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Abstract v

Abstract

With over 1.5 million deaths per year, mycobacterial pathogens, including Mycobacterium tu-
berculosis, belong to the deadliest pathogens worldwide. Essential to their complex infection
mechanism is the secretion of virulence proteins across their otherwise almost imperme-
able cell envelope. The transport of these heterodimeric protein complexes is mediated by
a specialized secretion system, the Type VIl or ESX secretion system. Slow-growing, of-
ten pathogenic mycobacteria, code for up to five different ESX systems, termed ESX-1 to
ESX-5, which fulfill a diverse set of functions in the mycobacterial life cycle. Although the
systems are considered promising drug targets, the molecular mechanism by which substrates

are transported across the mycobacterial membrane remains elusive so far.

This thesis presents the structure of the inner membrane spanning ESX-5 system from My-
cobacterium xenopi. Integrating data from cryo-EM, crosslinking mass spectrometry and
homology models enabled a detailed view on the hexameric secretion system with central
secretion pore. The complex is formed by six protomeric units that comprise the protein
components EccBs:EccCs:EccDs and EccEs in a 1:1:2:1 stoichiometry. While the trans-
membrane segment was overall well defined within the cryo-EM density, the secretion pore,
formed by two helices of EccCs, showed inherent flexibility, which was hypothesized to be
caused by a conserved proline residue in the center of the helix. In addition, analysis of the
pore diameter suggested a role of phenylalanine residues in a gating mechanism. A muta-
tional analysis carried out in this thesis revealed that the integrity of these pore residues and
the integrity of the pore scaffold, formed by EccBs, is essential for secretion. A cryo-EM
structure further confirmed that mutation of the central proline residue leads to the rigidi-
fication of the pore helices, indicating that plasticity of the central transmembrane pore is

necessary to allow transport of different folded substrates across the cell envelope.

This plasticity was also observed within the cytosol for the three consecutive ATPase do-
mains of EccCs and on the periplasmic side for the periplasmic domain of EccBs. As shown
by cryo-EM, addition of ATPyS slightly stabilized two EccCs conformations within the cyto-
plasm, probably corresponding to different ATPyS bound states. It is hypothesized that the
remaining intrinsic flexibility could bestow dynamics to the system that are essential to carry

out huge conformational changes in the translocation cycle.

Along with other recently published structures of ESX-5 and ESX-3 systems and improved




Abstract v

structure prediction methods, the presented results have paved the way for structural com-
parison of the different systems and for a deeper understanding of the underlying mechanism

of secretion.
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Zusammenfassung

Mit lber 1,5 Millionen Todesfallen pro Jahr gehéren Mykobakterien, darunter auch Mycobac-
terium tuberculosis, zu den todlichsten Erregern weltweit. Fiir ihren Infektionsmechanismus
ist die Sekretion von Virulenzproteinen iiber ihre sonst aulerst undurchlassige Membran un-
abdingbar. Der Transport der hetrodimeren Proteinkomplexe erfolgt durch ein hochspezial-
isiertes Sekretionssystem, das Typ VIl oder ESX Sekretionssystem. Langsam-wachsende,
meist pathogene Mykobakterien kodieren bis zu fiinf verschiedene ESX Systeme in ihrem
Genom, ESX-1 bis ESX-5 genannt, die verschiedene Aufgaben im mykobakteriellen Leben-
szyklus erfiillen. Die ESX Systeme werden als vielversprechende Zielproteine fiir die Entwick-
lung neuer Medikamente gehandelt, doch der molekulare Mechanismus mit dem Substrate

tiber die mykobakterielle Membran transportiert werden ist bisher nicht bekannt.

Diese Arbeit prasentiert die Struktur des ESX-5 Systems von Mycobacterium xenopi in der
inneren Membran. Durch die Kombination von Kryoelektronenmikroskopie, Crosslinking-
Massenspektrometrie und homologen Modellen, die fiir die Modellbildung eingesetzt wurden,
wurden neue Einblicke in das hexamere Sekretionssystem mit zentraler Sekretionspore gewon-
nen. Der Komplex ist aus sechs identischen protomeren Einheiten aufgebaut, die jeweils
von den Proteinkomponenten EccBs:EccCs:EccDs und EccEsg in einer 1:1:2:1 Stochiome-
trie gebildet werden. Wahrend das Segment in der inneren Membran hoch aufgeldst wurde,
zeigte die zentrale Sekretionspore, die aus zwei EccCs-Transmembranhelices besteht, hinge-
gen erhohte Flexibilitdt, die durch einen konservierten Prolinrest im Zentrum der zweiten
Helix induziert werden konnte. Des Weiteren wurde durch Analyse des Porendurchmessers
deutlich, dass Phenylalaninreste eine Rolle in einem maoglichen SchlieBmechanismus der Pore
spielen konnten. Eine Mutationsstudie im Rahmen dieser Arbeit konnte zeigen, dass die
Integritat der Reste in der Pore sowie die Integritat des Geriists der Pore, das von EccBs
gebildet wird, essentiell sind fiir die Sekretion. Eine Kryoelektronenmikroskopiestruktur kon-
nte bestatigen, dass die Mutation des zentralen Prolinrests zur Verfestigung der zentralen
Helix fuihrt. Dies verdeutlicht, dass die Plastizitat der zentralen Transmembranpore essentiell

ist, um den Transport verschiedener gefalteter Substrate iiber die Zellhiille zu ermoglichen.

Diese Flexibilitat wurde auch im cytosolischen Bereich fiir die drei aneinadergereihten AT Pase-
Domanen von EccCs und im periplasmatischen Bereich fiir die periplasmatische Domane von
EccBs beobachtet. Eine Kryoelektronenmikroskopiestruktur konnte zeigen, dass die Zugabe

von ATP+yS dazu beitrdagt zwei EccCs Konformationen zu stabilisieren. Eine gewisse intrin-

Vi
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sische Flexibilitat, konnte jedoch notwendig sein um dem Komplex die erforderliche Dynamik
zu verleihen, die fiir den Transport verschiedener Substrate notwendig ist. Dieser Prozess

konnte groBe Konformationsanderungen erfordern.

Zusammen mit anderen vor Kurzem veroffentlichten Strukturen von ESX-5 und ESX-3 Sys-
temen und verbesserten Methoden zur Vorhersage von Proteinstrukturen, konnten die hier
gezeigten Ergebnisse den Weg fiir strukturelle Vergleiche ebnen und zu einem tieferen Ver-

standnis des Sekretionsmechanismusses beitragen.

Vil
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1 Introduction 1

1 Introduction

1.1 Tuberculosis

1.1.1 Tuberculosis - a deadly disease

Despite being known for centuries, tuberculosis (TB) remains a major health threat world-
wide until today [176, 17]. In 2021 alone, 10.6 million people fell ill with TB and 1.5 million
people died from this infectious disease [176]. Therefore, TB is considered as the leading
cause of death by an infectious disease [176].

The causative agent of TB is the bacterial pathogen Mycobacterium tuberculosis (Mtb). It
is spread via aerosol droplets released by breathing or coughing of a person actively infected
with Mtb [134, 39, 177]. The transmission does not necessarily lead to active TB. Instead,
the immune system is often able to eliminate the bacteria or to control the infection locally,
leading to latent TB [69]. It is estimated that a quarter of the worlds’ population is carrying
the pathogen [175]. While people with latent TB are not contagious and do not show clinical
manifestations like coughing, chest pain and fever, they are at risk to fall ill with TB later in
life [177]. The exact molecular mechanism of the reactivation of latent TB is poorly under-
stood, but risk factors like immune deficiency, for example due to co-infection with human
immunodeficiency virus (HIV), diabetes, alcohol and cigarette abuse as well as malnourish-
ment are known to have an impact in that process [177, 175, 134]. In fact, 5% - 15% of
people infected with latent TB develop the active disease during their lifetime [175, 177].

Although TB occurs all over the world, the highest burden is observed in the region of South-
East Asia, Africa and the Western Pacific accounting for 86% of all TB cases worldwide in
2020 [175]. These include many low and middle income countries, where the high cost of
treatments exceeds the income of every second household affected with TB by more than
20% [175]. The standard treatment of TB comprises a combination of four antimicrobial
drugs that need to be taken in the course of six months. An interruption of the treatment
bears the risk to develop multi-drug resistant TB, which is even more challenging to treat,

often with poorer outcomes [177].

A cost effective protection can be provided by vaccination with an attenuated Mycobac-
terium bovis bacillus, Bacillus Calmette—Guérin (BCG), developed more than 100 years ago.
Although it provides good protection for infection and disease development for young children,

the efficacy of the vaccine is poor for adults and varies even between different geographical
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locations [72].

In order to develop new and effective treatments against TB and other mycobacterial dis-
eases, it is necessary to gain a deep understanding of the instruments and mechanisms with

which mycobacteria orchestrate and finally disarm the immune response of the host.

1.1.2 Mycobacterial physiology

Mtb evolved a very complex infection cycle, as shown in Figure 1.1. Once inhaled, the
bacteria enter the lungs and migrate to the alveoli, where they are sensed and taken up by
innate immune cells such as alveolar macrophages. Despite the degrading environment in the
(phago-) lysosome of the macrophage, which is able to defeat most pathogens, Mtb is able to
replicate inside the cell and induces cell lysis to infect further immune cells [134, 177, 39, 188].
The local inflammatory response caused, leads to the migration of a diverse set of immune
cells, including B- and T-cells, to the site of infection that will enclose the infected cells in
a so-called granuloma, characteristic of Mtb. In this heterogenous arrangement of immune
cells the bacteria can be eliminated or contained. A destruction of the granuloma, however,
leads to the active disease. At this point in the infection cycle, Mtb is relased into the lung,
from where the bacteria can further propagate to other organs [134, 177, 39, 188]. While
it was long believed that granulomas are in particular beneficial for the host only by locking
up Mtb in a restricted area, recent research suggests that granulomas represent a permissive
environment for Mtb growth [50].

M. tuberculosis Macrophage Immune cell M. tuberculosis
uptake uptake migration latent TB active TB spread

—.
I—V \\) N~

)

—.
<\ /
~ l
- [ />
| (.
) Y 3

\Q &
S S

Elimination Elimination

Figure 1.1: Mycobacterium tuberculosis infection cycle Mtb is inhaled and taken up by
alveolar macrophages. The local inflammation leads to the recruitment of immune cells that
contain Mtb in a closed capsular structure, the granuloma. The orchestration of the immune
response allows the bacteria to survive and grow inside the granuloma. When the granuloma
breaks down, Mtb can spread in the lung and to other organs, causing symptoms and the
active disease. Coughing of a person with active TB releases droplets containing Mtb into
the air [134, 177, 39, 188]. The figure was created with elements from BioRender.com.

Evading the chemical and mechanical stress and manipulating the immune response is pos-

sible, as Mtb has evolved a diverse set of features and strategies [39].

One of the most intriguing characteristics of Mtb is its unusual cell envelope that is depicted

in Figure 1.2 and is a distinct feature of the order Corynebacteriales, especially the genus
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Mycobacterium [75, 46]. The genus includes more than 170 different species populating
different natural and human associated environments [81]. Besides Mtb, this genus com-
prises also other pathogens like Mycobacterium leprae (Mlep) or Mycobacterium abscessus
(Mabs). Especially the latter one has evoked attention as it causes severe infections that are

difficult to treat due to its intrinsic antibiotic resistance [129].

Although officially classified as gram-positive bacteria, Corynebacteriales possess, in contrast
to gram-positive bacteria and gram-negative bacteria, besides a rather usual lipid bilayer as
inner membrane, a peptidoglycan layer linked to a biopolymer composed of arabinose and
galactose [240]. This polymer is attached to the so called mycomembrane by covalent bonds.
The inner leaflet of the mycomembrane mainly comprises fatty acids with very long fatty acid
chains (C60 - C90), the so-called mycolic acids [240, 75, 46]. These fatty acids render the
bacteria very hydrophobic and impermeable to many compounds including broad-spectrum
antibiotics [46]. The outer leaflet of the mycomembrane in turn is more heterogeneous and
is composed of further mycolic acids, lipids and lipoglycans that provide an additional barrier
[46]. A losely attached capuslar layer composed of polysaccharides, proteins and a few lipids
has been shown to play a role in host pathogen interactions [133, 210]. In total, the amount
of lipids accounts for 40% of the dry weight of Mtb and leads to 100 - 1000 times lower
permeability of the membrane compared to gram-negative bacteria [127].

Nevertheless, to survive and to establish infection, it is inevitable for Mtb and other mycobac-
teria to possess a protein machinery that ensures transport of proteins across this otherwise
almost impermeable cell envelope. This machinery is an achille’s heel for the bacterium as it

can be exploited as a potential drug target [28].

1.2 Secretion

1.2.1 Protein transport machineries

The presence of sophisticated protein machineries that allow transport of proteins across
the cell membrane is common across all bacteria. These export pathways are essential for
many different physiological processes, such as nutrient acquisition, adhesion to host cells,
modulation of host-pathogen interactions, virulence and viability, which are mediated by the
secreted proteins, also called the effector proteins [203, 107, 56]. Due to the presence of
a single lipid bilayer, secretion in gram-positive bacteria requires the presence of pathways
that are able to transport proteins across the cytoplasmic membrane only. The Sec and
twin-arginine translocation pathway (Tat) are widely spread pathways that are able to fulfill
this role [84]. Sec and Tat pathways also exist in gram-negative bacteria. However, further
mechanisms are required in gram-negative bacteria to transport proteins across the outer

membrane. Thus, Sec and Tat translocation systems are only considered accessory to se-
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Figure 1.2: Comparison of the gram-negative, gram-positive and mycobacterial mem-
brane composition The mycobacterial membrane is a highly complex structure that contains,
in addition to a rather usual inner membrane and peptidoglycan layer, an arabinogalactan layer
that is covalently linked to fatty acids with very long fatty acid chains, the so-called mycolic
acids, that form the mycomembrane. A losely attached layer composed of polysaccharides,
proteins and lipids forms the outermost barrier of Mycobacteria [240, 75, 46]. The figure
was created with elements from BioRender.com.

cretion systems in gram-negative bacteria like the type Il or Type V secretion systems [84].
The classification into different types resulted from the conservation of secretion mechanisms

between different gram-negative bacteria. So far ten types have been described [84].

The mechanisms of action of these different secretion systems are diverse in many aspects,
such as: energy sources, target location of effectors, membranes to cross, substrates, se-
cretion signals, number of steps involved in transport and many more (Table 1.1) [107, 56].
Some systems, like the the well-described type Il secretion system or the type IV secretion
systems, can transport their effectors across the own cell envelope and the host cell mem-
brane in just one step. It is important to mention that bacteria are not limited to one type of
secretion system but multiple different secretion system types can coexist in a single bacterial
species [107, 56, 84].

As the mycobacterial cell envelope comprises a special outer membrane and, thus, differs
from gram-positive and gram-negative bacteria, the question arises, whether specialized my-
cobacterial pathways exist that allow transport of proteins across the whole mycobacterial cell
envelope. Indeed, mycobacteria encode, in addition to a Tat and Sec translocation pathway,

two special translocation systems: the SecA2 system that can be considered as paraloque to
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the canonical Sec system, and the unique type VIl secretion system (T7SS), the only official
secretion system type in gram-positive bacteria (Figure 1.3) [83, 35, 84]. While Sec, Tat and
also the specialized SecA2 export proteins to the periplasmic space, so far T7SS substrates
could not be detected in the periplasm. Thus it is suggested that T7SSs are specialized to
transport proteins across the cytoplasmic membrane and the mycomembrane [35].

Table 1.1: Comparison of bacterial secretion systems The table was modified from [107]
with data from [158, 168, 113, 111, 222, 103, 180, 55]

Translocation Secretion Steps in Folded Number of Gram(+) Energy
system signal secretion substrates membranes Gram(-) source
Sec N-terminus 1 No 1 Both ATP/PMF
Tat N-terminus 1 Yes 1 Both PMF
T1SS C-terminus 1 No 2 Gram (=) ATP
T2SS N-terminus 2 Yes 1 Gram (-) ATP
T3SS N-terminus 1 No 2-3 Gram (-) PMF
T4SS C-terminus 1 No 2-3 Gram (-) ATP
T5SS N-terminus 2 No 1 Gram (-) Assembly?
T6SS Unknown 1 Unknown 2-3 Gram (=) Unknown
T7SS C-terminus 1 Yes 2 Gram (+) ATP
T8SS N-terminus 2 No 1 Gram (-) Unknown
T9SS C-terminus 2 Yes 2 Gram (=) PMF
T10SS Unknown 2 Unknown 2 Gram (=) Unknown
T11SS Unknown 2 Unknown 1-2 Gram (-) Unknown

1.2.2 Secretion systems in mycobacteria
Sec, SecA2 and Tat translocation systems

The canonical Sec system is essential for the viability of mycobacteria. It is predicted that
around 1000 proteins are targeted for transport by this system. Not all of them remain in the
periplasm, some are secreted to the environment via yet unknown mechanisms [32]. The en-
ergy for the transport of the unfolded effector proteins through the channel formed by SecY,
SecE and SecG (SecYEG) is provided by proton motive force and the ATPase SecA [257].
The proteins are targeted to the system with a positively charged N-terminus, a hydrophobic
core and a positively charged C-terminus [167]. Besides transport of proteins, the Sec system
is also involved in the insertion of integral membrane proteins in the membrane [151]. The
mycobacterial SecA2 system exploits the components of the canonical Sec system. Only a
different SecA ATPase, SecA2, is encoded in the genome. It has a high structural similarity
to SecAl. Nevertheless, SecA2 has a distinctive role and cannot be replaced by SecAl alone
and vice versa [29]. So far, fewer (15) [236] proteins have been shown to be transported by

the SecA2 system and it is suggested that in contrast to the canonical Sec system they could
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Figure 1.3: Mycobacterial secretion systems Mycobacteria contain a very limited set of
protein translocation systems. Besides the canonical Tat and Sec system, mycobacteria
encode for a second SecA AT Pase and a very specialized secretion system, the ESX or Type
VIl secretion systems (T7SS) [35]. Up to five different ESX secretion systems can be found
in mycobacteria, termed ESX-1 to ESX-5 [120]. Each of these seems to play a distinct role
in the mycobacterial life cycle [35]. The components for substrate transport across the inner
membrane have been identified [20, 121]. How the folded heterodimeric ESX substrates are
transported across the outer membrane is currently unknown.

be even (partially) folded [82]. Overall, the system is not essential for viability, but it has
been shown to be required for pathogenesis in pathogenic mycobacteria like Mycobacterium
marinum (Mmar) and Mtb [30, 249].

The Tat system in turn has been shown to be essential only for Mtb. Other mycobacterial
species only show growth defects when knocking out this system [179, 208, 190]. It is re-
ported to transport around 100 folded proteins across the mycobacterial inner membrane via
the TatABC machinery [156, 179]. The process is driven by proton motive force [16]. Char-
acteristic for the substrates is their N-terminal secretion signal that comprises two arginines
and two hydrophobic residues separated by a polar residue (R-R-X-h-h) [57]. These twin

arginine residues are eponyms for the twin-arginine translocase (Tat).

Type VII secretion system

The discovery of the T7SS was initiated by the identification of its secreted targets EsxA
(Early secretory antigenic target - 6 kDa (ESAT-6)) and EsxB (culture filtrate protein - 10
kDa (CFP-10)) around 20 years ago. By knocking out these two genes, first evidence arose
that the encoded proteins may play a role in virulence [247]. Interestingly, both proteins were
lacking the specific Tat and Sec secretion signals [223]. The attention was further drawn to
ESAT-6 and CFP-10 when it became evident that the region flanking the two genes (region
of difference 1 (RD1)) was deleted in the BCG vaccine strain, leading to its attenuation
[155]. Soon afterwards, it was shown that the gene clusters around ESAT-6 and CFP-10

encode for a new, so far undescribed secretion pathway, which was initially named Snm for
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Figure 1.4: Architecture of the five different ESX loci Each ESX locus has a very sim-
ilar composition and contains all the components needed for substrate transport: cytosolic
components including an ATPase and a chaperone, membrane components, that form the
secretion machinery across the inner membrane as well as substrates from three different
substrate classes [25, 121].

secretion in mycobacteria [223], before later the terms ESX (ESAT-6 secretion system)
and type VIl secretion system prevailed [25, 1]. In addition to the ESAT-6 gene cluster,
genomic and proteomic analysis revealed the presence of four more paralogous loci in Mtb
that were numbered ESX-2 to ESX-5 respectively, with the first identified system termed
ESX-1 [96, 230]. Each of these loci encodes the proteins, that form the T7SS secretion
machinery: membrane proteins, ATPases, chaperones, proteases and substrates, as shown
in Figure 1.4 [223, 96, 20, 121]. Conserved components, that are present in at least four
of the five loci, were named ecc, for esx conserved component, with the exception of a
subtilisin-like protease MycP and the cytosolic chaperone EspG, which was first assigned as
an ESX-1 secretion-associated protein (Esp) [25].

The five ESX systems are not exclusively found in Mtb, but are spread across all mycobac-
terial species and even a few more actinobacterial and corynebacterial species. However, not
all mycobacteria possess all five systems. In fact, two to seven gene clusters are observed
in different mycobacterial species. These also include plasmid encoded ESX systems [170].
An overview of the distribution of ESX systems can be found in Table 1.2. Phylogenetic
analysis suggests that ESX systems evolved by gene duplication from the most ancestral
system ESX-4 with ESX-5 being the most recent evolved system [170]. It is striking that the
presence of ESX-5 correlates with a slower growth rate of mycobacteria. These so-called
slow-growing mycobacteria account for most of the pathogenic species including Mtb [170].
Due to the lack of the membrane porin MspA, their cell envelope is considered even less
permeable [12]. Pathogenicity, thus, may have co-evolved with lower permeability of the

mycobacterial membrane.
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Table 1.2: Overview on ESX loci encoded in mycobacterial species The table was mod-
ified from [170, 146, 196]. A circle indicates the presence of the locus in the respective
e indicates the presence of an ESX-4 duplicate.
are named according to their genetic ancestors. If the species is non-pathogenic (NP), an

species.

Plasmid encoded ESX systems

opportunistic pathogen (OP) or a true pathogen (TP) is indicated in the last column.

Species ESX-1 ESX-2 ESX-3 ESX-4 ESX-5 ensézzrg'gsx Pathogenicity
M. abscessus . . NP
M. africanum . . . . . P
M. avium . . . . oP
M. bovis . . . . . P
M. bovis . . . . . TP
M. canettii . . . . . TP
M. chubuense . . P2’ P2’ NP
M. colombiense . . . . oP
M. fortuitum . . .e oP
M. gilvum . . . P1 NP
M. indicus pranii . . . . NP
M. intracellulare . . . . oP
M. kansasii . . . . . oP
M. leprae . . . P
M. ulcerans . . . . P
M. marinum M . . . . TP
M. massiliense . . oP
M. microti . . . . . TP
M. neoaurum . . . NP
M. orygis . . . . . TP
M. parascrofulaceum . : . . P2, P2’ P5 oP
M. phlei . . . NP
M. rhodesiae . . . oP
M. smegmatis . . . NP
M. sp JLS. . . . NP
M. thermoresistibile . . . NP
M. tuberculosis . . . . . P
M. tusciae . . . . P2, P2, P3 NP
M. ulcerans . . . TP
M. vaccae . . ) NP
M. vanbaalenii . . . NP
M. xenopi . . . . oP
M. yongonense . . . . P5 OP
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ESX systems

The emergence of several ESX systems suggests that each of these systems plays a distinct
role in the mycobacterial life cycle. Indeed, the systems are associated to distinct tasks, such

as virulence, nutrient and metabolite uptake [35].

The best studied system, ESX-1, was shown to play a major role in virulence. One of the
main pathways ESX-1 is involved in, is the rupture of the phagosomal membrane and the
cytosolic escape that was observed in Mtb and Mmar [215, 119]. This allows the pathogens
to replicate in a nutrient rich and less hostile environment [126]. Responsible for the rup-
ture could be the ESX-1 substrate EsxA, that was shown to have membrane lysing activity
[68, 217]. However, the exact mechanism is far from being understood. Also the induction
of necrotic like cell death, which allows the bacteria to spread, can be traced back to the
ESX-1 system [215]. This mechanism was further suggested to play an important role in
granuloma formation [109, 67, 224]. In addition, in non-pathogenic mycobacteria, ESX-1
seems to play an important role in a special form of horizontal gene transfer, the distributive
conjugal transfer. The mechanism, that allows the translocation of large chromosomal frag-
ments is also dependent on the ESX-4 system [106, 105]. A new preprint further describes
a role of ESX-1 in nitrogen sensing based on the observation of ESX-1 megacomplexes at

cell-cell contacts in low nitrogen environments [115].

The ESX-2 system in contrast is one of the least described systems and evolved more re-
cently. Like the ESX-5 system, this system is associated with slow-growing mycobacteria
only, but is not required for the slow growth as it is not encoded in the genome of several
slow-growing species like Mmar [170]. Until recently, no function could be assigned to the
ESX-2 system. However, in 2021, it was reported that in Mtb ESX-2, in combination with
ESX-4 and ESX-1, is involved in phagosomal membrane rupture needed for the translocation
of the tuberculosis necrotizing toxin (TNT), a nicotinamide adenine dinucleotide (NAD+)
glycohydrolase, to the cytosol [178]. Interestingly, the suggested mechanism contradicts the
pathway for TNT translocation in Mmar in which no involvement of ESX-2 was observed
[125].

Essential for the viability of mycobacteria is the ESX-3 system, due to its crucial role in
iron-zinc homeostasis [212, 213]. It was not only shown that ESX-3 is responsible for the
uptake of iron [212, 213] but the transcription itself is upregulated under low iron conditions
[154, 204]. Interestingly, other substrates than the EsxA/EsxB (EsxAB) paralogue pair Es-
xGH are involved in the mediation of iron zinc regulation. EsxGH instead were shown to
interfere with the host immune system by disrupting the function of the endosomal sorting
complex required for transport (ESCRT) to impair phagosome maturation. As a result, also
ESX-3 plays a major role in virulence [157, 233, 76].
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The most ancient system, ESX-4, has a reduced number of genes compared to other ESX-
loci. Besides a smaller number of substrates, it is missing two cytosolic components (EspG
and EccA) as well as one membrane component (EccE) [25]. The essential role in hori-
zontal gene transfer in Mycobacterium smegmatis (Msmeg) was for a long time the only
function that could be attributed to ESX-4. Therefore, it was believed that this system is
not functional, with the ESX-4 system of Mabs being the only exception. In this species,
it was shown that ESX-4 and its secreted substrates EsxUT are involved in phagosomal
rupture comparable to the ESX-1 system. In this context it is noteworthy that the ESX-4
locus in Mabs comprises a copy of the missing membrane component EccE [144, 145]. In
addition, also in other species the knowledge has advanced. In a recent research article,
Pajuelo et al. [178], investigated the trafficking of the toxin TNT in Mtb and suggested
that the toxin TNT or rather its precursor CpnT (channel protein with necrosis-inducing
toxin) is transported through the membrane via ESX-4. Also the transport of the EsxAB
homologues EsxE and EsxF was suggested to depend on ESX-4 [178]. In contrary, a study
in Mmar came to the conclusion that CpnT is transported through ESX-5 and grants only
a yet unknown supporting role to ESX-4 [125]. However, both studies highlight an interplay
between several ESX systems. An interplay was further observed between ESX-4, ESX-1
and ESX-5 in Mmar, where ESX-4 seems to have a regulating effect on ESX-1 and ESX-5
secretion [246]. Understanding the cross-talk between different ESX systems is a growing

field of research.

In addition to the functions touched on above, the most recently evolved system, ESX-5,
has an essential role for growth in slow-growing mycobacteria. This is due to its function
in nutrient uptake, which is mediated by some of the so called PE/PPE substrate pairs
[12, 244, 139], which will be introduced in more detail later. These substrate pairs are
encoded throughout the genome, but the majority is transported by ESX-5 [12, 120]. It is
suggested that some of the PE/PPE proteins form selective channels in the outer membrane
to allow import of nutrients like various carbon sources [244, 12, 139]. Interestingly, the
importance of ESX-5 for growth can be circumvented when expressing the outer membrane
porin MspA, which is encoded in the genome of fast-growing mycobacteria but not in slow-
growing bacteria [12]. Besides its role in nutrient uptake, ESX-5 and ESX-5 substrates have
been shown to play immune modulatory roles by impacting the cytokine production of human
macrophages during infection [2] or by altering the capsular layer, which itself is important
for ESX-1 dependent membrane rupture (hemolysis) [13]. Another study further indicated
attenuation of Mtb ESX-5 mutants in macrophages and mice [27]. Taken together, these
findings suggest that a functional ESX-5 system is required for virulence and nutrient uptake

of pathogenic mycobacteria.

10
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Substrates

As highlighted in the previous subsection, the function of the different systems is mediated by
its secreted effectors. Overall, the substrates of ESX systems can be categorized into three
different families: Esx proteins, PE/PPE proteins and Esp proteins. All of them are thought
to be transported as folded 4-helix bundles across the membrane [61]. A C-terminal YxxxD/E
motif in close proximity to a WXG motif, which is usually located in a loop region between two
helices [63, 191, 201, 225, 137, 138] are suggested to form a two-component secretion signal
(Figure 1.5) [35, 9]. However, not all substrates encode both signal sequences. Substrates
lacking one component, which represent a vast majority of the substrates, were shown to be
secreted as heterodimers, in which one protein complements the secretion signal of the other
one [191, 201, 225, 137, 138]. These heterodimers are found in bicistronic operons [191].

One example of heterodimeric secreted proteins are Esx proteins. Esx proteins comprise a
group of short proteins with a length of around 100 amino acids, that carry the conserved
WxG motif and are therefore classified in the WxG100 family [191]. The best studied rep-
resentatives of this group are EsxA (ESAT-6) and EsxB (CFP-10), which are located in the
ESX-1 locus. Both proteins form an antiparallel heterodimer with flexible N- and C termini
[191, 201]. While both components are carrying the WxG motif, EsxB comprises in addition
the YxxxD/E motif at its C-terminus. Therefore, the WxG proteins are further divided into
subclasses related to EsxA and EsxB or to another subgroup based on the sequence similarity
to an EsxA protein of Streptococcus agalactiae [191]. Some Esx proteins are thought to
have pore forming activities [68, 217, 145]. One example is EsxA, which was suggested to
dissociate from EsxB at low pH after secretion to mediate phagosomal rupture [68, 217].
However, these results were recently questioned [52]. Another example is EsxEF, which was
shown recently to form heteropentameric pores that were suggested to be essential for the
secretion of TNT [229].

In Mtb the PE and PPE protein family are the substrates with the highest abundance.
Around 10% of the whole Mtb genome encodes for members of this family [51]. Also in
other pathogenic mycobacteria, genes encoding PE/PPE proteins are of high abundance [4].
They are characterized by a Proline-Glutamate (PE) or Proline-Proline-Glutamate (PPE)
motif near their N-termini, respectively. Those have inspired also the naming of the fami-
lies [51, 25]. Similar to Esx proteins, PE proteins form antiparallel heterodimers with their
corresponding PPE protein [225, 137, 44, 252, 77]. The conserved core of this heterodimer
is composed of the around 110 amino acid long N-terminal tail of PE and the around 180
amino acid long N-terminus of its PPE partner [9]. While the YxxxD/E motif is harbored at
the C-terminus of the PE protein, the WxG motif is found in the loop region of PPE proteins.
Again, both motifs are in close proximity to each other [225, 137, 44, 252, 77]. Albeit the
core is quite conserved, the C-termini of PE and PPE proteins are highly variable in size and

sequence [9]. These C-terminal extensions are also used to further divide this big group into
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Figure 1.5: Substrate classes and structures Representative structures of ESX substrate
classes are shown. Common to all substrates is the formation of 4 helix bundles and the
presence of two motifs: the WxG and the YxxxD/E motif, shown in blue and in orange
respectively. While PE/PPE and Esx proteins form heterodimers, EspB exists as monomer.
PPE proteins can bind to the cytosolic chaperone EspG (brown). Recent cryo-EM studies
report the formation of pore forming structures of EsxE and EsxF as well as EspB. PDBs
and EMDBs presented were published in: [201, 225, 137, 138, 229, 98]
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several subclasses [9]. One of these subclasses are the polymorphic GC-rich PE sequences
(PGRS). Due to a very high GC content of 80% or more and long glycine rich sequences of
the PE protein (up to 1400 amino acids) studying this subgroup is very challenging [9, 97].
65% of the PE proteins annotated in the Mtb genome can be assigned to this class. Other
classes correspond to the ESX-loci they are encoded in, some are more loosely defined [9, 97].

In contrast, PPE proteins are classified more specifically on sequence motifs. PPE-PPW
proteins carry a PxxPxxW motif close to the C-terminus, PPE-SVP proteins contain a SVP
motif in the C-terminal domain and PPE-MPTR proteins are characterized by a NxGxGNxG
sequence, a major polymorphic tandem repeat (MPTR) [9].

Except for the PPW family, whose members have so far been shown to depend on the ESX-3
system and play a role in iron homeostasis [213, 233, 161, 234, 137] as well as the PE and
PPE proteins encoded in the respective loci, PE/PPE dimers are thought to be transported
through the ESX-5 system. Interestingly, a few members of the PPE-SVP subfamily have
been shown to enhance transport of other substrates. Especially PPE38 is to highlight in this
context as it was observed to facilitate the transport of PE PGRS and PPE-MPTR proteins
in general [10, 11].

Many PE/PPE proteins are still uncharacterized and the scientific knowledge is limited [9].
Only a few members were assigned a function, but the data is not always very unambiguous.
For example, some studies suggest that PE PGRS proteins are involved in virulence mech-
anisms, others claim a role in virulence attenuation (discussed in [9, 85]). Quite recently,
more and more evidence arose that attributes important roles to some PE/PPE pairs in the
uptake of nutrients, like glycerol, glucose and Mg?*. Some PE/PPE proteins might thus act
similar as outer membrane porins in gram-negative bacteria [244, 15, 139, 171, 70].

Esp proteins are specifically associated with ESX-1 secretion [25]. The only exception is the
cytosolic chaperone EspG, which is also found in the ESX-2, ESX-3 and ESX-5 loci and will
be introduced later. Not all Esp proteins were shown to be secreted, some, like EspD, were
hypothesized to serve as chaperones for other Esp substrates [43, 187]. Others play a dual
role in secretion and transcription regulation, like EspR, which is regulating the expression of
the espACD operon [206]. A striking feature of this operon is that mutations within these
genes lead to general ESX-1 secretion defects [87, 153]. These results highly suggest a
strong co-dependence of the Esp substrates with each other and with other secreted sub-
strates. Several mechanisms have been suggested that regulate the expression of this operon
in response to certain environmental conditions [92, 143, 181, 132, 104, 26, 206]. Thus, the
operon might serve as a molecular switch for ESX-1 secretion.

The only secreted Esp protein structurally characterized is EspB. It is secreted monomeric,
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but the 4-helix bundle structure resembles PE/PPE heterodimers [138, 221, 189, 98]. After
transport across the inner membrane, the protein is processed by the conserved protease
MycP [221, 138]. By now several studies show in addition an oligomerization of EspB into
a barrel-like structure that could potentially insert into membranes or bridge the periplasm
via a yet unknown mechanism [221, 189, 98]. Also EspC was shown to have the tendency
to oligomerize. EM micrographs indicated the formation of large surface exposed filaments,

whose role is not elucidated yet [150].

All in all, despite their classification into different groups, PE/PPE, Esx and Esp proteins
should not be considered separately. As indicated before, multiple studies point out that
there exists a co-dependence and hierarchy of different substrate pairs, which is not fully
understood yet [59, 37, 64, 43, 187, 206]. In this context, it is of equally importance to un-
derstand the interactions of substrates with the secretion machinery itself and the molecular

mechanism of substrate translocation.

Components of the secretion machinery

The conserved components EccA, EccB, EccC, EccD, EccE, MycP and EspG form the core
of the ESX secretion machinery. Each locus contains a copy of these proteins with the
exception of EccA, EccE and EspG not present in the ESX-4 locus of most mycobacterial

species [25].

In the cytosol, EspG serves as specific chaperone for PE/PPE proteins, which have a high
tendency to self-aggregate [186]. A hydrophobic pocket in EspG represents a docking plat-
form for a hydrophobic helical tip in the PPE protein [137, 44, 252, 77]. The interaction
ensures that the secretion signal at the C-terminal end of the protein remains exposed [63].
By employing mutations and domain swap experiments it was shown that the EspG-PPE
interaction further plays an important role in the targeting of PE/PPE proteins through the
corresponding ESX system [186, 64]. The low sequence homology of EspG and the structural
variation of the binding domain support these findings. Whether EspG itself interacts with

the membrane machinery remains unknown [61].

Also for the second conserved cytosolic component, EccA, a lot of open questions remain.
The protein comprises two domains, a tetratricopeptide (TPR) domain at its N-terminus and
a AAA+ ATPase domain at its C-terminus that are linked via a flexible linker [152]. TPR
domains are known to mediate protein-protein interactions [65] and, indeed, yeast 2-hybrid
screens revealed interactions of EccAl with PPE68, EspC [152, 42] while pull-down assays of
EccAl and EccA3 even showed interactions with components of the mycolic acid synthesis
pathway [130, 141]. However, none of these interactions could be confirmed in vitro so far.

The oligomeric state of EccA is expected to be hexameric as the ATPase domain belongs
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to the family of AAA+ ATPases that are known to hexamerize to adapt an active state
[228, 95]. It was shown that ATPase hydrolysis is required for EccA in order to fulfill its
role in secretion [130]. Nonetheless, this role is far from being understood. It was proposed
that EccA could act as dissociase by destabilizing the interaction of EspG to its PE/PPE
substrates [61]. Another hypothesis is that EccA could act as an instigator, by delivering
Esx substrates to the membrane protein complex and providing energy for the first steps
in translocation [61]. Interestingly, it is still under debate if EccA is required for secretion.
Some data point a pivotal role to EccA in secretion [93, 3, 27, 130], whilst some studies
point to a minor role of EccA [53, 121]. These different results could be explained by a study,

which attributed these variations to different culture media and growth conditions [185].

EccA is not the only ATPase that powers ESX secretion. Within the membrane machinery,
composed of EccB, EccC, EccD, EccE and MycP, the protein EccC comprises 3 consecutive
AT Pase domains at its C-terminus which are classified as Ftsk/Spolll ATPases (Figure 1.6,
blue structure) [121]. Due to their high flexibility, structural studies of these cytoplasmic
domains have been impeded [205, 20, 80, 192]. From the three nucleotide binding domains
(NBD), two of them (NBD2 and NBD3) were shown, by mutational analysis, to enhance
secretion, but their role is not essential. These results can be explained by a degenerated
Walker B motif in both of these domains. Only mutations in the first AT Pase domain abol-
ished secretion, suggesting a regulatory role of the two C-terminal ATPases and a driving
role of NBD1 [12, 205]. Interestingly, in ESX-1, ATPase domains 2 and 3 are even sep-
arately encoded as a two domain protein. Based on a crystal structure of a homologous
EccC in T.curvata, a second regulatory role was assigned to the linker between ATPasel
and ATPase2. This linker (linker2) is binding to a pocket of ATPase2, presumably leading
to a lower hydrolysis rate [205]. By domain swap experiments, it was observed that this
linker is a determinant in ESX-5 for the species specific secretion of a PE/PPE substrate
pair [38]. Hence, the release of linker2 might enable binding of PE/PPE substrates. Similar
to EccA, EccC belongs to a family of ATPases that is known to oligomerize into hexam-
ers. Induction of this oligomerization event was suggested to be mediated by binding of the
YxxxD/E motif of an EsxB homologue in an empty binding pocket of NBD3 [245, 205]. As a
consequence, the regulatory linker domain could be released from the NBD1 binding pocket
to enable transport. In this model it is ensured that energy is only consumed in the presence
of substrate [205]. Thus, secretion could be modulated by the expression of the substrates
of the corresponding ESX system [205]. Beside the ATPase domains, the 150 kDa protein
comprises at its N-terminus two transmembrane helices, followed by a long helical linker to
a domain of unknown function (DUF). Although the classical catalytic residues are missing,
it was suggested that this domain could function as an additional ATPase. Mutations in the
predicted catalytic cavity, indeed, prevented secretion [80]. Whether this is due to abolished
ATP hydrolysis or if the DUF domain plays a rather structural role in secretion needs to be

clarified.
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No obvious function was assigned to the protein EccB yet, although EccBs, for example, has
been shown to be essential for the viability of Mtb [71]. The 50 kDa protein is composed of
a single transmembrane helix at its N-terminus followed by a big periplasmic domain. Two
crystal structures of this periplasmic domain of EccB;, from Msmeg and Mtb, revealed a
pseudo two-fold symmetry of the protein, formed by a central domain and four repeat do-
mains, which flank the central domain and imply a slight S-Shape (1.6, orange structure)
[242, 256]. By using AT Pase assays, a study suggested that the periplasmic domain of EccB
could be involved in ATP hydrolysis [256]. As the periplasmic space is free of ATP, these
results are questioned [35]. While structural homology search revealed no similar structures
of the whole periplasmic domain, the repeat domains show low sequence homology to the
phage protein PlyCB [242]. This protein is known to bind to peptidoglycan [169]. Thus,
it was suggested that EccB could tether the complex to the peptidoglycan layer [242], but

evidence for this hypothesis is still missing.

Also the role of EccD is not understood yet. With 11 predicted transmembrane helices, it
is estimated to form an essential part of the membrane protein complex [242, 121]. Trans-
poson mutations in EccDs abolished secretion and impeded assembly of the complex, which
supports the hypothesis of a central role of EccD [121]. Besides the transmembrane domain,
the N-terminus of EccD is located in the cytosol and is connected via a long linker with the
transmembrane domain [242]. By close analysis of a crystal structure of the soluble domain
of Mtb EccDBj, a high similarity to ubiquitin-like domains (UBD) was observed (Figure 1.6,
green structure) [242]. The function of this domain in secretion has not been elucidated so

far.

In contrast to all other components, experimental structural information of single EccE do-
mains are missing. As a deletion of Mxen EccEs did not to affect the assembly of the
secretion system, it is estimated that the 50 kDa protein is located at the periphery of the
complex [20]. This finding is also supported by the fact that EccE is not encoded in the
ESX-4 locus [120]. Interestingly, an Msmeg ESX-3 construct, lacking EccE, was incapable
to secrete the corresponding Esx proteins EsxG and EsxH [80]. Also in Mtb ESX-1, deletion
of EccE abolished secretion and had a negative impact on stability of the membrane complex
[219]. In addition, in the exceptional case of Mabs ESX-4, which encodes an EccE4, ESX-4
was active in contrast to other ESX-4 systems [144]. These observations grant EccE an

important role in secretion.

Although MycP is thought to interact only transiently with the complex [239, 238, 121], the
role of this protease was investigated in more detail. It belongs to the family of subtilisin-like
proteases that are serine proteases, which comprise a catalytic domain with a catalytic triad

formed by aspartate, histidine and serine [33]. Crystal structures of Mtb and Msmeg MycP4
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PDB: 4KK7 PDB: 4NHO PDB: 4KV2 PDB: 4394

Figure 1.6: Known structures of soluble protein domains of the membrane protein
complex The periplasmic domain of EccB, the three consecutive ATPase domains of EccC,
a dimer of the UBD of EccD and the protease domain of MycP are shown. So far no
structure of the soluble EccE domain could be obtained and it is not clear how the proteins
are assembled within the complex. Structures presented were published in [242, 205, 220].

as well as Mtb MycP3 [220, 243] confirmed a subtilisin like fold (Figure 1.6, red structure). In
contrast to other subtilisin-like proteases, however, the N-terminal domain, which is thought
to regulate protease activity, is not cleaved during maturation of the enzyme but rather
binds around the active site instead of inside the cavity. The interaction of the N-terminal
propeptide is even stabilized by a disulphide bond [220, 243] . Two detailed analyses of the
propeptide of MycP revealed a structural role of the propeptide, rather than a functional
role [226, 238]. It seems obvious that an involvement of a protease domain in secretion is
the processing of substrates, but so far, cleavage was only observed for the ESX-1 substrate
EspB, which is processed at its C-terminus. In addition, while it was shown that MycP is
required for secretion through ESX systems, the protease activity of MycP is not. This
was demonstrated by mutations of the active site of MycP; and MycPs [239, 174]. It was
further reported that the transmembrane domain and the protease domain are stabilizing the

membrane protein complex via a transient interaction [238, 239, 174].

Membrane protein complex

To decipher the molecular details and mechanisms of the membrane transport, it is not suf-
ficient to focus on single components. Instead, it is essential to consider the interplay of all

components.

As introduced before, each of the membrane components EccB, EccC, EccD, EccE and MycP
are required to form a functional secretion system [121, 12, 205, 71, 80, 219, 239, 238].
However, it is unclear how they are assembled and concerted to enable transport. Deletions
of single components suggested a peripheral position of EccE and MycP, while EccB, EccC

and EccD were suggested to form the core of the secretion system [20, 239, 238].
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EMDB: 3596

Figure 1.7: Negative stain EM map of the Mycobacterium xenopi ESX-5 core complex
The low-resolution map revealed a hexameric complex with a central secretion pore with
dimensions that suggest the position in the inner membrane. The map presented was obtained
by Beckham et al. [20].

First conclusions of the size of the complex were drawn from blue native polyacrylamide gel
electrophoresis (BN-PAGE). The ESX-1 and ESX-5 complexes studied were formed by EccB,
EccC, EccD and EccE and migrated at a size of >1.5 MDa indicating the formation of a
high oligomeric complex [121]. A negative stain EM (NS-EM) structure of ESX-5 from My-
cobacterium xenopi (Mxen) gave first insights in the overall dimensions and composition of
the membrane protein complex formed by the Ecc components [20]. The structure revealed
a Cb-symmetric assembly that formed around a central pore of estimated 5 nm diameter,
shown in Figure 1.7. Mass spectrometry (MS) analysis revealed an equimolar stioichiometry
of EccB, EccC, EccD and EccE, indicating a hexameric assembly of six identical protomers
with a size of around 1.8 MDa. In addition, gold-labeling of EccC as well as fitting of the
crystal structure of the soluble domain of EccB into the NS-EM map enabled the localisation
of non-membrane embedded protein domains either into the cytoplasm or the periplasm. The
findings suggest that the three characteristic ATPase (FtsK/SpolllE) domains of EccC are
located in the cytoplasm and EccB in the periplasm. The location of MycP was investigated
by a study, which used a chimeric EccB-MycP fusion to conclude that the periplasmic domain
of EccB and the protease domain of MycP work in close proximity [237]. Although EccC
could be located inside the cytoplasm, the ATPase domains are not included in the NS-EM
map due to the high flexibility. It was speculated that this flexibility could be a special feature

of a yet not characterized substrate binding mode [20].

Surprisingly, based on the overall dimensions of the NS-EM map of Mxen ESX-5, it was
further concluded that the complex is only spanning the inner membrane and does not reach
to the mycomembrane [20]. Thus, additional components are needed to mediate protein
translocation across the outer membrane. Given the co-dependence of several ESX sub-

strates as well as their tendency to oligomerize, it has been speculated that a substrate
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could mediate transport [13, 221, 229]. Several substrates have been proposed: EspB,
EspC, EsxEF and recently also a group called TiMe proteins (tube-forming proteins in the
mycobacterial envelope) that harbour either Tat, Sec or T7SS secretion signals [40]. Clear
evidence for a facilitating role in transport across the outer membrane is, however, still miss-
ing. For EspB, for example, there are reasonable doubts that an EspB oligomer could insert
into the membrane, since structures of an EspB oligomer revealed a charged surface on the
outside of the pore [98, 189]. Instead, it was suggested that it could bridge the periplasmic
space. The existence of such a bridge is also not proven yet. As a consequence, it is not

evident whether type VII secretion is a one or two-step process.

1.3 Aim of this work

Since the discovery of the ESX/ T7SS, a lot of effort has been made to understand the
molecular mechanism of secretion in mycobacteria. However, little is known about how the
virulence factors in the cytosol are recognized by the T7SS, how effectors are translocated
to the periplasm or how effectors cross the outer membrane. To unravel the molecular de-
tails of the translocation process mediated by T7SSs, high resolution structures of the entire

complex are needed.

This thesis focuses on the structural elucidation of the ESX-5 complex in the inner membrane
of mycobacteria. As this complex is the core of the T7SS and inevitable for viability and
virulence of slow-growing, pathogenic mycobacteria, it could represent an ideal target for
new treatments against TB or other mycobacterial diseases [28]. A structural and molecular
understanding could, thus, advance the discovery of novel anti-TB drugs. In addition, given
the high conservation of ESX-loci, it is expected that based on an ESX-5 structure, conclu-

sions about a general T7SS architecture and mechanism can be drawn.

To study the ESX-5 structure, the Mxen ESX-5 complex was selected, as it showed superior
stability and a good expression level [20]. In addition, the protein components share a high
sequence identity (55% - 85%) to other ESX-5 systems. For the recombinant expression
the non-pathogenic and fast-growing mycobacterial species Msmeg will be used as expression
host. This ensures a fast growth and the integration of the membrane complex in an almost
natural environment, compared to other bacterial expression systems like Escherichia coli
(E.coli). Due to the size of the complex of over 1.8 MDa, single particle cryo EM was
chosen as main method for the structural characterization. Complemented with biophysical
and biochemical assays, the data presented aims to provide a deeper understanding on the

overall secretion pathway.
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1.4 Main methods

1.4.1 Expression host Mycobacterium smegmatis

For the recombinant expression of bacterial genes, often E. coli is considered as suitable
expression host. However, only one third of the mycobacterial proteins were reported to be

expressed, soluble and properly folded in E.coli [102, 18].

This might be, because mycobacteria evolved and adapted to their environmental niche and
developed specific physiological needs and pathways. The absence of specific chaperones,
post-translational modifications, metabolites and ligands but also the absence of a transcrip-
tion and translation machinery adapted to the high GC-content of the mycobacterial genes
could impair protein production in E.coli [18, 22]. The unique cell envelope of mycobacteria
is an additional mycobacterial feature that differs tremendously from E. coli, as discussed
before. As a consequence, proper insertion and folding of membrane proteins in E.coli could
be impaired. Therefore it is likely, that the use of an expression host as closely related as
possible increases the chance to obtain properly folded membrane proteins and membrane

protein complexes as the T7SS.

The non-pathogenic, fast-growing, mycobacterial species Msmeg has been shown to be a
suitable expression host for mycobacterial genes. It was demonstrated, that five of eight
proteins from Mtb that were insoluble when expressed in E.coli were found soluble in Msmeg
[102]. The doubling time of Msmeg of around three hours is significantly higher than in E.
coli (20 minutes) [18] but seems worthwile, given the higher quality and yields expected.

The commonly used expression strain Msmeg mc?155 was derived from the wild-type (WT)
ATCC 607 strain and offers increased transformation efficiency compared to the willd-type
strain [218]. A deletion of the histidine-rich C-terminus of GroEL, that caused contamina-
tions after immobilized metal affinity chromatography (IMAC), further improved the strain

for purification purposes [172].

By now, there is a great variety of vectors available for mycobacterial expression, including
different inducible and constituitive promoters with an assortment of tags and antibiotic re-

sistance genes, which give scope for different applications [18, 22, 162].

Based on the flexibility offered by the Msmeg expression system and the similarity of Msmeg
to Mxen and other mycobacterial species, Msmeg was selected as expression host for the

production of the Mxen ESX-5 system.
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1.4.2 Electron microscopy

The main method applied for structure determination of purified T7SS was single particle
cryogenic electron microscopy (cryo-EM). Due to many technical advances within the re-
cent years, cryo-EM has been shown to be a powerful tool for the 3D reconstruction of
macromolecular complexes to resolutions below 4 A, in some cases even to atomic resolution
[142, 166, 255]. In contrast to X-ray crystallography, cryo-EM does not require the growth
of crystals. Instead, proteins are imaged in a thin layer of amorphous ice. This is achieved
by rapidly freezing the sample on a cryo-EM grid in liquid ethane, also referred to as plunge-

freezing or vitrification [74, 6].

At cryogenic temperatures the sample is stable in the column vacuum of the electron micro-
scope and the low temperatures reduce the radiation damage induced by the electron beam
used for imaging. Nevertheless, the imaging dose needs to be kept low (10 - 50 e~ per Az)
to preserve high resolution details [99]. However, since biological samples are composed of
elements with weak intrinsic scattering potential, their phase contrast is rather low, leading
to low signal to noise ratios [100]. Therefore, to achieve high resolution reconstructions,
images of thousands of particles are needed. These images represent the two dimensional
projections of each particle. With the help of computer software the individual images are
aligned and averaged. In Fourier space, the projections of different orientations, correspond
to different slices through the 3D volume. Modern computer software is, thus, able to recon-
struct the 3D volume of the particles based on 2D images [88, 62]. The obtained resolution
is estimated based on the Fourier Shell Correlation (FSC or GSFSC). This function describes
the correlation of two halves of a dataset as a function of the spatial frequency [207]. Ex-

cellent introductions into the principle of single-particle cryo-EM are provided in [45, 41, 142].

As no crystals are needed, cryo-EM requires less sample and allows higher heterogeneity of
the sample, since aggregated or distorted particles can be sorted out during data processing.
This is beneficial, especially for membrane proteins and macromolecular complexes like the
T7SS. Purification yields are likely to be low and detergents or lipid micelles used to extract
the protein from the native lipid environment could impair crystal contacts and often add

additional heterogeneity to the sample.

Thus, it is expected that the chances to achieve high-resolution structural information on
the ESX-5 T7SS is highest when applying cryo-EM.

1.4.3 Membrane protein reconstitution

As mentioned before, for single particle cryo-EM, the T7SS needs to be extracted from
the lipid membrane.This step is critical, as replacing the natural environment by detergent

could lead to a loss of stability, denaturation and/ or aggregation. Most often the extraction
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is achieved by the use of amphiphilic molecules, like detergents [173]. Above their critical
micelle concentration (CMC) these molecules self-assemble into small particles with a hy-
drophobic core and a polar shell called micelles [254, 94]. When added to lipid membranes,
the membrane disaggregates and micelle belts form around the membrane proteins, shielding
their hydrophobic core from the aqueous buffer. The choice of detergent, therefore plays an
important role [254, 94].

After extraction of the membrane protein, a detergent concentration above the CMC needs
to be maintained in all following steps. The presence of detergents in cryo-EM, however,
hampers structural analysis as it reduces contrast and introduces further heterogeneity to
the sample [173, 14].

To overcome this problem, several further membrane mimetics were developed. These can
be divided into two classes: The first class allows the incorporation of the membrane protein
in a lipid environment, while in the second class, the hydrophobic core of the membrane
protein is shielded by synthetic polymers or peptides.

In the first class, most common approaches include membrane scaffold-protein (MSP)-based
or synthetic nanodiscs [19, 254]. MSP is an optimized human serum apolipoprotein and
is designed to wrap around a phospholipid bilayer, generating a disc shaped proteo-lipid
particle. The reconstitution of the membrane into the nanodisc requires the extraction of the
protein from the lipid environment with detergents, but once reconstituted, detergents can
be omitted [19, 254, 14, 199]. Styrene maleic anhydride (SMA) is used to obtain synthetic
nanodiscs. In contrast to MSP-based nanodiscs, the synthetic, amphipathic polymer can
extract membrane proteins directly from native membranes without the need for detergent
[136, 199, 254, 14]. This allows the characterization of the membrane protein in the lipid
environment of the expression host. However, for the reconstitution of the T7SS both
methods have a key disadvantage: the diameter of the nanodisc is highly dependent on the
length of the polymer or MSP protein chain. Commercially available nanodiscs are produced
in different sizes, but so far, the diameters are limited to around 17 nm for MSP or synthetic
polymers [108, 227].

As the diameter of the hexameric T7SS is estimated to be 28 nm, by NS-EM, neither SMA
nor MSP based-nanodiscs can be applied for structural studies on ESX-5. An alternative
approach makes use of a small lipid binding protein of the saposin family, that is used as a
scaffolding protein. In this approach, multiple Saposin A (SapA) molecules assemble to form
a saposin lipid nanoparticle (SapNP) [90, 86]. Initially, the method was based on the recon-
stitution of the membrane protein after detergent solubilization. However, it was reported,
that SapA molecules are also able to extract proteins directly from the membrane [149]. Due
to the modular principle of SapA, there is, in theory, no limit in diameter [86]. However, so

far it has not been demonstrated that SapNPs can be applied for a successful reconstitution
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of proteins of sizes comparable to the T7SS.

The most widely used approach in the second class are amphipols. These synthetic am-
phiphatic polymers directly bind to the hydrophobic core of the membrane protein [232, 14,
199]. Amphipols are added to the protein after detergent solubilisation. They are very ver-
satile and were shown to stabilize a number of different proteins, also the T7SS [20, 14].
However, some conformations might be only obtained in a lipid environment, so both ap-

proaches are useful.

Given the successful reconstitution of ESX-5 into amphipols shown before, amphipols were
applied as main membrane mimetic, but to investigate the impact of a native lipid environ-

ment on the T7SS the reconstitution into SapNPs was tested as well.

1.4.4 Protein prediction by Alphafold2

Within the four years of this PhD, a scientific breakthrough was achieved by Jumper et al.
from Deepmind [131]. They developed a machine learning approach able to accurately pre-
dict protein coordinates with (near-) atomic precision, based on a single protein sequence
provided. The method is based on contact predictions from a multiple sequence alignment
(MSA) and has triggered high excitement in the structural biology field - which can be ex-
pressed by more than 4000 citations within less than 1.5 years. The quality of the prediction
of a protein sequence by Alphafold2 can be judged by two measures [131]:

1) The predicted local-distance difference test (pLDDT) that gives an estimate on the con-
fidence of the prediction per-residue on a scale from 0-100. While a structure with a score
of above 70 can be considered as relatively well modeled, a score above 90 corresponds to

high accuracy of the prediction [131].

2) The predicted alignment error (PAE) which provides information on the confidence of the
relative positioning of individual domains. The expected position error is given in A. The
PAE as quality matrix becomes especially important in the context of multi-domain proteins
or multimeric proteins that AlphafoldMulltimer was trained on [131, 79].

While Alphafold2 predicts individual domains of the ESX inner membrane components with
a relatively high accuracy (pLDDT > 70), due to the size, the number of components and
a relative low structural conservation resulting in weak MSAs, a reliable prediction of a full
ESX secretion complex can not be standardly obtained by Alphafold2 [47]. However, the
method is especially useful to explore unknown, but conserved contacts and was applied in

this thesis to predict substrate complexes.
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2 Materials and Methods

This chapter includes protocols that were applied to obtain results presented in Chapter 3.
As described in Scientific Contributions, the results part is complemented with contribu-
tions from collaborators. Method parts to which | was not contributing are cited here for

completeness and are highlighted in italics.

2.1 Common buffers

Table 2.1: Common buffers Common solutions and buffers used in the course of this
thesis. For the preparation of the ESX-5 ATPyS sample, buffers marked with asterisk were
supplemented with 100 uM ATPyS and 2 mM MgCls.

Buffer Composition

7H9 complete medium 7H9 medium, 13.9 mM NaCl, 0.5% BSA, 0.2% glucose,

0.2 % glycerol, 0.05% Tween 80
7H9 expression medium 7H9 medium, 0.2% glucose, 0.2 % glycerol, 0.05% Tween 80
Saposin lysis buffer 20 mM HEPES pH 7.5, 300 mM NaCl, 15 mM imidazole,

0.01 mg/ml DNase, 1 mg/ml Lysoszyme, 1:100 protease inhibitor
Saposin wash 1 buffer 20 mM HEPES pH 7.5, 300 mM NaCl, 15 mM imidazole
Saposin wash 2 buffer 20 mM HEPES pH 7.5, 300 mM NaCl, 30 mM imidazole
Saposin elution buffer 20 mM HEPES pH 7.5, 150 mM NaCl, 400 mM imidazole
Saposin dialysis/ SEC buffer PBS
ESX lysis buffer 20 mM Tris pH 8, 300 mM NaCl, 10 % glycerol,
0.01 mg/ml DNase, 1:100 protease inhibitor
ESX Solubilization/ Wash buffer* 20 mM Tris pH 8, 300 mM NaCl, 10 % glycerol
ESX elution buffer* 20 mM Tris pH 8, 300 mM NaCl, 10 % glycerol
10 mM desthiobiotin, 0.003% DDM

ESX SEC/ Gradient buffer* 20 mM Tris pH 8, 150 mM NaCl
ESX Gradient 10% buffer 20 mM Tris pH 8, 150 mM NacCl, 10% glycerol
ESX Gradient 40% buffer 20 mM Tris pH 8, 150 mM NaCl, 40% glycerol
PBS-T PBS, 0.05% Tween 20
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2.2 Molecular biology

2.2.1 Preparation of electrocompetent Mycobacterium smegmatis cells

To prepare electrocompetent Msmeg mc?155 groEL1 AC, cells were scraped on an agar plate
and incubated for 3 days at 37 °C. One colony was picked to inoculate 5 ml 7H9 complete
medium in a 50 ml Falcon tube. After 3 days incubation in a rotating incubator, 300 ul of
the saturated preculture were added to 50 ml complete medium in a 300 ml flask and grown
overnight to an optical density at 600 nm (OD600) of 0.5 to 1.0. The culture medium was
then filled into a 50 ml tube and spun for 10 minutes at 4,000 rpm at 4 °C. While the
supernatant was discarded, the pellet was resuspended in 50 ml ice-cold 10% glycerol and
spun for another 10 minutes at 4,000 rpm at 4 °C. This step was repeated twice. The final
pellet was resuspended in 2 ml ice-cold 10% glycerol and stored in 100 ul aliquots at -80 °C.

2.2.2 Mycobacterium smegmatis electroporation

One 100 yl aliquot of electrocompetent Msmeg was thawed on ice to transform one expression
construct. Subsequently the cells were transferred to pre-chilled electroporator cuvettes
(Biozym) and 1 pl of the expression plasmid was added. The suspension was mixed thoroughly
and incubated on ice for 30 minutes before an electroporation was carried out three times
using the Electroporator 1000 (Stratagene) at 2.7 kV. After electroporation the cuvette was
placed on ice immediately and 1 ml pre-chilled 7H9 medium was added. The suspension was
transfered to a 2 ml centrifuge tube and shaken at 37 °C for 2 hours. The cells were spun
down in a microcentrifuge at 6,000 rpm and the pellet was plated on an agar plate with
appropriate antibiotics. The plate was placed in an incubator at 37 °C. Colonies could be
observed after 3-4 days.

2.2.3 Expression of ESX-5 constructs inMycobacterium smegmatis

To set up precultures, 10 ml 7H9 expression medium containing appropriate antibiotics were
inoculated with a single colony in a 50 ml Falcon tube and shaken for 3 days in an incubator
at 37 °C. When saturated, 3-4 ml were used to inoculate 500 ml of 7H9 expression medium
with appropriate antibiotics. One ml of the remaining cell suspension was used to prepare
a glycerol stock by mixing it with 1 ml of 50% glycerol and subsequent storage at -80 °C.
Cells were grown in a shaker incubator at 37 °C and 120 rpm for approximately one day or
when cells reached an OD600 >1.5. In case of inducible vectors, like pMyNT or pMyC [22],
protein expression was induced by the addition of 2 mg/ml acetamide (Sigma) to the culture.
Cells were incubated for another 24 hours before they were pelleted for 40 minutes at 7,000
rpm and 20 °C in a floor centrifuge. In case of non-inducible constructs, cells were pelleted
with the same settings after an OD600 of >1.5 was reached. The pellets were stored at -20
°C.
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2.2.4 Expression of Saposin A in Escheria coli

Precultures of SapA transformed into E.coli Rosetta-gami-2 (DE3) cells, were set up using
a glycerol stock for inoculation, kindly provided by the group of Christian Low, EMBL Ham-
burg. The cells were set up in 50 ml LB medium supplemented with kanamycin, tetracyclin

and chloramphenicol (all Roth) and shaken overnight with 120 rpm at 37 °C.

Four ml of the saturated preculture were then used to inoculate 500 ml of TB medium and
the cells were grown in a shaker incubator set to 142 rpm and 37 °C to an OD600 of 1.
Once the cells reached the aimed OD, the temperature was lowered to 18 °C and the cells
were induced with 1 mM lIsopropyl 3-D-1-thiogalactopyranoside (IPTG) (Roth). The cells
were further shaken for overnight expression and spun down the next day at 7,000 rpm for

20 minutes. The pellets were stored for further use at -20 °C.

2.2.5 Purification of Saposin A

Per 1 g of cells 5 ml of Saposin lysis buffer were added and incubated under stirring for at
least 40 min at 4°C. The cells were lysed running the suspension twice through an emulsifier
(Avestin Emulsiflex) set to a pressure of 15,000 psi. The lysate was collected on ice and
subsequently spun down in a preparative ultracentrifuge (Beckmann Optima) at 30,000 rpm
to remove cell debris. The pellet was discarded and the supernatant was added to IMAC
beads (Machery-Nagel), preequilibrated in Saposin lysis buffer. The IMAC beads were further
incubated on a rotating wheel for 1 hour before transferred to a gravity flow column (Bio-
Rad). Before opening the column, beads were allowed to settle down. The flowthrough
was collected and applied a second time. The column was first washed with Saposin wash
1 buffer and with Saposin wash 2 buffer afterwards. The protein was then eluted with two
column volumes of Saposin elution buffer. Flowthrough, wash and elution fractions were
analyzed via SDS PAGE to assess protein purity. Eluted fractions were pooled and transfered
to a dialysis bag with a molecular weight cut-off (MWCO) of 3.5 kDa (Roth). To cleave the
His-tag, TEV-protease was added to a final concentration of 0.1 mg/ml. The dialysis bag
was placed in Saposin dialysis buffer and stirred overnight at 4°C. On the dialysed sample
a negative IMAC was performed, adding it to IMAC beads and collecting the flow through.
This step ensures removal of the TEV protease as well as uncleaved protein material. The
Saposin sample was concentrated to 1 ml in a 5 kDa MWCO centrifugal filter (Merck) and
applied with a flow rate of 1 ml/min to an S75 16 60 column equilibrated in Saposin buffer.
Peak fractions were collected, concentrated to a concentration of 1.5-3 mg/ml and stored
at -80 °C until further use.
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2.2.6 Purification of ESX-5 constructs
Cell lysis and membrane preparation

For cell lysis, the cell pellet was weighed and 20 ml of ESX lysis buffer were added to 5 g of
cells. The cells were stirred at 4 °C for at least 1 hour. Once the cells were dissolved, they
were applied to an emulsifier at an operating pressure of 20,000 psi. To ensure sufficient cell
lysis, this step was repeated three times. The homogenized cell suspension was collected in
falcon tubes on ice and subsequently spun down for 12 minutes at 8000 x g at 4 °C. The
pelleted unlysed cells were discarded and the supernatant was transferred to ultracentrifuge
tubes to pellet the membranes at 35,000 rpm for one hour at 4 °C in an ultracentrifuge. The
supernatant was discarded and the pelleted membranes were removed from the ultracentrifuge
tube with a plastic spoon and transferred to a potter homogenizer. Ten ml to 20 ml ESX
Solubilization buffer were added to resuspend the membranes. The suspension was aliquoted,

flash frozen in liquid nitrogen and stored at -80 °C.

Membrane solubilization and strep-tag affinity purification

To proceed with the purification membrane, aliquots were thawed on ice and resuspended
in ESX Solubilization buffer to a final concentration of 5-10 mg/ml. 0.25% n-dodecyl-3-
maltoside (DDM) powder (Anatrace) was added for solubilisation of the membranes and
the suspension was stirred for 1-2 hours before ultracentrifugation at 30,000 rpm for 30
minutes at 4°C to remove insoluble material. The supernatant was applied to either lose
Streptactin beads (iba) or a 5 ml StrepTrap column (cytiva), that was equilibrated with ESX
Wash buffer beforehand. In case of lose beads, the beads were incubated for 10-20 min on
a rotating wheel and transferred to a gravity flow column (Bio-Rad). The flowthrough, of
the gravity flow column was collected and applied a second time. After sample application,
in both cases the column was washed with 10 times bed volume in ESX Wash buffer. Af-
terwards, the sample was eluted with two column volumes ESX Elution buffer. To assess
quality and purity, flowthrough, wash and elution fractions were analyzed via sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and the concentration was estimated

using a Nanodrop (Thermo Scientific).

Amphipol exchange

Eluted fractions were exchanged into Amphipol A8-35 (Anatrace) by adding amphipols to
the sample in a 1:5 (w/w) ratio. The mixture was incubated on a rotating wheel for 20-30
minutes, before biobeads were added to remove DDM. The amount of biobeads (Bio-Rad)
was calculated based on the weight of residual detergent present in the solution, which was
estimated to be 0.03%. The final amount of biobeads added accounted for 20 times of the
total weight of DDM. The solution was further incubated overnight on a rotating wheel at
4°C.
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Saposin A exchange

Mxen ESX-5 was reconstituted into SapA and lipids to mimic an environment closer to
the mycobacterial inner membrane. For that purpose, fractions eluting from the StrepTrap
column or StrepTactin beads were incubated with SapA and brain lipids (Avanti Polar Lipids).
Different protein:SapA:lipid molar ratios were tested. After 30 minutes incubation, biobeads
were added as described for amphipol exchange, followed by an overnight incubation at 4 °C

on a rotating wheel.

2.2.7 Direct extraction of ESX-5 by Saposin A

Direct extraction of ESX-5 by SapA was used to preserve the natural lipid environment
of ESX-5 inside the Msmeg cell envelope and to circumvent the addition of a suboptimal
saposin lipid ratio. Instead of DDM, SapA was added to a final concentration of 8 uM to the
suspended membranes and the solution was stirred overnight. In the following, the standard
affinity purification protocol for ESX-5 was followed. The use of detergent was, however,

omitted.

Size exclusion chromatography

After the exchange into amphipols or SapA, Biobeads were removed with a filter and the
sample was concentrated to 150 pl in a 100 kDa MWCO concentrator (Merck). The sample
was filltered again before applying it on a Superose 6 10/300 column (GE/ cytiva) using an
Akta Pure or an Akta Explorer at a flow rate of 0.15 ml/min and ESX SEC buffer as running
buffer. Void peak fractions, that typically contained hexameric ESX-5 species were collected
and analyzed via SDS-PAGE and BN-PAGE.

For analysis of small sample volumes <100 ml or low concentrated samples, instead of the
Akta system, the Agilent HPLC system was used in combination with a Superose 6 3.2/300

column (GE/ cytiva) column or with a Superose 6 5/150 column.

Gradient centrifugation

Gradient centrifugation was used interchangeably with size exclusion chromatography to
achieve highest possible sample purity and homogeneity. Biobeads were removed as described
before and the sample was applied to a 3.5 kDa MWCO dialysis bag (Roth) and dialysed
for at least 2 hours in ESX gradient buffer. The sample was concentrated to 100 ul in
a 100 kDa MWCO concentrator. ESX Gradient 10% and ESX Gradient 40% buffer were
prepared and mixed with a GradientMaster (Biocomp) to form a linear 10%-40% gradient.
The sample was applied on top of the gradient and the centrifuge was started at 25,000 rpm
for 17.5 hours. Afterwards the centrifuge tube was poked with a sharp needle and the sample
was fractionated, collecting 3 drops per fraction in microcentrifuge tubes. The sample was
analyzed by SDS-PAGE and BN-PAGE.
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2.3 Protein analysis

2.3.1 Sodium dodecyl sulfate—polyacrylamide gel electrophoresis

To control the potein purity SDS-PAGE analysis was perfomed, using 4-12% precast Nu-
PAGE Bis-Tris Gels (invitrogen). Sample buffer was prepared by adding 100 uL water and 20
uL 0.5 M TCEP (Sigma) to 20 uL of NuUPAGE LDS sample buffer (invitrogen). The protein
sample and the buffer were mixed in a 1:2 (v/v) ratio and applied to the gel. To determine
the migration height, a molecular weight marker was loaded. Gels were run for 45 minutes
at a constant voltage of 180 V in MES SDS Running buffer. After the run, gels were stained

with InstantBlue (expedeon) or Quick Coomassie Stain (Serva).

2.3.2 Blue native-polyacrylamide gel electrophoresis

BN-PAGE was carried out to assess the size of protein complexes. Either the NativePAGE
buffer system from Invitrogen or the NativeGel buffer system from SERVA were used with
the corresponding 3%-12% precasted gels, according to the protocol. Before sample loading
the wells were washed with cathode buffer to remove residual storage buffer. As molecular
weight standard, the ThermoFisher native mark was loaded. Gels were run at 100 V for the
first 30 minutes, before the voltage was increased to 200 V to keep a minimal current of
2 mA for approximately 3 hours. The gel was fixed and destained in 10% acetic acid and
40% ethanol for one hour. Afterwards the gel was washed with water and stained again with

InstantBlue (expedeon) or Quick Coomassie Stain (Serva).

2.3.3 Western blot

For Western blot an SDS-PAGE gel was run as described above. Instead of staining, the
gel was transferred on a nitrocellulose membrane using, the Trans-blot turbo setup (Biorad).
To minimize unspecific binding, the membrane was incubated in PBS-T supplemented with
5% milk with agitation at room temperature for 1 hour. After the blocking procedure,
the membrane was washed twice in PBS-T. For analysis of strep-tagged and His-tagged
proteins primary antibodies with conjugated horseradish peroxidase (HRP) were used. The
antibodies were diluted (1:5000 for anti-strep-tag HRP (iba) and 1:5000 for anti His-tag
HRP (ThermoFisher)) in PBS-T and incubated with the membrane for one hour. Remaining
antibodies were removed by three 15 minute washing steps with PBS-T. The PBS-T wash
buffer was discarded and excess of wash buffer was removed by pipeting. The SuperSignal
West Pico Chemiluminescent Substrate kit (Thermo Fisher) was used for detection of the
antibodies. The working solution was prepared by mixing equal parts of the Stable Peroxide
Solution and the Luminol/Enhancer Solution. Two ml of this working solution was applied
to the membrane and incubated 5 minutes, before imaging it in the gel imaging system from
Bio-Rad.
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2.3.4 Limited proteolysis

A stock of 0.1 mg/ml purified Mxen ESX-5 complex in SEC buffer was used to add three
different proteases (Elastase, Trypsin and Proteinase K (all Sigma)) to a final concentration
of 100 ng/ml and 10 ng/ml. Samples were incubated 30 min, 60 min, 120 min, 240 min and
overnight respectively, before they were flash frozen. For analysis, LDS sample buffer was

added and the samples were loaded on an SDS-PAGE gel for analysis as described before.

2.3.5 Surface plasmon resonance analysis

To assess binding of ATPyS to the three ATPase domains of EccCs a surface plasmon res-
onance (SPR) analysis was carried out using a T200 instrument (Biacore/ Cytiva). For
preparation, 1 uM EccCs V429 construct, provided by Katherine Beckham, was immo-
bilized on a CM5 chip (GE/cytiva) after activating the surface with 0.4 M 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and 0.1 M N-hydroxysuccinimide (NHS) (GE/cy-
tiva). After immobilization the surface was deactivated using 1 M ethanolamine (GE/cytiva).
PBS was used as running buffer. For binding analysis, ATPyS (Sigma) was injected to the
flow cell in a concentration range of 0 uM to 50 uM for 90 s, before the dissociation was
recorded for 240 s, respectively. The response was calculated by subtracting the response of
an empty fow cell from the signal of the flow cell with immobilized EccCs. For preparing a
dose-response-curve endpoints of the association curve were plotted against the concentra-

tion using the BlAevaluation software (GE/cytiva).

2.3.6 Negative stain EM

For NS-EM 400 mesh carbon coated grids (microtonano) were glow discharged using a
GloQube (Quorum) at 25 mA for 30 s in negative mode. 4 ul of sample at a concentration
of 0.01 mg/ml to 0.3 mg/ml were applied directly on a carbon-coated copper grid and
incubated for 1 minute before the liquid was removed with blotting paper. Afterwards, the
grid was washed twice with water and once with 2% uranyl acetate stain, by dipping the
grid into 20 yl drops and subsequent blotting, respectively. Finally, the grid was plunged
into uranyl acetate and incubated 30 seconds before blotting. Negative stained EM samples
described in this thesis were analyzed at the XFEL XBI facility at a JEOL 200 kV cryo-TEM
or at the CSSB cryo-EM facility using a Talos L120C (Thermo Fisher) microscope with a
120 KV accelerating voltage.

2.3.7 Crosslinking mass spectrometry

A protocol for crosslinking MS can be found in Beckham et al. [21]. For completeness the

procedure, outlined in this paper is cited in the following paragraphs:
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"Fifty micrograms of purified ESX-5 complex was cross-linked by addition of an iso-stoichiometric
mixture of H12/D12 isotope-coded, di-succinimidyl-suberate (DSS) (Creative Molecules).
The cross-linking reaction (final concentration of 1 mM) was incubated for 30 min at 37°C
and quenched by addition of ammonium bicarbonate to a final concentration of 50 mM
for 10 min at 37°C. Cross-linked proteins were denatured using urea and RapiGest (Wa-
ters) [final concentration of 4 M and 0.05% (w/Vv)], respectively. Samples were reduced
using 10 mM dithiothreitol (30 min at 37°C), and cysteines were carbamidomethylated with
15 mM iodoacetamide (30 min in the dark). Protein digestion was performed using 1:100
(w/w) LysC (Wako Chemicals) for 4 hours at 37°C and then finalized with 1:50 (w/w)
trypsin (Promega) overnight at 37°C after the urea concentration was diluted to 1.5 M.
Samples were then acidified with 10% (v/v) trifluoroacetic acid and desalted using OASIS
HLB uElution Plate (Waters). Cross-linked peptides were enriched using size exclusion chro-
matography (SEC) [147]. Collected SEC fractions were analyzed by LC-coupled tandem
MS (MS/MS) using a nanoACQUITY Ultra Performance LC (UPLC) system (Waters) con-
nected online to linear ion trap quadrupole (LTQ)—-Orbitrap Velos Pro instrument (Thermo
Fisher Scientific). Peptides were separated on a BEH300 C18 (75 mm by 250 mm by 1.7
mm) nanoACQUITY UPLC column (Waters) using a stepwise 60-min gradient between 3
and 85% (v/v) acetonitrile in 0.1% (v/v) fusaric acid. Data acquisition was performed using
a top-20 strategy, where survey MS scans (mass/charge ratio range of 375 to 1600) were
acquired in the Orbitrap (R = 30,000), and up to 20 of the most abundant ions per full scan
were fragmented by collision-induced dissociation (normalized collision energy = 40, activa-
tion @ = 0.250) and analyzed in the LTQ. To focus the acquisition on larger cross-linked
peptides, charge state 1, charge state 2, and unknown were rejected. Dynamic exclusion was
enabled with a repeat count = 1, exclusion duration = 60 s, list size = 500, and mass window
of £15 parts per million (ppm). lon target values were 1,000,000 (or 500-ms maximum fill
time) for full scans and 10,000 (or 50-ms maximum fill time) for MS/MS scans. The sample
was analyzed in technical duplicates. To assign the fragment ion spectra, raw files were
converted to centroid mzXML format using a raw converter and then searched using xQuest
[148] against a FASTA database containing the sequences of the cross-linked proteins. Pos-
terior probabilities were calculated using xProphet [148], and results were filtered using the
following parameters: false discovery rate = 0.05, minimum Ascore = 0.95, MS1 tolerance

window of -4 to +7 ppm, and identity (Id) score > 36."

2.4 Cryo-EM

2.4.1 Grid preparation
Mycobacterium xenopi ESX-5 and Mycobacterium xenopi ESX-5 ATP~S

For single particle cryo-EM on Mxen ESX-5 WT in presence and absence of ATPyS, 3.6
ul of the ESX-5 void peak fraction was applied on freshly glow-discharged Quantifoil R2/1
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Cu 200 mesh grids with 2-nm continuous carbon. Sample vitrification was performed using
a Vitrobot Mark IV at 100 % humidity and 10° C. The liquid was blotted for 2 s and the
sample was plunge-frozen in a liquid propane/ ethane mix.

Mycobacterium xenopi ESX-5 P73A

For cryo-EM analysis of the Mxen ESX-5 P73A mutant, 4 ul of fraction 9 dialysed into
SEC buffer was applied on a freshly glow-discharged Quantifoil R1.2/1.3 Cu 200 mesh grid.
Sample vitrification was performed using a Leica GP2 plunge freezer at 99 % humidity and
10° C. The liquid was blotted away for 2 s and the sample was plunge-frozen in a liquid

propane/ ethane mix.

2.4.2 Data collection
Initial cryo-EM dataset ESX-5 WT

An initial cryo-EM dataset of the ESX-5 WT, including 6,067 movies was collected at the
Center for Structural Systems Biology (CSSB), Hamburg, using a Titan Krios at an accel-
eration voltage of 300kV with a K3 direct electron detector (Gatan) and a Bio-Quantum
K3 energy filter (Gatan). The data acquisition was performed using EPU (Thermo Fisher
Scientific). Movies were recorded with a pixel size of 0.67 A, 50 frames and a total dose of

50.00 e~ /A? in electron counting mode.

Cryo-EM dataset ESX-5 WT

The final cryo-EM dataset of the ESX-5 WT was collected at the Cryo-Electron Microscopy
Service Platform, EMBL Heidelberg, on a Titan Krios operated at 300 kV (Thermo Fisher)
equipped with a K3 direct detection camera (Gatan) and a Bio-Quantum K3 energy filter
(Gatan) operated by SerialEM (Mastronarde). In total 27.873 movies with 40 frames were
recorded in electron counting mode. The total dose accounted for 49.34 e~/A? and the
pixel size was set to 0.645 A.

Cryo-EM dataset Mycobacterium xenopi ESX-5 P73A

Data on the ESX-5 P73A mutant was collected at the CSSB electron microscopy facility
on a Titan Krios equipped, as described for the initial ESX-5 dataset. Data acquisition was
performed using EPU. 10,233 movies were collected with 40 frames and a total dose of 40.92
e~ /A2 in electron counting mode. The pixel size of the movies was set to 0.85 A.

Cryo-EM dataset Mycobacterium xenopi ESX-5 ATPyS

The dataset of the ESX-5 complex in presence of ATPyS was collected at the CSSB electron

microscopy facility in Hamburg using the same microscope setup as described for the initial
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dataset. With the help of EPU 12,789 movies were collected with a pixel size of 0.68 A and

a total dose of 48.80 e*/AZ, using 50 frames in electron counting mode.

2.4.3 Processing

Cryo-EM processing was performed in cryoSPARC [194] and RELION [211]. As the maps
included in this thesis were obtained using only the cryoSPARC workflow, the steps in RELION
ar not further described. Also further processing strategies in cryoSPARC aimed to achieve
higher resolution globally or of specific regions were omitted, as long as they did not improve

the map quality.

Initital cryo-EM dataset ESX-5 WT

As a first step, beam-induced motion was corrected using cryoSPARC’s own implementation
of patch-motion correction. Afterwards the landscape of the contrast transfer function
(CTF) was estimated by patch CTF estimation. Templates generated from an initial dataset,
collected at a Talos Arctica (Thermo Fisher) at the CSSB cryo-EM facility, were used to
pick 249,802 particles that were subjected to several rounds of 2D-classification. After each
round, particle classes, corresponding to distorted particles were excluded. Finally, the best
69,564 particles were used to build an ab-initio model. As the ab-initio model revealed a
clear hexamer, the data was refined using the nonuniform refinement algorithm [195] without
imposed symmetry. As the C1 symmetric map showed clear C6 symmetry and the resulting
resolution of 6.3 A was too low for model building, the non-uniform refinement [195] was

performed also in C6 resulting in a 4.4 A map.

Final cryo-EM dataset ESX-5 WT

The cryo-EM processing was similarly described in Beckham et al. [21] but was rephrased in

the following paragraph:

Motion correction and CTF estimation were performed as described for the initial ESX-5
dataset. Afterwards the exposures were curated using CTF-fit parameters and local-motion
distances as selection criteria. Templates were generated, from the initial dataset and the
remaining 18,598 micrographs were used for template-based particle picking. After particle
inspection, 635,219 particles were extracted and binned four times. The resulting particles
were aligned and classified in four rounds of 2D classification. Visual inspection of the 2D
classes after each round allowed the identification of distorted particles and artifacts. These
particles were excluded for further processing, ensuring that only the best particles were in-
cluded in the ab-initio reconstruction using three classes. One of the resulting classes, showed
a hexameric map, while the two others corresponded to dimeric or monomeric reconstruc-

tions. Further processing of the monomeric and dimeric classes using non-uniform refinement

33



2 Materials and Methods 34

[195], however, did not reveal the presence of secondary structure elements. Thus, process-
ing of these classes was not followed up. The 123,759 particles of the hexameric class were
further sorted using an additional round of 2D classifications. After curating the 2D classes,
the remaining 121,974 particles were reextracted and binned two times. Following another
ab-initio model, non-uniform refinement [195] was carried out without imposed symmetry.
This yielded a map with a resolution of 3.9 A. Since initial model building showed a clear
indication of C6 symmetry, the data was reprocessed in C6 symmetry, resulting in a recon-
struction at 3.4 A, in which the transmembrane part was resolved to up to 2.8 A resolution
and the cytosolic part was less well resolved with 4.0 A to 5.5 A resolution. A resolution
of 3.0 A was achieved after C6 symmetry expansion of the particle stack and a subsequent
local refinement with a mask around the cytoplasmic region of only one protomeric unit.
For resolving the periplasmic domains, the 121,974 particles were subjected to heterogenous
refinement that classified the particles into three different classes. One class, comprising
94,163 particles showed more density on the periplasmic side of the complex. A 3D variabil-
ity analysis [193] was run on these particles, that separated the particles into three clusters.
One cluster revealed elongated, C2-symmetric density of the periplasmic part and was re-
fined by applying the non-uniform refinement [195] algorithm in C1 and C2 symmetry. The
resulting models were used as input model for the refinement of the 121,974 particles. For
improved separation of the elongated density in the periplasm, another round of heteroge-
nous refinement was carried out after which one class of 52,015 particles was further refined
using non-uniform refinement [195]. This yielded a reconstruction of 4.6 A resolution. The

resolution of the periplasmic domain, however, accounted for less than 10 A.

Cryo-EM dataset ESX-5 P73A

Motion correction and CTF estimation were performed as described for the initial ESX-5
cryo-EM dataset. Using CTF-fit parameters and local-motion distances as quality criteria,
only 9,275 of the 10,233 micrographs were selected for further processing. Initial templates
for template based particle picking were generated, applying the blob picker and 2D classes
generated from the extracted particles picked. After inspection of the particles picked by
template based particle picking, 985,743 particles were extracted from the micrographs,
binned two times and several rounds of 2D classifications were performed. As described
for other datasets, the 2D classes were curated after each round of classification, ensuring
that only classes corresponding to intact protein were included for further processing. With
the remaining 175,048 particles an ab-initio reconstruction was performed, requesting two
classes. Only one of these classes yielded hexameric features and to clean up the particle stack
further, another 2D classification was performed. The best 93,495 particles were then used
for another ab-initio reconstruction, resulting in an even clearer hexameric reconstruction.
Particles were re-extracted without binning and further rounds of 2D classifications were
performed, leading to a final set of 78,699 particles that were used to generate a new ab-

initio model. This model was used for non-uniform refinement [195] applying C1 and C6
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symmetry, resulting in maps of 3.9 A and 5.3 A resolution, respectively.

Cryo-EM dataset ESX-5 WT in presence of ATPyS

Processing was performed similarly to the ESX-5 P73A dataset. After curation of the micro-
graphs 8,610 micrographs were selected for further processing. The template based particle
picking resulted in 320,185 particles that were further classified using several rounds of 2D
classifications. The 81,739 particles remaining were used to reconstruct three ab-initio mod-
els, of which only one showed hexameric features. This class was refined using non-uniform
refinement [195]. While the C6 symmetric map reached a resolution of 3.9 A, the C1 map
yielded a resolution of 5.3 A. Low resolution density of the ATPase domains in upward and

downward conformation was observed in both maps.

2.5 Model building and refinement

Initial model building was performed in Coot [78] using homology models derived from Swiss-
model [248]. The final atomic models of the ESX-5 WT structure shown in this thesis,
however, were built de novo. The procedure was precisely documented in Beckham et al.

[21]. It is cited here for completeness:

"As there are no reliable, high-resolution structures of any of the ESX-5 components or
their homologs available in the protein data bank (PDB), we built de novo a model of the
TM and nearby cytoplasmic regions of the complex (EccBs 18-73; EccCs 12-417,; EccDs-1
23-502; EccDs-2 18-494; and EccEs 95-332). An initial model was traced into a masked,
focused refinement map using ARP/WARP cryo-EM module with default parameters [48].
Next, domains for which we solved the high-resolution crystal structure (EccDs, residues
17 to 107) were fitted into the focused refinement map as rigid bodies using a Jiggle Fit
tool from Coot [78]. The resulting model was completed manually using Coot in regions
with local resolution allowing for unambiguous de novo model tracing. The interpretation of
poorly resolved map regions was aided by alternative blurring and sharpening of the map in
Coot. We used an iterative approach, where each manual model building step was followed
with sequence assignment using findMySequence program [49], which allowed for an identi-
fication and correction of tracing errors (insertions and deletions). Loops that were resolved
in the density but difficult to trace manually were built using the RosettaES density-guided
enumerative-sampling algorithm from the Rosetta suite [91]. The complete protomer model
built into a focused refinement map was expanded to a complex using symmetry operations
derived directly from the C6-symmetrized map using phenix.find _ ncs_ from  density [231]
and completed manually in Coot. Apart from solving minor symmetry conflicts, we traced
the model fragments that were resolved in the symmetrized map only. These included two
TMHs of EccCs (TMH1 and TMH2; residues 37 to 94). First, TMHI was built de novo in
Coot into the better resolved denisty and assigned to the sequence using findMySequence
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program [49], which allowed for an unambiguous determination of the helix direction and se-
quence register. Subsequently, the second TM helix (TMHZ2) was built using the RosettaES
density-guided enumerative-sampling algorithm followed with refinement with C6 symmetry.
We also added to the model the most distant to the central pore EccDs-2 helix (TMH11)
based on a model of the corresponding helix in EccDs-1. Geometry of the models was im-
proved in ChimeraX [101] using ISOLDE [58] tool. Last, models of the protomer and full
complex were refined against corresponding maps using phenix.real  space  refine [7], with
nonbonded restraints weight increased to 200. For the complex, additional restraints to the

initial model coordinates and strict rotamer matching were used."

Atomic model building of the ESX-5 P73A mutant was performed based on the model ob-
tained for ESX-5 WT. Single protein components were aligned in ChimeraX [101] and the
model was refined using restraints in Coot [78]. The single domains were expanded into the
C6-symmetric map by applying phenix.find ncs_ from  density [231]. Inner pore helices
were built applying additional helical restraints on the model. The final refinement of the

structure is still ongoing.

2.6 Integrative modeling of EccBs and EccCs

Integrative modeling combined the data derived from cryo-EM, crosslinking MS and homol-
ogy modeling. The detailed procedure is described in Beckham et al. [21] and is cited here

for completeness:

"The models of the hexameric assembly of the periplasmic domains of EccBs (amino acids
74 to 490) and cytoplasmic ATPase domains of EccCs (amino acids 431 to 1390) were built
using an integrative modeling protocol similar to what was previously used by us [66, 8, 140].
The modeling procedure described in more detail below is implemented as a custom software
based on Integrative Modeling Platform [250] version 2.13 and Python Modeling Interface
[209] further described in [197]. All additional code and input files necessary to reproduce the
steps will be released on Zenodo repository upon publication. The TM region of the ESX-5
structure built de novo as above and a homology model of the monomeric EccBs periplasmic
domain and EccCs ATPase domains were used as input for modeling. The homology models
of EccBs and EccCs were built using Modeller [209] based on the crystal structure of EccB;
of Mtb (PDB ID: 3X3M [256]) and EccC of Thermomonospora curvata (PDB ID: 4NHO
[205]) and using the sequence alignment obtained from the HHpred server (50). The non-
symmetrized (C1) EM map and available cross-links were used as modeling restraints. Owing
to the low resolution (<10 A) of the periplasmic and cytoplasmic regions, the high-frequency
noise in the EM map was removed using a Gaussian filter with a SD of 3 A for EccBs and 5
A for EccCs. In addition, to limit the conformational space, the fitting was performed using
only a segment of the EM map not yet occupied by the TM region of the ESX-5 structure.
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The models were additionally restrained using high-confidence cross-links above an xQuest
[148] Id score of 36. At this threshold, two and six cross-links could be mapped to the EccBs
and EccCy sequences, respectively, and used for modeling. As the first step of the modeling,
large libraries of alternative fits to the EM map of the monomeric EccBs, and EccCs struc-
tures were generated using the FitMap tool of the UCSF Chimera [184]. The fitting was
performed using 100,000 random initial placements, cross-correlation about the mean as the
fitting score [Chimera’s “cam” score [184] equivalent to Pearson correlation coefficient], and
the requirement of at least 80% of the input structure being covered by the EM map envelope
defined at a permissive density threshold. This resulted in 9268 unique alternative fits for
EccBs and 5068 fits for EccCs after clustering. Second, the resulting alternative fits of the
monomeric structures and the TM region of the ESX-5 structure were built de novo as above
and used as input for the simultaneous fitting of six copies of EccBs using the EM map and
cross-link restraints and likewise for six copies of EccCs. The fitting was performed through
simulated annealing Monte Carlo optimization that generates alternative configurations of
the fits precalculated as above. The optimization was performed independently 4000 times
with 12,000,000 Monte Carlo steps for each run for EccB5 and 2500 times with 12,000,000
Monte Carlo steps for each run for EccCs. The sampling exhaustiveness was assessed by
ensuring that (i) the score converges in individual runs, (ii)) no new better scoring models
appear with extra runs, and (iii) the score distributions in two random samples of the models
are statistically similar. The scoring function for the optimization was a sum of the EM fit re-
straint represented as the P values of the precalculated domain fits [calculated as described in
[66, 8, 140]], cross-linking restraints, clash score, connectivity distance between neighboring
domains, a term preventing overlap of the protein mass with the TM region, and a two- or
sixfold symmetry restraint for EccBs and EccCs, respectively. During the optimization, the
structures were simultaneously represented at two resolutions—in Co-atom representation
and a coarse-grained representation—in which each 10-residue stretch was converted into
one bead. The 10-residue bead representation was used for all restraints to increase com-
putational efficiency except for the domain connectivity and cross-link restraints, for which
the Co-only representation was used for reasons of accuracy. Last, top-scoring models from
the previous step were subjected to a refinement coupled to an analysis of exhaustiveness of
conformational sampling and estimation of model precision using a procedure proposed by
Viswanath et al. [241]. To this end, the models from the first modeling stage (simultaneous
fitting based on the alternative fits) were split into two random subsets. The top 30 models
from each subset were refined using a Monte Carlo simulated annealing optimization in which
the structures were moved in the EM map with small rotational and translational increments.
The scoring function consisted of cross-correlation to the EM map, domain connectivity re-
straint, clash score, a term preventing overlap of the protein mass with the TM region, and
a two- or sixfold symmetry restraint as above. For EccCs, the monomeric homology model
was split into two rigid bodies at the boundary between the ATPase domains 1 and 2, and

an elastic network restraint was applied to enable limited flexibility between these domains.
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Each of the 30 models was refined with 200 independent runs with 260,000 steps. The
top-scoring models from each of the two runs were selected, leading to two independent
samples of refined models (about 1000 models in each sample). For EccCs, the multiple
fitting step converged to a single top-scoring model; thus, only a single model was selected
for the refinement, and the samples were generated by splitting the resulting refined models.
The scores of the two samples were compared to each other to ensure convergence. The
highest sampling precision at which sampling was exhaustive was determined on the basis of
the root mean square deviation (RMSD) comparisons between all models and clustering at
incremental RMSD thresholds using the statistical tests provided by Viswanath et al. [241].
The two samples were then clustered at the resulting precision level, and for each cluster, the
model precision, defined as the average RMSD distance to cluster centroid, was calculated.
The top 10 scoring models from all refined models were taken as the final ensemble model of
the ESX-5 with the EccBs. All the top 10 models satisfied both EccBs cross-link restraints
(with a distance threshold of 30 A)."

2.7 Bioinformatics

2.7.1 Analysis of EccCs pore dimensions and EccBs angles

The analysis of the pore dimensions was performed for the ensemble models of the EccCy
pore helices obtained by Rosetta [91] using the HOLE software suite [216]. For the angle
analysis of EccBsg, the ensemble models, resulting from integrative modeling, were analyzed

by applying cctbx scripts [110].

2.7.2 Sequence alignments and sequence logo preparation

Sequence alignments were performed with ClustalOmega and analysed with MView [214, 34].
Sequence logos were prepared using the Weblogo online application [60]. For the inspection

of sequences, sequences of Mtb, Msmeg, Mmar, Mxen and Mabs were used.

2.7.3 Analysis and visualization of protein structures

Anaysis of protein structures was mainly carried out in ChimeraX [101]. Especially volume
data, sequence analysis and structure analysis tools were widely used. Proteins were coloured
in the following colour code if not stated otherwise: EccC: # 66ccffff, EccB: orange, EccD-1:
# 21ff80ff, EccD-2: # 95fdccff, EccE: # 8061FF, MycP: red

2.7.4 Molecular dynamics simulations

Molecular dynamics (MD) simulations were prepared using the membrane builder imple-
mented in the CHARMM-GUI [128, 253]. As WT input model the transmembrane helices of
one single EccCs molecule were chosen from the Mxen ESX-5 WT cryo-EM model. For the
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P73A mutant input model, the WT input model was mutated at position 73 from a proline
to an alanine in ChimeraX [101]. Each input models were oriented within the membrane,
respectively. The length of the X and Y axis of the systems were set to 80 A, whereas the
Z dimension was calculated based on the water thickness on each side of the membrane to
22.5 A. As phosphatidylethanolamine is one of the most abundant lipids in the mycobac-
terial inner membrane, a 1-palmitoyl-2-oleoylphosphatidylethanolamine (POPE) bilayer was
built as model membrane. The final number of lipids in the upper leaflet accounted for 103
lipids and in the lower leaflet for 105 lipids. Further on, KCI was added in a concentration
of 0.15 to the system. Energy minimization, equilibration and production were performed
in GROMACS [5] using the CHARMMS36 force field [24]. After energy minimization, that
removes steric clashes and wrong geometries, five steps of equilibration were carried out, to
relaxate the system introducing it to a temperature of 25°C and a pressure of 1 bar. Finallly,
a 100 ns production run was carried out for both systems using 50,000,000 2 fs timesteps.
The RMSD and RMSF of the C,, -backbone was analysed using MDAnalysis [159] in jupyter
notebooks [135].

2.7.5 Structure prediction with AlphaFold2

Structures of multimeric substrates were predicted applying Alphafold 2 multimer [131, 79]
without AMBER [118] relaxation.

2.8 Secretion assay

2.8.1 Sample preparation

For MS based secretion assays, constructs were transformed into Msmeg mc?155 groEL1
AC. For each construct four colonies were picked and precultures were set up as described
before. 0.5 ml of the saturated precultures were used to inoculate 50 ml 7H9 medium.
Cells were grown to an OD of 1, before they were spun down at 4,000 rpm for 30 minutes.
Pellet and supernatant were separated, respectively. For the whole cell fraction, pellets were
dissolved in PBS supplemented with 0.01 mg/ml DNAse and incubated on a rotating wheel
for 1 hour. Afterwards, the sample was lysed using a sonicator for 135 s with a Bandelin MS73
probe attached and 45% amplitude. To ensure sufficient cell lysis and to keep membrane
proteins soluble Triton was added to a final concentration of 1% and SDS to a concentration
of 0.1%. The suspension was incubated for one hour. Afterwards 20 ul samples were taken
for analysis by western blot, to check for expression of each construct and colony. Further
on, 2 ml of the sample were transferred to a microcentrifuge tube and spun at 1,000 x
g to remove residual cell debris. The concentration of the supernatant was adjusted to
0.4 mg/ml by a Bradford assay according to the manufacturers protocol (Roth). For the
secretome fraction: The culture supernatant was filtered through a 0.2 um filter and the

secreted proteins were precipitated adding TCA (Roth) to a concentration of 5%. Samples
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were frozen afterwards to ensure complete precipitation. After thawing, the sample was spun
down with 7,000 rpm at 4 °C. The supernatant was discarded and the pellet was resuspended
in acetone (Roth) and transferred to a microcentrifuge tube. After a centrifugation run at
13,000 rpm in a benchtop centrifuge, the supernatant was again discarded and the sample
was dried. The pellet was then resuspendend in 1 M Tris and 0.1% SDS (Sigma). For MS
analysis the sample was adjusted to a concentration of 0.4 mg/ml using a Bradford assay
(Roth).

2.8.2 TMT labeling and LC-MS/MS

This step was performed by Mandy Rettel from the proteomics core facility at EMBL Hei-
delberg. Her protocol is included for completeness:

"Reduction of disulphide bridges in cysteine containing proteins was performed with dithio-
threitol (56°C, 30 min, 10 mM in 50 mM HEPES, pH 8.5). Reduced cysteines were alkylated
with 2-chloroacetamide (room temperature, in the dark, 30 min, 20 mM in 50 mM HEPES,
pH 8.5). Samples were prepared using the SP3 protocol [122, 123] and trypsin (sequenc-
ing grade, Promega) was added in an enzyme to protein ratio 1:50 for overnight digestion
at 37°C. Next day, peptide recovery in HEPES buffer by collecting supernatant on magnet
and combining with second elution wash of beads with HEPES buffer. Peptides were labelled
with TMT10plex [251] Isobaric Label Reagent (ThermoFisher) according the manufacturer’s
instructions. In short, 0.8mg reagent was dissolved in 42ul acetonitrile (100%) and 4 ul of
stock was added and incubated for 1h room temperature. Followed by quenching the reaction
with 5% hydroxylamine for 15min. RT. Samples were combined for the TMT10plex and for
further sample clean up an OASIS® HLB pElution Plate (Waters) was used. Offline high
pH reverse phase fractionation was carried out on an Agilent 1200 Infinity high-performance
liquid chromatography system, equipped with a Gemini C18 column (3 um, 110 A 100x 1.0
mm, Phenomenex) [200].

"An UltiMate 3000 RSLC nano LC system (Dionex) fitted with a trapping cartridge (u-
Precolumn C18 PepMap 100, 5um, 300 um i.d. x 5 mm, 100 A) and an analytical column
(nanoEase™ M/Z HSS T3 column 75 um x 250 mm C18, 1.8 um, 100 A, Waters). Trapping
was carried out with a constant flow of 0.05% trifluoroacetic acid at 30 uL/min onto the
trapping column for 6 minutes. Subsequently, peptides were eluted via the analytical column
with a constant flow of solvent A (0.1% formic acid in water) at 0.3 uL/min with increasing
percentage of solvent B (0.1% formic acid in acetonitrile). The outlet of the analytical col-
umn was coupled directly to an Orbitrap Fusion Lumos (Thermo) mass spectrometer using
the Nanospray Flex™ ion source in positive ion mode. The peptides were introduced into the
Orbitrap Fusion Lumos via a Pico-Tip Emitter 360 um OD x 20 um ID; 10 um tip (CoAnn
Technologies) and an applied spray voltage of 2.4 kV. The capillary temperature was set at
275°C. Full mass scan was acquired with mass range 375-1500 m/z in profile mode in the
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orbitrap with resolution of 120000. The filling time was set at maximum of 50 ms with a
limitation of 4x105 ions. Data dependent acquisition (DDA) was performed with the resolu-
tion of the Orbitrap set to 30000, with a fill time of 94 ms and a limitation of 1x105 ions.

A normalized collision energy of 38 was applied. MS2 data was acquired in profile mode."

"IsobarQuant [89] and Mascot (v2.2.07) were used to process the acquired data, which
was searched against an Uniprot Msmeg (UP000000757) proteome database containing
expressed sequences, common contaminants and reversed sequences. The following modi-
fications were included into the search parameters: Carbamidomethyl (C) and TMT10 (K)
(fixed modification), Acetyl (Protein N-term), Oxidation (M) and TMT10 (N-term) (variable
modifications). For the full scan (MS1) a mass error tolerance of 10 ppm and for MS/MS
(MS2) spectra of 0.02 Da was set. Further parameters were set: Trypsin as protease with
an allowance of maximum two missed cleavages: a minimum peptide length of seven amino
acids; at least two unique peptides were required for a protein identification. The false

discovery rate on peptide and protein level was set to 0.01."

2.8.3 Data analysis

Statistical analysis of the secretion assay data was performed using scripts in R and applying
the limma package [202]. This package uses an empirical Bayes approach for statistical
tests. Fold-changes were calculated on a log, scale after normalizing protein abundance to
ESX-5 WT values by calculating the difference of the mean between mutant and ESX-5 WT

measurements.
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Figure 2.1: Overview of the secretion assay workflow A schematic representation of the

secretion assay is highlighted.
BioRender.com

The figure was created with elements from

42



3 Results 43

3 Results

The work described in this chapter focuses on the elucidation of the Mxen ESX-5 complex.

If not further specified, the data in the following chapter refers to this system.

3.1 Structure of the ESX-5 core complex from Mycobacterium

xenopi

Most of the work presented in this section was published in Beckham, Ritter, Chojnowski et

al. [21]. The following subsections will thus resemble the published manuscript.

3.1.1 Purification of the ESX-5 core complex

For structural studies, the ESX-5 locus from Mxen was recombinantly expressed in Msmeg.
Following membrane solubilization with DDM the membrane complex was isolated by strep-
tag affinity purification. The localization of the strep-tag at the C-terminus of EccCs allowed,
as expected, the pull-down of EccCs, EccBs, EccDs and EccEs, as shown by SDS-PAGE
(Figure 3.1, A) and confirmed by MS. These results indicate that a stable complex was
formed by these four components. The fifth membrane component, MycPs, was not de-
tected in the elution fraction, reinforcing previous observations that MycPs is only forming
transient interactions with the complex [239, 238, 121]. The eluted fraction was exchanged
into Amphipol A8-35, which has been shown before to be crucial for homogeneity and the
hexameric assembly of ESX-5 [20].

By size exclusion chromatography, smaller subcomplexes and lower oligomeric species could
be separated from the protein complex. SDS-PAGE analysis revealed that fractions eluting
in the void peak of the Superose 6 column contained all four components to a high purity
(Figure 3.1 B, D). On BN-PAGE, the same fractions migrated in a single band at a size
>1236 kDa, indicating the formation of a homogeneous, high-oligomeric complex, as shown
in Figure 3.1, C.

To further judge the size and homogeneity of the sample, NS-EM was performed (Figure
3.1, E). The vast majority of particles had a size of 25 nm - 30 nm with a few aggregations
or smaller particles in the background. Both can be explained by the coelution of aggregates

in the void volume of the Superose 6 column.
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Figure 3.1: Representative purification of the ESX-5 complex (A) SDS-PAGE of the
strep-tag affinity purification. The migration height corresponding to the proteins forming
the ESX-5 core is indicated by colored circles. The tag at the C-terminal end of EccCs
enabled the pulldown of EccCs, EccBs, EccEs and EccDs. (B) SDS-PAGE of the void
peak from size exclusion chromatography. The protein components that were pulled down
coeluted in the void peak fraction. (C) BN-PAGE of the void peak fractions from size
exclusion chromatography. Bands at a size >1236 kDa indicate the formation of a high
oligomeric complex. (D) Size exclusion chromatogram with UV280-absorption signal. Void
peak fractions correspond to the hexameric complex. (E) NS-EM micrograph of void peak
fraction showing hexameric particles at a size of around 30 nm.

3.1.2 Single particle cryo-EM on the ESX-5 core complex

Following NS-EM, the most homogeneous fraction was chosen and vitrified for cryo-EM anal-
ysis. An initial dataset including 6,067 movies was collected at the CSSB cryo-EM facility,
Hamburg. Processing of this dataset allowed to judge the overall quality of the data (Figure
5.1). The maps processed in C1 and later in C6 unveiled a hexameric complex with promising
density in the membrane region and the cytoplasmic regions close to the membrane. First
secondary structure information became visible, but the resolution of 6.3 A of the C1 map
and 4.4 A of the C6 map was not sufficient to allow model building, especially since only
parts of the maps achieved these resolutions, what can be deduced by the GSFSC curves

shown in Figure 5.1.
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To enable more homogenous and bigger particle sets, a second dataset with 27,873 movies
was collected at the EM facility at EMBL Heidelberg (Figure 5.2). The C1 map built by
121,974 particles reached a resolution of 3.9 A. From this map, it became evident that the
membrane protein complex is built by six identical protomeric units that follow a clear C6

symmetry.

Reprocessing the data in C6 further improved the resolution of the hexameric complex to
3.4 A. Focusing the refinement after symmetry expansion on the cytoplasmic density of the
protomeric unit further increased the resolution to 3.0 A.

Based on these maps, it was possible to build 88% of the membrane region and the mem-

brane adjoining regions of the hexameric ESX-5 complex de novo (Figure 3.2, Figure 3.6).

view from periplasm side view view from cytoplasm

Y

OEccB OEccC OEccD @EccE

Figure 3.2: High resolution structure of the ESX-5 complex High resolution structural
information was obtained for the membrane part and the upper cytoplasmic part. The model
built is shown from the the side, the periplasm and the cytoplasm. The figure was modified
from Beckham et al. [21], Figure 1.

In contrast, the periplasmic and distal cytosolic part of the complex was poorly resolved in
both maps (Figure 3.3, A, B). Therefore, it was necessary to sort and clean the dataset fur-
ther by heterogenous refinement and 3D variability analysis. The resulting map, processed
in C1, showed low resolution features in the periplasm and, when lowering the threshold of
the map, also in the cytoplasm. Interestingly, in the periplasm, the density did not follow
C6 symmetry but rather C2 symmetry. As the resolution of the periplasmic region and the
cytoplasmic region (>10 A) did not allow model building, an integrative structural biology
approach was applied, combining the EM map information with distance restraints from
crosslinking MS (Figure 3.3) and homology models of the periplasmic EccB domain and the
cytoplasmic ATPase domains of EccC. While the resulting ensemble model for the cyto-
plasmic domains gave rough estimates on conformational flexibility in the cytoplasm, EccBs
ensemble models could be placed with high precision (7 A) into the map. Taken together,
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Figure 3.3: Low resolution EM density and crosslinks obtained by crosslinking MS The
blue map (A) shows the map used for integrative modeling of EccCs and the orange (B)
map was used for integrative modeling of EccBs. In both cases density only became visible
at low resolution. (C) Crossslinks were mainly obtained within EccCs and EccBs. The figure
was modified from Beckham et al. [21], Figure S1 and S6.

these models enable the interpretation of the complete ESX-5 core in molecular detail and
allow the interpretation of intermolecular interactions in different regions of the complex
(Figure 3.4, Figure 3.5).
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Figure 3.4: Composite ESX-5 EM map and structural model of the ESX-5 system The
map is colored according to the model shown on the right. For flexible parts on the distal
cytosolic side and the periplasmic side, integrative models were built based on the cryo-EM
maps, crosslinking mass spetrometry and homology models. The highest scoring models are
displayed on the right. Integrative modeling of EccCs revealed two major conformations that
are displayed in light blue and dark blue colors, respectively. The figure was modified from
Beckham et al. [21], Figure 1.
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Figure 3.5: Cross-sections of the ESX-5 complex The cross-sections highlight interactions
and regions at the cytoplasmic, membrane-cytoplasmic, membrane, periplasmic-membrane
and at the periplasmic site shown as separate insets. The figure was modified from Beckham
et al. [21], Figure 2.

3.1.3 The protomer - the basic unit of the ESX-5 core complex

Six identical protomeric units form the basic building blocks of the ESX-5 secretion system,

as they are arranged symmetrically around the central pore (Figure 3.1, Figure 3.10, right).
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Figure 3.6: Structural insights into the protomeric composition of the ESX-5 system.
(A) cryo-EM map and model build de novo into the density (B) Schematic showing the
sequence coverage of the high resolution model. Light colors indicate regions that could
not be reliably modelled (C) Structures of the individual components that form the core of
the secretion system. Functional domains and key features are labeled. (D) Representative
density of the local refined map that was used for model building. The location of the helices
selected is indicated in (C). The figure was modified from Beckham et al. [21], Figure S4.

Each protomer is composed of EccCs, EccBs, EccDs and EccEs in a 1:1:2:1 stoichiometry
(Figure 3.6, A). Within the membrane, the center of the protomer is formed by an EccDs
dimer. The 11 transmembrane helices (TMH) of each EccDs molecule combined form an
eliptic ring in the membrane. The arrangement follows a quasi twofold symmetry with a
dimerization interface between helix 2 of one EccDs molecule and helices 9 and 10 of the
other EccDs molecule, respectively (Figure 3.7, A). Within the cytoplasm, the ring is further
stabilized by interactions of a linker domain between TMH6 and TMH7 and a cytoplasmic
helix in the linker domain between the transmembrane domain and cytoplasmic domain. In-

terestingly, the ring shaped arrangement is not empty, but is filled with elongated densities
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Figure 3.7: EccDs cavity and unassigned density (A) Membrane cavity formed by the 22
TMHs of two EccDs molecules. The helices of each EccDs molecule are numbered from
1 to 11. (B) Cryo-EM density of ESX-5. Density that could not be assigned to protein is
shown in red. Unassigned elongated density is accumulated in the cavity formed by EccDs-1
and EccDs-2. The figure was modified from Beckham et al. [21], Figure S3.

that could not be assigned to protein. It is conceivable that this density accounts for lipids
that copurify with the complex (Figure 3.7, B). A preliminary MS analysis confirmed that
despite detergent solubilization and amphipol reconstitution, lipids are still bound to the com-
plex [21]. TMH11 of each EccDs molecule was observed to adapt a diagonal shape within
the membrane. This helix corresponds to the helix closest or most distal to the central
pore. The EccDs molecule with TMH11 closest to the pore is referred to in the following as
EccDs-1 and the molecule with TMH11 most distal to the central pore as EccDs-2. EccEs
TMHs could not be modeled with high confidence into the EM density, but based on the
data it seems reasonable that TMH11 of EccDs-2 interacts similarly with EccEs as TMH11
of EccDs-1 does with the TMH of EccBs. The interaction defined by the TMH of EccBs
and TMH11 of EccDs-1 define a central scaffold for the EccCs TMHs that are forming the

central pore.

In the cytosol, the TMHs of EccCy are followed by a stalk domain that is encompassed by
the N-terminal EccBs helix oriented parallel to the membrane (Figure 3.1.3). This inter-
action is highly stabilized by hydrogen bonds as well as salt bridges between two aspartate
residues on EccCs (D101, D112) and arginine residues on EccBs (R31, R32). The stalk
domain is further flanked by the extended loop between TMH6 and TMH7 of EccDs-1 and
the cytoplamsic linker of EccDs-2. Especially the latter one needs to be highlighted in that
context, as the interaction is not only mediated by hydrogen bonds but also through salt
bridges between three residue pairs. The stalk domain is continued by the DUF domain. A
foldseek search [235] revealed similarity of the DUF domain to the ATPase FtsK, suggesting
EccCs comprises not only three, but four consecutive FtsK/Spolll ATPase domains. How-
ever, the canonical Walker motif is not conserved in the DUF domain (Figure 3.23). The
two EccDs UBD domains dimerize and interact both with the DUF domain. Thus, EccDs
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also forms a scaffold in the cytoplasm. The EccDs-1 UBD is located closer to the membrane
compared to the EccDs-2 UBD domain. Interactions of the UBDs with the DUF domain
are mediated only by a few hydrogen bonds and a salt bridge. On the opposite side of the
two UBD domains, the soluble domain of EccEg is binding. The main interaction to EccEs
in the cytoplasm is however mediated by the cytosolic linker of EccDs-1 and the extended
loop between TMH-6 and TMH-7 of EccDs-2. The cytosolic domain of EccEs coud not be
completely resolved, but is composed by a central multiple-stranded (3-sheet, surrounded by

a-helices. Structural homology search for EccEs revealed no hits.

While the DUF domain, UBD domains and the uncharacterized EccEs domains could be as-
signed to well-defined density in the map, density more distant to the membrane, correspond-
ing to the three consecutive AT Pase domains of EccCs could not be modelled confidentially.
This suggests high flexibility of these domains. The integrative ensemble model shows that
six EccCs domains can be fitted into the density in multiple conformations - ranging from
closed arrangements with extended EccCs domains to more open conformations. Adapting

multiple conformations of the ATPase domains could be a key to the function of T7SS.

3.1.4 Periplasmic interaction network formed by EccBs

Periplasmic density in the structure was assigned to EccBs. The resulting ensemble model of
EccBs is composed of three different dimer pairs formed by EccBs-A and EccBs-B, EccBs-B
and EccBs-C, and EccBs-C and EccBs-A, as shown in Figure 3.8. The components follow an
approximate twofold symmetry with their respective symmetry mates (EccBs-B’, EccBs-C’,
EccBs-A"). Overall, the arrangement resembles the keel of a boat, with the dimensions of

20 nm in length, 10 nm in width, and 8 nm in height, separated by an undulated cleft.

On the long side of the keel, the dimer composed by EccBs-A and EccBs-B forms a V-shape,
in which the repeat domains R1 and R4 are interacting, respectively. The wide opening an-
gle of the V-shape accounts for approximately 113°. In contrast, the dimer composed by
EccBs-B and EccBs-C forms a parallel arrangement, in which both EccBgs molecules are
oriented in a similar way, but are shifted in respect to each other. Based on the ensemble
model, contacts between EccBs-B and EccBs-C are mediated by the R3 and central domain
of EccB-B with the Central domain and R1 domain of EccBs-C, respectively. At the tip
of the keel, EccBs-C and EccBs-A’ are interacting with each other via their domains most
distal to the membrane (R2 and R3).

As EccBs is a very modular protein, consisting of repetitive domains (repeat domains) [242],
it is conceivable that it mediates further interactions. In addition, the presence of differ-
ent conformations of EccBs in the periplasm suggests a high flexibility of the hinge region
between the transmembrane domain and the periplasmic domain. An angle analysis of the

six EccBs molecules in the ensemble models revealed high variability of the angles between
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Parallel Peripheral

Figure 3.8: Composition of the periplasmic domain The modular organization of the
individual EccBs domains is shown in the schematic on the top left. Three different EccBsg
dimer pairs form the periplasmic domain of ESX-5, shown on the bottom left. A schematic
on the top depicts the three different dimers. The corressponding atomic model is shown
from side and top in cartoon representation. The figure was modified from Beckham et al.
[21], Figure 2.

transmembrane domain and periplasmic domain ranging from 53.4° for EccBs-B' to 79.0°
for EccBs-C. This high flexibility could be key for conformational changes of EccBs that

allow closing and opening of the transmembrane and periplasmic pore.

3.1.5 Key interprotomeric interactions in the transmembrane region

View from cytoplasm

Figure 3.9: Interprotomeric interaction observed between EccBs and EccDs The EccBs
N-terminus (orange) hooks into a loop between EccDs TMH10 and TMH11 (green). The
figure was modified from Beckham et al. [21], Figure S4.

Besides the interprotomer interactions of EccBs molecules in the periplasm, few further in-
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teresting interprotomeric interactions could be observed in the transmembrane region that
could be involved in the assembly of the hexameric complex. One of the interactions occured
between the N-terminus of EccBs and the loop between TMH10 and TMH11 of EccDsg
(Figure 3.9). The EccBs N-terminus seems to hook into the EccDs loop. A hydrogen bond
network involving EccDs R471 as key residue could be crucial to stabilize the interaction in
between different protomers. In that regard, the variability of the length and sequence of the
N-termini in different ESX loci could play a regulatory role in the assembly of a hexameric

complex and could be essential for the formation of non-hybrid complexes.

View from periplasm

View from periplasm

_EccC, P2

Figure 3.10: Domain swap interaction of EccC; TMH1 TMH 1 is sandwiched between
the TMH of EccBgs and TMH2 of EccCs from the next protomer as shown on the left from
the cytoplasm and from side view. On the right, each protomer is colored differently to
highlight the domain swap interaction of the pore. The figure was modified from Beckham
et al. [21], Figure 2.

The transmembrane domains of EccBs and EccCs seem to contribute to the hexamerization
as well, as EccCs TMH1 of one protomer is swapping to the next protomer, where it is
sandwiched in between TMH2 and the EccBs TMH of the next protomer (Figure 3.10).
This domain swapping occurs in an anticlockwise fashion from the periplasmic perspective

and is stabilized by hydrophobic interactions.

The hierarchy of events leading to the assembly of the hexameric complex is not clear. One
hypthesis is that first interprotomeric interactions occur by the periplasmic domains before
the hexameric assembly is locked by the N-terminal EccBgs hook. As a consequence, the
EccBs hook interaction could drive the domain swap of the EccCs helices. These events are
crucial, since they enable the formation of the central transmembrane pore that is required

for the secretion of substrates.
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Figure 3.11: Ensemble model of the transmembrane pore from ESX-5 The ensemble
model of the ESX-5 pore helices is shown from the periplasmic and cytosolic side as well as
cross section from the side. Helices from separate protomers are colored alternatingly in blue
and dark blue. The inner face of the pore is formed by EccCs TMH2 and is surrounded by
EccCs TMH1. The sequence of the two TMHs reveals the presence of a conserved proline
residue and conserved bulky side chains like phenylalanine. The position of these residues is
indicated in the sequence and in the model by red and yellow color. A sequence logo on the
bottom highlights the conservation of bulky side chains (yellow) and the proline residue (red)
in all ESX systems. The sequence of Mxen ESX-5 is highlighted in the logo in blue or with
a blue frame, in case it coincided with a yellow or red residue. Further residues are colored
gray. The figure was modified from Beckham et al. [21], Figure 3.

3.1.6 The central secretion pore formed by EccCs transmembrane helices

The central transmembrane pore of the ESX-5 core complex is composed by the EccCs
TMHs, especially TMH2, that is forming the inner face of the pore (Figure 3.11). While the
density for the transmembrane part of the whole complex was very well defined, the density
for TMH2 could only be interpreted when blurring the map. The lower resolution of this
part is caused by flexibility that is reflected in the ensemble model built by the 100 highest
scoring Rosetta [91] models. Notably, a central, conserved proline residue induces a kink
in TMH2 after which the resolution decreased (Figure 3.12, A, B). This has been similarly
observed in other membrane transporters, in which proline residues were reported to play key
roles in regulation and function [54, 116]. In the context of protein transport by the T7SS,
P73 could act as hinge point, enabling the adaption of multiple conformations that may be

necessary to transport a range of different substrates across the cell membrane.
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Figure 3.12: Structural role of specific side chains in the ESX-5 secretion pore (A) Cryo-
EM density and model of the pore helices reveals lower resolution after a conserved proline
residue, shown in the top scoring Rosetta model (B) Cryo-EM density and model of the pore
helices, shown as top view, gives insights into the dimensions of the central membrane pore
(C) Analysis of the pore diameter with HOLE [216] performed on the ensemble model of the
transmembrane pore. The median pore diameter is shown in black and the 90% confidence
interval is shown in gray. A graphical visualization of the pore diameter is shown for the top
scoring model. The figure was modified from Beckham et al. [21], Figure 3.
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Figure 3.13: EccBs arrangement within the membrane The N-terminal and TMH of
EccBsg form a basket-like arrangement that encloses the EccCs pore helices. The figure was
modified from Beckham et al. [21], Figure S7.

Analysis of the diameter of the central pore with HOLE [216] revealed three constriction
sites in the 100 highest scoring ensemble models, with the narrowest constriction resulting
in a diameter of less than 1 nm (Figure 3.12, C). These constriction sites correspond to
phenylalanine residues F66, F72 and F75 distributed in EccCs TMH2. The presence of bulky
side chains like phenylalanine and methionine within the pore helices are conserved within
all five ESX loci (Figure 3.11). As folded substrates, like the Esx dimer pairs , have an
approximate size of 2.2 nm [201, 225, 137, 138] and, thus, would not be able to pass the
transmembrane pore in the present model, it can be concluded that ESX-5 adapts a gated,
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secretion competent conformation in this structure. This might be due to the absence of
substrates and cofactors, as the system needs to restrict the pore diameter to prevent leak-
age of molecules. This concept is not unique to ESX-5. Other transport systems show
similarities, like the T3SS in which a conserved Met-Met-Met loop similarly limits the pore
diameter to less than 1 nm [124, 160]. This so called M-gasket was reported to play a dual
role during secretion: it maintains the membrane barrier during the secretion cycle and serves
as a gate that allows secretion [124]. Other examples are A/B type toxins as the anthrax
toxin from Bacillus anthracis. In this channel, a phenylalanine ring called ®-clamp restricts
the pore diameter to 6 A and opening and closing of it underlies an allosteric regulation
mechanism [114]. Both examples do not share any sequence similarity with each other or

the T7SS, but they highlight fundamental common principles of protein transport in bacteria.

How pore opening is regulated in ESX systems is not clear, but interesting observations could
be made in the arrangement of EccBs in the membrane: The N-terminal helix of EccBs and
the TMH encompass the EccCs pore helices like a basket in which the angle between both
helices defines the space for the EccCs TMHs (Figure 3.13). Conformational changes that
lead to a higher angle between EccBsg helices could be key to open the central pore. In turn,

lower angles could be crucial to close the pore completely.
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3.2 Dissecting the role of specific residues by site-directed

mutagenesis

Structural analysis of the Mxen ESX-5 core complex highlighted residues that could play a
role in mediating secretion. The role of these residues were probed by generating several site
directed mutants and by testing the impact of these residues on the structure and function

of the ESX-5 complex. The results of these experiments are provided in this section.

3.2.1 Targeting the integrity of the pore basket

OEccB basket helices
OEccC TMH1/ TMH2

hydrophobic residues

Figure 3.14: Interface of EccBs and EccCs within the membrane section TMH1 and
TMH2 of Eccs are shown in blue, TMH and N-terminal helix of EccBsg are shown in orange.
Side chains of hydrophobic residues are colored yellow. The interface between the TMH of
EccBs and Ecccs TMH1 is hydrophobic.

The EccBs basket includes the N-terminal and TMH of EccBs that are enclosing the EccCs
pore helices (Figure 3.13). Based on structural analysis described in the previous section, the
interaction between EccBs and EccCs could play a role in a domain swap of EccCs TMH1
(Figure 3.10). In addition, EccBs TMH could serve as a scaffold for the pore helices, in
which conformational changes in the relative positioning of the EccBs TMH in respect to
the EccBs N-terminal helix could lead to pore opening and closing (Figure 3.13). To decipher
the importance of the EccBs-EccCs interaction, three mutants were designed aiming to alter
it. As the interface between TMH1 of EccCs and the TMH of EccBs is hydrophobic (Figure
3.14), the strategy for destabilizing the interaction was to introduce bulky hydrophobic side
chains like phenylalanine that may force the two helices apart. This should ensure proper
insertion of the TMHs into the membrane. Based on these thoughts, the following mutants
were generated: EccCs V41F, EccBs V57F and EccCs VAOF V41F V44F.

3.2.2 Targeting the secretion pore

The inner membrane pore is thought to play a central role in the process of substrate translo-
cation. The presence of bulky side chains within EccCs TMH2 is a conserved motif between

ESX systems and even between species. As described in Subsection 3.1.6 and shown in Figure
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3.1.6, similar to other transport systems, phenylalanine residues or methionine residues could
be not only actively involved in the transport of substrates but also in gating of the pore (Fig-
ure 3.11, Figure 3.12, C). To test the importance of these residues, first, one mutation was
obtained exchanging a phenylalanine to a cysteine at EccCs position 75. A cysteine is consid-
erably smaller than phenylalanine and might, thus, alter substrate translocation efficiency. In
addition, cysteine could form disulfide bonds that could lock the system in a closed state. If
a disulfide bond is formed, substrates could get trapped within the secretion system. A sec-

ond mutation introduced an alanine at position 72 that replaced the conserved phenylalanine.

Another interesting feature observed, was the conservation of a proline residue in the center
of EccCs TMH2, position 73 (Figure 3.11, Figure 3.12, A). The proline residue is hypothe-
sized to introduce a kink and substantial flexibility to this helix. As this flexibility might be
needed to accomodate a range of substrates in the pore during secretion, it could be essen-
tial for secretion. To probe this hypothesis, the proline was replaced by an alanine, which is

supposed to support the integrity of TMH2.

3.2.3 Impact of mutations on secretion

To assess the effect of mutations on secretion quantitatively, a proteomics approach was
used. The mutations were introduced into the pMV expression plasmid by site directed mu-
tagenesis and the vectors were transformed for expression into Msmeg. Whole cell fraction
and secreted fractions were analyzed separately (see Figure 2.1). As Msmeg does not encode
an ESX-5 secretion system, it can be expected that the Mxen ESX-5 substrates are solely
secreted by the Mxen ESX-5 system.

An initial anti-strep western blot analysis of different mutant colonies confirmed the presence
of EccCs in the whole cell fraction in colonies of five of the six mutants, indicating successful
transformation and expression. Only the EccCs F72A mutant was not detected by western
blot and was subsequently excluded from analysis. A reason for the low expression was a

technical problem with the expression plasmid, which needs to be addressed in the future.

A robust quantification of the sample by MS was achieved by isobaric labeling with tandem
mass tag. These are labels that have an identical mass, but differ in the presence of different
heavy isotopes [251]. The labeling enabled the simultaneous measurement of all secreted

fractions and whole cell fractions in one LC-MS/MS run, respectively.

To assess the level of secretion, the analysis focused on the abundance of secreted proteins
in the secretome and in the whole cell fraction. Besides the Esx pair, EsxMN, two PE/PPE
pairs are encoded within the Mxen ESX-5 locus. Both are homologues to PE19 and PPE26
in Mtb, respectively, and are named PE19.1, PE19.2, PPE26.1 and PPE26.2. It is, however,
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Figure 3.15: Impact of selected mutations on the secretion level of ESX-5 substrates
Protein abundance of four secreted substrates, EsxM, EsxN, PPE26.1 and PPE26.2 are
shown for 8 different ESX-5 constructs, normalized to ESX-5 levels. Results for controls are
colored in gray, for pore mutants in blue and for pore basket mutants in orange. The figure
shows the result of three independent measurements (N=3).

of note that PPE26.2 belongs to the family of PPE-SVP proteins whereas PPE26.1 cannot
be clearly assigned to a class. Thus, it is expected that both proteins fulfill different func-

tional roles.

By normalizing the LC-MS/MS results to ESX-5 WT levels, it becomes evident that secre-
tion of EsxM and EsxN is significantly (p<0.06) decreased in all analyzed mutants (Figure
3.15, Table 5.2). With an EsxM decrease of -2.3 on a logp-fold scale, the effect was least
distinct for the V41F mutant, whereas the P73A mutant showed the strongest effect with
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-3.8 also on a logs-fold scale. Calculated p-values and fold-changes can be found in Table 5.2
and Table 5.1. A AEccEs/AEccAs mutant was introduced as control, since it was shown
before that EccEs is a functional part of the membrane complex and required for secretion
[80]. As expected, secretion was decreased to -5.3 times (logz), which can be considered as

the absolute zero or abolished secretion.

Within the lysate, levels of EsxM and EsxN were stable for all mutations, which indicates a
fast degradation of substrates or might even point to a regulation mechanism. Overall, it is
striking, that EsxN and EsxM levels within the cell are very low, even in the ESX-5 WT, as
the fold-change to Msmeg WT is far less than 2.5 on a log, scale.
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Figure 3.16: Impact of selected mutations on the secretion level of ESX-5 substrates
in comparison to cytosolic and transmembrane components The level of cytosolic, mem-
brane and secreted components is normalized to ESX-5 levels in the whole cell fraction and
the secretome. Changes are indicated on a log, scale by red (increasing concentration) and
blue (decreasing concentration). Gray color indicates, that the protein was not detected at
all, as it was the case for PPE26.1 in the whole cell fraction. Pore mutants are highlighted
with a blue frame, basket mutants with an orange frame. The figure shows the result of
three independent measurements (N=3).

PPE26.1 was not detected in the whole cell fraction and also PPE26.2 was not very abun-
dant. Interestingly, compared to the ESX-5 WT, a slight, around twofold accumulation of
substrate within the cell was observed for F75C, V41F, V404144F and S57F, but not for
P73A and AEccEs/EccAs. In the secretome, however, PPE26.1 and PPE26.2 follow a sim-

ilar trend compared to the Esx proteins, although not all differences are significant.

PE19.1 and PE19.2 proteins were not detected at all, which might be due to the absence of
suitable Trypsin cleavage sites as described in Ates 2020 [9].
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To make sure the observed decrease of secretion was not a result of different expression
levels, the abundance of other locus components was analyzed as well and is presented in
Figure 3.16. The comparison between the different mutants revealed that the protein levels
of all components, from membrane components to cytosolic components, was stable for all
mutants with the exception of the AEccEs/AEccAs mutant, which showed, as expected, a
strong decrease in EccEs and EccAs in the whole cell and the secretomic fraction. Thus, it
could be concluded that the expression of the pMV plasmid was not affected by the point
mutations.

3.2.4 Structural impact of a conserved proline residue
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Figure 3.17: Purification and characterization of ESX-5 pore mutants P73A and F75C
(A) Exemplary result of a 10% to 40% glycerol gradient centrifugation. Every second fraction
is run on an SDS-PAGE for analysis. Fractions 8-10 can be considered as hexameric ESX-5
complex. (B) SDS-PAGE of the P73A and F75C affinity purification, showing samples from
flowthrough (FT), wash (W) and elution (E). The pulldown of the four protein components
confirms that the protomeric assembly of ESX-5 is intact. (C) BN-PAGE of P73A and F75C
after gradient centrifugation. Fraction 9 and 10 migrate at a size >1236 kDa, suggesting
that the hexameric assembly is not affected. (D) NS-EM micrographs of ESX-5 WT, P73A
and F75C. Micrographs show particles of around 30 nm in size for all constructs, implying
that changes introduced by mutations are subtle on the macroscopic scale.

As the pore mutant P73A had the strongest impact on secretion, it was analyzed if the pore
mutations could hamper the assembly of the protomeric unit or the formation of a hexameric
complex. Both mutants were purified as described in Subsection 3.1.1 by pull-down with a
strep-tag at the EccCs C-terminus. Similar to the WT, all four components, EccBs, EccCs,
EccDs and EccEs, could be pulled down, as shown by SDS-PAGE (Figure 3.17, B). This
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suggests a stable formation of the protomeric unit, which is not affected by the mutations.
After amphipol exchange and density gradient centrifugation (Figure 3.17, A), high molecular
weight fractions were applied on BN-PAGE. Both mutants migrated at a size of >1200 kDa
in accordance with the ESX-5 WT complex (Figure 3.17, C; compare to Figure 3.1). It could
be concluded that also the assembly into a hexamer was not affected by the point mutations.
This was further confirmed by NS-EM, where both mutants showed similar sized particles of
around 30 nm in diameter. These particles had a distinct hexameric conformation (Figure
3.17, D).
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Figure 3.18: Cryo-EM map of the ESX-5 P73A mutant and difference map (A) ESX-5
WT shown in white and difference map of P73A and ESX-5 WT shown in blue. Before
subtraction, maps were filtered to 5 A. The difference map is displayed at a threshold level
of 0.1. Main differences can be observed within the pore region, where the density of TMH2
is visible in the difference map. (B) Cryo-EM map of ESX-5 P73A colored according to the
underlying protein model (EccBs orange, EccCs blue, EccDs-1 green, EccDs-2 light green,
EccEs purple). Despite the mutation, the complex assembles into a hexamer with gated
pore. On the right, the map of the inner section of EccCs and EccBs is shown in blue and
orange, respectively.

Since a defect in protein assembly could be excluded for the pore mutants, it can be assumed
that the impact of the mutation is manifested on the atomic-scale. Thus, the impact of the
P73A mutation on the ESX-5 structure was assessed using cryo-EM. For this purpose, high
molecular weight fractions were screened via NS-EM and the most homogeneous fraction
was selected for plunge-freezing. After screening, the best cryo-EM grid was selected for

data collection. In total 10,233 movies were collected that were processed in C1 and C6
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symmetry as shown in Figure 5.3. While the resolution of the C1 map was limited to 6.2 A,
the C6 map reached a global resolution of 3.9 A. However, the local resolution was worse
in some regions of the map as indicated by the GSFSC curve. This could be due to a lower

particle number and, as a result, a lower population of rare viewing angles.

A model was built into the density by refining the WT structure into the EM density of the
mutant map. Interestingly, the overall structural arrangement of the P73A mutant was com-
parable to WT ESX-5 as it was built by six identical protomeric units formed by the protein
components EccBs, EccCs, EccDs and EccEs in a 1:1:2:1 stoichiometry (Figure 3.18, B).
Even the arrangement of pore helices was similar compared to the WT structure. However,
the resolution of the second TMH of EccCs was improved to around 4.5 A - 5 A. As a result,
more details became visible. This was expected since the mutation was designed to stabilize
a helical secondary structure and to rigidify the pore. After filtering the WT and mutant
map to 5 A resolution and calculating a difference map, the stabilization of EccCs TMH2
became even more explicit (Figure 3.18, A). In the resulting difference map, main density
can be assigned to EccCs TMH2, confirming that the increased resolution of this helix is a
main difference between both maps. Furthermore, the helix is straightened compared to the
WT structure, which showed a substantial kink introduced by the proline residue. This is
in accordance to other studies that demonstrated that proline residues introduce kink-swivel
motions to helices crucial for the function of the respective transmembrane proteins [31].
The conservation of the proline residue within all ESX systems suggests that these motions

contribute to a general secretion mechanism.

Taken together, the results indicate that P73 is inducing a helix break that enables intrahelical
dynamics within TMH2, as similarly described for other membrane transporters [54, 116, 73].
The results suggest a fundamental role of plasticity within the inner membrane pore for ESX-

mediated protein translocation across the inner membrane.

3.2.5 Molecular dynamics study on the EccCs pore helices

The flexibility of the TMHs of EccCs was further assessed by MD simulations. To reduce
the complexity of the system, the TMHSs of EccCs were considered separately in a POPE bi-
layer. POPE was selected as phosphatidylethanolamine represents one of the most abundant
lipids in the mycobacterial membrane [46]. Still, it is important to keep in mind that this

choice represents only a simplification of a complex lipid bilayer composition in mycobacteria.

MD simulations are often limited by the time-scales in which a reaction or conformational
change occurs. This is due to the fact that the procedure requires a lot of computing re-
sources [117]. However, to analyse the flexibility of helices, it can be expected that significant
changes will be observed already within a few nanoseconds [112, 31]. Indeed, when following
the RMSD of the C4 backbone over a time of 100 ns (1000 frames), after 20 ns, the RMSD
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Figure 3.19: Molecular dynamics simulation of EccCs TMH1 and TMH2 for ESX-5
WT and ESX-5 P73A On the left, input models are shown for ESX-5 WT and ESX-5 P73A
from the periplasmic side and as side view. The helices were embedded in a double membrane
composed of POPE (beige tails and red heads) and ions were added to both sides of the
membrane (orange). Results of the 100 ns simulation in GROMACS [23] are shown on the
right. The first panel shows the time dependent RMSD of the C, backbone for the ESX-5
WT (light blue) and the ESX-5 mutant (blue). In the lower panel, the RMSF is shown in
relation to the position of the residue. Position 73 is highlighted with a dotted red line.
Except for one outlier, the MD simulations could not prove higher flexibility of ESX-5 WT
helices.

was stable in a range of about 2-6 A for both, the WT helices and the P73A mutant he-
lices (Figure 3.19). This implies that main movements were completed within the first 200

nanoseconds.

The overall dynamics of the backbone, indicated by the RMSD of both helices, did not
differ significantly between mutant and WT. To get further insights into the contribution of
different regions to the flexibility, the RMSF (root mean square fluctuation) per residue was
calculated (Figure 3.19). With less than 2 A the fluctuation of residues 40 - 79 was rather
low. Only one simulation of the WT helices showed an increased fluctuation around P73, that
was however not reproducible by three further MD simulation runs of the WT helices. Thus,
the simulation could not prove the flexibility introduced by the proline residue at position
73. Starting at residue 80, the fluctuation increased for mutant and WT, confirming a high
variability of the loop region that connects the stalk domain with the TMHSs. This flexibility

was also observed in both WT and mutant structures. However, as these loops are located
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at the C-terminal end in this simulation setup, it can be expected that the overall flexibility
of this region is even further increased compared to the full length EccCs structure or in
context of the full complex. This could have a crucial impact on the simulation results in the
P73 region. Thus, the simplification introduced might be insufficient to describe dynamics

in the context of a big complex.
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3.3 Understanding conformational flexibility of the ESX-5 core

complex

The cryo-EM structure of the Mxen ESX-5 system revealed substantial flexibility of the
periplasmic domains and the cytosolic domains. The flexibility observed could be a fun-
damental feature of the system in order to adjust to effector proteins of different sizes.
Nevertheless, substrates and co-factors could stabilize the system or could induce conforma-
tional changes. This section will assess the flexibility and will give insights into additional

components that might be crucial to stabilize the system.

3.3.1 Flexibility inside the ESX-5 core complex

In addition to the analysis of the cryo-EM structure, flexibility was assessed by a limited pro-
teolysis analysis using three different proteases. The use of three different proteases ensured
the coverage of different cleavage sites leading to reduced bias. Each protease was incubated
with purified ESX-5 complex in a high (1:55) and a low (1:550) concentration. Samples were

taken at different time points after addition of the proteases.
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Figure 3.20: Limited proteolysis analysis of ESX-5 The analysis was carried out with
three different proteases: Elastase, Trypsin and ProteinaseK. SDS-PAGEs are shown of
ESX-5 complex samples that were taken at different time points after incubation with the
proteases. The migration height of the individual intact proteins are indicated with colored
circles.

Assessment of these samples on SDS-PAGE, shown in Figure 3.20, confirmed a high accessi-
bility of EccCs by all proteases. In all samples, the EccCs band was the first or, in the case of
Elastase, even the only band that showed a reduced intensity after addition of the proteases.
Although EccBs5 showed higher stability compared to EccCs, the intensity of the EccBs band
decreased after overnight (o/n) treatment with trypsin and vanished after overnight treat-
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ment with a low concentration of ProteinaseK. Also EccEs levels were affected by incubation
with a high concentration of ProteinaseK as the bands disappeared after 30 minutes. Only
EccDs levels were unaffected by all proteases, except after overnight treatment with a high
concentration of ProteinaseK. These observations give rise to the notion that EccDs is the

least accessible and flexible component.

The conclusions drawn by the limited proteolysis analysis can be explained in the context of
the structure, in which the cytosolic AT Pase domains of EccCs showed long, flexible protru-
sions into the cytoplasm. Thus, these domains are very accessible to proteases, leading to
their fast degradation. Also EccB5 could not be resolved to high resolution, indicating flexi-
bility of this domain. The fast degradation in the limited proteolysis experiment strengthened
this hypothesis. A reason for the degradation of EccEs could be its position at the periphery
of the complex. However, the compact fold of the cytoplasmic domain of EccEs and the
binding to EccDs makes it less accessible compared to EccBs and EccCs. The long trans-
membrane domains of EccDs and its cytoplasmic domains tightly bound to EccCs, EccEs

and EccDs render these domains very stable and unaccessible for proteases in solution.

3.3.2 The ESX-5 core complex in a native lipid environment

Within the ESX-5 WT map, elongated density became visible in the cavity formed by the
TMHs of EccDs-1 and EccDs-2 molecules (Figure 3.7, Subsection 3.1.3). This density could
not be assigned to protein. An initial lipidomics analysis confirmed that lipids are still bound
to the complex [21]. These observations raised the question if lipids are essential for stability

and for the function of the membrane protein complex.

To analyze the impact of the lipid environment on the structure and stability of the complex,
ESX-5 needs to be reconstituted in a lipid environment. Traditional MSP-based nanodiscs,
however, are limited by a size of up to 17 nm in diameter [108, 227]. Due to the diam-
eter of 27 nm and the 162 TMHs of ESX-5 (Figure 3.2, Figure 3.4) these nanodiscs are
not suitable. Also the use of SMALPS (SMA lipid particles) is limited to smaller mem-
brane proteins. New reconstitution methods like SapNPs are modular and can adapt to the
size and shape of the membrane protein for reconstitution [86]. However, so far it has not

been demonstrated that SapNPs can be applied on proteins with a size comparable to ESX-5.

To test if the ESX-5 system can be successfully reconstituted into SapNPs, DDM solubilized
complex, following a strep-tag affinity purification, was incubated for 30 minutes with SapA
and lipids in a 1:140:800 ratio. To start with, a lipid mixture (brain lipids) was selected to
mimic a heterogenous lipid membrane. Similar to the amphipol reconstitution, detergent was

removed by the addition of biobeads.
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Figure 3.21: Reconstitution of ESX-5 WT into SapNPs (A) SEC profile of ESX-5 re-
constituted into SapA and brain lipids (BL) in a 1:140:800 ratio and ESX-5 in DDM after
detergent removal by biobeads. The SEC run was performed on a Superose 6 3.2/100 col-
umn. The location of the void peak is indicated by a dotted line. Only the reconstituted
sample shows significant absorption at 280 nm for the hexamer, indicating successful res-
cue of the protein complex by SapNPs. (B) SEC profile of reconstituted ESX-5 applying
different ESX-5 SapA lipid ratios. A Superose 6 5/150 column was used. (C) SEC profile
of an upscaled purification of ESX-5 reconstituted in SapA and brain lipids. A Superose
6 10/300 increase column was applied. (D) SDS-PAGE of void and side peak fractions
retrieved from the upscaled purification. The migration height of SapA is indicated by an
arrow, the migration height of membrane protein components is indicated by colored circles.
(E) BN-PAGE of void and side peak fractions. In the void peak fractions ESX-5 migrates
at a size comparable to ESX-5 in amphipols. In the side peak fractions, bands are diffuse,
but a main band >720 kDa is visible, which could correspond to a dimeric ESX-5 complex.
(F) NS-EM micrograph of reconstituted ESX-5 void peak fractions. High heterrogeneity can
be observed. (G) SDS-PAGE of ESX-5 reconstituted into SapNPs after 10%-40% glycerol
gradient centrifugation.
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By comparing the protein complex that was incubated with SapA and lipids with the complex
in DDM after detergent removal on a size exclusion column, it became evident that only the
reconstituted protein showed the characteristic absorption profile, while in DDM a flat line
was observed (Figure 3.21, A).

This was expected, as the removal of detergents by biobeads likely leads to aggregation of
membrane proteins, in case other membrane mimetics are missing. These results indicate

that the complex can be rescued by SapA and lipids after detergent removal.

Next, to optimize the reconstitution into SapNPs, different complex:saposin:lipid ratios were
screened. For this purpose the complex was incubated with different ratios of SapA and
lipids and subsequently applied on an analytical size exclusion column (Figure 3.21, B). The
signal of the void peak fraction, corresponding to the hexameric complex, was highest for
the 1:150:5250 complex:saposin:lipid ratio representing the highest amount of lipids used for
reconstitution. However, the peak appeared broadened and slightly shifted to higher molec-
ular weight. For this reason, a complex:saposin:lipid ratio of 1:140:800 was selected for an
upscaled purification that allowed the analysis of the samples on SDS-PAGE and BN-PAGE
(Figure 3.21, D, E).

The protein eluting in the void peak corresponded, as expected, to the four core components
EccBs, EccCs, EccDs and EccEs. The side peak could be assigned to the same proteins,
although a degraded EccCs band became visible at a size of roughly 100 kDa, as similarly
observed for amphipol reconstituted ESX-5 and confirmed by MS. A band at 10 kDa corre-
sponding to SapA was, however, absent for the void peak or barely visible for the side peak.
On BN-PAGE the void peak fraction migrated at a size of >1236 kDa, comparable to the
hexameric amphipol reconstituted ESX-5. The sample from the side peak showed a diffuse
band with main intensity at a size of 720 kDa - 900 kDa. This could correspond to a dimeric

or trimeric complex.

To check whether SapA was bound to the sample, an MS analysis was performed with the
bands extracted from BN-PAGE. The analysis confirmed the presence of SapA in the side
peak, whereas in the void peak only traces of SapA were detected. This can be explained
by the high number of lipids present in the solution. ESX-5 could have been reconstituted
particularly into liposomes or micelles instead of SapNPs. This also explains the increase of
the void peak fractions for samples with higher lipid concentration as observed before (Figure
3.1). Analysing the void peak fractions by NS-EM (Figure 3.21, F) confirmed the presence
of micelles and liposomes in the sample.

To improve the separation of lipid micelles and ESX-5 reconstituted in SapNPs, size exclusion
chromatography was replaced by density gradient centrifugation (Figure 3.21, G). A SapA
band was clearly visible in fraction 12, 14, 16 and 18, indicating successful reconstitution.
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As the intact ESX-5 complex in amphipols got separated in fraction 9 or 10, main fractions
reconstituted in SapNPs seem to correspond to smaller subcomplexes, like dimers or trimers.
However, the yields were too low for further characterization by NS-EM. A limiting step is the
removal of glycerol after gradient centrifugation that needs to be optimized in the future.
It is conceivable, that also earlier fractions, e.g. fraction 10 contained SapA, but due to
the low concentration, bands were not visible. Future work will aim to optimize yields and
complex:SapA:lipid ratios to obtain hexameric reconstituted samples, but, in addition, also
subcomplexes in a lipid environment could expand the knowledge on complex-lipid interac-
tions of the T7SS.

kDa @

1236-|

720-| -
480-

146-

SDS-PAGE BN-PAGE

OEccB OEccC @EccD @EccE

Figure 3.22: Direct extraction of ESX-5 WT by Saposin A (A) SDS-PAGE of the strep-
tag affinity purification of ESX-5 after direct extraction by SapA the migration height of
membrane protein components is indicated by colored circles. All four protein components
could be successfully extracted from the membrane. (B) BN-PAGE of SapA extracted ESX-
5, a faint blurred band at a size >1236 kDa is visible indicating the extraction of hexameric
ESX-5 (C) NS-EM micrograph of ESX-5 directly extracted with SapA. High heterogeneity
is observed in the sample indicating the presence of lipids within the sample.

To circumvent the addition of excess lipids at the outset, an alternative protocol for re-
constitution was established. It was reported before that by addition of SapA to purified
membranes, membrane proteins can be extracted directly from the lipid bilayer without ad-
dition of detergents [149]. Beside the advantage that excess lipids can be removed during
affinity purification, this method enables the extraction of the protein directly from the mem-
brane of the expression host. In the case of the Mxen ESX-5 system, expressed in Msmeg,
the complex could get reconstituted in mycobacterial lipids that are more similar to the Mxen
lipid environment compared to the brain lipid mixture used in the traditional reconstitution
approach. In addition, the method allows to skip the addition of detergent increasing the

chance to preserve structure and function of the protein.
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It was tested, whether this approach could be also applied for the purification of ESX-5.
After the incubation of membranes with SapA overnight, strep-tag affinity purification was
carried out. The SDS-PAGE of the eluted fraction revealed that all four core protein com-
ponents could be pulled down (3.22, A). Also a faint SapA band became visible, indicating
a successful reconstitution of the protein complex. However, the obtained yields were very
low. Therefore the quality of the sample was analyzed on BN-PAGE and NS-EM before size
exclusion (3.22 B, C). On BN-PAGE the sample migrated at a height >1236 kDa similar
to amphipol reconstituted ESX-5, although the band appeared more diffuse. This is not
surprising given the fact that no size exclusion chromatography step was performed prior to
the analysis. On NS-EM, liposomes, micelles and disc shaped particles of different sizes were
observed, suggesting a high remaining concentration of lipids. It is conceivable that gradient
centrifugation could be used to get a suitable separation of protein and lipids. However,
yields need to be increased to obtain a homogeneous protein solution suitable for further

analysis.

Despite further optimization that is needed to reduce the heterogeneity caused by high
amounts of lipids, it is remarkable that the ESX-5 core and subcomplexes can be reconsti-
tuted by SapNPs, which is indicated by SapA coeluting with the protein complex during size
exclusion chromatography and gradient centrifugation. Given the fact that each protomer
consists of 27 TMHs (see Subsection 3.1.3), even the reconstitution of single protomeric
units alone would highlight the versatility of SapNPs, not even to mention dimeric, trimeric
or even hexameric protomers. 56 TMHs has been so far the maximum number of TMHs
that could be reconstituted [165].

Once higher yields and higher homogeneity is achieved for either the traditional or the direct
extraction technique, structure and activity should be compared to the amphipol reconsti-
tuted sample to assess the role of a lipid environment on structure and function. Such a
structure could drastically improve the understanding of complex-lipid interactions and could

give further insights into T7SS mechanisms.

3.3.3 Binding of ATPyS to the ESX-5 core complex

The apo cryo-EM structure as well as the limited proteolysis analysis presented in this thesis
revealed high flexibility of the cytoplasmic EccCs ATPase domains. The three consecutive
ATPase domains belong to the family of P-loop ATPases in which the Walker A motif is
responsible for the binding and coordination of ATP [205]. The DUF domain follows the
typical fold of P-loop ATPases as well, as described in Subsection 3.1.3. However, its Walker
A motif is highly degenerated or even hardly recognisable, making it likely that the DUF
domain is incapable of binding ATP as discussed in Subsection 3.1.3 (Figure 3.23).

During the purification process, bound nucleotides from the expression host could be stripped
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from the complex. As a result, it can be assumed that the majority of particles isolated are
not binding nucleotides. In consequence, due to the missing capacity of binding ATP, the
DUF domain is unaffected by the absence of nucleotides, whereas in the three consecutive
ATPase domains, lack of nucleotides could induce flexibillity. In contrast, the binding of
nucleotides could lock the three consecutive ATPase domains in a certain conformation and
reduce flexibility in between the individual domains. This could allow the binding of sub-
strates, which could then lead to a multimerization and activation of the ATPase domains
as described by Rosenberg et al. [205].

DUF domain ATPase 1
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Figure 3.23: Sequence logo of Walker A motifs present in EccC Sequence logos were
calculated based on a sequence alignment of all ESX-systems from Mtb, Mmar, Mabs, Msmeg
and Mxen with Weblogo [60]. Residues corresponding to the Walker A motif are colored in
blue. The ATP-binding motif of the DUF domain is highly degenerated.

A surface plasmon resonance experiment confirmed the binding of the non-hydrolizable ATP
analogue ATP«S to the three consecutive ATPase domains. For that purpose, a construct of
the EccCs C-terminus, including the three AT Pase domains (provided by Katherine Beckham,
Wilmanns group, EMBL Hamburg) was immobilized on a gold surface via capture-coupling to
a carboxymethylated dextran matrix (CM5). The sensorgram showed a succesful annealing

and coupling of the construct to the sensor surface (Figure 3.24, A).

Different concentrations of ATPyS were injected to the flow cell and for each concentration
clear association and disassociation was observed (Figure 3.24, B). The sensorgrams show
that fast on and off rates are superimposed by lower rates, indicating different binding rates
for the ATPase domains. In these cases, kinetic fitting is not the method of choice. Instead,
the association endpoints were analyzed as a function of concentration (Figure 3.24, C).
The resulting dose-response curve shows a saturation at a concentration of 0.78 uM, but an
increasing signal starting at 3.13 uM, indicates different (at least 2) binding rates for the AT-
Pase domains. The dose-response curve was, thus, fitted assuming two-site specific binding
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Figure 3.24: Binding of ATP+S to the EccCs ATPase domains The response is measured
in resonance units (RU) (A) Immobilization of the EccCs ATPase domains on the CM5-Chip.
(B) SPR sensorgram of ATP+S binding to the EccCs ATPase domains. ATPyS was injected
at different concentrations. (C) Dose-response curve of ATPyS binding to EccCs. The
points were fitted assuming two-site specific binding.

using Graphpad Prism. The R? of 0.96 was superior for two-site specific binding compared
to 0.89 and 0.95 obtained by fitting assuming one-site specific binding or one-site specific
and nonspecific binding, although not significant. The resulting two association constants
(Kd) accounted for 75 nM and 27 uM. It is conceivable that all three ATPase domains bind
ATP or ATPvS with different affinities. A third binding affinity, however, cannot be retrieved
reliably from the resulting data. To obtain more concise values for ATP affinity of the indi-
vidual domains, all three domains should be analyzed separately. This would also improve the
assignments of binding constants to the three ATPases. In the context of the translocation
process, it seems reasonable that the ATP hydrolysis at ATPase3 is the time-limiting step
to avoid accumulation of substrates close to the pore. Hence, the affinity for ATP or ATP
analogues should be highest for ATPasel and lowest for ATPase3. This hypothesis needs to
be confirmed in the future.

To judge the impact of bound nucleotides on the structure of Mxen ESX-5, the membrane
protein complex was purified in presence of 100 uM ATP+S during all purification steps. After
quality control, the sample was applied on a cryo-EM grid and plunge-frozen. 12,789 movies

were collected and processed in C6 and C1 symmetry as shown in Figure 5.4. Within the
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Figure 3.25: Cryo-EM maps of the ESX-5 complex in presence of ATPvS The high-
resolution map of ESX-5 is shown from the periplasm, the cytoplasm and as side view. The
map is colored according to the scheme used in the ESX-5 model.

high-resolution part of the structure, the resulting maps resembled those of the WT map.
The cross-correlation between both maps accounted for >0.8. Further on, the individual
protein domains exhibited the same orientation and position and also the pore showed the
gated, secretion competent conformation as observed for the apo structure. Only density
for EccEs was less well defined, which could be a result of the lower particle number that

was used for the 3D reconstruction (Figure 3.25).

When lowering the threshold of the C6 and C1 map and filtering the maps with a gaus-
sian filter, additional low-resolution density became visible in the cytoplasmic part, presum-
ably corresponding to the ATPase domains of EccCs (Figure 3.26, A). Fitting the crystal
structure of the three ATPase domains, obtained by Katherine Beckham (Wilmanns group,
EMBL Hamburg), into the density confirmed this hypothesis, since the EM density could
accomodate the complete model (Figure 3.26, B). However, instead of one conformation,
two conformations were observed within the maps, which could not be separated - despite
intensive effort in reducing particle heterogeneity in the dataset by 2D and 3D classifications,
3D variability analysis [193], focused refinements and heterogeneous refinements. In the first
conformation, the EccCs domains are in a widened upward position. In this position, the
individual ATPase domains are located in far distance from each other without any notable
contacts. In the second conformation, the ATPase domains are in a downward position,
forming a widened translocation tunnel. In this conformation, the ATPase domains are in
closer proximity, especially the third ATPase domain that limits the opening of the tunnel
to a diameter of around 7.8 nm. The fit of the crystal structure to the downward con-
formation, however, did not reveal contacts in between the different ATPase domains. A
multimerization of the ATPase domains is crucial for ATP processing, as ATP can only be
hydrolyzed, when an arginine residue of the ATPase domain (R-finger) completes the active
site of the neighbouring ATPase [205]. It is not evident, whether the missing contact is due
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Figure 3.26: Low resolution cryo-EM density of the ESX-5 complex in presence of
ATP~S. (A) At low threshold values, low resolution features for the three ATPase domains
of EccCs become visible. Two conformations were observed that could not be separated
from each other during cryo-EM processing: the upward and the downward conformation
(B) The low resolution map allowed in addition to the high-resolution model the fitting of
an EccCs crystal structure from Mxen into the density, which is shown from the cytoplasm,
from the side and from the periplasm.

to the fit in the low resolution map or if the downward conformation corresponds still to a
pre-secretion state. It is, however, possible that the addition of substrate could lead to a

further restriction of the diameter that would induce the final multimerization crucial for the
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transport of proteins, as it was similarly suggested by Rosenberg et al. [205].

The results demonstrate that ATP analogues are, indeed, able to stabilize EccCs, although
the flexibility and heterogeneity observed by EM remains high. Especially the presence of two
conformations within the map is intriguing. Due to the low resolution, no final conclusions
can be drawn on how these two different conformations are induced. One possibility could
be the presence of different ATP binding states within the maps. ATPyS was used in a
concentration five times higher than the binding constant throughout the purification, but
sample handling or slow hydrolysis and or degradation of ATPyS could have lowered the
actual nucleotide concentration in the sample. Binding to substrates could have initialized a
different conformation as well. To draw final conclusions on the mechanism, higher resolution
maps of the cytoplasmic part of the complex are required. These maps could give insights
into orientation and ATP binding state of the three ATPases.
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4 Discussion

The results provided in this thesis give first insights into the molecular architecture of a T7SS,
its hexameric assembly and the central secretion pore. The structure of the Mxen ESX-5
complex revealed the core machinery, built by six identical protomeric units, each composed
of EccBs:EccCs:EccDs and EccEs in a 1:1:2:1 stoichiometry (Subsection 3.1.2, Subsection
3.1.3). Key mediators of the hexameric assembly were identified in the periplasm and the
membrane. Within the periplasm, the six periplasmic domains of EccBs form a dimer of
trimer arrangement, composed of three different dimeric interfaces - the V-shaped, parallel
and peripheral dimer (Subsection 3.1.4, Figure 3.8). The resulting arrangement revealed C2
symmetry, which differs from the C6 symmetry in the membrane section. In the membrane
section, main contacts between protomeric units were observed between the N-terminus of
EccBs and an extended loop of EccDs-1 (Figure 3.9) as well as by an unusual domain swap
of the first pore helix, TMH1 of EccCs (Figure 3.10). The pore helices are enclosed in a
basket-like structure formed by the N-terminal helix of EccBs and the TMH of EccBs (Fig-
ure 3.13). It is hypothesized that small changes in the angle between both helices could
lead to pore opening and closing. Within the central secretion pore, EccCs TMHs 1 and
2 show increased flexibility compared to the remaining transmembrane part (Figure 3.11,
Figure 3.12, A, B). Especially TMH2, which forms the inner face of the helix, could not be
modeled reliably and was, thus, presented as an ensemble model. Analyzing the ensemble
model drew the attention to restriction sites formed by bulky side chains like phenylalanine
that limit the pore diameter to a size that would not allow transport of folded heterodimers
across the membrane (Figure 3.12, C). It is suggested that these residues could play an
important role in a pore gating mechanism. The observed flexibility could be introduced by
a conserved proline residue in the center of the helix, which introduces a helix break and

therefore induces kink-swivel movements (Figure 3.11, Figure 3.12, A, B).

To test the hypotheses made, several mutants were designed that impact the integrity of the
pore dynamics, pore gating or the scaffold of the pore helices formed by the EccBs basket.
All of these mutants were proven to reduce secretion efficiency significantly, emphasizing that
the highlighted regions, indeed, play an important role within the translocation cycle (Figure
3.15, Figure 3.16). Especially the proline residue in TMH2 was shown to be essential for
secretion. A cryo-EM structure of a P73 mutant demonstrated that mutation of this residue
leads to a rigidification of the pore helix, giving rise to the notion that a certain degree of

plasticity or flexibility is needed in the course of secretion to transport a range of different
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substrates across the mycobacterial membrane (Figure 3.18).

Plasticity or rather flexibility was also observed in other regions of the secretion machin-
ery, especially on the periplasmic and distal cytosolic side. For these sections integrative
ensemble models were built (Figure 3.3). Co-factors like substrates, lipids or nucleotides
were hypothesized to transiently stabilize certain conformations. For this reason, alternative
purification protocols were established, that will allow the characterization of the complex in
a lipid environment in the future (Subsection 3.3.2). In addition, the structure was analyzed
in presence of ATPyS. Indeed, within the resulting map, low resolution density of the distal
cytosolic side became visible, indicating slight stabilization of the three consecutive AT Pase
domains of EccCs (Figure 3.26). Intriguingly, not a single conformation, but two confor-
mations were observed, which could correspond to different ATP bound states. Further
stabilization is, however, required for structural studies to draw detailed conclusions on the
induction of both states. An intrinsic flexibility in the relative positioning of the individual
ATPase domains, could, however, be a key to mediate huge conformational changes, required

for the transport of folded heterodimers of varied sizes.

During the course of this PhD, three other structural studies on the inner membrane complex
of ESX systems were published. In 2019 Famelis et al. and Poweleit et al. [80, 192] both
obtained cryo-EM maps of the Msmeg ESX-3 system. Intriguingly, both structures showed
the complex in a dimeric state. The protomeric architecture of the ESX-3 systems clearly
resembled the protomeric arrangement in the hexameric ESX-5 system: Each protomer was
built in a 1:1:2:1 stoichiometry of EccBs, EccCs, EccD3z and EccEs and in the cytosol,
the two ubiquitin like domains interacted with the DUF domain and the EccEjz cytoplasmic
domain. As in the ESX-5 maps, the periplasmic and cytosolic side was less well resolved,
confirming the flexible nature of these regions as common feature of type VIl secretion. De-
spite the lower resolution in the periplasm, it became evident, that the periplasmic domain
of EccB3 forms a V-shaped dimer as observed in ESX-5. The absence of a central secretion
pore in both dimeric structures suggests, that the dimeric structure is a building block of the
hexameric T7SS. ESX systems could preassemble in a dimeric form before hexamerisation

or could disassemble into defined dimers after translocation.

Another interesting structure was published by Bunduc et al. [36], who obtained a cryo-EM
map of Mtb ESX-5 in its hexameric form in presence of the fifth membrane component
MycPs. Three MycPs molecules are anchored in the membrane and bind with their pro-
tease domain on top of three EccBg V-shaped dimers, with the active site facing the central
pore of the complex. The EccBs V-shaped dimers further multimerize in a hexamer with
peripheral dimer interactions as similarly observed in the Mxen ESX-5 (Figure 4.2, B, D).
Interestingly, in presence of MycPs the resolution of the periplasmic region is highly improved

implying a stabilizing role of MycPs5 on the periplasmic part. While the overall architecture of
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the transmembrane domain and the upper cytoplasmic side resembled the architecture of the
hexameric Mxen ESX-5 and the dimeric Msmeg ESX-3, a major difference can be observed in
the central secretion pore that appears to be closed completely in presence of MycPs. Thus,
MycPs could induce or stabilize a closed state of the secretion pore (see Figure 4.2, C).
While MycPs5 induces conformational changes in the secretion pore, the cytoplasmic domain
of EccCs remains very flexible. Low resolution density in the cytoplasm of the Mth ESX-5
map confirms the presence of an upward and downward state of the ATPase domains in
presence of ATP analogues, here ADP-AIF3 [36], as similarly observed for the Mxen ESX-5
complex (see Figure 3.26).

M. smegmatis ESX-3 M. xenopi ESX-5 M. tuberculosis ESX-5
PDB: 6SGW + 6SGY This thesis PDB: 7NP7

periplasm

membrane

cytoplasm

OEccB OEccC @EccD @EccE @ MycP

Figure 4.1: Available structures of T7SSs. Atomic models are shown for the dimeric
complexes of Msmeg ESX-3, the hexameric complex of Mxen ESX-5 and the hexameric
structure of Mtb ESX-5 in presence of MycPs.

The availability of structures in three different states (shown in Figure 4.1) allows the com-
parison of their architecture. Common to all structures is the protomeric arrangement and
the presence of three segments, including (1) the periplasmic domain that tends to be flexible
in the absence of MycP, (2) the transmembrane and upper cytosolic part that is most rigid
and exhibits high similarity in between all structures and (3) the distal cytosolic part that

shows high intrinsic flexibility.

While the basic architecture is comparable in most regions, the pore basket and the pore con-
formation vary in between the different structures. In the dimeric models, the pore helices
are absent [80, 192]. Most likely, the two EccC helices require the scaffold formed by the
hexameric EccB basket, comprised by the N-terminal helix and the TMH of EccB in order to
reduce the dynamic space EccC helices can adopt (compare Figure 3.13). The absence of
the helices in the dimer, however, confirms the dynamic nature of the helices, as observed in
the Mxen ESX-5 complex. Dynamics are also required to convert the closed conformation of
the transmembrane helices observed in the Mtb ESX-5 structure into the gated structure ob-
served for Mxen ESX-5 (Figure 4.2, C). In the Mtb structure, the pore is formed by a trimer
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Figure 4.2: Comparison of the Mycobacterium xenopi ESX-5 and the Mycobacterium
tuberculosis ESX-5 structure (A) The protomeric structure of Mxen ESX-5 was fitted to
the hexameric structure of Mtb ESX-5 (white). The fit revealed a comparable protomeric
arrangement of Mtb ESX-5 compared to Mxen ESX-5. (B) The peripheral and the V-shape
Mxen EccBs dimers were fitted to the periplasmic EccBs arrangement of Mtb shown in
white. While the two fitted dimer pairs were identified in the Mtb ESX-5 arrangement, the
parallel dimer pair is absent. (C) Schematic view on the transmembrane pore of Mtb ESX-5
and Mxen ESX-5 and corresponding structure. While the pore is completely closed in the
Mtb ESX-5 structure, the pore in the Mxen ESX-5 complex is in a gated conformation. (D)
Schematic view on the peripasmic segment of ESX-5 from Mtb and ESX-5 from Mxen and
the corresponding structures. In presence of MycP the periplasmic domain adapts a 3-fold
symmetry formed by two dimeric interfaces compared to the 2-fold symmetry in absence of
MycP formed by three dimeric interfaces, as indicated in the schematics. The active site of
Mtb MycPs5 is indicated by a dashed circle. The figure was modified from Beckham et al.
[21], Figure 4.

of four-helix bundles, in which a trimer of EccCs TMH2 forms the inner face of the pore,

while on the other side TMH2 also corresponds to the outermost helix in each 4-helix bundle.
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Figure 4.3: Angle analysis of EccB. (A) Analysis of the periplasmic domain of the Mxen
ESX-5 ensemble model. Angles of the different dimer pairs are shown. The distribution
of angles differs significantly between the different dimers. (B) Left visualization of axis
used for the calculation of angles of the four different structures. Right, table showing the
approximate angles calculated between the EccB transmembrane helix and the N-terminal
helix and in between the transmembrane helix and the pore axis. The figure was modified
from [21], Figure S7.

A conformational change could be triggered by the dissociation of MycPs and the following
rearrangement of EccBs, which converts the C3 symmetric arrangement of Mtb built by only
peripheral and V-shape dimer pairs of EccBs to the C2 symmetric arrangement of Mxen
EccBs (Figure 4.2, B, D). That EccB can undergo huge conformational changes, becomes
evident when analyzing the angles between the different periplasmic domains or the angle
between the transmembrane domain and the periplasmic domain of EccBs in the Mxen ESX-
5 system alone (Figure 4.3, A). The ensemble model shows huge variation in the angles
between different dimers ranging from around 120° for the V-shape to around 40° of the
parallel dimer and around 20° for the peripheral dimer. Also the hinge of the periplasmic do-
mains was shown to be flexible with angles ranging from around 53.4° to 79.0°, as discussed
in Subsection 3.1.4. In the context of the other published structures, the dynamic range of
EccB becomes even more obvious. In the ESX-3 dimer structure, for example, the angle of
the EccB3 V-shaped dimer accounts only for 85°, which highly differs from the larger angles
(113°) obtained in the hexameric structures. In addition, in the Mtb ESX-5 system, the
parallel dimer pair is missing from the periplasmic arrangement. Differences in EccB are also
transmitted to the transmembrane domain, or more precisely, the EccB pore basket (Figure
4.3, B; compare to Figure 3.13). Although the N-terminal helix is situated parallel to the
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membrane and is followed by a transmembrane helix in all structures available, the angles
between both helices differ and as a result, also the angles of the transmembrane helix to
the pore axis differ, especially between dimeric and hexameric structures. The difference
in angles between dimeric and hexameric structures accounts for up to 13° in case of the
pore axis and the transmembrane helix. The wide angle observed in the ESX-3 structure
could prevent the formation of a hexameric arrangement, as a resulting EccB basket would
presumably not offer enough space to accomodate the EccC transmembrane helices. The
hinge between the N-terminal helix and the transmembrane helix of EccB could thus play an
important role in the assembly process of the hexameric ESX system. The angle difference
between both hexameric structures was only subtle, but even small changes in the angles
could lead to a significant rearrangement of the pore helices as seen in both structures. This

mechanism could be induced by binding or dissociation of MycP in the periplasm.

A question that the experimentally available structures could not answer so far is, how sub-
strate specificity is achieved and which factors determine substrate hierarchy. In the Mxen
ESX-5 locus, three different substrate pairs are encoded: EsxM and EsxN, PE19.1 and
PPE26.1 and another PE19/PPE26 pair (referred to as PE19.2 and PPE26.2 in this thesis).
A recent preprint pointed out that the secretion of PE/PPE and EsxMN proteins in this
locus is co-dependent [37]. The co-dependence could be a result of a multiple recognition
event in the cytoplasm or due to the formation of specific pores in the periplasm and the
mycomembrane by the secreted substrates. Even a combination of both possibilities seems

reasonable.

However, it was not discussed yet, whether different substrate classes can multimerize prior to
secretion. Interestingly, when running AlphafoldMultimer [131, 79] for the PE/PPE substrate
pairs, respectively, with EsxMN, the resulting prediction shows the interaction of EsxMN and
the PE/PPE proteins in a head to tail fashion in which an intermolecular -sheet is formed
by the N-terminal ends of EsxN and PE19.2 (Figure 4.4, A). This B-sheet is further flanked
by the conserved WxG motifs of EsxM and PPE26.2. Although H-bonds have been observed
between the newly formed (3-sheet and the backbone of the WxG motif, specific interactions

of the tryptophan side chains could not be retrieved from the predicted model.

The PAE plot shows high confidence for the relative positioning of the helix bundles of Es-
xMN and PE/PPE. Only for the C-terminal domain of the PPE protein high uncertainty of
the localization is observed from the PAE plot. This is not surprising as the C-terminal do-
main was predicted with low pLDDT score (<50). The filament formed by the four proteins

reaches a length of about 19.5 nm.
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Figure 4.4: Prediction of ESX-5 substrate complexes (A) Alphafold2 models of a Mxen
EsxM/ EsxN/ PE19.2/ PPE26.2 tetramer. The pLDDT score is plotted on the structure in
the upper left corner. The inset highlights the intermolecular 3-sheet formed by the two dimer
pairs, which is flanked by the WxG motif, colored in blue. The PAE plot of the prediction is
shown in the upper right corner and the PLDDT plot is shown below. (B) Prediction of a
hexamer composed of EsxM and EsxN, PE19.1, PPE26.1, PE19.2 and PPE26.2. The insets
show the respective contact sites of EsxM and EsxN with the PE and PPE proteins. PAE
and pLDDT plots are shown on the right. The pLDDT plot shows the result of six output
models.
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Even more intriguing than the EsxMN and PE/PPE tetramer is the prediction of a hexamer
built by two PE/PPE pairs and EsxMN. Again, C-terminal ends are predicted with low con-
fidence, but the relative positioning of the helical domains seems reliable based on the PAE
plot (Figure 4.4, B). As for the tetramer, the helical bundles form an elongated structure
with a length of about 29 nm.

The interaction between EsxMN and the first PE/PPE pair is unaffected compared to the
tetramer. The second PE/PPE pair is connected on the opposite site of EsxMN, however
the contacts are very similar. Here, EsxM and PE19 form the intermolecular 3-sheet that
is again flanked by WxG motifs of EsxN and PPE26. In this arrangement EsxMN serves as
connector between the two PE/PPE bundles.

The hydrophobic tip, that was shown to bind to EspG, is exposed at both ends on the fil-
amentous arrangement of the tetramer or hexamer. This tip was previously shown to be a
determinant for system specificity. When swapping the hydrophobic tip of an ESX-1 PE/PPE
pair with the hydrophobic tip of an ESX-5 PE/PPE pair, the ESX-1 related PE/PPE pair was
rerouted through ESX-5 in Mmar [64]. The additional observation of the authors that the
ESX-1 substrate EsxAB was similarly rerouted through ESX-5 without any additional mod-
ification was particularly striking [64]. The results can be easily explained by the tetrameric
or hexameric preassembly predicted, as the PE/PPE substrate pair piggybacks the Esx sub-
strate pair. The hydrophobic tip could interact with the linker 2 domain of EccC, which was
shown to be of importance for system specific secretion in a similar domain swap experiment
[35].

The dimensions of the PE/PPE substrate pair further suggest, PE/PPE could interact not
only with the linker 2 domain but also with ATPase3 via its YxxxD/E motif, which is located
opposite of the hydrophobic tip. It was shown before that binding of the YxxxD/E motif
to the third nucleotide binding domain of EccC could induce multimerization of the AT Pase
domains [205]. The YxxxD/E motif of the Esx pair could be important in a later step, when
induced by the ATP hydrolysis in one or some of the consecutive ATPase domains the sub-
strate filament is transported closer to the central pore. The YxxxD/E motif of EsxMN could
bind to ATPase3 and maintain the hexamerized state of the ATPase domains, as similarly
suggested by Rosenberg et al. [205]. Although multimerization of the substrates could ex-
plain substrate dependencies, experimental evidence of heterotetramers, heterohexamers or

even higher multimeric states is missing so far.

Taking the results from this thesis and further literature together, it is possible to discuss a
new model for substrate translocation across the mycobacterial membrane, which is sketched
in Figure 4.5. It is conceivable that substrate transport across the inner membrane occurs
through a central pore, as it is the case for other structurally characterized secretion systems
[198, 107]. A dimer, as observed by Famelis et al. and Poweleit et al. [80, 192], could, thus,
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represent a preassembly of the complex (Figure 4.5, step 1). Initial hexamerization could be
induced by binding of MycP and a rearrangement and stabilization of the periplasmic domain
(Figure 4.5, step 2). The binding may induce a widening of the EccB V-shaped dimer, as the
angle of the V-shaped dimer is considerably bigger in both hexameric structures compared to
the dimeric structures as discussed before in this chapter. In a next step, MycP could medi-
ate contacts in between three different MycP bound dimers. Main interactions could include
loop1, the N-terminus and loop3 of MycP as reported by [36]. Conformational changes of
the periplasmic EccB domains could enhance the formation of a hexamer. A conformational
rearrangement in EccB is further necessary to widen the hinge between the N-terminal and
transmembrane domain (Figure 4.3). This would allow the accomodation of pore helices
in the EccB basket (compare Figure 3.13). Binding of ATP to the three cytosolic AT Pase
domains could then stabilize the flexible domains and induce an upward conformation of the
EccC domain as observed in this thesis (Figure 3.26, B) or by Bunduc et al. [36] (Figure
4.5, step 3).

In the cytosol, PE/PPE proteins, bound to EspG, could interact with the TPR domain of
EccA, which induces a closed conformation of EccA, as suggested by Crosskey et al. [61]
(Figure 4.5, step a). Based on the Alphafold2 prediction mentioned above (Figure 4.4),
EsxM and EsxN could bind to a PE/PPE pair (Figure 4.4, A; Figure 4.5, step b). The
order of events is not clear. Binding could either occur before or after the interaction with
EccA. In a next step, the EccA, EspG, PE, PPE complex could be delivered to EccC in
the upward conformation (Figure 4.5, step c and 3). Interactions of substrates with the
membrane complex could trigger a conformational change in EccA that enables the hydrol-
ysis of ATP and triggers the dissociation of the substrates from EspG (Figure 4.5, step 4)
[61]. These steps are very hypothetical as there is no experimental evidence available so far.
However, similar dissociation mechanisms have been observed for EccA homolgues such as
ClpX and CbbX [61, 164, 163]. Given the high affinity of EspG to the PE/PPE substrate
pair of 50 nM [137], discussions about a dissociase that provides energy for the disassem-

bly seem reasonable. In the future, experimental evidence is required to prove this hypothesis.

The initial interaction of the substrates with the complex could be mediated by the YxxxD/E
motif (Figure 4.5, step 4). Binding of the YxxxD/E motif was shown previously to induce
multimerization of the ATPase domains, which in turn enabled ATP hydrolysis [205]. In
addition, the binding could induce the release of the linker2 domain which connects AT Pasel
and ATPase2 [205] (Figure 4.5, step 5). The linker2 domain was shown to be involved in
species-specific secretion of Esx and PE/PPE proteins [35] and so was the hydrophobic tip
of the PPE protein, that interacts with EspG [64]. The dimensions of the PE/PPE dimer
suggest that the PE protein could serve as a donor for the YxxxD/E motif while at the same
time, the hydrophobic tip of the corresponding PPE protein is recognized by linker2, ensuring
species and probably also system specific transport. As the EsxMN dimer piggy-backs on the
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PE/PPE protein dimer in this model (Figure 4.4), the recognition of the hydrophobic tip of
the PE/PPE protein is sufficient to guide also EsxMN through the respective system. This
dependency was already reported in the literature [35, 64] (Figure 4.5, step 5).

The multimerization of the ATPase domains in a downward conformation could cause further
conformational changes in the membrane and in the periplasm. The EccB basket could open
up further, allowing the pore to adapt an open, but gated conformation (Figure 3.11, Figure
4.3, Figure 3.13). Induced by this rearrangement, MycP could dissociate from the complex
allowing the rearrangement of the periplasmic EccB domains into the flexible C2-symmetric
arrangement observed in this thesis (Figure 4.2, D; Figure 3.8; Figure 4.5, step 5). It is
not known yet, if EccC ATP hydrolysis, needed to transport the substrate through the pore,
occurs sequentially or simultaneously in the three consecutive AT Pase domains. ATP binding
seems to follow a hierarchy, as presented in Subsection 3.3.3. This might be needed to ensure
proper guidance of the substrate by ATPasel to avoid accumulation of substrates within the
translocation tunnel formed by all three AT Pase domains of EccC in downward conformation
(compare Figure 3.26). To secure the integrity of the translocation tunnel after moving the
substrate closer to the pore, the YxxxD/E motif of EsxM and EsxN could bind to ATPase3
(Figure 4.5, step 6, Figure 4.4). This could prevent the disassembly of the translocation
tunnel and keeps the ATP hydrolysis active.

Within the membrane, bulky side chains, like phenylalanine residues in the case of ESX-5 or
methionine residues limit the pore diameter as discussed in Subsection 3.1.6 and 3.2.2 (Figure
3.11, Figure 3.12). This was similarly observed for the type Il secretion system, in which the
so-called methionine-gasket forms a deformable barrier that prevents uncontrolled efflux or
influx of molecules important for bacterial fitness [124, 160]. A dilation of the M-gasket of the
type Il secretion system allows the secretion of the substrate, giving rise to a dual role of the
methionine residues in gating and in adapting a conformational space that mediates substrate
translocation. Also SecY transport was suggested to follow this mechanistic principle by
using isoleucines as gate keeping residues [182]. This can be similarly proposed for type VII
secretion. Once the substrates reach the membrane pore, a small dilation or deformation of
the EccC TMH2 leads to a rearrangement of phenylalanine side chains sufficient to allow the
passage of substrates (Figure 4.5, step 7). Energy for this dilation could be provided by the
ATPase domains. The presence of the conserved proline residue at position 73 in case of
Mxen ESX-5 could be the key to endow the complex, the flexibility and plasticity needed for
the dilation of the pore, once the substrates enter the transmembrane section as discussed in
Subsection 3.1.6 and Section 3.2. The flexibility of the periplasmic EccB domains in absence
of MycP could ensure similar dilation of the periplasmic cleft observed in the Mxen ESX-5

structure (Figure 3.3, Figure 3.8).
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Figure 4.5: Proposed model of T7SS mediated substrate translocation First steps in-
clude the hexamerization of the dimeric ESX systems induced by MycP binding and further
mediated by the rearrangement of the EccB periplasmic domains and the EccB basket (com-
pare Figure 3.13, Figure 4.2, D) (1)(2). Heterooligomeric substrate complexes formed by
EsxM/N and PE/PPE (as shown in Figure 4.4) are delivered by EccA and EspG to EccC
(a)(b)(c), which adopts an upward conformation in presence of bound ATP (3). EccA acts
as dissociase by inducing the dissociation of substrates and EspG as described in [61]. This
allows binding of the YxxxD/E motif of the PE/PPE pair to EccC ATPase3 (4), the hexam-
erization of ATPase domains and the subsequent release of linker2 domain that coordinates
the hydrophobic tip of PPE (5). Induced by this hexamerization, MycP dissociates, leading
to a rearrangement of EccB periplasmic domains and the opening of the central secretion
pore (compare Figure 4.2, D) (5). Driven by ATP the substrate complex is transported closer
to the pore. The YxxxD/E motif on EsxM/N ensures the hexamerized state of the ATPase
domains (6). Further ATP hydrolysis moves the substrates through the flexible pore, gated
by phenylalanine residues (see Figure 3.11, Figure 3.12) (7). In the periplasm, substrates
multimerize into pore like structures (8), which eventually penetrate the mycomembrane and
facilitate their own transport across the outer membrane.

86




4 Discussion 87

However, a possible gating mechanism and the involvement of the periplasmic domains need
to be analyzed in more detail in the future. It cannot be excluded, that further rearrange-

ments of the periplasmic domain is necessary to mediate the exit of the substrate.

How substrates cross the periplasmic space and the outer membrane remains a key open
questions in the type VII secretion field. It has been shown that substrates like EsxE and
EsxF or EspB have a tendency to oligomerize and it was suggested that some PE/PPE sub-
strates could form pores in the outer membrane for nutrient transport [221, 189, 98, 229].
It is conceivable that other PE/PPE pairs could form outer membrane pores that allow sub-
strate transport. The question of when and how exactly these higher oligomeric structures
form has not been resolved yet. For EspB, for example, a concentration dependence has
been observed [98]. The secretion of substrates across the inner membrane could increase
a local concentration of substrates that oligomerize in a concentration dependent manner in
the periplasm or in the outer membrane and may enable self-transport or the transport of
further substrates (Figure 4.4, step 8). The hydrophobic tip of the PPE proteins could, for
example, trigger an insertion into the outer membrane. Substrates could, thus, play a dual
role in type VIl secretion by forming an integral part of the secretion machinery as well as
serving as effector proteins. This concept is not new. The hemolysin-coregulated protein
(Hcp), an integral part of the type VI secretion system, was also shown to play a dual role in
type VI secretion. Hcp hexamerizes and the resulting hexameric rings are stacked into tube
like structures that bind and stabilize effectors to enable their transport. The Hcp protein
itself also acts as an effector and fulfills very diverse roles including, for example, immune
modulation by impairing phagocytosis [183]. Whether this highly hypothetical concept of
concentration dependent oligomerization and secretion of T7SS substrates holds true needs
to be tested in the future.

The structural and functional data provided in this thesis contributes to a comprehensive,
molecular understanding of the T7SS. The transport model suggested integrates available
functional and structural data and reveals several possible similarities to other secretion sys-
tems, implying that protein secretion is based on several common fundamental principles.
Furthermore, the model also revealed many open questions that need to be tackled in order
to obtain full insights into the molecular mechanism of type VII secretion. Further research
is needed to understand the recognition and interaction of substrates with the complex and
previous steps in the cytosol. How substrates interact could further shed light on the system
and species specificity observed, which is poorly understood so far. Finally, it is necessary to
identify the mechanistics of periplasmic and outer membrane transport, which allow effector

proteins to reach their respective target location.

A detailed molecular and mechanistic understanding of the T7SS could facilitate the devel-

opment of new and specific drugs against TB and further mycobacterial diseases. Increasing
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case numbers and the emergence of multidrug-resistant mycobacterial strains highlight the
urgent need for new anti-TB therapeutics [176]. The location at the host pathogen interface
and the involvement of most ESX systems in virulence make T7SSs interesting drug targets
[28]. The structural data provided in this thesis could help to identify type VII specific in-
teractions that could be targeted in order to impair a functional assembly of the system, to
interfere with the activation of transport or to block protein transport. Further research is

needed to identify the best possible strategy.
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Table 5.1: Fold-changes of protein abundances of mutants compared to ESX-5 WT The
fold-change describes the difference of the mean protein abundances normalized to ESX-5 on
a logs scale. Fold-changes are shown for all proteins encoded in the locus that were detected

by LC-MS/MS.

fold-change (log,) Secretome
P73A F75C VA1F V404144F V57F AEccE/AEccA
EccA, -0.3 -0.3 -0.5 -0.6 -0.6 -3.5
EccB, -0.2 0.0 -0.3 0.2 -0.1 -0.7
EccC, 0.2 0.0 -0.4 0.2 0.0 0.1
EccD, -0.4 -0.2  -0.7 0.0 -0.4 -0.8
EccE, -0.5 -0.3 -0.8 -01 -0.5 -3.1
EspG, 0.3 -0.1 -0.1 0.4 0.1 0.6
MycP, 0.2 0.2 0.1 0.5 0.2 0.0
EsxM -3.8 -25 -23 -3.5 -3.3 -5.3
EsxN -2.9 -1.9 -1.4 -2.9 -2.4 -4.0
PPE26.1 -4.8 -2.1 -2.7 -4.1 -3.8 -7.7
PPE26.2 -2.0 -1.1 -16 -0.8 -1.3 -3.8
fold-change (log,) Whole cell
P73A F75C VA1F V404144F V57F AEccE/AEccA

EccA, 0.0 0.0 0.0 0.0 -0.1 -3.0
EccB, 0.3 0.2 0.4 0.2 0.0 -0.8
EccC, 0.3 0.2 0.3 0.2 0.2 -0.7
EccD, 0.3 0.2 0.4 0.4 0.3 -1.1
EccE, 0.2 0.2 0.3 0.3 0.2 -2.4
EspG, 0.5 0.7 0.7 0.7 0.6 0.9
MycP, 0.2 0.2 0.5 0.2 -0.2 -0.1
EsxM 0.1 0.1 0.5 0.5 0.2 1.0
EsxN 0.6 0.1 0.8 0.8 0.4 0.8
PPE26.2 0.8 2.1 2.0 2.1 2.1 -0.5
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Table 5.2: Statistical significance of secretion assay results p-values are shown for the
test of the null hypothesis "There is no difference between protein abundances in ESX-5 and
mutant samples" . * p<0.06; ** p<0.01; *** p<0.001

p-value Secretome
P73A F75C VA41F VA404144F V57F AEccE/AEccA
EccA, 1.3E-01 1.5E-01 1.4E-02* 4.3E-03** 4.9E-03** 1.4E-13***
EccB, 5.4E-01 8.8E-01 2.3E-01 3.7E-01 7.5E-01 1.6E-02*
EccC, 4.2E-01 9.3E-01 8.9E-02 4.7E-01 8.5E-01 5.0E-01
EccDq 3.3E-01 5.7E-01 7.9E-02 9.9E-01 3.3E-01 3.7E-02*
Ecck, 2.2E-01 4.2E-01 8.4E-02 7.8E-01 2.9E-01 8.5E-Q7***
EspG, 1.7E-01 5.9E-01 7.6E-01 9.7E-02 7.7E-01 2.2E-02*
MycP, 5.3E-01 7.0E-01 7.6E-01 2.5E-01 5.8E-01 9.5E-01
EsxM 4.2E-05*** 2.4E-03** 4.5E-03** 1.0E-04*** 2.2E-04***  6.1E-Q7***
EsxN 4.2E-05*** 3.2E-03** 1.9E-02* 4 5E-05 *** 3.9E-04***  7.7E-Q7***
PPE26.1 1.8E-03** 1.3E-01 5.6E-02* 6.8E-03** 1.1E-02* 1.5E-05***
PPE26.2 1.7E-02* 1.7E-01 4,9E-02* 3.3E-01 1.3E-01 1.1E-04***
p-value Whole cell
P73A F75C V41F V404144F V57F AEccE/AEccA

EccA, 9.4E-01 9.8E-01 1.0E+00 9.4E-01 4.7E-01 2.5E-12***
EccB, 4.8E-01 5.6E-01 2.3E-01 5.1E-01 9.0E-01 3.2E-02*
EccC, 2.5E-01 4.5E-01 3.1E-01 4.6E-01 5.6E-01 1.8E-02*
EccD, 5.1E-01 6.2E-01 3.3E-01 3.4E-01 5.2E-01 1.3E-02*
EccE, 4.8E-01 4.8E-01 3.2E-01 2.8E-01 5.2E-01 1.8E-07***
EspG, 1.2E-01 4.7E-02* 5.3E-02* 3.2E-02* 7.4E-02 1.5E-02*
MycP, 4.9E-01 4.9E-01 1.7E-01 4.5E-01 4.9E-01 8.7E-01
EsxM 7.0E-01 7.2E-01 1.1E-01 1.4E-01 4.6E-01 4.6E-03**
EsxN 2.0E-01 7.8E-01 9.1E-02 8.9E-02 3.2E-01 9.7E-02
PPE26.2 1.6E-01 1.4E-03** 2.3E-03** 1.2E-03** 1.7E-03** 4.1E-01
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Table 5.3: Cryo-EM and model building statistics

ESX-5 apo Cé full ESX-5 apo C1 full ESX-5 apo Cé
@) 2) local refined (3)
Magnification 130,000 130,000 130,000
Voltage (kV) 300 300 300
Electron exposure (e— A2) 49.34 49.34 49.34
Pixel size (A) 0.645 0.645 0.645
Symmetry imposed Cé6 Cc1 cé
Initial particle images (no.) 635,219 635,219 635,219
Final particle images (no.) 121,974 52,015 731,844
Map resolution (A) 3.41 4.6 3.0
FSC threshold 0.143 0.143 0.143
Map resolution range (&) 2.8-8.5 2.8-18.0 2.8-14.0
Refinement
Initial model used (PDB code) 7b9f (3) - 7b7j / de novo
PDB deposition id 7h9s 7b9of
EMDB deposition id EMD-12105 EMD-12674 EMD-12103
Map sharpening Bfactor (A2) -20 0 0
Model composition
Non-hydrogen atoms 71622 11251
Protein residues 9240 1450
Ligands 0 0
B factors (A2)
Protein 152 128
Ligand - -
R.m.s. deviations
Bond lengths (A) 0.01 0.01
Bond angles (°) 1.06 1
Validation
MolProbity score 1.44 1.42
Clashscore 3.91 411
Poor rotamers (%) 0.64 0
Ramachandran plot
Favored (%) 96.12 96.56
Allowed (%) 3.87 3.44
Disallowed (%) 0.01 0
CC-mask (phenix score) 0.8 0.81
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Table 5.4: Cryo-EM and model building statistics * indicates that model building is on-

going.
ESX-5 ATPyS C1 ESX-5 ATPYS C6 ESX-5P73AC1 ESX-5P73ACé6
(4) (5) (6) (7)
Magnification 130,000 130,000 105,000 105,000
Voltage (kV) 300 300 300 300
Electron exposure (e—A2) 48.8 48.8 40.9 40.9
Pixel size (A) 0.68 0.68 0.85 0.85
Symmetry imposed Cl Cé6 C1 Cé
Initial particle images (no.) 320,185 320,185 985,743 985,743
Final particle images (no.) 38,516 38,516 78,699 78,699
Map resolution (A) 4.8 3.87 5.4 3.9
FSC threshold 0.143 0.143 0.143 0.143
Map resolution range A 3.0-57.265 3.0-35.2 43.0-59.8 25-44.6
Refinement
Initial model used (PDB code) 7b9s (1)

PDB deposition id

EMDB deposition id
Map sharpening Bfactor (A2) 0 0 0 0
Model composition

Non-hydrogen atoms 70182
Protein residues 9204
Ligands 0
B factors (A2)
Protein 148
Ligand
R.m.s. deviations
Bond lengths (A) 0.01
Bond angles (°) 1.47
Validation
MolProbity score 1.72
Clashscore 8.62
Poor rotamers (%) 0.08

Ramachandran plot

Favored (%) 96.17
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Figure 5.1: Image processing workflow of an initial cryo-EM dataset collected on the
Mycobacterium xenopi ESX-5 complex. GSFSC curves are shown for a refined model in
C6 symmetry and a refined model in C1 symmetry. The resolution obtained did not allow
the building of a molecular model.

93



5 Appendix

94

Templates
initial dataset

Motion correction

CTF correction
Template picker
635,219

2D classifications

/]
(2] 1~ ]2«
284,402

Ab-initio 3 classes

55,999 68,644 123,759

NU-refinementNU-refinement

C1 symmetry C1 svmmetry
o

= @

Symmetry expansion

Local refinement
Protomer-Cytoplasm

2D classification

|

Ab-initio 1 class

—

NU-refinement
C6 symmetry

NU-refinement
C1 symmetry

| Heterogenous refinement
3 classes

11,131 16,680

94,163

3D variability - 3 clusters

Cluster 1 Cluster 2
28,460 53,582

NU-refinement
C1 symmetry

NU-refinement
C1 symmetry

— NU-refinement
NU-refinement C1 symmetry
C2 symmetry
Heterogenous refinement
3 classes
52,015
NU-refinement

C1 symmetry

:_1_: C6 map

121 local refined map
-

:_3_: C1 map

GSFSC Resolution: 3.414
- T

GSFSC Resolution: 2.974
i i

N

— NoMask (254)
© | — sperical 4 14)
= toos=t36A)
D — Tantaad)
D | — corected 304

RSN

— NoMask (244)

—  Spherical (44)

GSFSC Resolution: 4.604
; |

No Mask 8.94)
—  Spherical (7.84)
— Loose (5.34)
— Tight (4.64)
— Corrected (4.54)

kY = G
0.4} [ R 0.4 “7"“3“,3‘ 0.4
\W AN _EE \
02} 0.2 X -| oz -
00 L L \\‘;\—\ \L‘“ 0.0 : \\"X \‘\é\‘ 00 M
bc 124 5.8, 3.04 294 bc 124 5.84 3.94 2,94 .94 2,94

25 2.7 2.5
5.5 3.2 10.0

Figure 5.2: Image processing

workflow of a final cryo-EM dataset collected on the

Mycobacterium xenopi ESX-5 complex. The resolution of the maps could be improved
compared to the initial dataset. Maps that were used for model building and interpretation
are highlighted in orange boxes and ar numbered 1, 2 and 3, respectively. The corresponding
GSFSC curves and local resolution maps are shown below. The local resolution maps indicate
by a red-white-blue colour scale which parts of the structure were resolved best and which
regions are flexible. The figure is modified from [21], Figure S2
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Figure 5.3: Image processing workflow of a cryo-EM dataset collected on the Mycobac-
terium xenopi ESX-5 P73A complex Maps that were used for interpretation are highlighted
in orange boxes and are numbered 1, 2 respectively. The corresponding GSFSC curves are
shown on the right. Workflows for further classification strategies are omitted.
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Figure 5.4: Image processing workflow of a cryo-EM dataset collected on the My-
cobacterium xenopi ESX-5 complex in presence of ATPyS. Maps that were used for
interpretation are highlighted in orange boxes and are numbered 1, 2 respectively. The
corresponding GSFSC curves are shown on the right. Workflows for further classification
strategies are omitted.
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