection [11]. As WHO reported in 2015, sixteen different
TB vaccine candidates are in clinical phase-I/II trials and many more are in
preclinical development. One of the promising cases is Ag85 (antigen 85)-ESAT-6
fusion protein formulated with the adjuvant IC31, which boosted the BCG-
primed individuals to develop a better protection [12-14]. Furthermore, new M.
tb specific antigens are being identified, including EspC ([15] and Supplementary
section in Chapter 2). These achievements may lead to more effective global TB

control.



TB is primarily an airborne disease. When a person has been in contact with a
patient with active TB, he was at risk of being infected. The symptoms of active
TB may be fever, weight loss, cough, haemoptysis and chest pain, but additional
tests are required for correct diagnosis. The tuberculin skin test (TST), a 100-
year-old diagnostic tool for TB is still commonly used for TB detection. This test
is simple but often gives false-positive results. Another common TB test is based
on the detection of interferon-gamma released (IFN-y) by T-cells when exposed
to specific TB antigens in the blood (named IGRA assay)[16]. The advantage of
IGRA over TST is that IGRA is unaffected by prior BCG vaccination. In addition to
the conventional assays, a new and advanced test for TB, GeneXpert, has been
available for clinical diagnosis since 2008. It is able to detect the presence of
tubercle bacillus and drug-resistant bacterium in the sputum through DNA
analyses within two hours, which is more accurate and faster [17]. If the person
is suspected to have an active infection based on the diagnostic test, a chest X-ray
or CT scan could be further conducted for confirmation. However, a more

effective approach for clinical diagnosis of LTBI is still under development [18].

Although TB can be fatal, anti-TB treatments are available nowadays. The first
antibiotic effective against TB, streptomycin, was discovered by Selman
Waksman in 1943 and saved many lives at that time [2,19,20]. However, it was
soon realized that although streptomycin reduced mortality initially, drug
resistance was rapidly acquired during monotherapy, indicating that TB is not
easily curable by monotherapy. Since then, research was carried out to
understand the mechanisms of drug resistance and to develop combined anti-TB
drug chemotherapy. In the following years’ efforts to improve anti-TB regimens
resulted in the discovery of aminosalicylic acid, isoniazid, pyrazinamide,
cycloserine and ethambutol, which paved the way for combination therapy [21].
A big event in the history of anti-TB drug discovery occurred in the 1960s, when
rifampicin, an antibiotic with a new mechanism of action against TB, was
discovered. This breakthrough shortened the treatment duration dramatically
from ~18 months to ~9 months. Nowadays, there are more than 20 drugs
available for TB treatment, which are used in various combinations under

different circumstances [22,23] (Table 1.1). Using rifampicin as the key



component, the first-line oral drug therapy is a combination of rifampicin,

isoniazid, pyrazinamide and ethambutol. This regimen is effective against drug-

sensitive M. tb because each component has a different mode of action (Fig.1.1).

Table 1.1 Main anti-TB drugs and their target (adapted from [23])

Drug (year of discovery)

Target

Effect

First-line drugs

Isoniazid (1952)
Rifampicin (1963)

Pyrazinamide (1954)

Ethambutol (1961)

Enoyl-[acyl-carrier-protein] reductase

RNA polymerase, beta subunit
S1 component of 30S ribosomal
subunit

Arabinosyl transferases

Inhibits mycolic acid synthesis
Inhibits transcription

Inhibits translation and trans-
translation, acidifies cytoplasm
Inhibits arabinogalactan
biosynthesis

Second-line drugs

Para-amino salicylic acid (1948)
Streptomycin (1944)

Ethionamide (1961)
Ofloxacin (1980)
Capreomycin (1963)
Kanamycin (1957)
Amikacin (1972)
Cycloserine (1955)

Dihydropteroate synthase

S12 and 16S rRNA components of
30S ribosomal subunit
Enoyl-[acyl-carrier-protein] reductase
DNA gyrase and DNA topoisomerase
Interbridge B2a between 30S and 50S
ribosomal subunits

308 ribosomal subunit

30S ribosomal subunit

D-alanine racemase and ligase

Inhibits folate biosynthesis

Inhibits protein synthesis

Inhibits mycolic acid biosynthesis
Inhibits DNA supercoiling
Inhibits protein synthesis

Inhibits protein synthesis
Inhibits protein synthesis
Inhibits peptidoglycan synthesis
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Fig.1.1 Different modes of action of first-line TB drugs for the treatment of

drug-sensitive TB (National Institute of Allergy and Infectious Diseases and
[24]).

Isoniazid (INH) inhibits the biosynthesis of mycolic acids at the mycobacterial cell wall,
thereby leading to increased susceptibility of the mycobacterium to reactive oxygen
radicals and other environmental factors. Rifampicin (RIF) targets the RNA polymerase
and Kkills the bacteria by inhibiting RNA synthesis. Ethambutol interferes with cell wall
synthesis like INH, but via inactivation of arabinogalactan synthesis. Pyrazinamide has
strong synergy with INH and RIF. The cellular target has not been identified. It
potentially disrupts membrane energetics, thereby inhibiting membrane transport

function.

Although many lives were saved by this therapy, the long treatment time, side

effects and co-infection with HIV post a challenge to successful treatment.



Serious challenges are emerging, such as MDR-TB and XDR-TB. First-line drugs
are less effective in patients who suffer from drug-resistant TB than those who
have drug-sensitive TB [25]. An effective treatment for MDR-TB needs
individualized regimens on the basis of drug-susceptibility test. More seriously,
XDR-TB, a relatively rare type of MDR-TB, is resistant to the potent anti-TB
drugs, including the first-line drugs rifampicin and isoniazid, as well as the best
second-line drugs fluoroquinolone and at least one of the three injectable
second-line drugs: amikacin, kanamycin and capreomycin [23]. In 1993, WHO
declared TB as a global public health emergency since TB drug resistance was
widespread throughout the world [26]. Novel drugs, which are more effective,
better tolerated, affordable, and with a shorter time course, are in urgent need
for the treatment of MDR-TB and XDR-TB. Promising new candidates are

bedaquiline and delamanid [23].

The history of TB control has entered into a post-antibiotic era. Targeting
bacterial secretion system to inhibit export of the virulence factors, is an
alternative strategy for new drug discovery. The anti-virulence drug which
allows elimination of the pathogen by the immune system, rather than direct
killing, can be a supplement to antibiotic therapy. In the past years, more and
more bacterial virulence inhibitors have been screened as potential therapeutics
[27]. A whole-cell-based high-through put screen (HTS) identified two molecules
that inhibit secretion of the major M. tb virulence factor EsxA. These two
molecules have distinct mechanisms of action on the virulence-associated
proteins, leading to reduced bacterial survival in the macrophages [28]. Apart
from the cell-based HTS approach, several core components of the mycobacterial
ESX-1 secretion, a protein transport pathway mainly utilized to secrete EsxA, are
potentially targetable by drugs to attenuate the M. tb virulence. In this respect, to
understand the structure of the ESX-1 apparatus can help us to screen for or
design anti-virulence compounds, which can be used in combination with the

conventional multidrug regimens to improve the treatment.



Hence, toward new drug discovery is the ultimate goal of the ESX-1 research.
Being the topic of my thesis, the details of the ESX-1 secretion system will be

further described in the following sections.

1.3 Mycobacteria

1.3.1 Mycobacterium tuberculosis (M. tb)

The development of novel anti-TB drugs requires a deep knowledge of the
mechanism of the disease, the pathogen itself, and the interaction between host
and pathogen. Species belonging to the Mycobacterium tuberculosis complex
(MTBC), which comprises M. tb, M. bovis, M. bovis BCG, M. africanum and M.
microti, are the causative agent of most cases of TB in mammals. These
subspecies share 99% nucleotide sequence similarity, but have some phenotypic
properties that differentiate them [29,30]. Basically, the tubercle bacillus is a
small, rod-shaped prokaryote of the Actinomycetes family with a high GC content
(58% to 69%) of the genome, and is closely related to the Streptomyces,
Nocardia and Corynebacteria groups [29,31]. The mycobacterial cell envelope
comprises a regular phospholipid bilayer plasma membrane, a lipid-rich cell wall
and an outer capsule [32-34]. Compared to other bacteria, mycobacteria have an
atypical dual layer of peptidoglycan and arabinogalactan covalently linked to a
long and branched (C60-C90) fatty acid chain (known as mycolic acid) associated
with free intercalating glycolipids (Fig.1.2). This thick and hydrophobic cell wall,
also called the mycomembrane, is much less penetrable than the Gram-positive
cell wall, forming a double protective permeability barrier to polar molecules
and antibiotics, which plays an important role for drug resistance and survival of
mycobacteria in harsh environments [35,36]. While the architecture of the
mycomembrane partly resembles a Gram-positive cell wall, electron microscopic
analysis demonstrated that the structural organization also has a Gram-negative
morphology [37,38]. Because of the unique composition of its cell wall, a
mycobacterium is identified by the acid-fast stain (Ziehl-Neelsen stain) instead of
the typical Gram-stain. At the extremity of the cell, a thick capsular layer is

surrounding the cell wall, which contains polysaccharides (glycan and



arabinomannan), proteins and a small amount of lipid [38,39]. The capsule was
shown to promote binding of macrophages and dampen pro-inflammatory
cytokine response [38]. It can be removed when the bacteria are grown in the
liquid media by the addition of a detergent, such as Tween-80. This also prevents

the clumping of the bacteria when they are growing in liquid media [40].

Lipoarabinomannan

A
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O 60000000
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Fig.1.2 Organization of the mycobacterial cell wall (adapted from [33]
[34])

(A) Mycobacterium (M. bovis BCG shown here) is a rod-shaped prokaryote. Cryo-
electron tomography enables visualization of the inner membrane and mycomembrane
of the mycobacterial cell wall (in yellow), between which is the periplasmic space
containing the layers of the arabinogalactan-peptidoglycan polymer (in blue) [34]. (B)
Mycobacterial cell wall is mainly composed of a layer of peptidoglycan-arabinogalactan,
and a layer of mycolic acids associated with free lipids such as glycolipids that is
referred to as the mycomembrane. Lipoproteins, porins and cell membrane-anchored

lipoarabinomannans are also present in the cell wall [33].



In addition to the GC-rich genome and complicated cell envelope, the other
characteristic features of pathogenic mycobacteria are their slow growth rate
and longevity. M. tb divides every 20 to 24 hours in synthetic medium or infected
animals, and takes weeks to form colonies on agar plates. When the gene
encoding MspA, a porin that only exists in the outermembrane of fast-growing
mycobacteria, was introduced to a slow-growing mycobacterium, the growth
rate found to be accelerated [41]. Therefore, the slow generation time may be
partly due to a low rate of nutrient uptake, which is a consequence of the low

permeability of the thick cell wall.

M. tb, responsible for the majority of human TB cases, is a facultative
intracellular pathogen. Upon entry into the host by aerosol transmission, M. tb
goes through its pathogenic life cycle as shown in Fig.1.3. The infection is
initiated with phagocytosis, a receptor-dependent process during which the
pathogens are taken up by macrophages. The M. tb residing in the phagosomes is
then targeted to be degraded. However, M. th manages to escape degradation by
means of specific strategies, including activating the ESX-1 secretion system as
described in the following sections, to arrest phago-lysosomal fusion, lyse the
membrane of vesicle and escape into the macrophage’s cytosol. Survival and
replication of M. tb in the macrophage lead to pro-inflammatory responses,
recruitment of innate immune systems, and formation of a granuloma- a
hallmark pathological structure of TB. The granuloma plays an important role in
maintaining latent TB infection as the bacilli can persist for a long period of time
in it with little or no replication. When the immune system is weakened, a
necrotic granuloma core develops and then ruptures. As a consequence, the
bacteria that replicate extracellularly are released into the airways and

transmitted to the new host [42-45].
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Fig.1.3 Pathogenic life cycle of M. tb (adapted from [46]) .

Upon inhalation of aerosol particles containing M. tb, the infection is initiated with
phagocytosis by alveolar macrophages. The internalized bacteria are able to escape from
the phagosome and replicate in the macrophage’s cytosol, including the formation of
granulomas- organized aggregates of macrophages and other immune cells. A
granuloma restricts bacterial growth, in which the dominant bacteria can persist for a
long period of time without causing disease. However, the bacteria are not cleared
within the granuloma. When the host’s immune system is suppressed, the granuloma
can undergo necrosis, forming a necrotic caseous center that allows bacterial re-

activation and growth, and eventual spread to a new host.

1.3.2 Other pathogenic mycobacterial species

Alternative models were used in the past years to study mycobacterial

pathogenesis. Although these models do not mimic certain aspects of human M.



tb infection, the obvious advantages over utilizing M. tb are faster growth and
lower pathogenicity, which makes these models not restricted to biosafety level-
3 laboratory. Mycobacterium marinum is one of the important alternative models
in TB research. It is genetically closely related to M. tb [47], infecting fish and
amphibians as its natural hosts and occasionally causing granulomatous skin
lesions in humans [48]. The generation time of M. marinum is 4-6 hrs at 25°C-
35°C and 14 hrs at 37°C [39], which is between M. tb and the fast-growing, non-
pathogenic mycobacteria [49]. M. bovis is a member of the MTBC with a broader
host range than M. tb. It not only infects domesticated animals, but can also cause
TB in humans albeit with a low risk of infection [50]. The only available TB
vaccine, BCG, is derived from M. bovis. By comparative genomic analyses with M.
tb H37Rv strain, 14 regions of difference (RD) were found missing [51,52].
Among these, RD1 (rv3871 to rv3879c in M. tb) plays an essential role in
virulence [50,53-55]. Thus, M. bovis BCG strain has been used to investigate the
mechanism of attenuation and to identify mycobacterial virulence factors
[50,56,57]. Mycobacterium leprae is a causative agent of leprosy, a disease
affecting superficial tissues such as skin and nasal mucosa. M. leprae has a
reduced genome (3.2 Mbp), grows extremely slowly with the longest doubling
time of all known bacteria (14 days in mice), and is uncultivatable in vitro [58].
Because M. leprae contains a substantial number of pseudogenes, comparing its
genome to that of M. tb and other mycobacterial pathogens helps to understand

the minimal gene set required by a pathogenic mycobacterium.

1.3.3 Non-pathogenic mycobacteria

Apart from M. chelonae, M. fortuitum and M. phlei, the best known non-
pathogenic mycobacterium is M. smegmatis, an environmental mycobacterium
species defined as a fast-growing mycobacterium [59]. Due to its rapid growth
and absence of virulence to humans, M. smegmatis is widely used in genetic
studies, as well as an overexpression tool of mycobacterial proteins [60]. The
information provided by comparative genomics and proteomics illustrates the
adaptation of pathogenic and non-pathogenic species to their respective niches

[50,61].
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1.4 Bacterial secretion systems

Present at the cytoplasmic membrane of bacteria and archaea, two distinct
pathways, namely the general secretion pathway (Sec pathway) and the twin
arginine pathway (Tat pathway), are utilized to translocate intracellular proteins
and to insert them into or across the membrane. While the Sec pathway
transports proteins in their unfolded state, the Tat system exports fully folded
proteins harboring a twin arginine motif at the N-terminal signal sequence, as

indicated by the name [62-64].

In addition to the universal secretory pathways, bacteria have evolved a series of
specialized secretion systems to interact with the hosts. Seven types of secretion
system have been defined as types [-VII (T1SS-T7SS). The substrates of these
secretion systems include proteins, DNA, small molecules and lipids, which are
translocated via the specific secretion system from the bacterial cytosol to the
extracellular environment, or are directed into the target cell [65,66]. The
secretion processes can consist of a single step, in which the secretory apparatus
extends from the cytosol through the entire cell envelope without periplasmic
intermediates (e.g. T3SS); or two steps (e.g. T2SS), in which the substrates are
firstly exported through the cytoplasmic membrane following a second
translocation across the outer membrane to the outside (Fig.1.4). Of the seven
secretion systems, T3SS, T4SS and T6SS are actively studied by many research
groups around the world. T3SS present in various pathogenic Gram-negative
bacteria, is composed of approximately thirty different proteins. The structural
components assemble into a needle-like structure (termed injectisome) to
translocate effector proteins from the bacterial cytoplasm into the host cell,
thereby modulating host cellular functions during infection, such as gene
expression, signal transduction and immune response [67,68]. Similarly, T4SS is
also a single-step translocation, directly delivering the substrates into the target
cell in a contact-dependent process. It comprises ~12 core proteins, forming a
scaffold and translocation apparatus spanning the double-membrane, as well as
a pilus extending into the extracelluar space [69,70]. The versatile T4SS is not

only involved in secretion of virulence proteins, but also mediates DNA
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conjugation and contributes to the spread of antibiotic resistance genes among
the pathogenic bacteria. In this regard, T4SS can be divided into conjugation
system, DNA uptake/release system, and effector translocator system [71]. T6SS
is utilized to inhibit or kill bacterial and eukaryotic target host cells through
export of toxins, therefore, it functions in pathogenesis and inter-bacterial
competition [72,73]. T6SS consists of two complexes: a baseplate at the
membrane and a tube wrapped by an exterior sheath [74,75]. The components of
T6SS are homologous to those of T4 phage tail in structure. Moreover, the
secretory apparatus is also mechanistically analogous to the phage tail,
displaying a dynamic activity of sheath extension, contraction and disassembly

cycle [73].

Although these specialized secretion systems are distinct in function and
structural arrangement, they all require ATPases and pore forming proteins as
the mandatory components. The export of substrates is not a spontaneous
process but consumes energy. ATP is the main source of energy to drive export,
therefore, targeting the substrates to an ATPase is critical for a secretion
pathway. This is followed by translocation of the substrate through a pore
forming protein, which is usually a protein with multi-transmembrane domains
embedded in the cell membrane. Together with the core components and other
accessory proteins, a dedicated secretory nanomachine is assembled at the
bacterial cell envelope, playing an essential role in pathogenesis and physiology
[65,69,76-80]. Deeper knowledge about bacterial secretion systems is invaluable

for antibiotic development strategies.
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Fig.1.4 Bacterial secretion systems [65].

Bacterial secretion systems with diverse structures and functions have been defined as
type I-VII. The image shows the secretion systems of Gram-negative bacteria, which span the
double membrane. The putative locations and the solved structures of individual proteins are

demonstrated.
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1.5 Type VII / ESX secretion systems in mycobacteria

Type VII secretion system, also referred to as the ESX secretion system, is
required for virulence and growth of mycobacteria. It is sub-categorized into
ESX-1 to ESX-5 which vary in function and the number of genes in the
corresponding loci (Fig.1.5). In the early 2000s, the ESX-1 secretion system was
discovered as the first T7SS which is closely linked to virulence. It is named after
the secreted protein EsxA (ESAT-6, 6-kDa early secretory antigenic target),
which is encoded in the RD1 region within the esx-1 locus [81]. Along with its
chaperone EsxB (CFP-10, 10-kDa culture filtrate protein), EsxA is a major
virulence factor essential for the survival of M. tb within the host cell. On the
other hand, in the fast-growing, non-pathogenic M. smegmatis, ESX-1 is involved
in conjugal DNA transfer [82]. The ESX-3 secretion system which secretes
EsxG/EsxH heterodimer, is responsible for iron and zinc uptake, and it is
negatively regulated by the availability of these ions [83,84]. Therefore, ESX-3
may function to maintain iron and zinc homeostasis in M. th. The ESX-5 secretion
system mediates the export of PE/PPE proteins, some of which are virulent and
immunogenic [29,85,86]. Restricted to slow-growing mycobacteria, ESX-5 plays
a role not only in pathogenesis, but also in bacterial growth through nutrient
acquisition [87], suggesting a possible effect on the slow-growing phenotype.
While ESX-1, ESX-3 and ESX-5 have been well studied in the past years, the
function of ESX-2 and ESX-4 are still unclear. So far, they have not been found to
be actively involved in protein secretion. The functions of the five ESXs are

summarized in Table 1.2.
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Five esx clusters are present in M. tb, encoding Esx, Esp, Ecc and PE/PPE proteins of the
ESX-1 to ESX-5 secretion systems. Respective RD1 deletions of M. bovis BCG and M.

microti are indicated.

Table 1.2 Function of ESX secretion systems in mycobacteria

System Function

ESX-1 Virulence (pathogenic mycobacteria), conjugation (M. smegmatis)
ESX-2 Unknown

ESX-3 Acquisition and homeostasis of zinc and iron

ESX-4 Unknown

ESX-5 Immune modulation, virulence, nutrient uptake, PE-PGRS export
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Most of the T7SS substrates contain a consensus secretion signal sequence
“YxxxD/E” which is usually present at the flexible C-terminus of secreted
proteins, such as EsxB of ESX-1, EsxG of ESX-3 and PE25 of ESX-5 [89]. They
usually form a pair with a WxG100-family protein, using the C-terminal signal to
target the heterodimer (EsxA/EsxB, EsxG/EsxH, PE25/PPE41, etc) to the
secretory apparatus for translocation [90,91]. In many cases, the signal-
harboring protein itself also belongs to the WxG100 family. WxG100 (Trp-x-Gly)
protein family is a class of effector proteins widely present in Gram-positive
bacterial and mycobacterial secretion systems. These proteins with a conserved
WxG motif are characterized by their small size (~100 residues), having hairpin
folds and having a tendency to form a heterodimer with another WxG protein. As

such, a helix bundle seems to be a common folding pattern for T7 substrates.

1.6 ESX-1 secretion system

1.6.1 esx-1 locus and RD1

ESX-1 is of the most interesting ESX secretion systems, because it is linked to
mycobacterial virulence. The esx-1 locus spans over 20 genes, encoding core
components (Ecc), substrates, ESX secretion-associated proteins (Esp) and a
mycosin protease (MycP1) (Fig.1.5). A 9.5 kb gene cluster spanning from rv3871
to rv3879c within esx-1 loci, known as RD1, is missing in the BCG vaccine strain
[92], and the RD1 was found to present in all the pathogenic mycobacterial
species [52]. The virulence of BCG can be largely restored by complementation
with RD1, indicating the crucial role of RD1 and the ESX-1 secretion system in M.
tb pathogenesis. This is supported by a number of experiments showing
attenuation of ESX-1 mutant strains in infected macrophages and SCID mice [92-
96]. In the following sections, some essential proteins of the ESX-1 secretion

system will be described in detail.
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6.1.1.1 The virulence factors

The secreted proteins EsxA and EsxB, encoded in the RD1 cluster, are the major
mycobacterial virulence factors. Interruption of either esxA or esxB resulted in a
similar attenuated phenotype as a mutant strain deficient for RD1 (ARD1) in
growth and virulence within macrophages [97]. Due to a sensitive and highly
specific induction of T-cell response, EsxA and EsxB have a long history of being
used for T-cell based TB diagnosis such as skin test and IFN-y release assays
[98,99], and are potential candidates for vaccine development [100]. As
members of the WxG100 family, EsxA and EsxB associate to form a 1:1 tight
heterodimer in vitro, where the two proteins adopt a hairpin structure
antiparallel to each other [101,102]. The complex was found to dissociate in the
sample buffer with acidic pH [103]. Since the two proteins are co-secreted in
mycobacteria, EsxA and EsxB are thought to be exported as a pair as well [104].
Disruption of an artificial membrane by purified EsxA suggests a possible role in
cytolysis [81,105]. In agreement with this, when the esxA esxB operon was
interrupted, host cell lytic activity of M. tb was compromised, resulting in a
reduction of bacterial invasion of lung interstitial tissue [81]. It was also
reported that a M. marinum mutant strain defective in EsxA/EsxB secretion
failed to escape from the phagosome and was delivered to the phagolysosomal
compartment for degradation [106]. Taken together, these findings support a
hypothesis for an intracellular survival mechanism, in which the secreted
EsxA/EsxB complex dissociates in the acidic environment of the phagosome,
resulting in membrane damage due to cytolytic activity of the released EsxA and

subsequent phagosome maturation arrest.

EspB is another well-characterized ESX-1-specific virulence factor. It is encoded
in the region outside RD1, termed extended RD1 (extRD1). The essentiality of
EspB to mycobacterial pathogenesis was highlighted, as a strain with inactivated
EspB was attenuated in vivo and in macrophages [107]. Further assays showed
that EspB is required for EsxA secretion [97,108]. In fact, EspB is similar to EsxA
in the sense that it is an ESX-1 secreted protein with membranolytic ability,

which is demonstrated by the induction of THP-1 cytotoxicity in the presence of
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the affinity-purified protein alone [109]. Therefore, EspB is involved in
intracellular survival, and not only promotes EsxA export but also directly
contributes to membranolytic capabilities of M. tb. Intriguingly, EspB is cleaved
at the C-terminus by the protease MycP1 during secretion, resulting in a 50 kDa
mature isoform [110]. As shown by X-ray crystallization and electron
microscopy studies, EspB has a propensity to associate into a heptameric
structure with a pore at the center [90]. Therefore, it is plausible that EspB might
be a surface-exposed component of the ESX-1 nanomachine that facilitates EsxA

translocation.

Investigation of extRD1 upstream of the 5’ region of the esx-1 cluster revealed
the presence of genes for EsxA-independent virulence factors EspF and EspG1.
Loss of espF and part of espG1 resulted in reduced virulence in the SCID mouse
model and macrophages, whereas EsxA secretion and specific T-cell responses
were not compromised [94,111]. In a M. microti Arv3860-3866 strain where RD1
is missing (Fig.1.5), complementation of RD1 led to EsxA secretion but the
bacterial growth in mice was not enhanced, again highlighting the plausible role
of EspF and EspG1 in virulence [94]. EspGs in ESX-1, ESX-3 and ESX-5 were
found to interact with a variety of PPE proteins, thereby functioning to stabilize
and mediate secretion of the PE/PPE complex [111-113]. Therefore, EspG is a
specific chaperone for T7SS [114]. Although exactly how EspF affects virulence
remains unknown, bioinfomatic analyses revealed that the sequence of EspF is
highly similar to that of EspC, an ESX-1 substrate encoded in a remote espACD
operon that is required for EsxA/EsxB secretion (described in Section 1.6.2). The
similarity between EspE and EspA, the two proteins respectively adjacent to
EspF and EspC in the genome, was also identified. In this regard, an overlap in

function cannot be excluded until further clarification.

1.6.1.2 PE/PPE proteins

PE/PPE gene families are quite abundant in pathogenic mycobacteria, and
account for ~10% of the M. tb genome [29]. While the non-pathogenic

M. smegmatis has a genome more than 50% larger than that of M. tb, it only has
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two pairs of putative PE and PPE genes [115]. They are named after the
characteristic proline-glutamic acid (PE) or proline-proline-glutamic acid (PPE)
motifs near the N-terminus. Similar to EsxA/ EsxB, the PE/PPE proteins usually
form a helical bundle complex, with the assistance from the chaperone EspG, for
translocation [112,114,116]. The complex is exported to the cell surface and
interacts with the host immune system. In the ESX-1 secretion system, PE35 and
PPE68 are T-cell antigens with their genes adjacent to esxA within the RD1
cluster. Inactivation of these genes affects intracellular growth [117], but does
not inhibit the secretion level of EsxA [118]. Therefore, PE35/PPE68 plays an

immunomodulatory role in M. tb pathogenesis.

1.6.1.3 Ecc proteins in ESX-1 secretion system

Ecc proteins are the fundamental components of the ESX secretory architecture.
Using the ESX-5 secretion system as a model, the conserved EccB, EccC, EccD and
EccE were co-purified from the cell envelope. Thus, they are thought to form a
central channel at the cytoplasmic/inner membrane [119]. While the roles of
EccB1 and EccE1 are unclear, EccD1 is predicted to be a pore forming protein at

the inner membrane because it contains a multi-transmembrane domain.

Unique to the ESX-1 secretion system of M. tb, EccC1 comprises two separate
proteins- EccCal and EccCb1. EccCal contains a FtsK/SpolllE ATPase domain at
the C-terminus, and a transmembrane domain at its N-terminus that anchors the
protein to the cell membrane. EccCbl, bound to EccCal [95], has two
FtsK/SpolllE ATPase domains. The EccCal-EccCb1 complex is predicted to be
the putative molecular motor for protein translocation. A yeast two-hybrid assay
demonstrated an interaction of EccCb1 with the C-terminal signal sequence of
EsxB, indicating that the EsxA/EsxB heterodimer is recognized by EccC1 during
secretion. A recent study using EccC of Thermomonospora curvata revealed that
while the functionality of EccC as a molecular motor was triggered upon contact
to EsxB, it was inactivated when the EsxA/EsxB complex forms [120]. This
substrate-controlled activation suggests that T7SS activity might be partly

regulated at the post-translational level when substrates are targeted to the
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ATPase for export. Apart from EccCal-EccCb1, ESX-1 recruits a third ATPase
EccAl to provide energy. This cytosolic ATPase harbors a N-terminal TPR motif
that is involved in cargo interaction, and a C-terminal AAA+ (ATPase associated
with various cellular activities) domain that possesses ATPase activity and
mediates protein hexamerization [121,122]. A yeast two-hybrid assay showed
that the ESX-1 substrate EspC is targeted to EccAl for secretion. Although
containing the same C-terminal secretion signal YxxxD/E, swapping the C-
termini of EsxB with that of EspC disrupted ESX-1 secretion, indicating that the
ATPases EccA1l and EccC1 are functionally distinct [123].

1.6.1.4 Protease MycP1

MycP1 is a serine protease localized at the inner membrane, playing a dual role
in regulation of protein secretion and virulence. Lack of MycP1 abolishes EsxA
secretion, suggesting an important role in ESX-1 secretion. Intriguingly, mutation
at the MycP1 proteolytic site results in an immature EspB without cleavage of its
C-terminus, and an increased secretion of EsxA [110]. It appears that the
protease activity of MycP1 inhibits its function in the ESX-1 pathway. The two

faces of MycP1 remain a secret to be uncovered.

1.6.2 espACD operon

In addition to the proteins encoded in the esx-1 cluster, the espACD operon
(rv3614c-rv3616¢) is critical for ESX-1 secretion and function [124]. The espACD
operon is positively controlled by the regulatory protein EspR at the
transcriptional level [125,126]. Two of the products, EspA and EspC, are ESX-1-
dependent substrates of particular interest. Fortune et al. found that deletion of
either espA, esxA or esxB blocks the secretion of the others, revealing a mutual
dependency of secretion as a characteristic feature of ESX-1 [104]. EspA contains
the conserved WxG motif at the linker of the two predicted helices, but lacks a
secretion signal. On the other hand, EspC, which is predicted to possess a hairpin
structure, has YxxxD/E signal at the C-terminus. It is likely that EspA/C forms a

typical helix bundle that is common in T7SS as described previously in Section

21



1.5. Moreover, due to co-secretion of EspA/C and EsxA/EsxB, these two
heterodimers are thought to further associate into a complex during
translocation, although there are no experimental data supporting this
hypothesis so far [127]. On the other hand, EspD translocation is independent
from the ESX-1 secretion system, and secretion of EspD and EsxA is not coupled

[128].

The roles of EspA/C/D in ESX-1 remain undefined. In addition to the fact that
EspA is necessary for the secretion of the virulence factors EsxA/EsxB, it was
shown to directly affect mycobacterial cell wall integrity [129]. The functional
integrity can be altered by disruption of the disulfide bond (Cys-138) in EspA,
which led to reduced virulence in vivo [129]. However, this model is under
debate due to irreproducibility of the results [130]. The EspC protein is
predicted to adopt a helix-turn-helix structure, which harbors the general
secretion signal that is recognized by the ATPase EccAl. The similarities of EspC
to EsxA and EsxB are not only in size and sequence, but also in cellular immune
response. The high specificity and immunodominance to induce T-cell response
make EspC a TB vaccine candidate [15]. EspD appears to modulate ESX-1
through maintaining the intracellular levels of EspA and EspC. The mechanism is

not well understood [128].

Remarkably, the espACD operon is missing from the non-pathogenic
mycobacteria, such as M. smegmatis. Based on the distinct functions of ESX-1
between pathogenic and non-pathogenic mycobacterial species, e.g. virulence for
the former and conjugative DNA transfer for the latter, it is speculated that
espACD genes might have been evolved from or transferred into slow-growing
mycobacteria, which are then recruited by the ESX-1 secretion system to further

develop the functions related to virulence.

22



Table 1.3 Roles of ESX-1-associated proteins

Protein Gene (Predicted) Roles/Functions

EspF rv3865 Contributes to EsxA-independent virulence

EspH rv3867 Unknown

EccB1l rv3869 Component of cell membrane complex

EccCbl  rv3871 Cytosolic FtsK/SpollIE ATPase bound to EccCal, interacts with EsxB

PPE68 rv3873 Has immunomodulatory effect, interacts with PE35

EsxA rv3875 Major virulence factor with cytolytic activity

EccD1 rv3877 Pore forming protein at the inner membrane

EspK rv3879c Unknown, interacts with EspB

EspB rv3881c Virulence factor with cytolytic activity, required for EsxA/EsxB secretion

MycP1 rv3883c Serine protease, cleaves EspB; negatively regulates ESX-1

EspC rv3615c Unknown, T-cell antigen

1.6.3 Current model of ESX-1 secretion system

Although plenty of ESX-1 components have been individually investigated, the

overall mechanism of translocation is still unclear. Based on the evidence from
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experimental data and bioinformatic analyses, Majlessi et al. have proposed a
model of ESX-1 machinery, which is the most informative to date describing the

ESX-1 pathway (Fig.1.6) [88].
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Fig.1.6 Schematic representation of the ESX-1 secretory apparatus [88].

EsxA/EsxB (ESAT-6/CFP-10) and EspA/C complexes are secreted by the ESX-1
machinery in a two-step process. The translocation is initiated with substrate
recognition by the respective ATPases (EccCb1 or EccAl) via the C-terminal secretion
motif YxxxD/E. Subsequently, the substrates are targeted to the putative inner
membrane channel comprising EccD, ATPases EccCal-EccCbl, EccB and EccE. EspF,
EspB and PE/PPE are also exported across the cell membrane via an undefined
mechanism. During secretion, EspB is cleaved by protease MycP1 in the periplasmic

space. The pore protein in the outer membrane has not yet been identified.
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1.7 Research scope and objective

The ESX-1 secretion system is the principal TB virulence determinant that
mediates intracellular spread of pathogenic mycobacteria, such as M. th. As it is
essential for pathogenesis, ESX-1 is a potential target for novel anti-TB drug
discovery. However, we are still far from the complete understanding of the role
of each protein comprising the apparatus as well as their assembly mechanism.
The main objective of my thesis is to provide deeper functional and mechanistic

insight into the ESX-1- mediated translocation.

In the past years, although more and more clues about the functioning of the
ESX-1 system were uncovered by combining genetic approaches and structure-
based function studies, a question that still remains to be answered is which is
the protein that functions as an outer membrane pore specifically serving for
ESX-1 secretion (Fig.1.6). One of the obstacles in addressing this question is the
complexity of the mycomembrane where the ESX-1 apparatus is embedded. In
contrast to the Gram-negative bacteria (e.g. E. coli containing more than 60
integral outer membrane proteins), few outer membrane proteins have been
identified in mycobacteria. Only two porins, MctB and OmpATb, were found in M.
tb [131]. One reason for this is the technical difficulty in isolating the outer
membrane protein from the cell wall of mycobacteria. Moreover, genome
comparison was not able to find a candidate for the outer membrane pore
protein that is related to ESX-1 secretion [34,132]. Adding to the challenge, the
cell surface of M. tb is covered with a glycan-rich capsular layer. Several ESX-1-
associated proteins were identified in the capsule extracts, which proves that
ESX-1 apparatus is surface-exposed [38]. However, this also highlights the
difficulty in direct visualization. It was noticed that the outer membrane channel
of T4SS are formed by a ring of two-helix bundles [133], which is a structure
without a typical feature of a porin. Therefore, if a channel is formed by such
proteins having this atypical pattern, it would be likely overlooked by current
prediction strategies. Similar to the assembly of T4SS, the major part of the
injectisome in the T3SS is assembled by multiple copies of hairpin-structured

proteins called needle proteins [134], hinting that such structures could be
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common in the paralogous systems such as ESX-1. This background knowledge
provided a new research direction which eventually led us to identify EspC, a
self-polymerizing protein encoded in the espACD cluster. As the putative pore
protein at the outer membrane of M. tb, it is critical for ESX-1 secretion. The

results from this project will be described in Chapter 2.

In addition to the research on EspC, Chapters 3 and 4 demonstrate some of the
minor findings throughout my PhD period, which are also related to ESX-1. In
Chapter 3, I describe the purification of the potential ATPase EccCb1 of M. th, and
the determination of ATPase activity. The ability of ATP hydrolysis, which
dramatically decreased when a mutation was introduced to the conserved
Walker A motif, confirms that EccCb1 belongs to FtsK/SpolllE ATPase family as
previously predicted. This observation is controversial to what another group
reported using EccC of Thermomonospora curvata (T. curvata) as the model, in
which EccC activity was triggered only in the presence of the substrate.
Interestingly, the EccC architecture of ESX-1 in M. tb is unique as the protein is

split into EccCal and EccCb1, which would explain the interspecies difference.

M. tb is a facultative intracellular pathogen of humans, whose growth and
virulence are controlled in response to a multiplicity of environmental factors.
Similar facultative pathogens that are Gram-negative, such as Shigella,
Salmonella and Yersinia, have been deeply studied with respect to their
regulation of virulence factor/effector protein translocation achieved via T3SS. It
was reported that these species sense divalent cations such as magnesium and
calcium to control T3SS, either in the natural settings inside the host or in the
laboratory culture medium. In Chapter 4, we show that “a low calcium response”
which exists in Yersinia is also found in M. tb [135]. Experimentally, the elevated
concentrations of calcium in the medium blocked EsxA and EspC secretion, and
inhibited bacterial persistence. This suggests that a low intracellular calcium
environment is essential for M. tb survival, because it promotes ESX-1 secretion
as well as bacterial viability in the host cell. The global gene expression in the
presence of high concentration of calcium was investigated using RNA-seq

analysis. We found that hypoxia response genes in the DevRS regulon were
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significantly down-regulated by calcium, which could be the reason for the
observed reduced persistence. On the other hand, how exactly calcium inhibits
ESX-1 secretion system is not clear from our RNA-seq experiment, indicating that

the regulation of ESX-1 may occur at the post-transcriptional level.

Finally in Chapter 5, I critically address the results of my work and present

future perspectives for the ESX-1 secretion system research.
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Chapter 2

EspC forms a filamentous structure in the
cell envelope of Mycobacterium tuberculosis
and effects ESX-1 secretion






2.1 Abstract

Pathogenicity of M. th is mediated by the ESX-1 system, which secretes the major
virulence factors, EsxA and EsxB. Functional information about ESX-1 components
is scarce. Here, we show purified EspC to homodimerize via disulfide bond
formation and self-assemble into long filaments. EspC associates with EspA in the
cytoplasm and membrane, then polymerizes during export to form filaments in M.
tb. The C-terminal domain is required for multimerization as truncation and
selected point mutations therein impact EspC filament formation, thus reducing
secretion of EsxA and causing complete or partial attenuation of M. th. EspC was
localized by immunogold electron microscopy in whole cells or cryo-sections as an
~50 nm long filamentous structure that is attached to the plasma membrane, spans
the capsule layer and is surface-exposed. Our data support a model in which EspC

contributes to a channel used to secrete EsxA/B and cause disease.
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2.2 Introduction

In this chapter, we investigated the role of EspC in the ESX-1 secretion system.
Most mycobacteria contain an esx-1 locus located near oriC, the chromosomal
origin of replication, but only the pathogens possess the distally located espACD
gene cluster (Fig.2.1a). EspC (Rv3615c), encoded in espACD cluster, is a small
protein with a YxxxD motif, which is also a highly specific T-cell antigen [1].
Secondary structure predictions indicate that EspC, like the cytolytic EsxA and
other Esx-family proteins, comprises two alpha helices connected by a short loop
(Fig.2.1b). An alignment of the EspC proteins revealed strict conservation of 45 of
the 103 amino acid residues (Fig.2.1b). Prominent among these were the YxxxD/E
motif (Y87-D91) and a single cysteine residue (Cys-48). A second paralogous copy
of this cluster, comprising espEFG;:H, occurs at the 5’-end of the esx-1 locus in M. tb
and M. marinum. In M. leprae, the espEFG; genes have undergone pseudogenization
so cannot contribute to EsxA/B secretion. In M. th, EspF is also 103 amino acids
long, shares 37 identical residues, including the YxxxD motif, with EspC and is also
predicted to contain two alpha helices (Fig.2.1c). Both the espC and espF genes are
transcribed and their proteins have been detected by proteomics [2]. Therefore,

overlap function cannot be excluded.

Given the co-dependent manner of secretion of EsxA/EsxB, and EspA/EspC, it is
likely that these proteins interact or form a complex during translocation [3,4]. Our
functional investigation of EspC provides new insight into the ESX-1 secretion
mechanism. We reveal that EspC interacts initially with EspA in the cytoplasm and
then the cell membrane before polymerizing during export into a filament that
spans the capsule of M. tb. Filament formation is essential for ESX-1 secretion and
pathogenesis and EspC functionally resembles the needle proteins of T3SS, which

form a conduit through the cell wall of pathogenic Gram-negative bacteria [5-8].
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2.3 Results

Purification, oligomerization and filament formation of recombinant EspC

To investigate the function of EspC, we initially overexpressed and purified an N-
terminally His-tagged form from Escherichia coli (E. coli) (Fig.2.2a,b). However,
since the solubility was low we adopted a mycobacterial expression system, based
on the M. smegmatis groEL1AC strain [9,10], thereby improving solubility and

enabling purification to homogeneity.

During purification we noticed that the solubility of EspC was salt-dependent and
therefore used 500 mM NaCl. Surprisingly, this small protein was predominantly
expressed as a polymer with an estimated molecular weight of >100 kDa according
to size exclusion chromatography (Fig.2.3a). Circular dichroism (CD) spectroscopy
indicated that the polymer was mainly composed of a-helices (Fig.2.3b). Urea-
denatured EspC could refold and self-associate into a polymer of similar size to the
native state (Fig.2.3a). As noted above, EspC has a single cysteine residue, Cys-48,
that contributes to homo-dimerization; the dimer of purified EspC, visible by SDS-
PAGE, was converted to a monomer when treated with the reducing agents -
mercapto-ethanol (BME) or dithiothreitol (DTT), implying the presence of
intermolecular disulfide bonds in the EspC polymer (Fig.2.3c). Lowering the NaCl
concentration caused purified EspC to further self-assemble into filaments in vitro.
Transmission electron micrographs of negatively stained EspC revealed that the
filaments elongate over time (Fig.2.3d). After 5 days, EspC existed predominantly

as needle-like filaments of >100 nm length and around 15 nm in diameter.

EspC is not membranolytic

Secreted EsxA damages the phagosomal membrane thereby enabling M. tb to
escape from the phagosome [11-13]. To establish whether EspC, which resembles
EsxA in length and predicted structure, can lyse membranes, or make pores, we

performed a macrophage cytotoxicity assay in which the intracellular potassium
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level was used to monitor the viability of RAW 264.7 cells after exposure to
purified EspC for 2 h. Unlike EsxA, which caused massive potassium efflux, EspC

had no detectable cytolytic activity (Fig.2.4).

EspC polymerizes upon secretion from M. tb

Since EspC overexpressed by M. smegmatis was polymeric it was important to
analyze its oligomeric state in M. tb. However, as all our attempts to raise specific
EspC antibodies were unsuccessful, we produced a hemagglutinin (HA) epitope-
tagged form by inserting the HA coding sequence after the start codon of EspC. To
ensure that the resultant HA-tagged EspC, which was readily detected by the
cognate murine monoclonal antibody, retained full activity a complementation
experiment was undertaken with an espC transposon insertion mutant (espC::Tn)
of M. th. We introduced the pMD31-espACuaD construct into the espC::Tn mutant
(Fig.2.5a) in order to test for ESX-1 function. Use of the entire espACD cluster was
required since the three genes are co-transcribed [10]; transformants bearing the
empty vector pMD31 failed to produce EspC (Fig.2.5c) or to secrete EsxA (Fig.2.5b).
By contrast, the ESX-1 secretion system of the espC::Tn+espACuaD strain was fully
functional since EsxA was detected in the culture filtrate in normal amounts
(Fig.2.5b). Thus, HA-tagging did not noticeably affect function and allowed for

further characterization of EspC.

Given that disulfide bond formation is important for assembly of the purified
protein, we assessed the effect of DTT on the multimeric state of EspC produced in
M. tb. Cell lysates and culture filtrates were analyzed by SDS-PAGE and
immunoblotting. In the cell lysate of M. tb, EspC was monomeric, irrespective of the
presence of DTT, whereas in the culture filtrate, EspC appeared as multiple SDS-
stable high molecular weight species thereby implying that EspC polymerization
occurs during secretion (Fig.2.5c). Notably, the polymeric forms in the culture
filtrate were reduced by DTT treatment to lower molecular weight forms, including
the monomer, which again indicates the role of disulfide bond formation in

polymer assembly. Stabilization of EspC by Cys-48 is supported by our finding that
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its replacement by serine in strain espC::Tn+espAC‘#85D decreased the amount of

EspC to below the level of detection thereby ablating EsxA secretion (Fig.2.6).

EspC interacts with EspA in the cytosol and cell envelope

YxxxD proteins are expected to interact with a WxG100 partner protein and in the
case of EspC the likely candidate is EspA [3,14]. To identify potential partners, we
exploited the ability of beads coated with HA-antibodies to capture the HA-tagged
form of EspC present in cell lysates. On analysis of the silver-stained proteins
bound to such beads, a single 40 kDa species was present when HA-tagged EspC
was used but not when native EspC was employed (Fig.2.5d). This species was
identified by LC-MS/MS analysis, after trypsin digestion, as EspA (Spectrum count:
18; Sequence coverage: 37%). These results were confirmed by immunoblotting
using HA-antibodies and EspA-specific antibodies (Fig.2.5e). This demonstrated a
specific interaction between EspA and EspC in cell lysates but not between EspC
and EsxA or EsxB. To establish whether EspA interacts with EspC in the cytosol, cell
membrane fraction or both, the immunoprecipitation experiment was repeated
with sub-cellular fractions of the cell lysate. EspA co-precipitated with HA-tagged
EspC from both the cytosolic and membrane fractions (Fig.2.7a,b), and EspA and
EspC appeared to be more abundant in the latter (Fig.2.7c,d).

Like EspC, EspA forms disulfide-bonded homodimers via Cys-138. To explore the
possibility of heterodimeric disulfide bond formation, we repeated the pull-down
experiment in the presence of excess DTT but found the EspA-EspC interaction to
be unaffected (data not shown). Consequently, we constructed and tested an EspA
variant where Cys-138 was replaced by alanine. Again, EspC interacted normally
with EspAC138A implying that this residue does not contribute to the EspA/C
association in M. tb (Fig.2.8). In the same experiment, we also tested if EspAW>5R
mutant would dissociate the heterodimer. The Trp-55 (W55) in the WxG motif of
EspA is a conserved amino acid localized in the region between two predicted
helices. The replacement of the Trp-55 to Arg was found to disrupt the secretion of
EspA and EsxA/B, and attenuate the virulence of M. tb in cellular model of infection

[20]. It turned out that EspC level in the cell lysate of the EspAWS5R variant was
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significantly reduced, while EspA level was not changed by the mutation (Fig.2.8a).
As EspA may be required to stabilize EspC intracellularly [20], we speculate that
the EspC reduction might attribute to the disruption of the EspA/C interaction.
Thus, Trp-55 of EspA is likely to mediate formation of the heterodimer, thereby
affecting the ESX-1 secretion.

YxxxD motif impacts EspC secretion and ESX-1 function

To establish whether the YxxxD motif is required for EspC secretion, site-directed
mutagenesis was used to replace Tyr-87 and Asp-91 by alanine. EspC abundance
was greatly affected by the Tyr87Ala substitution and the protein was only
detected in the cell lysates. By contrast, although wild type levels of the Asp91Ala
variant of EspC were found in the cells, none was detected in the culture filtrate.
Both mutations also led to a complete block in EsxA secretion and cytotoxicity

(Fig.2.6).

The C-terminal domain is critical for polymer formation and stability

Since the EspC polymer exported from M. tb was not fully disrupted by DTT, and
purified EspCt48S still polymerizes (Fig.2.9), we reasoned that additional features
might be essential for EspC assembly. There are functional and structural
similarities between EspC and certain T3SS needle proteins, such as MxiH of
Shigella and Prgl of Salmonella, as their N-termini can be modified without affecting
the activity of the respective secretion systems. The C-terminus of Prgl is important
for polymerization and deletion of the last five amino acid residues from MxiH
causes polymerization and needle formation defects [7,15]. This region contains an
IxxxF motif that is also present in EspC (Ille-98xxxPhe-102, Fig.2.10a).

Consequently, the role of the corresponding region of EspC was investigated.

A C-terminally truncated form, lacking the last six amino acid residues, EspCCtA®,
was constructed together with derivatives in which residues Ile-98 and Phe-102
were replaced, either singly or together, by Ala. The corresponding His-tagged

proteins were overexpressed in M. smegmatis, purified and characterized by gel
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filtration chromatography. In contrast to EspC", the EspCCt4¢ protein was
predominantly monomeric (Fig.2.10b), while the EspC®84 variant exhibited a
profile containing a mixture of monomeric and multimeric forms. EspCF102A
behaved like wild type protein (data not shown). The combined results indicate
that the C-terminal region of EspC contributes to polymer formation like its

counterpart in the T3SS needle proteins.

To gain deeper functional insight into this region a further six mutations were
introduced into espC and the resultant HA-tagged proteins expressed in the
espC::Tn mutant of M. tb then assessed for multimerization, export and impact on
EsxA secretion (Fig.2.10, Fig.2.11). Of the eight point mutants tested, two exhibited
striking phenotypes: EspCR954 and EspC!98A, The EspCR954 protein was present in
slightly reduced amounts in cell lysates, but almost absent from the culture filtrate,
where EsxA was not detected (Fig.2.11). Compared to wild type EspC, the EspC!84
protein occurred in reduced amounts in the culture filtrate, where less EsxA was
present. The EspCC2¢ protein was scarcely detectable in cell lysates, consequently,

EsxA was not secreted (Fig.2.10c,d).

To assess the impact of these C-terminal EspC modifications on ESX-1-mediated
cytotoxicity selected mutants were used to infect THP-1 cells. This revealed that
the C-terminal truncation, as well as mutation of R954A, caused severe attenuation
of M. tb compared to the espC::Tn+espAC¥D strain. By contrast, expression of the

EspCI?8A protein led to an intermediate level of virulence (Fig.2.10e and Fig.2.11).

In Table 2.1, we summarize phenotypes of all EspC variants constructed in this
study and their impact on protein stability, export, ability to multimerize in vitro
(C48, 198, F102, EspCC2%) or in the cell envelope (D75, R95, K96, 198, D99, L101,
F102, T103, EspCC2¢) and affect on cytotoxicity leading to attenuation.

EspC spans the capsule and is surface-exposed

In Gram-negative bacteria T3SS needle proteins are surface exposed. To establish

whether this were also true for EspC, we investigated its subcellular localization in
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M. tb. ESX-1 substrates have been detected in the capsular layer of M. marinum
[16], consequently, we examined this cellular compartment for EspC. The capsule
of mycobacteria can be removed by extraction with a detergent such as Tween-80
that is usually added to cultures to prevent clumping [16]. The matched strains,
espC::Tn+espACuaD and espC::Tn+pMD31, were grown in Sauton’s medium with or
without Tween-80 to mid-log phase. After extraction with the mild detergent
Genapol X-080, capsular proteins were TCA-precipitated and analyzed by
immunoblotting. HA-tagged EspC was clearly detectable in the M. tb capsule extract
from espC::Tn+espACuaD cells grown without Tween-80 but was completely absent
when these cells had been grown with Tween-80 or when the espC::Tn+pMD31
mutant was used (Fig.2.12a and data not shown). The capsular EspC was still
present in SDS-resistant multimeric form despite the Genapol extraction and TCA-
precipitation. Furthermore, like the form present in the culture filtrate, capsular
EspC was mainly reduced to the monomer by DTT treatment. By comparing the
respective band intensities in culture filtrates (Fig.2.5b,c), EspC was much more

abundant in the capsule of M. tb, where EsxA was undetectable.

Immunogold-labeling was then employed to visualize EspC on the surface of intact
M. tb cells by transmission electron microscopy (TEM). When both the
espC::Tn+espACuaD and espC::Tn+pMD31 strains were grown in Sauton’s medium
lacking Tween-80, the capsular layers were clearly seen as a transparent zone
outside the cell (Fig.2.12b). EspC labeling was randomly distributed along the cell
surface of the espC::Tn+espACusaD strain and present in clusters or as a filament
(Fig.2.12b inset), whereas the espC:Tn+pMD31 mutant showed no labeling
(Fig.2.12b). Independent confirmation of this finding was obtained by
immunofluorescence microscopy using secondary antibodies labeled with the

fluorescent dye Alexa-488 (Fig.2.12c).

Next, most of the capsule was removed from intact cells by treatment with diluted
Genapol X-080 and immunogold localization of EspC was performed. This revealed
gold beads in a filamentous arrangement on the cell surface (Fig.2.13a). TEM
analysis of HA-antibody stained cryo-sections of cells also revealed EspC filaments

within (Fig.2.13b) and beyond (Fig.2.13c) the capsule layer. Taken together, the EM
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results indicate that EspC spans the capsule and is exposed on the surface of M. tb.

2.4 Discussion

It has long been known that the EsxA/EsxB heterodimer and the EspA and EspC
proteins of the M. tb ESX-1 secretion system are mutually co-dependent for their
secretion [17]. A partial explanation for this codependency was provided by a
recent investigation of the structure of the EccC multidomain ATPase in complex
with EsxB [18]. Binding of EsxB triggered multimerization and activation of EccC
that then became functionally competent for type VII secretion. However, while
this finding accounts for an early stage in the co-dependent secretion it does not
explain the roles of EspA and EspC. Here, we have studied the functions of EspC,
and to a lesser extent EspA, which has previously been hampered by difficulty in
overexpression and purification of the recombinant proteins. Highly pure EspC
protein was obtained by using an M. smegmatis expression system thus enabling

downstream biochemical and biophysical characterization.

Bioinformatic and CD analyses predict EspC to fold into a predominantly a-helical
structure reminiscent of those of the EsxA-like WxG100 proteins but unlike EsxA,
EspC had no cytolytic activity. During purification from M. smegmatis, EspC
behaved as a polymer with a helical structure that assembled into long filaments.
Importantly, EspC detected in the culture filtrate of M. th also assembled into large
SDS-resistant polymers showing that the affinity purified protein behaved similarly
to native EspC. There are interesting similarities between the higher order
structures of EspC and the EspB protein, another ESX-1 substrate, whose crystal
structure was recently solved [14,19]. Unusually, EspB contains both YxxxD and
WxG motifs. From a cytoplasmic protomer, EspB appears to form a heptameric, all-
helical, donut-shaped barrel that then oligomerizes during the secretion process in

M. tb [19], as we report here for EspC.

During secretion from M. tb, Cys-48 appeared to be involved in intermolecular

disulfide bond formation between EspC protomers and replacement of this residue
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by serine severely destabilizes EspC. This contrasts with the situation inside M. tb
cells where EspC is predominantly monomeric (Fig.2.5c) and associated with EspA
(Fig.2.5d,e). The latter protein also contains a single, phylogenetically conserved
cysteine residue, Cys-138 [20]. Like EspC, EspA also forms disulfide-bonded
homodimers on secretion [21]. Replacement of Cys-138 in EspA by alanine, while
abrogating disulfide-bond formation, does not impact ESX-1 secretion or the
cognate innate and adaptive immune responses, but did result in a notable degree
of attenuation in SCID mice [21]. Our data indicate that EspA and EspC do not
heterodimerize via disulfide bond in the cytoplasm but that disulfide bonded-
homodimers may form after export. Evidence for EspA-EspC interaction in the cell

envelope was also obtained (Fig.2.7).

These intriguing findings prompted us to investigate whether EspC might be a
structural component of the ESX-1 secretion system located beyond the plasma
membrane. We noted many common features between EspC and the needle protein
of the multi-subunit T3SS employed by Gram-negative pathogens to export their
exotoxins and effector proteins across the bacterial cell wall and into host cells. The
needle component protein of the T3SS apparatus is usually small (=9 kDa) and
composed of two o-helices linked by a loop. It is highly immunogenic and the C-
terminus is essential for polymer/needle formation upon secretion from the
cytosol [5-8,22,23]. Like the N-terminus of T3SS needle proteins, the N-terminus of
EspC is plastic and can accommodate three different tags (His, HA and FLAG)
without any noticeable effect on its function. EspC is also a potent T-cell antigen
and, like the purified needle proteins, can self-polymerize in vitro to form filaments

that are far longer than those associated with bacterial cells [15] (Fig.2.3d).

EspC is predicted to have a similar fold to the needle protein and displays
functional similarities in its C-terminal domain [6]. Purified EspC oligomerizes in
vitro, an event that is abolished by the C-terminal truncation, EspC¢¢, implying that,
in addition to the disulfide bond, the C-terminus mediates filament formation.
Further proof was obtained from Ala-scanning experiments since the substitutions

R95A and 198A resulted in less EspC in the culture filtrate, less EsxA secretion and
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attenuation in ex vivo models (Fig.2.10 c-e, Table 2.1). R95 and 198 are predicted to

be displayed on the same face of the alpha-helix.

Purified T3SS needle proteins self-polymerize to form a helical filament enclosing a
central channel for passage of effector proteins [8,15,24]. The in vitro assembly of
the T3SS needle involves two-steps, nucleation then elongation [15], similar to the
time-dependent elongation of EspC filaments (Fig.2.3d). A molecular ruler, such as
YscP of Yersinia enterocolitica, is utilized by the T3SS to halt needle elongation
when it reaches mature length [10]. Therefore, a ruler protein is probably required
to limit extension of EspC. The diameter of the EspC filament, estimated at =10-15
nm, is sufficiently wide to allow the EsxA/EsxB heterodimer to pass since this is

exported as a helical hairpin bundle [25,26].

Our localization studies also point towards a needle-like role as the EspC protein
spans the capsule of M. th, where EsxA is not detectable, and is only found in the
culture filtrate when Tween-80 is present. Previous mass spectrometry analyses
failed to identify EspC in the capsule [16], probably due to the paucity of trypsin
cleavage sites. Using either immunogold-EM or immunofluorescence microscopy to
observe intact cells, we demonstrated that EspC is exposed on the cell surface of M.
tb. Furthermore, EspC filaments ~50 nm in length were observed when the same
immunogold-EM approach was used to examine cells from which the capsules had
been removed, cryo-sectioned cells and Genapol X-080 extracts. From this

combined analysis we conclude that EspC spans the capsule.

Our finding that C-terminus is essential for oligomerization of EspC also implies a
new role for EccAl (Rv3868), a cytosolic AAA+ ATPase. In contrast to the secreted
EspC oligomer, cytoplasmic EspC is monomeric. Given its propensity for self-
polymerization, a chaperone may be required to prevent premature assembly of
EspC in the cytoplasm prior to secretion. One candidate is EspA that we found
interacting with intracellular and membrane-associated EspC. Another potential
chaperone is the EccAl protein, which is known to interact with the C-terminus of

EspC [4,27], the domain now shown to be essential for oligomerization. EccAl is an
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unusual AAA+ ATPase, with a tetratricopeptide repeat (TPR) within its N-terminal

substrate binding domain, in addition to its C-terminal ATPase domain [28].

There is an intriguing parallel with the mechanism by which cytosolic class Il
chaperones of the T3SS prevent premature oligomerization of their needle complex
subunits. YscG of Yersinia pestis for example utilizes a similar tetratricopeptide
repeat to control polymerization of the T3SS needle protein YscF [29]. This is also
the case for the needle protein PscF and the TPR-like protein PscG of Pseudomonas
aeruginosa [30]. Based on our findings, and the published data for EspC-EccAl
interaction, we propose a new model for assembly of the supermolecular structure
of the mycobacterial ESX-1 secretion system (Fig.2.14). In the mycobacterial
cytosol, EspC forms a heterodimer with EspA and EccAl binds to the C-terminal
oligomerization domain of EspC thereby preventing premature filament assembly.
Once this tripartite protein complex has reached the membrane-anchored
translocation apparatus, EccAl releases its cargo from the TPR motif, EspA and
EspC dissociate, and EspC polymerizes via its C-terminus followed by export to the
cell surface. On the basis of similarity in sequence and structure to the YxxxD/E
region of EspB, Solomonson et al. have proposed that the C-terminus of EspC, and
its paralogs, may serve as an “export arm” [14]. Residues R95 and 198 are part of

this arm.

In the T3SS needles, the extreme C-terminal segment mediates polymer elongation
by a process that involves part of the C-terminal alpha helix adopting a beta-sheet
conformation [31]. We suspect that a similar process occurs in EspC and will now
probe this using biochemical and structural approaches. Finally, based on its
similarities to EspC, EspF may also form a filamentous structure that contributes to
secretion but this is not necessary for ESX-1 function as espF mutants of M. th

secrete EsxA/B normally [32].

2.5 Materials and Methods

Bacterial strains and culture conditions
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M. tb and M. smegmatis were routinely grown in 7H9 broth supplemented with 0.2%
glycerol, 10% ADC, 0.05% Tween-80 or on 7H11 agar supplemented with 0.5%
glycerol and 10% OADC. The M. smegmatis groEL1AC strain used for EspC
production was cultured in 7H9 broth containing 0.2% glycerol, 0.05% Tween-80,
0.2% glucose and 50 pg/ml hygromycin. M. tb espC:Tn+espACD and
espC::Tn+pMD31 were grown in medium containing 25 pg/ml kanamycin and 50
ug/ml hygromycin. E. coli TOP 10 (Invitrogen) used for cloning and propagation

was grown on Luria-Bertani agar or broth.

Overexpression, purification and oligomeric state analysis

M. tb EspC was PCR amplified and cloned into the vector pMyNT and used to
generate EspC mutant constructs by site-directed mutagenesis with Pfu
polymerase (Promega). These plasmids were transformed into M. smegmatis
groEL1AC strain (EMBL, Hamburg) by electroporation. EspC overexpression was
induced with acetamide when the bacteria were grown to ODsoo 0.6-0.8. After 30 h
at 25°C, the cells were harvested and resuspended in lysis buffer containing 20 mM
Tris pH8.0, 500 mM NaCl, 1 M urea, 0.5% Triton X-100, 5% glycerol, 10 mM
imidazole and 2 mM BME with protease inhibitor cocktail and DNase I (Roche).
Cells were lysed with an EmulsiFlex-C3 homogenizer followed by centrifugation to
remove insoluble debris. N-terminally His-tagged EspC present in the supernatant
was subjected to nickel affinity purification (Ni-NTA agarose, Invitrogen) and
eluted with 20 mM Tris pH8.0, 500 mM NacCl, 300 mM imidazole, 2ZmM BME. Size
exclusion chromatography (Hiload 16/60 Superdex200 column, GE healthcare)
was used to further purify the recombinant EspC with elution buffer containing 20
mM Tris pH8.0, 500 mM NaCl and 2 mM BME. Fractions were analyzed by SDS-
PAGE.

The same lysis buffer but containing 8 M urea was used to denature proteins in the
cell lysate that were then loaded onto a nickel affinity column. After dialyzing the
eluate to remove urea, size exclusion chromatography was performed on a
Superdex200 (16/60) column to analyze the refolded proteins. To establish the

oligomeric state of EspC and its mutants, the purified proteins were loaded onto a
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Superdex200 (10/300GL) column (GE Healthcare) and eluted with buffer
containing 20 mM Tris pH8.0, 500 mM NaCl and 2mM BME. Molecular weights of

the proteins were estimated according to protein standards.

Circular dichroism (CD) measurement

EspC was diluted to 0.375 mg/ml, transferred into a quartz cuvette of 1 mm path
length and analyzed using a Jasco J-815 CD spectrometer. Due to strong UV
absorbance of chloride ions at low wavelengths, the far-UV CD spectra were
recorded between 200 nm and 250 nm. Spectra were acquired in triplicate and

averaged after subtracting the buffer background.

Filament formation in vitro and transmission electron microscopy (TEM)

Purified EspC (in 20 mM Tris pH8.0, 500 mM NacCl) was diluted to 1.8 mg/ml (20
mM Tris pH8.0, 50 mM NaCl) and analyzed after 3 days and 5 days at room
temperature without shaking. After a short centrifugation at 10k rpm, the
supernatant was applied to glow-discharged, carbon-coated 400 mesh grid
(Canemco-Marivac) and stained with 2% uranyl acetate. Samples were viewed

using TEM (Tecnai Spirit BioTWIN).

Macrophage cytotoxicity assay

Macrophage viability was evaluated using potassium efflux measurement. Cell
monolayers (mouse macrophage-like cell line RAW 264.7) were washed with PBS,
and 1 ml of DMEM (buffered with HEPES pH7.4 and 1 pg/ml of
trypsin/chymotrypsin inhibitor) was added to the wells. Cells were incubated with
100 pg/ml and 50 pg/ml of purified EspC for 2 h followed by washing once with
choline buffer (129 mM cholineCl, 0.8 mM MgClz, 1.5 mM CacClz, 5 mM citric acid,
5.6 mM glucose, 10 mM NH4Cl and 5 mM H3PO4, pH7.4). EsxA (30 pg/ml) and EccAl
(1-280; 100 pg/ml) were used as positive and negative controls, respectively. After
incubating in lysis buffer (choline buffer with 0.5% TritonX-100) for 30 min, the
potassium content in the cell lysate was determined using a Sherwood M410 Flame

photometer.
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Genetic complementation of EspC transposon insertion mutant

Plasmid pMD31-espACD contains the espACD operon preceded by 568 bp of DNA
upstream of the espA start codon [33]. The Erdman espC::Tn (Hygr) mutant was
described previously [34]. The sequence encoding the HA epitope was inserted into
the 5’-end of espC by Quick Change Mutagenesis (KAPA HiFi hotstar PCR Kits, KAPA
Biosystems). This plasmid and the pMD31 empty vector were transformed into the
espC::Tn mutant strain by electroporation. Transformants were selected on 7H11

agar plates containing 25 pg/ml kanamycin and 50 pg/ml hygromycin.

Preparation of culture filtrates, cell lysates and capsule extracts

To analyze protein production and secretion, M. tb espC::Tn+espACuyaD and
espC::Tn+pMD31 strains were grown in Sauton’s medium (plus 0.002% Tween-80)
with a starting ODeoo 0.1. After 6 days growth at 37°C, culture filtrates and cell
lysates, were prepared as described [33]. Cell membrane was separated from the
crude lysate by ultracentrifugation at 125,000 x g for 1 h. Capsule layer proteins
were extracted using 0.25% Genapol X-080 and enriched by TCA-precipitation [16].
Total protein concentration was determined using the BCA assay (Thermo

Scientific).

Protein analysis by immunoblotting

Culture filtrates, cell lysates and capsule extracts were analyzed by SDS-PAGE and
immunoblotting as previously described [33]. For EspC, equivalent amounts of
total proteins were boiled in SDS sample buffer with and without 5mM DTT before
gel electrophoresis. HA-tagged EspC was detected with HRP-conjugated anti-HA
mouse monoclonal antibody (Cell Signaling, #2999). Anti-EsxA (Abcam, ab26246)
and anti-GroEL (Abcam, ab20045) mouse monoclonal antibodies, recognized by
peroxidase (HRP) conjugated anti-mouse IgG antibodies (Sigma-Aldrich), were
used respectively for EsxA and GroEL detection. Anti-Ag85 (Abcam, ab43019) and
Anti-CFP10 (Abcam, ab45074) rabbit polyclonal antibodies, recognized by HRP
conjugated anti-rabbit antibodies (Sigma-Aldrich).
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Macrophage infection assay

Phorbol myristate (50 nM) activated THP-1 cells (2 x 10¢/ml) were seeded in
complete RPMI medium in a 96-well plate, infected with M. tb strains at a
multiplicity of infection of 5 and incubated for 48 h at 37°C under 5% CO-.
Cytotoxicity was evaluated by measuring cell viability using PrestoBlue Cell

Viability Reagent (Invitrogen).

Co-immunoprecipitation

Total cell lysate proteins (1 mg) of M. tb strains espC:Tn+espACusD and
espC::Tn+espACD were added to 20 pl of agarose-conjugated anti-HA monoclonal
antibody (Sigma-Aldrich) and incubated at 4°C for 4 h. Beads were washed 5 times
with PBS, eluted with 80 pl SDS sample buffer and boiled for 3 min prior to
electrophoresis. Eluted proteins were analyzed by silver staining (SilverQuest™

Silver Stain Kit, Invitrogen) or by LC-MS/MS and immunoblotting.

LC-MS/MS analysis

Bands of interest were excised from SDS-PAGE gels and In-Gel digested using
modified trypsin. Extracted peptides were then concentrated using a vacuum
concentrator and analyzed by LC-MS/MS. Samples were separated by Reverse
Phase on a Dionex RSLC Ultimate 3000nano UPLC connected in-line with an
Orbitrap Elite high resolution Mass Spectrometer (Thermo Fisher Scientific).
Chromatographic separation was performed over a 80 min gradient using a
capillary column (Nikkyo Technos Co; C18; 3 um-100 A; 15 cm x 75 pm ID) at 250
nl/min. Data dependent acquisition mode was used with dynamic exclusion where
the first 20 parent ions were fragmented and then excluded for the following 30
seconds. Database searching was performed with Proteome Discoverer 1.4 using
Mascot 2.3 and Sequest HT as search engines against the TubercuList R27 FASTA
Database. Met oxidation, Ser-Thr-Tyr phosphorylation and peptide N-acetylation
were set as variable modifications while Cys carbamidomethylation was set as

fixed modification. Final data inspection was carried out with Scaffold.
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Immunogold-EM and immunofluorescence-microscopy

For immuno-labeling of whole mount cells, M. tb espC:Tn+espACnusD and
espC::Tn+pMD31 were cultured in Sauton’s medium (without Tween) for 3 days to
exponential growth phase when 5 ml of culture were mixed with equal volume of
PBS buffer containing 4% paraformaldehyde and 0.4% glutaraldehyde and fixed for
90 min. Cells were pelleted and resuspended in 200 ul PBS containing 0.15 M
glycine. Samples were incubated on formvar coated 200 mesh grids (Canemco-
Marivac) for 10 min, then blocked with 1% BSA in PBS for 10 min prior to
incubating with anti-HA mouse monoclonal antibody (Cell Signaling, #2367, 1/40
dilution) for 75 min. After washing twice with PBS and twice with 1% BSA-PBS,
grids were incubated in PBS containing 1% BSA and anti-Mouse IgG (1/50 dilution)
conjugated with 10 nm gold particles (Electron Microscopy Science, #25129) for 2
h. Grids were then washed four times with PBS and air dried before observation by
TEM. For sectioning, cells were chemically fixed with a buffered mix of 2%
paraformaldehyde and 0.1% glutaraldehyde, and embedded in 12% gelatin. Small
cubes (1 mm width) were then infiltrated overnight in 20% sucrose before freezing
in liquid nitrogen. These were then sectioned at -100°C to a thickness of 100 nm
using an ultramicrotome (Leica UC7/FCS, Leica Microsystems, Vienna). Sections
were collected on grids carrying a drop of methyl-cellulose at room temperature.

These were then processed for immunogold labelling as above.

For immunofluorescent staining, fixed bacterial suspensions were loaded onto
coverslips pretreated with 0.01% poly-L-lysine, blocked with 1% BSA-PBS for 30
min and incubated with anti-HA antibody (1/100 dilution) for 90 min.
Subsequently, the cells were stained with Alexa Fluor-488 anti-mouse antibody
(Life Technologies, 1/200 dilution) for 1 h and analyzed using a fluorescence
microscope (ZeissAxio Imager Z1). The same exposure was used for

espC::Tn+espACuaD and espC::Tn+pMD31 when imaging fluorescence.
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Fig.2.1 Genetic organization of espACD and esx-1 loci and EspC structural
elements in three mycobacterial pathogens.

(a) Comparison of genetic loci important for ESX-1 function in M. tb, M. marinum and M.
leprae. Genes are color-coded according to the localization of their proteins - see key.
White denotes no information available, crosses denote pseudogenes. Distances between
loci are indicated in kb. (b) Primary and secondary structure alignments of EspC proteins
derived from the same pathogens showing location of conserved Cys-48 and the YxxxD/E
motif. Secondary structure analysis by PSI-PRED suggests that EspC is composed of two
alpha helices (blue cylinders) connected by a loop. Identical and similar residues are
shown in red and white boxes, respectively. (c) Primary structure alignment of EspC and

EspF from M. tb.
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Fig.2.2 Overexpression of recombinant EspC in E. coli.

(a) E. coli BL21 (DE3) strain transformed with EspC-pET28 was grown in LB medium at
37°C and induced with IPTG for protein expression. Bacterial growth was inhibited after
IPTG-induced EspC expression. (b) The bacteria were cultured at 30°C in autoinduction
medium with lactose as mild inducer. EspC production at the indicated time points was
monitored by SDS-PAGE and staining with Coomassie blue. Bacteria grew high cell density,

and EspC was expressed in high yield.
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Fig.2.3 Recombinant EspC overexpressed in M. smegmatis self-polymerizes

into a filamentous structure.

(a) Size exclusion chromatography profile of recombinant EspC on Superdex 200 (16/60)
column indicates its polymeric nature - top. Urea-denatured EspC refolds into a polymer
similar to the natural state - bottom. (b) CD spectrum reveals polymer to be mainly a-
helical. (c) Purified EspC was present as both dimer and monomer on an SDS-PAGE gel; the
dimer became monomeric when treated with BME. In the tertiary structure predicted by I-
TASSER (http://zhanglab.ccmb.med.umich.edu/I-TASSER/), Cys-48 localizes at the head of
EspC. (d) Transmission electron micrographs of negatively stained filaments formed by
recombinant EspC as a function of time. Filaments were variable in length and ~10-15 nm

in diameter.
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Fig.2.4 EspC is not cytolytic.

RAW 264.7 cells were incubated with 50 pg/ml and 100 pg/ml purified EspC for 2 hrs
before measuring potassium efflux to evaluate cell viability. EsxA (30 pg/ml) and EccAl
(N-terminal domain 1-280; 100 pg/ml) were used as positive and negative controls. As a
result, EspC did not show cytolytic activity while EsxA did. Mean + s.e.m of triplicate
measurements of one representative results from two independent experiments is

depicted.
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Fig.2.5 EspC binds to EspA inside cells and polymerizes upon secretion from
M. tb.

(a) Scheme showing complementation of the M. tb espC::Tn mutant with pMD31-espACraD,
encoding N-terminally HA-tagged EspC, or the empty vector. (b) EsxA secretion was
restored by complementation. (c) Cell lysate (CL) proteins (5 ug) or culture filtrate (CF)
proteins (15 ug) boiled in SDS buffer with or without DTT (5 mM), were electrophoresed
on an SDS-PAGE gel. EspC was detected using an anti-HA antibody conjugated with HRP. In
the CL, EspC was monomeric and unaffected by DTT. In the CF, EspC was an SDS-resistant
polymer, which dissociated in the presence of DTT. This suggests that EspC polymerization
occurs during translocation from the cytosol. (d) Pull-down experiment in which beads
coated with monoclonal antibodies targeting the HA-tag were incubated with crude cell
lysates containing either native EspC or HA-tagged EspC. Note the presence of a 40 kDa
protein, identified by LC-MS/MS as EspA (Spectrum count: 18; Sequence coverage: 37%),
only when HA-tagged EspC was used. (e) Immunoblot demonstrating interaction between

EspA-EspCin cell lysates. Antibodies used are indicated at right.
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Fig.2.6 ESX-1 protein secretion and expression in M. tb strains producing
EspCC¢48S, EspCY87A and EspCP?1A,

(a) EspC and EsxA were not detectable in the culture filtrates (CF) of the
espC::Tn+espACc#8D, espC::Tn+espACY87AD and espC::Tn+espACP91AD strains. EspC was Flag-
tagged and detected with anti-Flag antibody in this experiment. Ag85B and GroEL were used
as loading control and autolysis control, respectively. (b) Immunoblot of cell lysates (CL) of
the espC::Tn+espACt#SD and espC:Tn+espACY87AD showed that the C48S and Y87A
substitutions severely decreased stability of EspC in the cell. By contrast, the D91A variant of
EspC accumulated in the cell lysate. GroEL was used as a loading control. (c) Fibroblast
survival assay showing the respective cytoxicity of EspC variants compared to wild-type M.
tb Erdman control strains. Fluorescence levels indicate the metabolic activity of fibroblasts,
which correlates with the infection state. Mean + s.e.m of quintuplicate measurements of one

representative results from two independent experiments is depicted.
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Fig.2.7 EspC interacts with EspA in the cytoplasmic fraction. HA-tagged EspC

was used in a pull-down assay to detect potential partner proteins.

(a) SDS-PAGE analysis of silver-stained proteins present after pull-down of the
cytoplasmic fraction of M. tb cells. (b) Pull-down and immunoblot analysis using the
antibodies indicated at right. (c) Comparison of EspC in culture filtrate, cell membrane and
cytoplasm fractions by immunoblot analysis. Note that EspC was more abundant in the cell
membrane, whereas most of EsxA was secreted into the culture medium. (d) Immunoblot
analysis of cytoplasm and cell membrane fractions. Note the presence of more EspA in the

membrane fraction compared to the cytoplasm.
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Fig.2.8 Pull-down and immunoblot analysis of EspA/C interaction in the M. th

strains with EspA point mutation.

HA-tagged EspC interacts with wildtype and mutant (C138A) EspA in cell lysates showing
that Cys138 is not required for interaction with EspC. The blot (a) also shows that
EspAW5sR caused a reduced EspC level in the cell, indicating that the Trp-55 may mediate

EspA/C association to stabilize intracellular EspC.
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Fig.2.9 Size exclusion chromatographic profiles of recombinant EspC*t and

ESpCC4SS_

EspCc48S overexpressed by M. smegmatis was predominantly purified as a polymer of

similar size to EspCvt suggesting that, in addition to disulfide bonding, another motif is

required for EspC polymer formation. The arrow indicates a shoulder that was only seen

with wild type EspC.
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Fig.2.10 C-terminus of EspC is critical for polymer assembly and ESX-1

function.

(a) EspC shares a C-terminal motif with T3SS needle proteins (MxiH, Prgl, and YscF)
located in the “export arm” affecting polymerization [14]. (b) Compared with EspCvt that
was mainly polymeric on Superdex200 (10/300 GL) column chromatography,
overexpressed EspCC46 was mainly monomeric, while the [98A variant behaved as a
mixture of monomer and polymer, implying that the C-terminal region is critical for
polymer assembly. (c) Loss of last 6 amino acid residues destabilizes intracellular EspC.
(d) The 198A mutation impacts EspC in the CF and polymerization. (e) The EspCcA6and
[98A mutations impact ESX-1 function as indicated by reduced EsxA secretion and lower
cytotoxicity compared to M. tb expressing wild type EspC. Mean + s.e.m of triplicate
measurements of one representative results from two independent experiments is

depicted.
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Fig.2.11 Secretion, production and macrophage cytotoxicity of EspC variants.

(a) EspC R95A was less abundant in CL, and not exported, and this mutation completely
blocked EsxA secretion to the CF. (b) THP-1 cytotoxicity was diminished following
infection with M. tb Erdman expressing EspC R95A. Other point mutants, discussed in the
main text, and controls are shown. Mean + s.e.m of triplicate measurements of one

representative results from two independent experiments is depicted.
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Fig.2.12 EspClocalizes on the cell surface.

(a) M. tb strains were cultured in Sauton’s medium with or without Tween-80 and
extracted with Genapol X-080 to enrich capsular layer proteins. TCA-precipitated proteins
(0.01 ug) were treated with SDS buffer with or without DTT, separated by SDS-PAGE then
immunoblotted. EspC was detectable in the capsular layer extract of strain
espC::Tn+espACnaD, the signal was equivalent to that of 15 ug total CF protein using the
same dilution of antibody. Immunogold-EM analysis of (b) whole M. tb cells (grown
without Tween-80) demonstrates random distribution of EspC on cell surface; Strain

espC::Tn+pMD31 used as a negative control. (¢) Immunofluorescence microscopy analysis
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confirms surface localization of EspC. Fixed bacteria with an intact capsular layer were
incubated with anti-HA antibody and subsequently stained with Alexa-488 labeled anti-
mouse IgG. EspC was visualized on the surface of espC:Tn+espACusD. Strain
espC::Tn+pMD31 was used as a negative control with the same exposure time. Scale bar: 10

pm.

Fig.2.13 EspC forms filament on the bacterial surface.

(a) Whole cells grown without Tween-80 after extraction with 0.025% Genapol X-080;
(b)(c) cryo-sections of whole cells grown without Tween-80; Bacteria or enriched proteins
were stained with anti-HA antibody and 10 nm gold-conjugated anti-mouse IgG. Scale bar:

200 nm. Arrows indicate EspC filaments.
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Fig.2.14 Working model of ESX-1 secretion apparatus and EspC export.

Simplified ESX-1 model showing how EspA and EspC form a heterodimer in the M. tbh
cytosol; the TPR domain of the AAA+ ATPase EccAl binds to the C-terminus of EspC. Once
the tripartite complex reaches the membrane-anchored translocation apparatus, EccAl
releases its cargo, EspA and EspC dissociate and EspC polymerizes via its C-terminus
during export and forms a filamentous structure. By contrast, the membrane-associated
ATPase EccCal-EccCbl binds the EsxA/EsxB heterodimer via the C-terminal signal
sequence of EsxB and then facilitates its translocation through a channel potentially

comprising EccD and EspC, and probably other proteins not shown.
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Supplementary

Full-length EspC is a highly immunodominant antigen

EspC was identified as an immunodominant antigen, which induced T-cell response
as specific as the responses to ESAT-6 and CFP-10 (EsxA and EsxB) [1]. The
experiment was performed using synthesized peptides from EspC, since the protein
has not been purified previously. In this project (collaboration with Centre
Hospitalier Universitaire Vaudois), we evaluated full-length EspC-specific T-cell
responses in ten LTBI patients by IFN-y release assay (ELISpot). ESAT-6 or CFP-10
was used as a positive control. To evaluate the potential false-positive response
raised from the EspC co-purified endotoxin, such as lipopolysaccharide, the IFN-y

productions in six healthy individuals were also tested.

As a result, weak false-positive responses to EspC were observed in two of the six
uninfected persons (> 50 SFU/10¢ cells is defined as positive) (Fig.S2.1). Given that
it is also occasionally observed with ESAT-6 and CFP-10 [1], and the other three
individuals showed negative results, we tended to exclude the interference from

the endotoxin present in the EspC sample.

As expected, all of the ten LTBI patients tested had ESAT-6 or CFP-10 specific T-cell
frequencies >50 SFU/10° cells. Seven of them demonstrated EspC-specific T-cell
responses, moreover, the frequencies were as high as those induced by ESAT-6 or
CFP-10 (Fig.S2.1). This is consistent with the previous observations using EspC
peptides, again suggesting that EspC is a promising TB vaccine candidate or

diagnostic antigen.
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Sample ID Clinic CFP-10 or ESTAT-6 | EspC BCG vaccination state
396 LTBI 695 47 -
313 LTBI >1000 >1000 -
363 LTBI 433 558 -
101 LTBI 113 18 No
450 LTBI 388 817 -
853 LTBI 662 572 -
922 LTBI >1000 >1000 -
254 LTBI 963 > 1000 No
410 LTBI > 1000 15 -
625 LTBI 212 695 -
695 healthy 3 30 Yes
209 healthy 7 32 Yes
442 healthy 13 22 Yes
196 healthy 32 60 No
664 healthy 42 422 Yes
223 healthy 43 72 -

Fig.S2.1 Interferon-Gamma Release assays showed the T-cell responses
induced by full-length EspC and ESAT-6/CFP-10 in the healthy persons (A)
and the LTBI patients (B).
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Plasmids, primers and bacterial strains

Table S2.1 Plasmids and primers

Plasmids Description Reference
pMyNT AmiS promoter, N-terminal in frame 6x His Tag, HygR, | [9]
oriE, oriM
pMD31 Episomal, multicopy, KanR, oriE, oriM [33]
pMDespACD espA promoter, espACD operon, KanR, oriE, oriM [33]
Primers Sequence (5'-3°) Reference
EspC Forward GCGCCATGGACACGGAAAACTTGACCGTC This study
EspC Reverse CCCAAGCTTTCAGGTAAACAACCCGTC This study
EspCc6Forward (pMyNT) | GCGCCATGGACACGGAAAACTTGACCGTC This study
EspCCa6 Reverse (pMyNT) | CCCAAGCTTTCAAGCCTTGCGCCACG This study
HA-EspC (sense) GCGCAATGCTAAACGGAAGGGACACGATCAATGTACCC | This study
ATACGATGTTCCAGATTACGCTGGAATGACGGAAAACT
TGACCGTCCAGCCCGAG
C48S (sense) CACTCACGGTCCGTACTCCTCACAGTTCAACGACAC This study
D75A (sense) CATACGGCCGGTGTCGCTCTCGCCAAAAGTCTTC This study
Y87A (sense) GAATTGCGGCGAAGATAGCTAGCGAGGCCGACG This study
D91A (sense) TATATAGCGAGGCCGCCGAAGCGTGGCGCAAG This study
RI5A (sense) GCCGACGAAGCGTGGGCCAAGGCTATCGACGGG This study
K96A (sence) GACGAAGCGTGGCGCGCGGCTATCGACGGGTTG This study
[98A (sense) CGTGGCGCAAGGCTGCCGACGGGTTGTTTAC This study
D99A (sense) GGCGCAAGGCTATCGCCGGGTTGTTTACCTG This study
L101A (sense) CAAGGCTATCGACGGGGCGTTTACCTGACCACG This study
F102A (sense) CTATCGACGGGTTGGCTACCTGAAAGCTTATC This study
T103A (sence) CGACGGGTTGTTTGCCTGACCACGTTTGCTG This study
[98A / F102A (sense) 1: CGTGGCGCAAGGCTGCCGACGGGTTGTTTAC This study
2: CTGCCGACGGGTTGGCTACCTGAAAGCTTATC
EspCcaé(pMDespACuaD, 1: GCGTGGCGCAAGGCTTGAGACGGGTTGTTTACC This study
sense) 2: GACGGGTTGTTTACCGGACCACGTTTGCTGC
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Table S2.2 Bacterial strains

Strains Description Reference
M. smeg groEL1AC M.smegmatis strain modified with deletion of histidine- [9]

rich C-terminus of GroEL1, which is used to overexpress

EspC and the mutants.
M. tb Erdman Wild type [3]
M. tb Erdman espC::Tn Transposon insertion mutant in espC [33]
espC::Tn+espAC¥D M.tb Erdman espC::Tn fully complemented [33]
espC::Tn+pMD31 M.tb Erdman espC::Tn complemented with empty vector [33]
espC::Tn+espACuaD M.tb Erdman expressing HA-tagged EspC This study
espC:Tn+espAC™° D M.tb Erdman expressing HA-tagged EspCca6 This study
espA::Tn+espAC138ACy,D M.tb Erdman expressing HA-tagged EspC and EspAc138A This study
espC::Tn+espACprs54D M.tb Erdman expressing HA-tagged EspC This study
espC::Tn+espACRAD M.tb Erdman expressing HA-tagged EspCR95A This study
espC::Tn+espACK?6AD M.tb Erdman expressing HA-tagged EspCKo6A This study
espC::Tn+espACP99AD M.tb Erdman expressing HA-tagged EspCP994 This study
espC::Tn+espACL101AD M.tb Erdman expressing HA-tagged EspCL1014 This study
espC::Tn+espACF102AD M.tb Erdman expressing HA-tagged EspCF102A This study
espC::Tn+espACT103AD M.tb Erdman expressing HA-tagged EspCT1034 This study
espC::Tn+espACriqgD M.tb Erdman expressing Flag-tagged EspC [33]
espC::Tn+espACC#8SD M.tb Erdman expressing Flag-tagged EspCC¢48S This study
espC::Tn+espACY87AD M.tb Erdman expressing Flag-tagged EspCY874 This study
espC::Tn+espACP91AD M.tb Erdman expressing Flag-tagged EspCP91A This study
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Chapter 3

Characterization of EccCb1 as an ATPase






3.1 Abstract

EccCal and EccCbl, encoded by rv3870 and rv3871, are two conserved
hypothetical proteins of the ESX-1 secretion system. They possess sequence
homology with FtsK/SpolllE protein family of the AAA+ ATPases, involved in
DNA translocation and chromosomal segregation. Therefore, EccCal and EccCb1
are predicted to function as molecular motors for protein export. In this study,
we overexpressed EccCb1 fused with a NusA tag in Escherichia coli, and purified
the fusion protein using affinity chromatography. We found that EccCb1l
hydrolyzed ATP, rather than GTP, in the presence of the cofactor magnesium.
Furthermore, the ATPase activity was significantly reduced when mutations
were introduced to the conserved lysine residues in the two Walker A motifs in
the catalytic sites of EccCb1. The gel filtration profiles showed that NusA-EccCb1
was predominantly in a hexameric form, in agreement with the previous
prediction that EccCb1 belongs to FtsK/SpollIE family. Altogether, we provided
direct evidence to prove that EccCb1 of Mycobacterium tuberculosis (M. tb) is an
ATPase of the ESX-1 secretion system, which likely functions as a molecular

motor for the secretion.
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3.2 Introduction

A bacterial secretion system comprises different types of proteins that assemble
into a nanomachine at the cell envelope, whereby the substrates are exported
from the cytosol to the extracellular space. Each individual component
contributes to the secretion pathway through its distinct function. ATPase is
generally required as an energy supplier for secretory apparatus assembly and
substrate translocation- two processes that consume energy. Thus, it is critical

for protein transport.

In the ESX-1 secretion system, several proteins with ATPase domains have been
identified and characterized using biochemical or structure-based approaches,
including Espl, EccAl, EccB1 and EccC1 [1-9]. EccAl and EccC1 are of particular
interest since they are directly involved in substrate recognition and interaction
[8,10]. It was indicated by yeast two-hybrid studies that the known ESX-1
substrates, EsxA/EsxB and EspC, are differentially targeted for secretion via the
interaction with different ATPases. Although the C-terminal region of these
substrates share the general type VII signal sequence YxxxD/E, they are not
equivalent with respect to ATPase recognition [8,11]. While EspC was shown to
interact with EccAl, EsxA/EsxB are targeted to EccC1. Therefore, it is important
to investigate the structure of the individual ATPases and to study their

interaction with the respective substrates.

EccAl (Rv3868) was first characterized as an ATPase in 2008 [3], and the N-
terminal structure was solved by X-ray crystallography in 2013 [12]. As
predicted by bioinformatics, EccA1l is a cytosolic AAA+ ATPase. The N-terminal
TPR fold of EccAl interacts with the exported cargo, and the C-terminal motif
that possesses ATPase activity, is predicted to be involved in oligomerization.
According to the molecular model, EccAl is organized in a hexameric ring with a
central pore, which can open or close to allow the passage of the substrates. This

process is driven by ATP hydrolysis.
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M. tb EccCl, consisting of two proteins- EccCal (747 amino acid) and EccCb1
(591 amino acid), is encoded by the genes rv3870 and rv3871 in the esx-1 locus.
The architecture of EccC1 in the ESX-1 of M. tb is unique, as the EccC paralogues
in other T7S systems consist of a single protein with multi-ATPase domains
[7,13,14]. Based on the result of a yeast two-hybrid assay showing the protein
interaction in vitro, EccCal and EccCb1l are speculated to act as a single
functional unit [6]. Sequence analyses of the two proteins reveal that they harbor
FtsK-SpolllE AAA+ ATPase domains (Fig.3.1A,B). This ATPase family is
conserved throughout bacteria and plays an important role in translocation of
DNA and proteins through the membrane-spanning pore it forms [15,16].
Typically, proteins of the FtsK-SpollIE family contain an ATP-binding motif and
an ATP-hydrolysis motif, termed Walker A and Walker B respectively. The two
motifs interact with the phosphate groups of the bound ATP, as well as the
cofactor magnesium. As shown in Fig.3.1, the conserved Walker A sequence
A/GxxxxGKT/S and Walker B sequence hhhhDE (h denotes a hydrophobic amino
acid) are present in both EccCal and EccCb1l. This suggests that EccCal and
EccCb1 may play an essential role in supplying energy for the ESX-1 secretion
pathway, which is consistent with the fact that mutations in either rv3870 or
rv3871 blocked EsxA/EsxB secretion [6,17]. Recently, structural and functional
characterization of EccC in T. curvata was published [7]. TcEccC contains three
ATPase domains. The authors reported that the N-terminal ATPase 1 of TcEccC,
equivalent to EccCal in the ESX-1 of M. th, may serve as the active motor domain.
In contrast, ATPase 2 and ATPase 3, the two ATPase domains present in EccCb1
of ESX-1, were catalytically inactive but function to modulate EccC enzymatic
activity through interaction with ATPase 1. In agreement with this, another
group studying the ESX ATPase YukBA in YUK secretion system of Bacillus
subtilis, showed that only the N-terminal ATPase domain was required for
protein translocation, whereas the other two ATPase domains were thought to
be involved in oligomerization and apparatus assembly [13]. In contrast, the
ATPase domains separated into EccCal and EccCb1, which together comprising

the EccC in M. th, were both required for ESX-1 secretion [13].

79



In this chapter, we sought to determine the ATPase activity and oligomeric state
of the M. tb EccCb1 in vitro. EccCb1, in the form of a fusion protein with NusA,
was overexpressed and purified. As a result, the hexameric EccCb1 was verified
to possess ATPase activity as previously predicted by the bioinformatics

analyses.

3.3 Results

Overexpression of EccCal and EccCb1 in E.coli

To characterize the ATPase activity, we cloned and expressed the recombinant
protein in E. coli. EccCal was expressed as a truncated protein (248-747)
corresponding to the ATPase domain lacking the N-terminal transmembrane
region (Fig.3.1A). In contrast, the cytosolic protein EccCb1 was expressed as a
full-length protein. In both cases, a histidine tag was added to allow affinity
purification. Both proteins were highly expressed in E. coli after IPTG induction,
however, they were mainly detected in the insoluble fraction, suggesting that the
proteins were improperly folded and accumulated as inclusion bodies (Fig.3.2).
Given the more difficulties in purification of the membrane protein EccCal, we

first worked on EccCb1.

In order to improve the expression level and solubility of EccCb1, a variety of E.
coli expression strains were tested, including BL21 (DE3) CodonPlus PR, Arctic
Express (DE3) PR and BL21 (DE3) pLysS. The EccCb1 gene was inserted into
pDEST15 and pET44 vectors prior to transformation into E. coli, resulting in
production of GST- and NusA-EccCb1l fusion proteins. The results are
summarized in Table 3.1. Since the NusA-EccCb1 fusion protein expressed by the
BL21 (DE3) CodonPlus PR strain was partially soluble, it was chosen for the

further purification and characterization.

Purification of EccCb1

In order to increase the yield of soluble protein thereby facilitating downstream

purification, it is important to optimize the buffer conditions to improve protein
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solubility and stability. We noticed that in buffers containing low NaCl
concentrations, protein aggregation occurred soon after being released from the
E. coli (data not shown). Thus, 500 mM NaCl and 2 mM MgCl; were added to the
buffer system to stabilize the putative AAA+ ATPase. However, the protein
amount in the soluble fraction was insufficient for future purification, as the
majority of the expressed recombinant NusA-EccCb1l was detected in the cell
debris. We also observed constant co-purification with the molecular chaperone
GroEL (Fig.3.3B left). As such, different additives were screened to define a
buffer system for the purification of NusA-EccCb1. We found that addition of
0.5% CHAPS, a zwitterionic detergent, largely increased the solubility of EccCb1-
NusA (Fig.3.3A) and disrupted the interaction with GroEL. With CHAPS in the
buffer, the GroEL was subsequently excluded after Ni-purification (Fig.3.3B
right), and pure NusA-EccCb1 was obtained. Unfortunately, cleavage of NusA tag
from the fusion protein caused aggregation. Therefore, the following

characterization was performed using NusA-EccCb1 fusion protein.

Recombinant EccCb1 is hexameric

Due to the presence of two predicted AAA+ domains, EccCb1 is a putative
ATPase in the ESX-1 secretion system. Since AAA+ ATPases form hexamer, we
first analyzed the oligomeric state of EccCb1l. The purified NusA-EccCb1l was
loaded onto a Sephacryl S-400 HR column for size exclusion chromatography.
According to the molecular weights determined from the calibration curve, the
size of the eluted protein at the main peak was estimated at around 780 kDa.
This is around 6 times that of NusA-EccCb1, revealing that the fusion protein was
predominantly in the form of a hexamer (Fig.3.4). The peak derived from the
monomeric NusA-EccCb1 was at ~130 kDa in the chromatograph. Since NusA
alone does not oligomerize [18], we conclude that the EccCb1 component was
responsible for the hexamerization of the NusA-EccCbl fusion protein. To
further visualize the structure of the hexamer, the protein was negatively stained
with 2% uranyl acetate and observed by transmission electron microscope. The
preliminary EM image demonstrates that the NusA-EccCb1 hexamer appeared to

form homogeneous and structured particles (Fig.3.5). The resolution of the
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image needs to be improved to further analyze whether the hexamer assembles

into a ring-like structure.

EccCb1 is an essential energizing component of ESX-1 secretion system

ATPase activity of the proteins was measured by the PiPer assay. To establish the
experiment, we first determined the optimal amount of enzyme required to
catalyze ATP hydrolysis. Since the enzyme activity measured by the PiPer assay
is continuously monitored in real time, data can be selected from the ideal region
of the progress curve. In our test assay, Pi release was proportional to the
increasing amount of protein in the range between 0 to 2.25 ug (Fig.3.6A). Thus,
2 ug of protein was used in the following assays. For the measurement of the
kinetic parameters Km and Vmax, ATP concentrations ranging from 10 uM to 1
mM were used. The activity increased in a concentration-dependent manner
until it reached the maximum value at around 500 pM ATP. A Km of 63.15 uM
and Vmax of 6.53 nmol/min/mg were obtained (Fig.3.6B). Given that NusA does
not bind and hydrolyze NTPs, the overall ATPase activity of the fusion protein
can be attributed to EccCb1 [19].

Previous studies have shown that the lysine in the Walker A motif of the AAA+
domain is essential for ATP binding and hydrolysis. In order to further exclude
the impact of GroEL and NusA on the ATPase activity determination, thereby
confirming our observation, we generated a NusA-EccCb1l double-mutant
protein with substitution of the two Walker A lysines by alanines (NusA-EccCb1
K90A/K382A). As expected, the activity of the mutant decreased by ~7-fold from
6.26 nmol/min/mg to 0.84 nmol/min/mg (Fig.3.6C), thereby validating that the
overall ATPase activity of the fusion protein is indeed attributable to EccCb1. To
investigate if EccCb1 utilizes NTP substrates other than ATP, 1mM of GTP was
tested. NusA-EccCb1 displayed ~5% hydrolysis activity with GTP relative to that
of ATP (Fig.3.6D), suggesting that EccCb1 is an ATP-specific ATPase.
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3.4 Discussion

In this study, we characterized the function of the EccCbl components as
ATPases in the ESX-1 secretion system. Although EccCal and EccCbl, the two
putative molecular motors, are essential for protein transport, neither of them
has been purified and used for in vitro biochemical characterization. One reason
can be the poor solubility of the mycobacterial proteins expressed in E. coli.
Statistical analyses show that more than half of the M. tb proteins were
overexpressed as inclusion bodies [18]. Although EccCb1l is a cytoplasmic
protein and predicted to be soluble, most of the EccCb1 was detected in the cell
debris. Moreover, co-purification of GroEL with the recombinant EccCb1 is
problematic, since GroEL is highly expressed in E. coli and tends to interact with
the protein of interest [18]. GroEL shares several features with EccCb1, such as
similar size, ability to form higher order oligomers and ATPase activity. Even a
low contamination from GroEL would cause false positive results. Thus,
expression and purification of EccCb1 were the most challenging part of this
project. To solve these problems, we fused EccCb1 to a highly soluble protein
NusA, expressed the fusion protein in E. coli CodonPlus PR strain, and added
CHAPS detergent into the buffer system to further improve the protein solubility.
As a consequence, the solubility was largely increased, and the NusA-EccCb1
interaction with GroEL was disrupted, allowing subsequent enzymatic activity

profiling.

EccC in the ESX-1 secretion system of M. tb has a unique architecture composed
of EccCal and EccCb1l. EccC in T. curvata, YukBA in B. subtilis and EssC in S.
aureus, all of which harbor ATPase domains with only the N-terminal one active
in ATP hydrolysis [7,13,19]. In contrast, EccCal and EccCb1 in M. tb are both
required for ESX-1 secretion [13]. This is in agreement with our data indicating
that EccCb1, which contains two C-terminal ATPase domains, is enzymatically
active in the absence of EccCal. Furthermore, EccCb1 is able to oligomerize to
form a homohexameric complex without EccCal. However, given the weak
activity, instability and tendency to bind GroEL, we speculate that EccCb1 on its

own might not function as a solo ATPase for ESX-1 substrate translocation.

83



Instead, EccCal and EccCb1l may associate to form a stable complex that is
anchored to the cell membrane via the N-terminal transmembrane domain of
EccCal. This complex would have three ATPase units, which together act as a

single functional translocase.

3.5 Materials and Methods

Bioinformatics

EccCal and EccCb1 sequences of M. th were downloaded from TubercuList at
EPFL (http://tuberculist.epfl.ch). Protein domains were predicted using NCBI
Conserved Domain Search. Prediction of the protein structure was made using I-
TASSER server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/). The protein

structures were displayed using Pymol.

Cloning, protein expression, purification and mutagenesis

Truncated EccCal (248-747) and full-length EccCb1l were cloned in pHis9
(Gateway-adapted vector), pDEST15 (Gateway-adapted vector) and pET44
(Novagen). The E. coli strains BL21 (DE3), BL21 (DE3) CodonPlus RP, Arctic
Express (DE3) RP and BL21 (DE3) pLysS were used for protein overexpression,
and TOP 10 cell was used for propagation. Protein expression was induced by 0.5
mM IPTG at 16°C for 16 hrs in LB medium, except for ArcticExpress (DE3) RP
where the expression was induced at 4°C. Cells were pelleted and lysed by
sonication in lysis buffer containing 50 mM Tris pH7.5, 500 mM NaCl, 2 mM
MgClz, 0.5% CHAPS, 5% glycerol, 0.5% Triton X-100, 10 mM imidazole and 2 mM
BME. After removal of cell debris by centrifugation at 1,800 rpm, the supernatant
was loaded onto Ni-NTA that binds the His-tagged recombinant protein. The
protein was eluted using buffer containing 300 mM imidazole, and analyzed with
SDS-PAGE. Further purification and size analysis were performed in Sephacryl S-
400 HR column using FPLC. Proteins were eluted using buffer with 50 mM Tris
pH7.5 and 500 mM NaCl.
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The double mutant NusA-EccCb1 K90A/K382A was constructed by site-directed
mutagenesis using pET44-eccCh1 as a template. The primers were shown as

below:

(K90A: 5’- CGCACCTCAAACCGGGGCGTCGACGCTACTGCAGAC -3%;
K382A: 5’- GCGGCCAAATCGGGCGCGACGACCATTGCCCAC -3%)

Negative Stain EM

NusA-EccCb1l hexamer was diluted to 0.01 mg/ml, stained with 2% uranyl
acetate, and visualized using a Tecnai Spirit transmission electron microscope

(FE).

ATPase activity measurements

The PiPer assay (Life Technologies) was used to detect the inorganic phosphate
(Pi) released from the ATP hydrolysis by the enzyme. The reaction was
performed according to the manufacturer’s instructions. ATPase activity was
quantified based on the amount of free Pi, which was determined from a
standard curve of a serial dilution of potassium phosphate. To ensure that Pi
liberation is proportional to the enzyme, 2.25 pg, 1.125 pg, 0.56 pg and 0.27 pg of
fresh NusA-EccCb1 oligomer (determined by Bradford assay) were incubated
with 1 mM ATP. For measurement of the kinetic parameters Km and Vmax, the
ATP concentrations ranging from 10 uM to 1 mM were used as the substrates for
2 ng of NusA-EccCbl. Michaelis-Menten calculations were performed using
Prism. To measure the ATPase and GTPase activities, 1mM of ATP or GTP was
used as the substrate for 2 pg of NusA-EccCbl. The reaction buffer was
composed of 100 mM Tris pH7.5 and 5 mM MgCl.
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3.6 Figures and Tables
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Fig.3.1 Structural elements of EccCal and EccCb1.

(A) EccCal contains a transmembrane domain (TM domain, 1-247) at the N-terminus
and a FtsK-Spolll ATPase domain at the C-terminus. (B) EccCb1 is a cytoplasmic protein
with three FtsK-Spolll ATPase domains. The Walker A and Walker B motifs at the
catalytic sites are highlighted in red and blue. (C),(D) Structural models of EccCal and
EccCb1 (predicted by I-TASSER server). The conserved lysines- EccCal K485 and
EccCb1 K90/K382 at the Walker A motifs, are labeled.
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Fig.3.2 SDS-PAGE gels of the overexpressed EccCal (248-747) (A) and
EccCb1 (B) in E. coli BL21 (DE3).

The proteins were overexpressed after IPTG induction. Most of EccCal (248-747) (54.6

kDa) and EccCb1 (64.5 kDa) were expressed as inclusion bodies that were detected in

the cell debris.
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Table 3.1 Overexpression and solubility of recombinant EccCb1

Strain BL21 (DE3) .
Vector BL21 (DE3) Codon Plus RP Arctic Express (DE3) | BL21 (DE3) pLysS
pHis9 Expressed, Expressed, Expressed, Expressed,
(His tag) Inclusion body Inclusion body Inclusion body Inclusion body
0 expression o0 expression - -
e
pET44 No expression Expressed, - No expression
(NusA/S/His tag) p Partially soluble p
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Fig.3.3 Addition of CHAPS detergent into buffer system improves solubility

and purity of NusA-EccCb1.

(A) With 0.5% CHAPS in the buffer, more NusA-EccCb1 was detected in the supernatant

after bacterial lysis, indicating an improved solubility by CHAPS. (B) When eluted from

the Ni column, co-purification with GroEL, an endogenous E.coli chaperon protein, was

observed (Left). With CHAPS in the buffer, GroEL was removed from NusA-EccCb1

because the interaction was disrupted (Right).
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Fig.3.4 NusA-EccCb1 forms a hexamer.

Size exclusion chromatography profile of NusA-EccCb1 showed a main peak at ~780
kDa indicated as a hexamer, and a minor peak at ~130 kDa indicated as a monomer. The

molecular weights were estimated on the basis of a standard curve.
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Fig.3.5 NusA-EccCb1 hexamer forms homogenous and structured particles.

The hexamer was negatively stained and observed using TEM. Scale bar: 100 nm.
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Fig.3.6 NusA-EccCb1 is an ATPase.

(A) The enzymatic activities were proportional to the indicated amount of Nus-EccCb1.
(B) Michaelis-Menten plot demonstrated the kinetics of ATP hydrolysis by Nus-EccCb1.
The measured Km was 63.15 pM and Vmax was 6.53 nmol/min/mg. (C) Mutation of the
essential lysines, K90 and K382 at the two Walker A motifs, significantly reduced the
ATPase activity of NusA-EccCb1, which confirmed that EccCb1 is an FtsK-SpolllE AAA+
ATPase. (D) EccCb1 specifically hydrolyzed ATP, whereas only ~5% of GTPase activity

was observed.
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Chapter 4

Calcium deprivation promotes ESX-1
secretion and persistence of M. tb






4.1 Introduction

In Chapter 2, we demonstrated that EspC in the mycobacterial ESX-1 secretion
system shares many properties with the needle proteins of T3SS. To study the

parallels between the two systems, we further examined their similarities.

As a facultative intracellular pathogen, M. tb needs to differentiate between an
extracellular and intracellular environments. When internalized, the bacterium
encounters environmental stresses such as nutrient limitation, acidic pH, low-
oxygen tension, change of ion level and other stimuli, which stimulate a survival
response. In order to adapt to these stresses, M. tb is equipped with 11 two-
component signal transduction systems (TCSS), 5 orphaned response regulators
(RR) and several sensor kinases (SK) [1,2], which allow the bacteria to mount a

response when it is exposed to specific stimuli within the host.

Divalent cations such as Mg?* and Ca%* can act as signals to regulate virulence
gene expression and/or protein secretion. The intracellular calcium
concentration is in the range of 50 to 150 nM, while extracellular compartments,
such as the mucosa and the blood, have calcium concentrations in the millimolar
range [3,4]. Studies of Yersinia species and Pseudomonas aeruginosa have
revealed that pathogens equipped with a T3SS respond to a low calcium signal
(so called “low calcium response”) for secreting effector proteins [5-7]. It was
speculated that the bacterial needle inserted into the host cell, senses the
reduced calcium level in the host cell’s cytoplasm and triggers the secretion
cascade. Similarly, magnesium also plays an important role in bacterial virulence
through regulation of T3SS [8,9]. For instance, the facultative intracellular
pathogen Salmonella typhimurium senses the environmental magnesium level
during its entry and inversely regulates the two independent T3SSs: SPI-1 and
SPI-2. SPI-1 is critical for the initial invasion from outside of the cell [10],
whereas SPI-2 is important for survival in host cell vacuoles [11,12]. Likewise,

under laboratory culture conditions, SPI-2 gene expression in S. typhimurium
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was induced when the bacteria were grown in culture medium containing lower

concentration of magnesium [13].

A “low calcium response” is also observed in M. tb. Here we show that excess
calcium impairs M. tb virulence in two important aspects. Firstly, ESX-1 secretion
is blocked by the addition of CaCl; to the culture medium. Secondly, bacterial
persistence, but not growth rate, is reduced, a likely consequence of the down-
regulation of hypoxia response genes. In other words, calcium deprivation could

promote ESX-1-dependent secretory function and M. tb persistence.

4.2 Results

Calcium stress blocks ESX-1 secretion

Calcium availability affects the virulence of certain pathogenic Gram-negative
bacteria utilizing the T3SS. Since EspC of the ESX-1 secretion system is thought
to be functionally orthologous to the needle proteins of T3SS, we tested if
calcium deprivation affects ESX-1 secretion. The bacteria were cultured with
different calcium concentrations mimicking those encountered in the phagosome
and extracellular environment. When grown in media with elevated levels of
CaClz, M. tb secreted less EsxA and EspC, which were completely blocked at 500
uM CaClz. The intracellular level of EsxA did not change, whereas EspC was
slightly reduced with elevation of calcium concentration (Fig.4.1). Furthermore,
the bacteria grown with 750 puM CaCl; plus 2 mM EGTA showed a similar
phenotype in secretion with those grown in the calcium free medium (data not
shown), verifying that calcium caused their defect in secretion. Collectively, low

calcium promotes mycobacterial ESX-1 secretion system.

Effect of calcium stress on M. tb growth

In addition to secretion, the effects of calcium on bacterial growth in Sauton’s

medium were also investigated. In all test conditions, the doubling times did not
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vary in the early exponential phase. However, after ~5 days, the growth rate
began to decrease in media containing >500 pM calcium (Fig.4.2). We also
observed a significant reduction in the cell density of bacteria cultured for 8
days. In contrast, bacteria in the calcium-free media grew normally to stationary
phase, revealing that bacterial viability was affected by high calcium

concentrations.

Calcium stress repressed DevR regulon

The lower viability, as well as the slight EspC reduction in the cytosol when the
bacteria were grown in the culture medium with a higher concentration of
calcium, prompted us to perform RNA-seq experiments to investigate the impact
of high calcium on global changes in gene expression. The top up-regulated and
top down-regulated genes are listed in Table 4.1 and Table 4.2 respectively.
Surprisingly, exposure to 750 uM CacClz led to a strong repression of the hypoxia
response genes. All of these genes are in the DevR regulon, which are under the
control of the two-component response regulator DevRS. The hypoxia response
genes allow the bacteria to enter a “dormant” non-replicative state that ensures
long-term intracellular survival and latency. Thus, the down-regulation of these
genes by high calcium levels would reduce the persistence of M. th. Consistent
with this view, we observed a significant decrease in bacterial viability at the
stationary phase in response to high calcium stress (Fig.4.2). Among the
differentially expressed genes, only ~20 genes were induced in response to high
concentrations of calcium, 12 of which encode PE/PPE proteins. Although EspC
was slightly decreased in the cytoplasm of M. tb cultured in the presence of 750
uM CaClz, the mRNA level of EspC, as well as those of EspA and EspD from the
same operon, were not significantly altered. Therefore, high calcium-mediated
reduction in the ESX-1 secretion may not be a consequence of transcription

repression.
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4.3 Discussion

The divalent cations calcium and magnesium are required for regulation of T3SS.
In this study, we asked if divalent cations function similarly in the ESX-1
secretion system of M. th. Since a high level of magnesium is essential for
mycobacterial growth [14], we did not deplete it from the defined Sauton’s
culture medium containing ~2 mM MgSO4 (Table S4.1). As such, this chapter

focuses only on the effects of calcium.

The link between calcium signaling and mycobacterial infection has been
intensively studied previously. Infection of M. tb alters cell signaling in immune
cells by increasing intracellular calcium levels [15-17]. As a consequence,
phagosomal maturation is promoted, resulting in the killing of intracellular M. tb.
Thus, reduced survival was reported when M. tb infected macrophages were
exposed to ionophore A23187, a compound used to elevate intracellular calcium
[16]. In addition to what was described, our work examines M. tb virulence and
susceptibility from a different angle. Since EsxA secretion is necessary for
cytolysis and phagosomal escape of M. tb, it is plausible that the reduced
bacterial survival could be partially attributed to the inhibition of EsxA secretion
by higher cytosolic calcium concentrations. Thus, a low cytosolic calcium level
(~100 nM) enables EsxA export via the ESX-1 secretion system which damages

the phagosomal membrane and promotes M. tb survival.

Based on our RNA-seq data, several PE/PPE proteins were up-regulated by the
calcium. These PE/PPE family members are quite abundant in the pathogenic
mycobacteria, which comprise around 10% of the coding potential of genome in
M. tb [29]. Multiple of PE/PPE proteins were found exported to the bacterial
surface via the ESX secretion systems, tightly associated with the cell wall, and
function to modulate innate immune responses [30]. It is likely that due to the
relatively higher amount of extracellular calcium (in a millimolar level), the up-
regulation of a certain PE/PPE proteins might promote bacterial entry into

macrophages at the early stage of infection.
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It was shown that higher calcium in the culture medium caused significant
down-regulation of hypoxia response genes, most of which are in the DevR
regulon [19]. DevRS is one of the TCSSs in M. tb associated with mycobacterial
dormancy. Survival of M. tb relates to expression of hypoxia response genes, as
dormancy or latency appear to be linked to hypoxic conditions in the host that
allow the bacterium to escape from immune recognition [18,19]. Thus, a blunt
hypoxia response may underlie the increased susceptibility in the macrophage
with elevated intracellular calcium level [16]. Besides, repression of hypoxia
response genes had a negative effect on the bacterial growth. M. tb stopped
growing after 5 days and died rapidly (Fig.4.2). The similar in vitro growth arrest
by hypoxia was also observed previously [20]. Taken together, low calcium
environment not only promotes ESX-1 secretion to arrest phagolysosomal

fusion, but should also improve M. tb intracellular persistence.

Conversely, the cation zinc was found to dose-dependently enhance secretion of
EsxA [21]. Like calcium, zinc is not involved in the transcriptional regulation of
ESX-1-related genes (unpublished data). Surprisingly, none of the genes in the
PhoPR and MprAB regulon were significantly altered by calcium/zinc, although
PhoPR and MprAB two-component systems are known to mediate the regulation
of ESX-1 secretion and mycobacterial virulence via regulating espR and espACD
[22-24]. It appears that calcium and zinc regulate the ESX-1 pathway at a post-
translational level rather than at the transcriptional level. The mechanism is

under investigation.

4.4 Materials and Methods

Bacterial strains and growth conditions

M. tb espC::Tn+espACuaD strain used in the experiments was genetically modified
to express the HA-tagged EspC as described previously. Cells were routinely
grown at 37°C in Middlebrook 7H9 broth (supplemented with 0.2% glycerol,
10% ADC, and 0.05% Tween-80) or in Sauton’s medium (Table S4.1) containing
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0.005% Tween-80 in the case of culture filtrate analysis. Hygromycin and
kanamycin were added to the media at a final concentration of 50 pg/ml and 25
ng/ml. To study the effects of calcium, 250 pM, 500 pM and 750 pM of CaCl; were

supplemented to the media respectively.

Detection of ESX-1 secretion using immunoblot

Culture filtrates and cell lysates were prepared as described previously. Briefly,
they were obtained from the 5-days bacterial cultures in Sauton’s medium
containing 0.005% Tween-80 and the indicated concentrations of CaClz. Then,
the EsxA and EspC secreted into the culture medium are sufficient to be detected
by immunoblot. After centrifugation, the supernatants were filtered through 0.22
um filters and concentrated 100-fold using a Vivaspin column with 5-kDa MW
cut-off membranes. The pellets were resuspended in 1 ml PBS, homogenized by
bead beater and subjected to centrifugation and filtering before analysis. ESX-1
associated proteins EsxA and EspC were detected by SDS-PAGE and immunoblot

using anti-EsxA and anti-HA antibodies, respectively.

RNA extraction, library preparation for RNA-seq analysis and Illumina

high-throughput sequencing

M. tb Erdman were cultured in Sauton’s medium with various calcium
concentrations for 4 days when it reached exponential phase. Total RNA was
extracted with TRIzol (Invitrogen) and treated with DNase I (Roche) twice
before library preparation or generation of the cDNA template. The cDNA was
synthesized with random hexamer primers using the RevertAid First

Strand cDNA Synthesis Kit (Fermentas).

100 ng of total RNA were used for the library preparation according to the
instructions provided in the TruSeq Stranded mRNA LT kit (Illumina). An aliquot
of the libraries was quantified on Qubit (Life Technologies) and Agilent

Fragment Analyzer (Advanced Analytical) prior to sequencing on Illumina HiSeq
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2500 using the TruSeq SR Cluster Generation Kit v3 and TruSeq SBS Kit v3. Data

were processed with the Illumina Pipeline Software v1.82.

Differential gene expression analysis

[llumina reads were trimmed to remove adapters and low quality bases (average
quality below 15 over 5 bases) using Trimmomatic [25] and aligned onto the M.
tb Erdman genome sequence (a.n. NC_020559) using BowtieZ v.2.2.5 [26].
Counting reads over genes was done using featureCounts from the Subread
package v1.4.6 [27]. DESeq2 [28] was used to infer differentially expressed

genes.
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4.5 Figures and Tables
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Fig.4.1 Elevation of calcium inhibited ESX-1 secretion.

Intracellular EspC was slightly reduced with increased calcium level, while EsxA

remained the same. However, compared to the culture without calcium, less EsxA and

EspC were secreted when the concentration of calcium reached 250 pM. Furthermore,

when calcium was above 500 uM, EsxA and EspC were undetectable. It indicates that the

ESX-1 secretion system is inactivated when the bacteria are exposed to high

concentration of calcium in the culture medium. Results are representative of those

from five independent experiments.
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Fig.4.2 Growth curve of M. th grown in various concentrations of CaClz.

Bacteria were grown in Sauton’s medium with 0, 250 uM, 500 pM and 750 puM of CaCl..
The ODsoo were determined at the indicated time points. The result is a representative of

two independent experiments.
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Table 4.1 Genes up-regulated by 750 uM CacCl:

Pvalue Fold Rv Rv gene | Rv product
Change name

1.51E-45 7.15 Rv1517 Rv1517 Conserved hypothetical transmembrane protein

2.66E-34 4.717 Rv1039c | PPE15 PPE family protein PPE15

8.50E-27 3.98 Rv1040c | PE8 PE family protein PES8

7.06E-22 3.26 Rv1518 Rv1518 Conserved hypothetical protein

2.15E-38 3.06 Rv0442c | PPE1O PPE family protein PPELOQ

1.58E-15 2.95 Rv0160c | PE4 PE family protein PE4

2.31E-26 2.76 Rv1004c [ Rv1004c Probable membrane protein

2.14E-30 2.71 Rv3558 PPE64 PPE family protein PPE64

1.62E-11 2.48 Rv0520 Rv0520 Possible methyltransferase/methylase
(fragment)

3.42E-20 2.30 Rv3159c | PPE53 PPE family protein PPES53

2.88E-19 2.26 Rv0151c | PE1l PE family protein PEl

2.72E-10 2.21 Rv3621c | PPE65 PPE family protein PPE65

6.39E-09 2.18 Rv0320 Rv0320 Possible conserved exported protein

2.08E-14 2.18 Rv0159c [ PE3 PE family protein PE3

7.71E-07 2.14 Rv0521 Rv0521 Possible methyltransferase/methylase
(fragment)

9.55E-17 2.08 Rv1527c | pksb Probable polyketide synthase Pks5

1.16E-14 2.05 Rv2990c [ Rv2990c Hypothetical protein

7.15E-09 2.03 Rv0280 PPE3 PPE family protein PPE3

4.57E-05 2.03 Rv3622c | PE32 PE family protein PE32

1.06E-13 2.00 Rv0341 iniB Isoniazid inductible gene protein IniB

7.58E-11 1.99 Rv1135c | PPE1l6 PPE family protein PPEl6

7.62E-16 1.99 Rv0835 1pgQ Possible lipoprotein LpdgQ

* This is the result of RNA-seq analysis.
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Table 4.2 Genes down-regulated by 750 pM CaCl:

Pvalue Fold Rv Rv gene | Rv product
Change name

2.73E-50 -10.71 Rv1735c | Rv1735¢c Hypothetical membrane protein

8.52E-71 -11.13 Rv3132c | devS Two component sensor histidine kinase DevS

5.03E-125 | -12.25 Rv3487c | lipF Probable esterase/lipase LipF

1.50E-48 -12.38 Rv1736c | narX Probable nitrate reductase NarX

9.84E-102 | -12.52 Rv0570 nrdZ Probable ribonucleoside-diphosphate
reductase (large subunit) NrdZ
(ribonucleotide reductase)

2.75E-99 -12.69 Rv2630 Rv2630 Hypothetical protein

1.27E-96 -13.84 Rv2004c | Rv2004c Conserved protein

5.20E-53 -14.41 Rv2031c | hspX Heat shock protein HspX (alpha-crystallin
homolog) (14 kDa antigen) (HSP16.3)

3.85E-120 | -17.00 Rv2629 Rv2629 Conserved protein

4.15E-106 | -18.61 Rv3133c | devR Two component transcriptional regulatory
protein DevR (probably LuxR/UhpA-family)

1.39E-137 | -29.00 Rv2028c | Rv2028c Universal stress protein family protein

0 -30.17 Rv1996 Rv1996 Universal stress protein family protein

4.08E-146 | -33.26 Rv2628 Rv2628 Hypothetical protein

0 -33.44 Rv0079 Rv0079 Unknown protein

1.42E-238 | -36.24 Rv1997 ctpF Probable metal cation transporter P-type
ATPase A CtpF

0 -37.33 Rv0080 Rv0080 Conserved hypothetical protein

1.44E-240 | -38.42 Rv1813c | Rv1813c Conserved hypothetical protein

1.98E-228 | -47.50 Rv3134c | Rv3134c Universal stress protein family protein

8.11E-195 | -48.78 Rv2029c | pfkB 6-phosphofructokinase PfkB
(phosphohexokinase) (phosphofructokinase)

5.87E-190 | -54.07 Rv2624c | Rv2624c Universal stress protein family protein

1.53E-224 | -54.40 Rv1737c | narkK2 Possible nitrate/nitrite transporter NarK2

3.29E-247 | -63.34 Rv3127 Rv3127 Conserved protein

7.23E-205 | -70.15 Rv2007c | fdxA Ferredoxin FdxA

1.53E-255 | -74.59 Rv1733c | Rv1733c Probable conserved transmembrane protein

1.39E-225 | -74.94 Rv2625c | Rv2625¢c Probable conserved transmembrane alanine and
leucine rich protein

2.63E-289 | -92.38 Rv3131 Rv3131 Conserved protein

1.27E-265 | -99.85 Rv2623 TB31.7 Universal stress protein family protein
TB31.7

0 -108.13 | Rv2627c | Rv2627c Conserved protein

3.09E-269 | -114.71 | Rv2626c | hrpl Hypoxic response protein 1 Hrpl

0 -123.60 | Rv2032 acg Conserved protein Acg

0 -135.89 | Rv1738 Rv1738 Conserved protein

0 -141.05 | Rv3130c | tgsl Triacylglycerol synthase (diacylglycerol

acyltransferase) Tgsl

* This is the result of RNA-seq analysis.
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Table S4.1 Sauton’s liquid medium

KH2PO4 05¢g
MgS04+7H:0 05¢g
L-Asparagine 40g
Ferric ammonium citrate 0.05¢g
Citric acid 20¢g
1% ZnS04 0.1 ml
Glycerol 60 ml
H.0 900 ml
pH 7.4
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Chapter 5

Discussion and Perspective






Since the discovery of the type VII/ESX secretion system more than a decade ago,
numerous efforts have been made to characterize the components of this
secretion system. As demonstrated in Table 1.3 and Fig.1.6 of Chapter 1, when
the role of each individual protein is uncovered, a global comprehension of this

system becomes much clearer.

Although the type VII/ESX secretion system is widely expected to harbor a
channel in the outer membrane, the identity of this protein remains unclear. This
has been a missing piece of the ESX-1 apparatus for a long time. In this thesis, |
identified the EspC as the putative pore forming protein localized in the
mycobacterial outer membrane. We raised this hypothesis initially based on a
comparison of EspC with the needle proteins of T3SS. In the early experiments, |
found that they share considerable features, such as size, structure of the
monomer, ability for self-polymerization in in vitro and ex vivo systems, and
immunogenicity. Moreover, the C-terminal sequence of EspC which mediates its
polymerization and stability, as well as the bacterial virulence, is similar to those
described for T3SS needle proteins. These interesting findings let us further
investigate if EspC plays a similar role in the ESX-1 pathway. Immunoblot
analysis of the subcellular fractions indicated that EspC is enriched in the cell
membrane and capsular layer. Consistent with this, immuno-EM images of the
cryo-sectioned M. tb revealed that the EspC filaments span or extend out of the
capsular layer. Altogether, these evidences indicate that EspC could serve as an

outer membrane pore protein to facilitate the passage of EsxA/EsxB.

What is the function of EspF in mycobacteria?

Given EspC’s hypothesized role as a needle-like channel in the outer part of the
cell envelope, we then asked if EspF, a paralogue of EspC (Fig.2.1 in Chapter 2),
also functions as a needle-like pore protein similar to EspC. Previous results
showed that EspF affected M. tb virulence in an EsxA-independent manner [1].
Therefore, although EspC and EspF share a high similarity in sequence, EspC is

the preferred mediator of EsxA/EsxB export in M. tb. In the non-pathogenic
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mycobacteria like M. smegmatis, where ESX-1 is present but the espACD locus is
absent, this role may be played by another protein, conceivably EspF. In addition,
we note that the EspF in M. tb and M. smegmatis share only 25 identical residues,
whereas there are 83 identical ones between M. tb and M. marinum counterparts.
Nevertheless, in spite of high similarity for the latter, EspF was only identified in
the capsular layer of M. marinum, but was not detectable in that of M. tb [2]. It is
likely that the components of ESX-1 in different mycobacterial species have
diverged and co-evolved to recognize their own substrates. Therefore, the role of
EspF as a pore forming protein cannot be ruled out in other mycobacterial

species, and it remains to be investigated further.

How to visualize the ESX-1 apparatus?

A complete understanding of the ESX-1 secretion system requires the
visualization of the nanomachine in its natural setting. This will provide a broad
view of the architecture and provide insights into the assembly process. It is
generally accepted that ESX-1 secretion is a two-step process, whereby the
substrates are exported into the periplasmic space prior to the translocation
across the outer membrane (Fig.1.6 in Chapter 1). However, as we found EspC to
be homologous to the needle proteins of T3SS, a central channel spanning the
whole cell envelope may exist in the form of an association of Ecc(BCDE)1
complex with the EspC conduit, which could make the ESX-1 apparatus an intact
structure with single-step translocation like it is observed in the T3SS (Fig.5.1)
[3]. If this hypothesis is validated, it should be possible to isolate the embedded
secretion apparatus from the mycobacterial cell wall for observation using cryo-

EM.

Direct visualization of the ESX-1 apparatus in situ is a second approach, which
can be achieved by combining vitreous sections and electron cryo-tomography.
Cryo-tomography is an advanced technique that delivers 3D images of an intact
cell in a near-native, life-like state, and is increasingly used to solve the structure

of macromolecules. In recent years, the in situ architectures of T3SS and T6SS
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have been successfully illustrated in high resolution by cryo-tomography and
sub-tomogram averaging [4,5]. Similarly, this technique may be used to resolve

the structure of T7SS/ESX-1 secretion system.

Fig.5.1 Structure of needle complex in T3SS [3]

How is the ESX-1 secretion system triggered and inactivated intracellularly?

Many efforts have been made to understand the regulation of the ESX-1
secretion system. Indeed for a facultative intracellular pathogen like M. tb,
growth and virulence are adapted to the environmental cues. Apart from the
well-understood PhoPR two-component system which effectively regulates
expression of EspR and WhiB6 thereby affecting ESX-1 secretion system [6-8],
the findings described in Chapter 4 provide an insight about the mechanism of
ESX-1 activation from a different angle, suggesting that calcium may affect ESX-1

secretion at a post-transcriptional level, which is still unknown.
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Since EsxA and EsxB are detectable in the host-free culture medium where the
bacteria are grown, it is thought that unlike T3SS, activation of the ESX-1
secretion system does not require physical contact with the host cell. However,
the growth condition in vitro is artificial. For technical reasons, culture filtrates
in most assays are prepared from bacteria grown in Sauton’s medium. It was
reported that while the secretion of EsxA/EsxB in M. smegmatis was normal in
Sauton’s medium, it was unexpectedly inhibited when the strain was grown in
7H9 medium. These observations suggest that the ESX-1 secretion system
responds to a certain component of the culture medium [9]. In line with this, the
calcium effect on ESX-1 shown in our experiments also highlights the importance
of the growth conditions. Similarly, for the pathogens equipped with a T3SS,
chelation of calcium from the culture medium was found to induce secretion of
the effector proteins. Thus, reduction in calcium concentration probably mimics
a physiological response to an unknown stimulus generated upon contact with
the host cells [10]. Collectively, it is still an open question if ESX-1 secretion
within host cell is constitutively active as is the case when M. tb is cultured in
Sauton’s medium. The requirement for intracellular activation and the fate of the

ESX-1 apparatus after assembly warrant further investigation.

Potential application of EspC in TB vaccine and drug development

Today, BCG is the only vaccine available for TB protection. Due to its inadequacy
to protect adults from M. tb infection, vaccine development is an area of active
research. The current BCG vaccine is derived from M. bovis lacking the RD1 locus.
Thus, EsxA and EsxB, the two RD1 encoded antigens that elicit strong and
specific T-cell responses, are absent in BCG, making them potential vaccine
candidates. As a protein similar to EsxA/B in secondary structure, EspC
(peptides) was reported as highly immunodominant as EsxA and EsxB in the
patients with active TB and LTBI [11]. Preliminary data from IFN-y release assay
using our purified full-length EspC validates the hypothesis that EspC strongly
induces T-cell responses in LTBI infection (Supplementary section in Chapter 2).
In the case of the BCG vaccine, secretion of EspC is blocked since ESX-1 is not

functional, and therefore EspC is not surface-exposed. As such, EspC could be
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exploited for vaccine development to enhance the protection from BCG.
Compared to EsxA, EspC does not have the cytolytic activity that would

potentially harm the host. Thus, it could be a preferred vaccine candidate.

Targeting bacterial secretion systems to attenuate virulence, rather than killing
the bacteria itself, has been used as a strategy for drug discovery [12]. This
strategy is particularly valuable for anti-TB drug development, given the
emergence of MDR-TB and XDR-TB. A previous high-throughput screen (HTS)
for compounds which inhibit ESX-1 secretion, resulted in the discovery of two
novel molecules with antivirulence properties [13]. They effectively reduce the
bacterial load in macrophages and prevent fibroblast cytolysis by M. th. As an
alternative to the whole-cell based HTS, targeting a particular ESX-1-associated
protein, such as the ATPase EccC1, the protease MycP1 and the transcriptional
regulator EspR, is a useful approach to identify ESX-1-specific inhibitors. The
surface-exposed EspC polymer could also be a potential target of antivirulence
drugs. In Shigella, a group of salicylidene acylhydrazides that inhibit effector
protein secretion via T3SS were found to act on the needle assembly. When
treated with these molecules, the bacteria failed to form the functional needle
structure, and were subsequently cleared by the macrophage [14]. Likewise,
potential inhibitory molecules affecting EspC assembly can be available from
screening. The apparent advantage of targeting EspC is the non-necessity for the
drug to be transported across the thick mycobacterial cell envelope which
represents a barrier for drug delivery. Therefore, targeting EspC could provide a

new therapeutic opportunity against TB.
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Appendix

Additional work

This section describes an additional piece of work in which I contributed to a
collaboration between our research group and that of Prof. Andrea Ablasser.
Results of this work show the role of ESX-1 in the activation of cGAS- and

inflammasome-dependent intracellular immune responses.

Contributions: making M. th mutant strains, bacterial culture, macrophage infection,

supernatant collection, RNA extraction.
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SUMMARY

Cytosolic detection of microbial products is essen-
tial for the initiation of an innate immune response
against intracellular pathogens such as Mycobac-
terium tuberculosis (Mtb). During Mtb infection of
macrophages, activation of cytosolic surveillance
pathways is dependent on the mycobacterial
ESX-1 secretion system and leads to type | inter-
feron (IFN) and interleukin-1f (IL-1B) production.
Whereas the inflammasome regulates IL-18 secre-
tion, the receptor(s) responsible for the activation
of type | IFNs has remained elusive. We demon-
strate that the cytosolic DNA sensor cyclic
GMP-AMP synthase (cGAS) is essential for initiating
an IFN response to Mtb infection. cGAS associates
with Mtb DNA in the cytosol to stimulate cyclic
GAMP (cGAMP) synthesis. Notably, activation of
cGAS-dependent cytosolic host responses can be
uncoupled from inflammasome activation by
modulating the secretion of ESX-1 substrates. Our
findings identify ¢cGAS as an innate sensor of
Mtb and provide insight into how ESX-1 controls
the activation of specific intracellular recognition
pathways.

INTRODUCTION

Tuberculosis (TB) is a major cause of morbidity and mortality
worldwide (Lechartier et al., 2014). Upon infection with Myco-
bacterium tuberculosis (Mtb), several factors contribute to
the outcome of the disease, with the innate immune response
representing one of the most critical determinants. To date
several cytokines have been shown to participate in the innate
host response against Mtb, where they can either function to
confer host resistance or act as regulatory molecules that
may exacerbate the infection (O’'Garra et al., 2013). Studies
have established the critical role of inflammatory cytokines,
such as interleukin-1B (IL-1B), in the containment of Mtb by

@ CrossMark

enhancing the antimicrobial function of macrophages (Fremond
et al., 2007). On the contrary, animal models and studies in hu-
mans have revealed that type | interferons (IFNs) have probac-
terial activity and are associated with disease progression in TB
(Berry et al., 2010; Manca et al., 2005; Stanley et al., 2007). The
immunomodulatory effect of type | IFNs appears to be related
to their anti-inflammatory properties, principally by antago-
nizing the production and activity of IL-1p (Mayer-Barber
et al., 2011).

Akey feature of pathogenic mycobacteriais the type VIl secre-
tion system ESX-1 that manipulates innate immune responses,
presumably by translocating bacterial effector molecules into
the host cytosol (Stoop et al., 2012). In macrophages intracellular
detection of Mitb-associated molecular patterns is regulated via
two major sensing systems that are linked to distinct signaling
pathways. One pathway involves the multimeric inflammasome
complex, which employs a sensor molecule, NLRP3 or AIM2,
the adaptor ASC, and caspase-1 to regulate the secretion of
IL-1B (Mishra et al., 2010; Saiga et al., 2012). Whereas AIM2 rec-
ognizes DNA, the NLRP3 inflammasome is stimulated by a
mechanism involving K* efflux (Dorhoi et al., 2012). The second
pathway, which is responsible for the expression of type | IFNs,
relies on the cyclic dinucleotide (CDN) sensor STING (Manzanillo
et al., 2012). Within this pathway, activation of STING by
CDNs recruits the kinase TBK-1, which phosphorylates the
transcription factor IRF-3 to promote transcription of IFN-B and
interferon-stimulated genes (ISGs). Notably, during intracellular
bacterial infection activation of STING can be accomplished
via two differential mechanisms. First, STING can directly recog-
nize bacterial CDNs and thus function as a primary pattern
recognition receptor (PRR) (Burdette et al., 2011). Alternatively,
DNA sensing via cGAS triggers the synthesis of the second
messenger cGAMP, which then engages STING as a secondary
receptor (Sun et al., 2013). But despite these advances in under-
standing the downstream part of these signaling cascades, the
molecular events that lead to ESX-1-dependent activation of
intracellular host receptors and the nature of the stimulatory ele-
ments remain poorly defined.

Here we report that the DNA sensor cGAS is essential
for mounting type | IFN responses upon Mtb infection. We
show that ESX-1-proficient mycobacteria trigger cGAS to form
intracellular complexes that colocalize with DNA and promote

Cell Host & Microbe 17, 799-810, June 10, 2015 ©2015 Elsevier Inc. 799
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intercellular signal transduction via the production of cGAMP.
Remarkably, by comparing the cytokine profile induced by
distinct ESX-1 mutants, we observed that intracellular inflamma-
some-dependent and cGAS-mediated responses can be
disconnected. Together, these data reveal the importance of
¢GAS in controlling interferon production upon mycobacterial
infection and uncover a unique function of ESX-1 in eliciting spe-
cific innate immune responses.

RESULTS

cGAS Is Critical for IFN Responses upon Mitb Infection

In order to investigate the individual role of cytosolic PRRs during
infection with Mtb in human cells, we employed human THP-1
cells, in which STING was knocked out via the CRISPR/Cas9
technology (see Figure S1A online). Similar to what had
previously been shown in murine macrophages, we found that
Mtb-triggered production of IP-10, a surrogate cytokine for
type | IFN expression, was completely compromised in human
THP-1 cells lacking STING (Figure S1B). The same was observed
when gene expression of IFN-B was directly analyzed by gPCR
(Figure S1C). We furthermore noted that transfection of Mtb
genomic DNA regulated the induction of IP-10 via STING (Fig-
ure S1D). Recently, Rv3586 was identified as a mycobacterial
diadenylate cyclase, DacA, which synthesizes cyclic di-AMP
(Bai et al., 2012). Overexpression of DacA in conjunction with
STING in HEK293T cells induced robust transactivation of an
IFN-B reporter gene (Figure S1E). This effect was abolished
when endogenous cyclic di-AMP levels were reduced by the
activity of the cyclic di-AMP-specific phosphodiesterase YybT
(Figure S1F) (Rao et al., 2010). In line with this, DacA was unable
to activate IFN-B upregulation when coexpressed with a STING
variant that cannot sense cyclic di-AMP (data not shown).
Finally, purified cyclic di-AMP also triggered IP-10 production
in THP-1 cells in a STING-dependent fashion (Figure S1G).
Together, these data confirm STING-mediated DNA/CDN
sensing in human macrophages, but they also illustrate that
during Mtb infection both mycobacterial cyclic di-AMP and
genomic DNA may serve as the molecular pattern that initiates
type | IFN induction.

To definitively clarify the role of DNA- versus CDN-mediated
IFN regulation in Mtb-infected cells, we employed THP-1 cells
knocked out for cGAS (Figure 1A). Using these cell lines we
examined the role of cGAS in the innate recognition of Mtb. As
expected, cGAS knockout cells did not activate a type | IFN
response upon transfection with dsDNA (Figure 1B). As controls,
cGAS knockout cell lines were not compromised in their
response toward the RIG-I ligand triphosphate RNA or the
STING agonists cGAMP or cyclic di-AMP (Figures 1B, S1H,
and S1J and data not shown). Importantly, when infected
with Mtb, cGAS knockout cells failed to mount a detectable
level of IP-10 and IFN-p production (Figures 1C and S1K). More-
over, gene expression of IFN-B or the ISG IFIT2 was also
completely absentin cGAS mutant cells after Mtb challenge (Fig-
ure 1D). To explore the relevance of cGAS for the immune
response in murine cells, we infected bone marrow-derived
macrophages (BMDMs) from cGAS ™~ mice and compared their
type | IFN response with that of wild-type macrophages.
Whereas comparable levels of IP-10 and IFN-B were induced

after stimulation with triphosphate RNA or cGAMP, BMDMs
derived from cGAS~/~ animals were almost completely unre-
sponsive in terms of IP-10 and type | IFN production upon Mtb
infection (Figures 1E and S1l). To provide definitive proof of the
involvement of cGAS in the innate response to Mtb, we reconsti-
tuted cGAS knockout cells with a human Flag-tagged cGAS
construct via lentivirus-mediated transduction, whereas a Flag-
tagged GFP construct served as a control. In cells transduced
with the cGAS construct, cGAS protein expression was restored
to a level comparable to that of wild-type cells (Figure 1F).
Consistently, when transfected with dsDNA, reconstituted
THP-1 cells produced comparable levels of IP-10 and displayed
similar induction of IFN-B or IFIT2 as wild-type cells (Figure 1G
and data not shown). Importantly, expression of cGAS-Flag
but not GFP-Flag restored the ability of cGAS-deficient cells to
respond to Mtb infection (Figure 1G). To assess the biological
role of the cGAS-STING-IFN-B pathway on Mtb virulence, we
compared the cytotoxicity caused by two different Mtb strains,
H37Rv and HN878, on wild-type, cGAS-deficient, and STING-
deficient cell lines. HN878 is a clinical isolate belonging to the
East Asia (W-Beijing) family, while H37Rv is a member of the
Euro-American lineage (Reed et al., 2007). Notably, HN878 has
been described as capable of inducing higher levels of type
IIFN in the murine model of infection (Manca et al., 2005). Testing
these strains confirmed the increased production of IP-10 by
wild-type cells after HN878 challenge, while deletion of cGAS
or STING abolished this response (Figure S2A). We observed
that cell survival was partially rescued by cGAS and STING
knockout cells upon HN878 infection (Figure S2B). Together,
these results demonstrate that cGAS is crucial for the innate
type | IFN response in both human and murine macrophages
infected with Mtb. In addition, these findings suggest that dsDNA
but not CDNs functions as the mycobacteria-associated pattern
required for IFN regulation.

cGAS Associates with DNA in the Cytosol

To further characterize the molecular mechanism of Mtb-driven
cGAS activation, we examined the localization of cGAS in
THP-1 cells by immunofluorescence microscopy. In untreated
cells cGAS was distributed diffusely throughout the cytoplasm
(Figure 2A). After transfection with dsDNA we observed
cGAS forming punctate structures that colocalized with DNA
(Figure 2A). Interestingly, the formation of these structures was
specifically induced upon stimulation with DNA, but not after
transfection with the endogenous cGAS enzymatic product
cGAMP or triphosphate RNA (Figure S3). Strikingly, upon infec-
tion with Mtb we observed significant formation of cGAS aggre-
gates, which colocalized with DNA (Figure 2A). In contrast, cells
infected with an attenuated Mtb strain, H37RvARD1, which lacks
IFN-stimulatory capacity due to loss of ESX-1 (see below), failed
to stimulate cGAS punctate structure formation (Figure 2A). In
addition, we found that pretreatment of cells with chloroquine,
an inhibitor of autophagy, interfered with both DNA- and Mib-
triggered cGAS redistribution, suggesting the involvement of
the autophagy machinery for the execution of the cGAS relocal-
ization process (Figure 2B). In accordance with this notion and as
previously described, the observed cGAS punctate structures
colocalized with the autophagy-related protein Beclin-1, but
not with the inflammasome complex (Figure 2C) (Liang et al.,
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Figure 1. c¢GAS Is Essential for Type | IFN Responses Triggered by Mtb

(A) Expression of cGAS was studied in wild-type (WT) THP-1 cells and two distinct cGAS knockout cell lines by immunoblot.

(B) WT THP-1 cells, cGAS, and STING knockout cells were transfected with cGAMP, dsDNA, or 5'-triphosphate RNA (5'-pppRNA). IP-10 production was
measured by ELISA 24 hr after stimulation.

(C and D) WT THP-1 cells and cGAS knockout cells were infected with H37Rv {multiplicity of infection [moi] 5, 10) or stimulated with 5’-pppRNA as indicated. After
24 hr IP-10 levels were assessed by ELISA (C) or IFN-B and IFIT2 mRNA levels were quantified by gPCR (D).

(E) ELISA measurement of IP-10 from the supernatants of BMDMs from WT mice and cGAS knockout mice after overnight culture left untreated, infected with
H37Rv (moi 2.5, 5, and 10) or stimulated with cGAMP or 5'-pppRNA.

(F) Immunoblot of reconstituted cGAS-deficient cell lines {cGAS). Transduction of GFP served as a control (GFP).

(G) WT THP-1 cells and cells from (F) were left untreated, infected with H37Rv (moi 10) or transfected with dsDNA. After 24 hr mRNA levels of IFN-B and IFIT2 were
measured by gPCR.

Mean + SD of duplicate measurements from one representative experiments out of four (B), three (C), or two (D, E, and G) independent experiments are depicted,
or representative results from two independent experiments are shown (A and F). p < 0.05 (*); p < 0.01 (**). See also Figures S1 and S2.

2014). Together, this shows that infection of macrophages with
Mitb leads to cytosolic association of cGAS and DNA.

Dissemination of the Mitb-Triggered Host Response

through cGAMP-Based Intercellular Communication

Next we assessed whether Mtb infection leads to the synthesis
of cGAMP within human macrophages. Toward this goal we
took advantage of the fact that cGAMP can activate bystander
cells via its horizontal transfer through gap junctions (Ablasser
et al.,, 2013b). We hypothesized that, even though individual
cGAS or STING knockout cells are unable to upregulate type
| IFNs in a cell-intrinsic fashion, the combination of both would
restore this response upon DNA transfection or Mtb infection if
cGAMP were produced (Figure 3A, left, and Figure 3C, left).

Indeed, when activated by transfection with dsDNA, mono-
cultures of both cGAS- or STING-deficient cells failed to elicit
type | IFN induction, yet the combination of both cell types
resulted in marked upregulation of IFN-B or IFIT2 gene
expression (Figure 3A, right, and data not shown). Consistent
with a gap junction-dependent mode of transfer, this effect
was abolished upon pretreating the mixed cocultures with the
connexin inhibitor carbenoxolone (Figure 3B). We then
tested whether cGAMP-dependent in trans signaling would
also occur in the context of Mtb infection (Figure 3C, left). Similar
to the results obtained above, coculturing of cGAS- or STING-
deficient cells led to strong upregulation of IFN-B mRNA levels
and of IFN-B secretion (Figure 3C, right, and Figure 3E). Again,
this phenomenon was sensitive to carbenoxolone treatment
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Figure 2. Upon Mitb Infection cGAS Forms Aggregates and
Colocalizes with DNA

{Aand B) THP-1 cells stably expressing cGAS-Flag were seeded on coverslips
and treated as depicted. Sixteen hours after dsDNA transfection or 48 hr after
Mtb infection in the absence (A) or presence of 50 uM chloroquine (B), cells
were stained for Flag-tagged cGAS (green) and nuclei/DNA (DAPI, blue).

{C) Cells were stained for Flag-tagged cGAS (green), ASC or Beclin-1 {red), and
nuclei/DNA (DAPI, blue). Scale bar, 5 um; right, magnification of area outlined.
Arrows highlight spots of DNA and cGAS colocalization.

Representative images out of three independent experiments are shown. See
also Figure S3 and Table S1.

(Figure 3D). These results reveal that during Mib infection
macrophages produce cGAMP. Furthermore, this suggests
that the detection of Mtb can be relayed from infected macro-

phages to noninfected neighboring cells via gap-junction-medi-
ated communication.

Comparison of ESX-1- and cGAS-Regulated Cytokine
Responses

We next sought to better characterize the molecular events
that lead to DNA-dependent activation of cGAS. To this end
we analyzed a selection of cytokines, which are known as
central mediators of the in vivo response toward Mtb infection,
including TNF-«, IL-1B, and IL-10. Besides using the wild-type
Mtb strain H37Rv, macrophages were also infected with the
attenuated vaccine strain Mycobacterium bovis BCG, which
lacks the ESX-1 protein secrstion system, known to be
required for type | IFN responses (Stanley et al., 2007). As ex-
pected, macrophages only produced type | IFN and the
related cytokines IP-10 and IL-10 after infection with H37Rv,
but not with BCG (Figures 4A and 4C). In addition, upon
analyzing the levels of IP-10 and IL-10 from wild-type,
cGAS-deficient, and STING-deficient cells, we observed that
expression of IP-10 and IL-10 was equally affected in the
knockout cell lines (Figure 4B), thereby confirming that ESX-
1- and DNA/cGAS-dependent cytokines are coregulated. On
the other hand, production of the proinflammatory cytokines
TNF-o. and IL-6 was similarly triggered by both strains (Fig-
ure 4A and data not shown) and not altered in the mutant
cell lines as compared to the wild-type cells (Figure 4B). How-
ever, these congruent patterns differed when IL-1p production
was assessed. Whereas BCG failed to promote IL-1B secre-
tion, absence of cGAS or STING did not compromise IL-1B
secretion following H37Rv infection (Figures 4A and 4B).
These findings can be explained by the inflammasome-medi-
ated regulation of IL-1B, which reportedly also involves an
ESX-1-dependent mechanism of activation (Kurenuma et al.,
2009). In this regard it is interesting to note that the stimulation
of the inflammasome by Mtb also appears to involve a sensing
mechanism relying on the detection of intracellular DNA via
AIM2 (Saiga et al., 2012). However, studies also reported
NLRP3 as the main mediator of inflammasome activation
through a mechanism triggered via K* efflux (Dorhoi et al.,
2012; Kurenuma et al., 2009; Mishra et al., 2010). To elucidate
the individual roles of these factors, we targeted AIM2 and the
shared inflammasome adaptor molecule ASC in THP-1 cells.
We found that the absence of AIM2 reduced IL-1B levels to
50% in response to Mtb infection, while the absence of
ASC completely abrogated the IL-1B signal (Figure S4A).
Type | IFN responses in both AIM2- and ASC-mutated cells
were comparable to those of wild-type cells (Figure S4A).
Importantly, inhibition of NLRP3 via blocking K* efflux by gli-
benclamide entirely blocked the residual secretion of IL-1B in
AIM2 knockout cells, indicating that Mtb-triggered activation
of the inflammasome complex in human macrophages is
mediated by the collective actions of AIM2 and NLRP3 (Fig-
ure S4B). So far, our data suggest that during infection with
virulent tubercle bacilli two intracellular DNA sensing sys-
tems—cGAS and AIM2—become activated, each inducing a
complementary cytokine response—type | IFNs and IL1-B,
respectively. In addition, more than one ESX-1-controlled
mechanism operates in Mtb-infected cells to trigger IL-1B
release via an inflammasome-dependent mechanism.
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Figure 3. ¢cGAMP Shuttling through Gap Junctions Restores Type | IFN Responses upon Mtb Infection in Mixed Cocultures

(A and C) (Left) Scheme depicting model of horizontal transfer of cGAMP upon DNA transfection (A) or H37Rv infection (C); {right) mono- and cocultures (as
indicated) of WT THP-1 cells, cGAS-deficient cells, or STING-deficient cells, which were left untreated or stimulated via DNA transfection (A) or H37Rv infection
(moi 10) (C). After 24 hr, mRNA levels of IFN-B were measured by gPCR.

(B and D) Cocultures of cGAS- and STING-deficient THP-1 cells were left untreated or transfected with DNA (B), or infected with H37Rv {moi 10) (D) in the
presence or absence of carbenoxolone (CBX; 100 uM) as indicated. mRNA levels of IFN-B were assessed by gPCR after 24 hr.

(E) Type | IFN was measured 24 hr postinfection of mono- and cocultures of WT THP-1 cells, cGAS-deficient cells, and STING-deficient cells.

Mean + SD of duplicate measurements of representative results from two independent experiments is depicted. **p < 0.01.
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Mutations within ESX-1 Abrogate cGAS-Dependent IFN
Responses

To further explore the role of ESX-1 for the stimulation of intracel-
lular signaling pathways, we tested distinct mycobacterial strains
for their capability to induce type | IFNs or IL-1B responses, which
we speculated to be coregulated and used as an indirect means
to monitor the functionality of the secretory system. First, we
focused on the region of difference 1 (RD1) locus, given that its
loss led to the attenuation of BCG (Pym et al., 2002). Next to
strains harboring disruptions of the entire and extended RD1
locus, H37RvARD1 and H37RvAARD1 (Bottai et al., 2011),
respectively, we also tested the attenuated H37Ra strain of
Mtb, which carries the $S129L mutation in the transcriptional
regulator phoP and is defective for secretion of EsxA, a major
substrate of ESX-1 (Frigui et al., 2008). Analyzing cytokine
levels of infected macrophages, we observed that none of the
mutant strains were able to activate IP-10 production and, as ex-
pected from the experiments above, both H37RvARD1 and
H37RvAARD1 were impaired in inducing IL-1B secretion (Fig-
ure 5A). Surprisingly, infection with H37Ra still led to significant
release of IL-1B, even though no IP-10 was produced (Figure 5A).

Intracellular Host Sensors by

Manipulating ESX-1

The above results indicate that secretion

of EsxA or another ESX-1 substrate is
an essential feature for activating intracellular DNA-sensing
pathways in macrophages. In contrast to the strains BCG or
H37RvARD1, in which the genes encoding EsxA are deleted,
the undetectable secretion of EsxA in H37Ra s achieved by anin-
direct mechanism involving lack of PhoP-mediated expression of
the espACD operon, a region distal to the RD1 locus but required
for full ESX-1 function (Figure 6A, right) (Stoop et al., 2012). To
directly assess the contribution of the EspA/C substrates, we
used the respective espA and espC mutants, with and without
complementation, to analyze the host cytokine response (Chen
etal., 2012). Compared to the wild-type strain or the respective
complemented strains, both mutants failed to trigger IP-10 pro-
duction upon infection of macrophages (Figure 6A left). In
contrast, we observed significant levels of IL-1B production (Fig-
ure 6B). Consistent with the involvement of NLRP3 for this cellular
response, the IL-1B signal triggered by both EspA/C-deficient
strains was inhibited by glibenclamide (Figure 6C). Thus, we
conclude that EsxA secretion is essential for provoking intracel-
lular DNA sensing pathways and that reducing the EsxA levels
in the secreted fraction by genetic means does not abolish the
cytosolic activation of the NLRP3 inflammasome. These findings
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Figure 5. Intracellular Recognition Pathways Are Differentially Activated by Virulent and Attenuated M. tuberculosis

{A and C) THP-1 cells (A) or primary human macrophages (C) were infected with the following bacterial strains: H37Rv, H37RvARD1, H37RvAARD1, or H37Ra
{moi 2.5, 5, and 10). After 24 hr, IP-10 and IL-1p levels were assessed by ELISA.

(B) ELISA measurement of IL-1p in the supernatant of THP-1 cells after 24 hr of infection with H37Ra (moi 10) in the presence of glibenclamide (0, 25, 50, and

100 pg/mi).

Mean + SD of duplicate measurements of representative results from three independent experiments is depicted. “p < 0.05; **p < 0.01; p > 0.05 (n.s.). See also

Table S1.

raised the possibility that a pharmacological intervention target-
ing ESX-1 function and hence EsxA release may be exploited to
selectively inhibit cGAS-mediated type | IFN responses while
leaving NLRP3-triggered IL-1B production intact. To prove this
hypothesis, we tested two small compounds, the benzothio-
phene inhibitor BTP15 and the benzyloxybenzylidene-hydrazine
compound BBH7, which we have recently identified as potent in-
hibitors of EsxA secretion in Mtb (Figure S5A) (Rybniker et al.,
2014). Treatment of Mtb with both BTP15 and BBH7 resulted in
significantly lower amounts of IP-10 production from infected
THP-1 cells (Figure 6D). In contrast, neither compound affected
the release of IL-1B (Figure 6D). Of note, a similar pattem was
observed in Mtb-infected primary human macrophages, where
a decrease in IP-10 was measured, while IL-1B was unaltered
(Figure 6E). In a control experiment, upon stimulation with DNA,
IL-1B responses were not altered in the presence of BTP15 and
BBH?7, thereby confirming that both compounds inhibit Mtb and
not host functions (Figure S5B). Thus, we conclude that pharma-
cological manipulation of the ESX-1 secretion system can sway
the Mtb-triggered immune cytokine pattern in favor of host-pro-
tective IL-1B production by accentuating intracellular sensing
via the inflammasome complex (Figure S8).

DISCUSSION

Our study demonstrated that in Mtb-infected cells cGAS is the
sole sensor driving the synthesis of type | IFNs and ISGs. We re-

vealed that infection of macrophages with virulent and attenu-
ated Mib can engage distinct cytosolic PRR systems, namely
the cGAS-IFN-axis and the inflammasome-IL-1pB-pathway, and
that the decision as to which pathway is triggered is determined
by the relative abundance of EsxA and/or by additional ESX-
1/EsxA-dependent effectors. Our results disclose an as-yet-
unnoticed interconnection between the mycobacterial virulence
factors and the cytokine pattern of mammalian cells.

The host protein STING has been identified as a central
signaling molecule in the innate immune response to various
pathogens, including DNA viruses, retroviruses, and intracellular
bacteria (Barber, 2014). During DNA virus or retrovirus infection
STING seems to carry out this function by being part of the intra-
cellular, cGAS-based DNA sensing pathway and by detecting
host-derived cGAMP (Sun et al., 2013; Gao et al., 2013). How-
ever, when considered in the context of intracellular bacterial
infection, such as with Mtb, the role of STING and cGAS/cGAMP
is less consistent. Some authors have proposed that mycobac-
terial CDNs can be secreted into the cytosol and bind directly to
STING (Bai et al., 2012; Woodward et al., 2010). Another report
has proposed IFI204 as a putative DNA sensor for Mtb in murine
BMDMs, where shRNA silencing of IFI204 resulted in reduced
expression levels of IFIT1 and IFN-B upon Mitb infection (Manza-
nillo et al., 2012). Using both human and murine cGAS-deficient
cells, we clearly demonstrated that cGAS is critical for the induc-
tion of IFN-B after infection with Mtb. We found that cGAS and
intracellular DNA come together in the cytosol, supporting its
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(A and B) THP-1 cells were infected with the following bacterial strains: Erdman (WT), Erdman espA::Tn/pMD31 (“empty” in figure), Erdman espA:Tn/
pMDespACD, Erdman espC::Tn/pMD31, and Erdman espC::Tn/pMDespACD {moi 2.5, 5, and 10). After 24 hr IP-10 (A) and IL-1 (B) levels of the supernatants
were assessed by ELISA. {Upper right panel) Scheme of the espACD operon and the ESX-1 locus of the Mtb genome is depicted; RD1, region of difference 1.
(C) ELISA measurement of IL-1p in the supernatant of THP-1 cells after 24 hr of infection with the strains Erdman espA::Tn/pMD31 and Erdman espC::Tn/pMD31
{moi 10) in the presence of glibenclamide (Glib., 0, 25, 50, and 100 pug/ml).

(D) H37Rv was incubated with BTP15 (10 uM) or BBH7 (10 uM) for 24 hr. THP-1 cells were infected with the inhibitor-treated H37Rv {moi 10) as indicated or left
untreated {uninf.). After 24 hr, IP-10 and IL-1B production was quantified by ELISA.

(E) H37Rv was incubated with BTP15 (10 uM) or BBH7 {10 uM) for 24 hr. Primary human macrophages were infected with the inhibitor-treated H37Rv (moi 10) as
indicated or left untreated (uninf.). After 24 hr, IP-10 and IL-1f production was quantified by ELISA.

Representative results out of three (A-D) and two (E) independent experiments are depicted, whereas data are presented as mean + SD of duplicate mea-
surements. *p < 0.05; **p < 0.01; p > 0.05 (n.s.). See also Figure S5 and Table S1.

role as a DNA receptor. As such, our study provides genetic  ex vivo setting mycobacterial-derived CDNs play a minor role,
proof that cGAS is necessary to confer responsiveness to an  if any, in triggering IFN-B gene upregulation. Notably, in parallel
intracellular bacterial pathogen and indicates that at leastinan  to our own work, two independent studies by Chen, Shiloh,
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and colleagues and Cox and colleagues, in this issue of Cell Host
& Microbe, report the same finding, that cGAS is essential for the
induction of type | IFN in Mtb-infected macrophages (Collins
et al., 2015; Watson et al., 2015).

Interestingly, we observed that Mtb can trigger the expression
oftype | IFNs evenin the absence of anintact, cell-intrinsic cGAS-
cGAMP-STING signaling pathway. We explain this phenomenon
by the existence of an intercellular second-messenger-based
signaling network that exploits gap junctions to deliver cGAMP
into neighboring cells and thus complements the cGAS or STING
deficiency when mutant cell lines are cocultured (Ablasser et al.,
2013b). Indeed, the sensitivity of this phenomenon to carbenox-
olone treatment shown in the present work confirms the gap junc-
tion dependency. In the lungs of infected mice, macrophages
have been reported to communicate immunomodulatory signals
via Ca®* waves using gap junctions as the conducting pathway
(Westphalen et al., 2014). Future studies are needed to elucidate
whether in vivo cGAMP-based intercommunication might also
participate in modulating the immune response to Mtb.

Itis interesting to note that cells infected by the HN878 strain,
belonging to the W-Beijing lineage, but not by the H37Rv strain,
benefited from the cGAS-STING knockout when analyzed for
cell survival. This finding agrees with the literature, where a cor-
relation between IFN-f production and the virulence of W-Beijing
strains has been established (Manca et al., 2001; 2005). More-
over, a recent investigation of the association between type
| IFN production and bacterial virulence demonstrated a role
for type | IFN in inducing the immunosuppressive cytokine
IL-10 and in repressing the cytoprotective effect of IFN-v in
Mtb-infected macrophages (McNab et al., 2014). These results
are consistent with our data, which show both strongly sup-
pressed production of IL-10 and enhanced macrophage survival
in cGAS knockout and STING knockout cells.

Mtb also elicits inflammatory responses, an event that is not
mediated by cGAS or STING but by the intracellular inflamma-
some complex. Interestingly, the inflammasome-mediated host
response also relies on the presence of cytosolic DNA, which
is sensed by AIM2 (Saiga et al., 2012; Hornung et al., 2009).
We proved that deletion of AIM2 causes reduction of IL-18 pro-
duction but that a significant inflammatory IL-1B signal is main-
tained via a functional NLRP3-dependent inflammasome system
(Dorhoi et al., 2012).

When characterizing the cytokine signature of several mutated
mycobacterial strains, we noticed that expression of type
| IFNs correlated with the secretion of the ESX-1 substrate
EsxA. Surprisingly, mutations compromising EsxA secretion
(as in H37Ra) did not affect inflammasome activation in the
same way, but instead shifted the Mtb-induced host response
toward the selective production of IL-1B. It has been generally
assumed that activation of the cGAS-STING-IFN-pathway and
the inflammasome-IL-1B-pathway in response to virulent myco-
bacteria is coregulated and triggered by a common (unknown)
mechanism mediated by ESX-1. Our work has now revealed
that intracellular host recognition pathways can be stimulated
differentially according to the level of EsxA secreted. Based on
the results obtained, we propose the following molecular expla-
nation. Strains H37RvARD1 and H37RvAARD1 lack the genes
for most of the ESX-1 secretion apparatus and its substrate
EsxA, and therefore they generate no measurable intracellular

host response. EsxA is still produced by the espA and espC
mutants and by H37Ra, but its secretion is not detectable
(Chen et al., 2013; Fortune et al., 2005; Frigui et al., 2008). How-
ever, a small amount of EsxA may be released intracellularly by
these bacteria, for instance by cell lysis, and this suffices to stim-
ulate production of IL-1B. In other words, EsxA levels shift the
host response either toward the detrimental cytokines (type
I IFN and downstream effectors) or toward the beneficial IL-1B.
In this sense, Solans et al. demonstrated that the reported de-
gree of virulence of various Mtb strains in guinea pigs correlates
with different levels of EsxA expression and secretion (Solans
et al., 2014) (Palanisamy et al., 2008). In accordance with this
explanation, W-Beijing strains, which secrete more EsxA (Solans
et al., 2014), elicit higher levels of IP-10, as demonstrated in this
work. This interpretation predicts that the specific expression of
distinct cytokine classes can be achieved by manipulating the
ESX-1 system. Indeed, we found that blocking EsxA secretion
by pharmacological means significantly downregulates IFN
expression yet still allows for robust production of IL-1B, as
further discussed below.

Insight into the mechanism of ESX-1-regulated innate immune
response is highly relevant for the development of vaccine
adjuvants or immunotherapeutics. Effective live vaccines have
to balance “harmlessness” with eliciting powerful and specific
immune responses. In this respect it is interesting to note that
the attenuated Mtb 4phoPR mutant, which serves as the candi-
date TB vaccine, MTBVAC (Arbues et al., 2013), displays greatly
reduced secretion of EsxA (Frigui et al., 2008). One plausible
reason for the advantageous efficacy of MTBVAC involves its
ability to selectively trigger inflammatory cytokines and hence
to bypass the pathological consequences of the type | IFN
system. Alternatively, manipulating the IFN-B-IL-1 regulatory
cytokine network may represent a potential approach for the
treatment of established Mtb infection (Mayer-Barber et al.,
2014). Our finding that coregulation of the inflammasome-IL-
1B-pathway and the cGAS-IFN-B-pathway can be disconnected
via manipulation of the mycobacterial ESX-1 secretory system
could guide the development of a novel class of anti-TB drugs
for use in conjunction with conventional chemotherapy. As proof
of concept, our ex vivo data indicate that selective EsxA secre-
tion inhibitors (BTP15 or BBH7) can shift the innate immune cyto-
kine profile effectively toward the host-beneficial, antimicrobial
IL-1B direction. The experimental design, which involved pre-
treatment of the bacilli with BTP15 or BBH7 and thus preventive
depletion of EsxA, did not allow any reduction of IL-13 to be
observed, despite this being partly AIM2/DNA dependent. We
reason that intracellular Mtb multiplication was associated with
de novo secretion of EsxA. However, the levels of EsxA did not
reach those of the DMSO-treated bacteria, and we therefore
observed a decrease in IP-10 while IL-1B remained unaffected.
This confirms that wild-type levels of EsxA stimulate both type
I IFN and IL-1B, whereas a decrease in EsxA secretion mainly
affects type | IFN production while leaving the host-protective
IL-1B response virtually intact. This is corroborated by knocking
down EsxA secretion by genetic means in the espA and espC
mutants. In the latter cases, the amount of secreted EsxA is un-
detectable in vitro, and this is reflected in an even greater impact
on IP-10 and IL-1B as compared to chemical inhibition. Impor-
tantly, the data obtained with BTP15 and BBH7 directly correlate
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with their level of protection of Mtb-infected fibroblasts, as
demonstrated recently (Rybniker et al., 2014). Future investiga-
tions will be required to see whether such a host-directed
anti-TB treatment may also prove to be successful in an in vivo
infection model.

EXPERIMENTAL PROCEDURES

Reagents and Plasmids

DNA oligonucleotides corresponding to the 90 bp long dsDNA (sense
sequence, 5-TACAGATCTACTAGTGATCTATGACTGATCTGTACATGATC
TACATACAGATCTACTAGTGATCTATGACTGATCTGTACATGATCTACA-3)
were obtained from Metabion and annealed in PBS. &'-triphosphate RNA
was prepared as previously described (Schlee et al., 2009). PMA (Phorbol
12-myristate 13-acetate), coelenterazine, chloroquine, carbenoxolone, and
DAPI were obtained from Sigma-Aldrich. Cyclic di-AMP and cGAMP (2'-5')
were obtained from Biolog. Expression plasmids for Yybt and DacA
(Rv3586) were kind gifts from Professor Zhao-Xun Liang (School of Biological
Sciences, Nanyang Technological University) and Professor Guangchun Bai
(Center for Immunology and Microbial Disease, Albany Medical College),
respectively. An expression plasmid coding for human GFP-tagged cGAS
was previously described (Ablasser et al., 2013b). Expression plasmids cod-
ing for murine STING and human STING are based on pEFBOS (Ablasser
et al., 2013a).

CRISPR/CAS9-Mediated Knockout Cell Line Generation

THP-1 cells were coelectroporated with a gRNA- and a mCherry-Cas9-
expression plasmid as described (Schmid-Burgk et al., 2014). The gRNA
target sequences used were GAACTTTCCCGCCTTAGGCAGGG (cGAS), TCC
ATCCATCCCGTGTCCCAGGG (STING), GCTGGAGAACCTGACCGCCGAGG
(ASC), and TTTGGCAAAACGTCTTCAGGAGG (AIM2). After FACS enrichment
of mCherry-Cas9-positive cells, monoclones were grown out for 2 weeks and
were genotyped using deep sequencing as described. For each target gene,
two clones bearing all-allelic frameshift mutations were expanded for further
study.

Cell Line Generation by Lentiviral Transduction

The method for lentivirus-based expression of cGAS-Flag and GFP-Flag in
cGAS mutated THP-1 cells was performed according to the standard protocol
(Barde et al., 2010). Stable cGAS- or GFP-expressing cell lines were generated
under puromycin selection.

Cell Culture

HEK293T cells were cultured in DMEM and human macrophages (CD14* cells
differentiated with GM-CSF [20 ng/ml]), and PMA-activated THP-1 cells were
cultured in RPMI1640, both supplemented with 10% (v/v) FCS, sodium pyru-
vate (all Life Technologies), and Ciprofloxacin (Bayer Schering Pharma).
BMDMs were generated using L929-cell-conditioned medium (LCCM) as a
source of granulocyte/macrophage colony stimulating factor. cGAS ™~ mice
were generated in the laboratory of Charles M. Rice {Schoggins et al., 2014).
For the generation of human macrophages, PBMCs were obtained by Fi-
coll-Hypague density gradient centrifugation, and CD14" cells were isolated
by MACS using the CD14" cell isolation kit (Miltenyi Biotech) according to
the manufacturer’s instructions. Buffy coats were obtained from the blood
transfusion center (Centre de Transfusion Interrégionale, Croix Rouge Suisse),
and the experiments were approved by the Office Ethical Committee (Com-
mission Cantonale D’éthique de la Recherche) with the authorization number
107/15.

Cell Stimulation and Tr Tr 1t

Murine BMDMs (1 x 108/ml), THP-1 cells (1 x 10%/ml), and human macro-
phages (1 x 10%/ml) were transfected using Lipofectamine 2000 {Invitrogen)
according to the manufacturer’s instructions. HEK293T cells 2 x 10%ml)
were transfected using GeneJuice (Novagen) according to the manufacturer’s
instructions. DsDNA and &'-triphosphate RNA were transfected at a final con-
centration of 1.33 pg/ml. CDNs were transfected at a final concentration of
2 pg/ml.

Bacterial Strains and Culture Conditions

Mitb strains {described in Table S$1) were grown at 37°C in 7H9 medium (Difco)
supplemented with 0.2% glycerol, 0.05% Tween 80, and 10% albumin-
dextrose-catalase (ADC, Middlebrook) or on 7H10 plates supplemented with
0.5% glycerol and 10% oleic acid-albumin-dextrose-catalase (OADC, Middle-
brook). Kanamycin (20 ng/ml) and hygromycin (50 pug/ml) were used when
necessary.

Preparation of My ium tub is Cultures for Cell
Infection

Bacteria were grown to exponential phase (optical density at 600 nm, OD600,
between 0.4 and 0.8), washed once in 7H9 medium, resuspended in 7H9 to an
ODgoo Of 1, equivalent to 3 x 10° bacteria/ml. The required volume of Mtb
bacterial suspension was then added to RPMI1640 or DMEM for infection of
human THP-1 cells or mouse BMDM, respectively, at the multiplicity of infec-
tion {moi) reported in the text. Plates were sealed with gas-permeable sealing

film and incubated at 37°C under 5% CO,.

Cell Viability Assay
CellTiter-Blue Assay (Promega) was performed according to the manufac-
turer’s instructions.

THP-1 cells were activated with 100 ng/ml PMA and seeded on coverslips
in 24-well plates. Cells were then either transfected with the indicated
nucleic acids, CDNs, or infected with Mtb for indicated time periods. After
incubation cells were fixed with 4% formaldehyde in PBS for 20 min at
25°C. Cells were then blocked and permeabilized in blocking buffer (2%
BSA, 0.2% Triton X-100 in PBS) for 30 min. Cells were stained with anti-
Flag (Sigma), anti-Beclin-1 (Cell Signaling), anti-ASC (Santa Cruz), Texas
Red anti-rabbit, and Alexa Fluor 488 anti-mouse antibodies (Life Technolo-
gies) for 1 hr at 25°C. Imaging was performed using the Zeiss Axioplan fluo-
rescence microscope.

Immunoblotting

Cells were lysed in 1x Laemmli buffer and denatured at 95 °C for 5 min. Cell
lysates were separated by 10% SDS-PAGE and transferred onto nitrocellulose
membranes. Blots were incubated with anti-STING (Cell Signaling), anti-
MB21D1 (anti-cGAS, Sigma-Aldrich), anti-p-actin-HRP, and anti-rabbit-lgG-
HRP {both Santa Cruz Biotechnology).

Luciferase Reporter Assays

HEK293T cells (2 x 10* cells in each well of a 96-well plate) were transiently
transfected with 25 ng IFN-B promoter reporter plasmid (pIFN-B-Gluc) in
conjunction with expression vectors as indicated using GeneJuice (Novagen).
cGAS was used to induce cGAMP production, and DacA was used to induce
cyclic di-AMP production within HEK293T cells upon transient overexpres-
sion. Luciferase activity was assessed in the supernatants 14—20 hr posttrans-
fection with coelenterazine (2.2 uM) as substrate.

ELISA

Cell culture supernatants were removed from infected or transfected cells after
24 hr. In the case of infection, supematants were filtered through NANOSEP
centrifugal devices {(Life Sciences) and assayed for mouse IP-10 (R&D Sys-
tems), human IP-10, IL-18, TNF-z, IL-10 (BD Biosciences), and IFN-p (PBL
Interferon Source) according to the manufacturer’s instructions.

Analysis of Murine Type | IFN Production via Bioassay

Mouse type | IFN levels were determined by incubating LL171 cells with super-
natants from infected BMDMs for 4 hr. Luciferase activity was measured, and
type | IFN levels were calculated using a dilution series of the standard.

qPCR

RNA from cells was reverse transcribed using the RevertAid First Strand cDNA
Synthesis kit (Fermentas), and quantitative PCR analysis was performed on an
ABI 7900HT. All gene expression data are presented as relative expression to
GAPDH. The sequences were as follows: GAPDH forward, 5'-GAGTCAACG
GATTTGGTCGT-3; GAPDH reverse, 5-GACAAGCTTCCCGTTCTCAG-3';
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IFNB1 forward, 5'-CAGCATCTGCTGGTTGAAGA-3'; IFNB1 reverse, 5'-CAT
TACCTGAAGGCCAAGGA-3'; IFIT2 forward, 5-GCGTGAAGAAGGTGAAG
AGG-3; and IFIT2 reverse, 5'-GCAGGTAGGCATTGTTTGGT-3'.
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