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Abstract

Tuberculosis has remained a global public health concern for the past 30 years. The causative
agent Mycobacterium tuberculosis has developed several strategies to evade the host immune
system and for intracellular survival. Extensive genomic and proteomic studies have revealed
hundreds of genes involved in the bacterium’s resistance and survival. The first known se-
creted virulence factors, EsxA and EsxB, are the paragons of a group of heterologous proteins,
termed the “WXG100 family”. M. tuberculosis has 23 WXG100 proteins (EsxA-EsxW), five
of such protein pairs are found within a genomic cluster making up a type-VIl-secretion sys-
tem (ESX-1 to ESX-5). Mycobacterial WXG100 proteins appear to share a similar secondary
structure and form complexes with neighboring co-expressed proteins. The question arises
as to whether Esx proteins from different genomic loci, i.e. not within the same operon, can
form complexes. If this were the case, even only for some, the recombination of individual
complex partners could greatly increase the versatility of the bacterium in reacting to the
numerous host defense mechanisms.

In this work, ten different mycobacterial Esx proteins were recombinantly expressed and
purified in order to evaluate the possibility of inter-loci complex formation and their structural
properties. The results suggest that inter-loci complex formation between several Esx proteins
is possible. Special focus was put on the complex formation between EsxB and EsxT, which
was evaluated with chemical crosslinking studies and single-molecule FRET experiments.
Kinetic evaluations suggest a rather low binding constant between EsxB and EsxT (mM
range), compared to the high binding constant between the native partners EsxB and EsxA
(nM range). The proteins EsxF and EsxE were found to be highly heat resistant, both in
complex and monomeric form, with a high structural recovery of over 90 % after heating to
96 °C. In addition, evidence of homo-dimer or homo-oligomer formation was found for EsxF
and EsxU, which has not been reported previously.

Zusammenfassung

Die Tuberkulose ist seit mehr als 30 Jahren ein Problem der globalen o6ffentlichen Gesund-
heit. Der Erreger Mycobacterium tuberculosis hat mehrere Strategien entwickelt, um dem
Immunsystem des Wirts zu entgehen und intrazelluldr zu iiberleben. Umfangreiche genomis-
che und proteomische Studien haben zahlreiche Genen aufgedeckt, die an der Resistenz und
dem Uberleben des Bakteriums beteiligt sind. Die ersten bekannten sekretierten Virulenz-
faktoren, EsxA und EsxB, sind die Paradebeispiele einer Gruppe heterologer Proteine, die als
“WXG100-Familie” bezeichnet werden. M. tuberculosis besitzt 23 WXG100-Proteine (EsxA-
EsxW), wobei fiinf dieser Proteinpaare in einem genomischen Cluster zu finden sind, welches
ein Typ-VII-Sekretionssystem bildet (ESX-1 bis ESX-5). Mykobakterielle WXG100-Proteine
scheinen eine dhnliche Sekundérstruktur zu haben und bilden Komplexe mit benachbarten
und co-exprimierten Proteinen. Es stellt sich die Frage, ob Esx-Proteine von verschiede-
nen genomischen Loci, d. h. nicht innerhalb desselben Operons, Komplexe bilden kénnen.
Wenn dies der Fall wére, und sei es auch nur fir einige, konnte die Rekombination einzel-
ner Komplexpartner die Vielseitigkeit des Bakteriums bei der Reaktion auf die zahlreichen
Abwehrmechanismen des Wirts erheblich steigern.

In dieser Arbeit wurden zehn verschiedene mykobakterielle Esx-Proteine rekombinant exprim-
iert und aufgereinigt, um deren strukturelle Eigenschaften zu untersuchen und die Moglichkeit
der inter-loci Komplexbildung zu evaluieren. Die FErgebnisse deuten darauf hin, dass eine
Komplexbildung auch zwischen Esx-Proteinen von unterschiedlichen ESX-Clustern moglich
ist. Besonderes Augenmerk wurde auf die Komplexbildung zwischen EsxB und EsxT gelegt,



die mit chemischen Crosslinkingstudien und Einzelmolekiil-FRET-Experimenten untersucht
wurde. Kinetische Untersuchungen deuten auf eine eher niedrige Bindungskonstante zwischen
EsxB und EsxT hin (mM-Bereich), verglichen mit der hohen Bindungskonstante zwischen den
nativen Partnern EsxB und EsxA (nM-Bereich). Die Proteine EsxF und EsxE erwiesen sich
als sehr hitzebestédndig, sowohl im Komplex als auch in monomerer Form, mit einer hohen
Riickfaltungsrate von iiber 90 % nach Erhitzen auf 96 °C. Dariiber hinaus wurden fiir EsxF
und EsxU Hinweise fiir die Bildung von Homo-Dimeren oder Homo-Oligomeren gefunden,
was bisher nicht berichtet wurde.
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Chapter 1

Summary

Although treatable with antibiotics, tuberculosis (TB) is still one of the three leading causes
of death from a single infectious agent, causing even twice as many deaths as HIV/AIDS [1].
The disease burden is highest in low-income countries with inadequate health care. With
currently around 10 million new infections every year and a high mortality of around 50 %

if left untreated [1], TB has remained a global public health emergency for the past 30
years [2]. Caused by the bacteriumMycobacterium tuberculosis the disease a ects primarily
the lungs and is spread by pathogen-laden aerosols expelled by coughing. It is estimated
that only about 5 % of all infected people develop active tuberculosis within two years of
infection [1]. Although some patients will clear the infection, most will develop the latent form

of tuberculosis (LTB). This poses a problem in the ght against the disease, as latency can go
undetected for decades before an outbreak occurs. Despite signi cant advances in diagnostic
tests in recent years, sputum smear microscopy is still widely used in low- and middle-income
countries. A drawback of this method is that it only detects active TB. The latent disease is
diagnosed mainly with the tuberculin skin test (TST) or an interferon- release assay (IGRA).
However, these two immune-based approaches cannot accurately di erentiate between latent
infection, resolved infection with acquired immunity and active tuberculosis, and often have
low sensitivity [3].

The quest for adequate and e ective prevention, treatment, and diagnosis calls for a thorough
understanding of the pathogenesis. In particular, the host-pathogen interaction is a central
focus of TB research, agVl. tuberculosis has developed several strategies to evade the host
immune system. As the bacteria are able to switch between replication during active TB and
a non-replicating (NRP) state during LTB, modulation of gene expression is another area
of great research interest. Extensive genomic and proteomic studies have revealed hundreds
of genes involved in the intracellular survival of the bacteria [4]. Among the rst known
secreted virulence factors are the proteins EsxA and EsxB. They belong to the group of
WXG100 proteins, many of which have been shown to be essential for bacterial growth and
survival within the host [5]. In total, M. tuberculosis has 23 such heterologous WXG100
proteins (EsxA-EsxW). Five of these bi-cistronically encoded protein pairs are found within

a genomic cluster containing genes encoding a type-Vll-secretion system (T7SS), which is
responsible for the secretion of the respective protein pair. For those WXG100 proteins from
M. tuberculosis, whose structure has been determined, it has been shown that they form
heterodimers. Each monomer adopts a helix-turn-helix conformation and their antiparallel
association results in a four-helical bundle (EsxB/A [5], EsxG/H [6], EsxO/P [7]). The
proteins EsxR/S exist in a hetero-dimeric and a hetero-tetrameric form [8]. Such multi-helical
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heteromers are thought to be the functional conformation adopted by all Esx homologs. While
WXG100 homodimers are found in other organisms gagesxA in Streptococcus agalactiag5]
and sauEsxA in Staphylococcus aureud9]), none have been detected irM. tuberculosis so
far. The fact that the WXG100 proteins appear to share a similar secondary structure and
form complexes with neighboring co-expressed proteins makes them an intriguing target for
research, given their involvement in a range of essential growth functions and virulence. As of
July 2024, the function of most Esx proteins remains unknown, especially those that do not
belong to one of the ve secretion clusters (ESX-1 to ESX-5). Some of the WXG100 proteins
are known to be involved in the adaptation of the pathogen to intracellular survival in the
host and in the transition between dormancy and replication [10, 11], making them potential
targets for new diagnostic approaches, drugs or vaccines.

Assuming that Esx proteins are so abundant due to their importance for bacterial survival
and growth, the ability to up- and down-regulate 11 protein pairs provides M. tuberculosis
with a wide range of environmental adaptations. The question arises as to whether Esx
proteins from di erent genomic loci, i.e. not within the same operon, interact and may even
be able to form complexes. If this were the case, even for only some of the Esx proteins,
the recombination of individual complex partners could greatly increase the versatility of the
bacterium.

The aim of this work was to recombinantly express and purify di erent mycobacterial Esx
proteins and to evaluate their structural properties and the possibility of inter-loci complex
formation. The well-known proteins EsxB and EsxA were used to establish and adapt the
method of single-molecule FRET (SmFRET) for the measurement of binding kinetics. This
method was then used to explore the possibility of inter-loci interactions and complex for-
mation between EsxB and EsxT. Biophysical analyses of the less well-characterized proteins
EsxU, EsxT, EsxF and EsxE were performed to assess secondary structure and heat resis-
tance. These methods were also used to study the binding dynamics between EsxA and EsxB
under di erent pH conditions, mimicking environmental conditions that may be encountered
during the host immune response.

The results of this work suggest that inter-loci complex formation between a variety of Esx
proteins is possible. Special focus was put on the complex formation between EsxB and EsxT,
which was evaluated with chemical crosslinking studies and smFRET. Kinetic evaluations
suggest a rather low binding constant between EsxB and EsxT, compared to the high binding
constant between the native partners EsxB and EsxA. The proteins EsxF and EsxE were
found to be highly heat resistant, both in complex and monomeric form, with a high structural
recovery of over 90 % after heating to 96°C. In addition, evidence of homo-dimer or homo-
oligomer formation was found for EsxF and EsxU, which has not been reported previously.
The detailed information in Chapter 2 Introduction is intended to familiarize the reader
with the biological background of mycobacteria and tuberculosis, as well as the biophysical
and biochemical concepts underlying the methods and theoretical models used in this work.
The steps of the individual experiments and details of their evaluation are given in Chapter
3 Material and Methods . The ndings of this work are presented in Chapter 4 Results
and are evaluated in the light of the current state of knowledge in Chapter5 Discussion .
Throughout this work, the nomenclature of the proteins will follow that proposed by Bitter

et al. in 2009 [12].
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Chapter 2

Introduction

2.1 Mycobacteria and Tuberculosis

In the late 19" century, the prevalent miasma theory su ered a great setback when the
German physician and microbiologist Robert Koch published his ndings on the Ethiology of
Tuberculosis in 1882 [13]. In this important work, Koch describes thin, rod-shaped bacteria,
named Mycobacterium tuberculosis(Mtb), to cause tuberculosis; a deadly infectious disease
which, according to him, is to be lined up even before the plague and cholera. Today, more
than 140 years after Koch's groundbreaking publication, tuberculosis (TB) still ranks as one
of the leading causes of death by a single pathogen worldwideeven surpassing HIV/AIDS.
Meanwhile, the disease burden has declined greatly in western, developed countries in central
Europe and North America (incidence below 10 per 100,000 population per year) [14]. High-
incidence countries are found mainly in sub-Saharan Africa and south-east Asia, with India
contributing just short of a third of the world's incident cases in 2021 [14]. While pulmonary
TB (PTB) is the dominant form of the disease, it can disseminate and infect other parts of
the body. This manifestation is called extrapulmonary TB (EPTB) and represented around
16 % of TB incident cases in 2019 [15]. It a ects the lymph nodes most frequently, but an
EPTB can also be established in the central nervous system, the spine, the genitourinary
system, abdominal tissues and organs, and the bones and muscles [16].

To this day, the only available preventive immunization is the live attenuated Mycobac-
terium bovis bacillus Calmette-Guérin (BCG) bacterial vaccine strain, rst used almost a
century ago [17]. The World Health Organization (WHO) recommends neonatal vaccination
as an important part of the TB prevention strategy. The vaccination's e ciency has been
analyzed in a number of studies and varies considerably between populations. Depending
on the study, protection of the BCG vaccine against pulmonary TB ranges from 44 % to
99 %. Generally, it was observed that the protection against infection with Mtb and against
the development of PTB during childhood is highest when individuals are immunized as
neonates [17]. The protection duration also varies strongly. While protection against PTB
and EPTB is known to decline over time, some studies suggest that it lasts for up to ten
years [18]. The treatment of active pulmonary tuberculosis, as recommended by the WHO, is

1The 2022 Global Tuberculosis Report by the WHO states that TB was the leading cause of death by a
single pathogen worldwide up until the coronavirus (COVID-19) pandemic. It is estimated that during the
years 2020 and 2021, TB ranked as the second leading cause of death from a single infectious agent after
COVID-19. Further, it is explained that the estimation of the TB disease burden during the pandemic was
especially di cult in 2020 and 2021 since the reporting of new TB infections has declined drastically during
these years.
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a six-month long regime with four of the rst-line anti-TB drugs isoniazid, rifampicin, etham-
butol, and pyrazinamide [19]. However, the long duration of treatment with four di erent
drugs makes it prone to noncompliance and misuse or mis-administration of drugs, which
often results in the development of drug-resistant Mtb strains. The emergence of multidrug-
resistant TB (MDR-TB) and even extensively drug-resistant TB (XDR-TB) has become a
major concern in the past years.

2.1.1 Mycobacteria

The numerous di erent mycobacterial species are traditionally grouped into two groups ac-
cording to their growth characteristics. Those species that grow colonies in less than seven
days on solid medium were grouped together as rapidly-growing mycobacteria (RGM) [20],
whereas the others are called slow-growing mycobacteria (SGM). All major human pathogens,
M. leprae, M. ulcerans and tuberculosis-causing mycobacteria belong to the slow-growing
group. Tuberculosis in humans and other mammals is caused by members of the so-called
Mycobacterium tuberculosiscomplex (MTBC). This is a group of closely related SGM and
includes the human-adapted pathogendM. tuberculosis and M. africanum and the animal-
adapted speciesM. bovis, M. orygis, M. microti , M. caprae and others. These bacilli have
most likely evolved in Africa from a common environmental ancestor, closely resembling
the present strain of M. canettii [21,22]. Those species that neither cause tuberculosis nor
leprosy are referred to as non-tuberculous mycobacteria (NTMs) [23]. They can also cause
disease, albeit only in immune-compromised individuals, and includé/. avium, M. marinum,
M. xenopi, M. gordonae, M. kansasii (all SGM) and the fast-growing M. abscessus

Members of the genusMycobacterium have a number of unique characteristics, both geneti-
cally as well as phenotypically. The genome's high G+C content, ranging from 62 % to 70 %,
is a clear di erence from most other bacteria [24]. Regarding the phenotypical characteristics,
it was observed early on that mycobacteria are not to be stained with the usual Gram-method.
Instead, in the early 1880s, a new staining method for these bacilli was proposed by Robert
Koch [13] and improved further by the physician Paul Ehrlich, the bacteriologist Franz Ziehl
and the pathologist Friedrich Neelsen [25 28]. The re ned staining technique, called Ziehl-
Neelsen staining, is still widely used today, remaining a standard method in TB diagnosis
in low- and middle-income countries [14]. Sputum smears or tissue samples are rst stained
with a solution of carbolic acid with fuchsin and heated, destained with acid alcohol and
counter-stained with a solution of methylene blue. Mycobacteria retain the red color from
the rst staining step during the destaining step with acidic solutions; hence they are also
referred to as acid-fast bacteria. This unusual staining property can be explained by the
distinctiveness of the mycobacterial cell envelope.

2.1.2 The Mycobacterial Cell Wall

Mycobacteria are classi ed as Gram-positive since they lack the typical outer lipid bilayer
membrane found in Gram-negative species; however, they are neither fully Gram-positive

2MDR-TB strains are resistant to at least two of the most powerful rst-line anti-TB drugs isoniazid and
rifampicin. XDR-TB strains are MDR with additional resistance to at least one of the second-line agents:
uoroquinolones (e.g., moxi oxacin) and injectable drugs (e.g., kanamycin).

3To avoid any misunderstanding, it should be noted that the term fast refers to the noun fastness, in
the sense of stability or resistance; acid-fastness meaning resistance to destaining with acidic solutions.

4
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nor Gram-negative with regards to Gram-staining results and envelope structure [29,30] (see
Figure 2.1). The mycobacterial cell membrane (CM) was long considered to be a conven-
tional plasma membrane; however, lipid studies have revealed that besides the typical phos-
pholipids cardiolipin (CL), phosphatidylinositol (Pl) and phosphatidylethanolamine (PE),
the most abundant lipids found in the inner membrane are phosphatidylinositol mannosides
(PIMs) [31]. PIMs are thought to increase the membrane's stability and reduce its permeabil-
ity to drugs [32]. The cell membrane is surrounded by a relatively thin layer of peptidoglycan
(PG), comparable to that of Gram-negative bacteria. It is followed by a layer of arabinogalac-
tan (AG), which is covalently linked to the PG layer [33]. Similar to Gram-negative species,
mycobacteria possess an outer membrane, albeit of a very di erent structure. The inner
lea et of the mycobacterial outer membrane (OM) is made up of unusually long-chain fatty
acids called mycolic acids (MA). There are three di erent types of MAs found in members
of the MTBC, namely -mycolates, methoxycolates and ketomycolates [32]. Most MAs are,
in turn, covalently linked to the cell wall polysaccharide AG. The three linked components
make up the cell wall core, also called the mycolyl arabinogalactan-peptidoglycan (mAGP)
complex [33]. The outer lea et of the OM is comprised of various free glycolipids like di-, tri-
and pentaacyl trehalose (DATs, TATs and PATS), sulfated trehalose glycolipids (SGLs) and
large (> 90 carbons) hydrophobic phthiocerol dimycocerosates (PDMIs) and phenolic glycol-
ipids (PGLs) [30,32,34]. Further, lipoglycans like lipomannan (LM) and lipoarabinomannan
(LAM) are anchored in the outer lea et of the inner and outer membranes over PIMs [31, 35].
In pathogenic mycobacterial species, the outer membrane is further surrounded by a loosely
bound capsular structure consisting mostly of polysaccharides and proteins, containing hardly
any lipids [36,37]. Structurally and functionally, these surface-layer glycoproteins can be com-
pared to the lipopolysaccharides (LPS) of Gram-negative bacteria [38].
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Figure 2.1: Simpli ed cell wall structures of Gram-negative and Gram-positive

bacteria and mycobacteria. A shows the Gram-negative cell wall structure with a thin
peptidoglycan (PG) layer between the cell membrane (CM) and the outer membrane (OM).
The outer lipid bilayer contains porins (Po) spanning the complete bilayer and lipopolysac-
charides (LPS) in the outer lea et. Lipoproteins (LP) can be found in the periplasmic
spaces, anchored in either membraneB is a schematic representation of the mycobacterial
cell envelope. The outer membrane (OM) is made up of long-chained mycolic acids (MA),
which are covalently linked to an arabinogalactan (AG) layer. AG is, in turn, linked to the
thin peptidoglycan (PG) layer. Free glycolipids (GL) make up the outer lea et of the OM.
Lipoarabinomannan (LAM) and Lipomannan (LM) are anchored in the outer lea ets of the
CM or OM by diacylglycerol. Lipoproteins (red, oval-shaped) are found in the periplasmic
space between the cell membrane (CM) and the PG layer. The capsule structure found
in pathogenic mycobacteria is not shown in this representation. C shows the structure of
Gram-positive cell walls. The cell membrane (CM) is surrounded by a thick peptidogly-
can layer (green-yellow), containing teichoid acids (TA) as well as lipoteichoid acids (LTA),
the latter being anchored in the CM by diacylglycerol. Lipoproteins of the cell membrane
(CM) reach into the periplasmic space between the CM and PG layers. Models reproduced
from [30, 35, 39], created using BioRender.com

Due to the large amounts of MAs, which can be as long as 70-90 carbons, the mycobacte-
rial cell envelope is of a waxy nature and, therefore, especially robust [30]. For instance,
the routine decontamination treatment of patient sputum with 1 M NaOH, which would
kill most microorganisms, leaves viableM. tuberculosis cells [36]. The unique cell wall not
only shields the bacterium from harsh environmental conditions, it also presents an e -
cient hydrophobic permeability barrier against most broad-spectrum antibiotics and other
hydrophilic molecules [40 42]. Studies by Jarlier and Nikaido [40] showed that the perme-
ability for certain cephalosporins was up to 1000-fold lower inMycobacerium cheloneithan

in the most resistant Gram-negative bacteriaE. coli and Pseudomonas aeruginosaAs the
direct interface between bacterium and host, the cell wall also plays an important role in
virulence, pathogen survival and host-pathogen-interaction [37,41,43 45]. This aspect will
be taken up again in 2.1.5, where the establishment of an Mtb infection will be explained in
more detail.

Up to a third of bacterial proteins are designated for extra-cytoplasmic locations; either to
be embedded in the plasma membrane or secreted to the periplasm or further [46]. While
the unique structure of the mycobacterial cell wall provides extraordinary protection, it also
poses a barrier regarding the uptake of hydrophilic molecules and nutrients (e.g., glucose [40]),
as well as hindering the excretion of proteins, such as virulence factors. The typical Gram-
positive bacteria relies on the Sec or Tat pathways to transport proteins into or over the
plasma membrane [47,48]. Gram-negative bacteria have a range of additional pathways,
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namely six di erent types of secretion systems (types I-VI) to transport molecules and pro-
teins to or across their two membranes [49]. In the last decades, researchers have uncovered
a novel type of secretion system, rst found in M. tuberculosis, which allows them to secrete
proteins. It joins the ranks of bacterial secretion systems as the seventh type, consequently
named the Type-VII Secretion System.

2.1.3 The Type-VIl-Secretion System

The Type-VII Secretion System (T7SS) was rst discovered inM. tuberculosis but it is now
known that analogous systems are also present in other mycobacteria, as well as in di erent
other high-G+C Actinobacteria, like Corynebacterium diphteriae or Streptomyces coelicolor
[50]. A similar, yet clearly distinct system has been described in low-G+C Firmicutes like
Staphylococcus aureus Streptococcus agalactiaeand Listeria monocytogenes subsequently
referred to as Type-VIlb Secretion System [51].

Incitement and central player in the discovery of this novel bacterial secretion system is a
low molecular mass, highly potent T-cell antigen, named ESAT-6 (6 kDa early secretory
antigen target) or EsxA, rst described in 1995 by Andersen et al. [52]. Genetic analysis of
EsxA and its co-secreted partner CFP-10 (10 kDa culture ltrate protein), later renamed to
EsxB, revealed a lack of any known N-terminal secretion signals characteristic for proteins
secreted by the Sec or Tat pathways [50], suggesting the existence of a di erent, specialized
secretion pathway. In 1998 the complete genome sequence M. tuberculosis H37Rv was
determined and analyzed by Cole et al. [53], in the course of which at least eleven additional
genes encoding proteins showing sequence similarities with EsxA were identied. These
were grouped in theesxA gene family and encode small proteins of around 100 amino acids.
Furthermore, several small genes similar tasxB were found, situated directly adjacent to the
esxAlike genes, thus forming anesxA-esxB operon. Today, eleven such operons are known,
ve of which are localized within a speci ¢ gene cluster, which includes a membrane-associated
ATPase and several other putative components of the specialized T7SS. These paralogous
gene clusters are namedsx-1 to esx-5 (see Figure 2.2A) and encode the respective ESX
system (ESAT-6 secretion system). Special interest was directed to the ESX systems after
it was discovered that the primary attenuating deletion of the vaccine strain M. bovis BCG,
the so-called region of dierence 1 (RD1), includesesxA esxB and other genes of ESX-
1 [54,55]. While ESX systems are found widely among both RGM and SGM, the number of
encoded systems di ers between the strains [56]. Those mycobacteria that cause tuberculosis
encode all ve ESX systems but other well-known human pathogens likeM. leprae and
M. abscessusdo not (see Table 2.1). Large-scale pan-genomic analysis of mycobacteria has
further uncovered plasmid-encoded ESX systems in numerous species [57].
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Table 2.1: ESX systems in di erent mycobacteria and their roles. The distribution
of the ve ESX systems among di erent mycobacterial species (human pathogens in bold)
[56,58]. The role of each ESX in Mtb is indicated on the right [59].

Species ESX

. abscessus

. africanum 1

. avium
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The importance of ESX systems seemed clear; however, their heterogeneous distribution
among both pathogenic and non-pathogenic species hinders intuitive attribution of specic
roles. Extensive research has uncovered the purpose of most ESX systems in di erent my-
cobacterial species; however, the molecular structure of the system's components and the
exact mechanism of secretion remain partly unclear. While each system is responsible for the
secretion of the encompassed EsxA- and EsxB-like proteins, they are involved in a number
of di erent functions.

While ESX-1 is essential for full virulence and intracellular survival of M. tuberculosis [59], it is
further involved in haemolysis in the sh pathogen M. marinum [60] and in conjugation in the
non-pathogenicM. smegmatis[61]. ESX-3 was shown to be required for iron and zinc uptake
in both the human pathogen M. tuberculosis as well as the non-pathogenidM. smegmatis
The most ancestral system, ESX-4, from which the other systems probably evolved by a
series of duplications [50], is critical for intracellular growth of M. abscessug59] and plays a
role in DNA transfer between bacteria in M. smegmatis ESX-5 is thought to be the most
recently evolved system [50] and is exclusive to SGMs. It is involved in nutrient uptake and
essential for growth in M. tuberculosis and responsible for the secretion of PE/PPE (Pro-Glu
and Pro-Pro-Glu) proteins.

During the past seven years, di erent groups have uncovered the molecular organization of
the systems ESX-3 ofM. smegmatis ESX-5 of M. tuberculosis H37Rv and M. xenopi at
atomic resolution [62 65]. These ndings resulted in a T7SS model as seen in Figure 2.B.
The current model of a T7SS is a large membrane complex consisting of three protomers
containing the four conserved membrane components EccB, EccC, EccD and EccE in a
1:1:2:1-stoichiometry [63,65]. The conserved MycP protease is also part of the ESX ma-
chinery but is not tightly associated with the core complex. With one MycP protease per
protomer, the total complex stoichiometry observed in ESX-5 ofM. tuberculosis and ESX-3
of M. smegmatis of EccB:EccC:EccD:EccE:MycP is 6:6:12:6:3 [65]. Three EccB dimers and
three MycP proteases reach into the periplasmic space and are anchored in the inner mem-
brane by one transmembrane helix (TMH) per protein. Each EccB dimer forms a triangle,
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together creating a central cavity with a diameter of about 5 nm [62], which is capped by the
three MycP proteases arranged in a dome-like structure [65] (see Figure 2@). The active
site of MycP is directed into the central lumen of the cavity, suggesting the translocation
and perhaps the processing of potential substrates at this location [65]. With 22 TMHs each,
the six EccD dimers form a circular raft around the central cavity inside the cell membrane.
Unlike other members of the FtsK/SpolllE ATPase family, EccC has two to three enzymatic
domains instead of only one and is mostly encoded by a single gene [66]. The ATPase do-
mains extend into the cytoplasm as a string of four. These exible arms of EccC can adopt
an extended or a contracted conformation and are thus thought to be involved in the initial
steps of transmembrane transport, such as substrate selection and recognition [65].
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Figure 2.2: The ESX gene loci and the ESX secretion system model. Colors
of genes and proteins correspond throughout the gure.A shows the gene clusters of the
ve ESX secretion systems of M. tuberculosis. The region of dierence 1 (RD1, shaded
gray) in esx1 is the primary attenuating deletion of the vaccine strain M. bovis BCG.
Esp: ESX-associated proteins, Ecc: ESX-conserved-component® shows the model of a
type VIl secretion system. EccB, EccC, EccD, EccE and MycP are conserved membrane
components and form the secretion complex in the cell membrane (CM). Proteins of the
Esx- and PE-PPE family are secreted by this machinery. The cytoplasmic ATPase EccA
plays a role in the secretion of Esx proteins and helps dissociate the cytoplasmic chaperone
EspG from its PE-PPE protein substrates prior to secretion. PE and PPE proteins are
known to form pores in the outer membrane (OM). Cyto: Cytoplasm, Peri: Periplasm. C
shows the side and top view of the core membrane complex of ESX-5 froM. tuberculosis,
consisting of EccB5, EccD5, EccC5 and MycP5 (PDB 7NP7). This model is missing EccES5.
Figures reproduced from [59] and [65], created using BioRender.com and PyMol [67].
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2.1.4 Esx Proteins

As brie y mentioned before, the ESX substrates, EsxA and EsxB and the EsxA- and EsxB-
like proteins are encoded within ve dierent esxloci. Additionally, there are six further
esxA esxB-like tandem genes inM. tuberculosis and a singleton, resulting in a total of 23
genes, namedsxAto esxW encoding for proteins named accordingly (see Table 2.2). Despite
a low sequence similarity of around 15 %, the Esx proteins are grouped into the so-called
WXG100 protein family. They share the common characteristics of a size of approximately
100 amino acids (aa), a conserved central Trp-Xaa-Gly (W-X-G) motif and a similar sec-
ondary structure of two helical regions connected by a loop and exible termini [68]. The
mostly conserved C-terminal YXXXD/E motif was proposed to act as a secretion signal [69].
Despite a shared general secretion signal, the protein pairs are speci cally secreted by their
respective ESX system, meaning there are further yet unknown recognition factors [69].

Table 2.2: Esx proteins of M. tuberculosis . Esx proteins with the corresponding ESX
system; EsxB paralogs are bold [70].

Protein
inside of locus  outside of locus
ESX-1 EsxA EsxB
ESX-2 EsxC EsxD

EsxR EsxS
ESX-3 EsxH EsxG

EsxQ
ESX-4 EsxT EsxU

EsxI EsxJ

EsxL EsxK
ESX-5 EsxN EsxM

EsxO EsxP

EsxV  EsxW
none EsxE EsxF

2.1.5 Tuberculosis

Historically known under the names white plague , phthisis (pulmonaris) “ or simply called
consumption , Tuberculosis is as old as mankind [71]. The latter names refer to the deteri-
oration of the patient's physical condition as the disease progresses. Transmission is airborne
and occurs by inhalation of aerosol droplets containing the pathogen, making the lungs the
primary site of infection [13,72]. Typical symptoms of pulmonary TB (PTB) include cough-
ing, fever, chest pain, fatigue, night sweats and rapid, unintentional weight loss [72]. However,
only 5 % to 10 % of exposed, immunocompetent individuals actually develop active primary
tuberculosis after infection [73]. In the majority of cases, TB develops into a latent form,
meaning the infection is contained by an acquired immune response, and the disease does not
break out. Latent TB infection (LTBI) can last for decades or even a lifetime, depending on
the individual's immune status and numerous environmental factors [73,74]. LTBI is de ned

“from the ancient Greek phthisis: wasting away
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by the evidence of immunological sensitization by mycobacterial proteins while showing no
clinical signs and symptoms of an active disease [75].

In this chapter, infection and development of the disease will be explained with special regard
to immune reactions, host-pathogen interactions and the immune-evasive mechanisms of Mtb.

Host Immune Response and Manifestation of Disease

The human immune system is far too complex to do it any justice in a single introductory
chapter and going into too much detail would go beyond the scope of this work. Therefore,
this section will focus on the most important aspects of the human immune system in the
face of an Mtb infection, without being intended to be exhaustive.

The innate or unspecic immune system represents the rst line of defense after infection.
The most important innate immune cells in an Mtb infection are macrophages, dendritic
cells (DC), neutrophils (all of which are antigen-presenting cells (APCs)), and natural killer
(NK) cells [76]. All of these lymphocytes are able to unspeci cally recognize microorganisms,
which elicits direct and indirect unspeci ¢c immune responses. Upon activation by a pathogen,
these cells secrete immuno-stimulatory cytokines to stimulate immune cell maturation and
to recruit other immune cells to the site of infection. As a direct defense strategy, they can
release cytotoxic molecules, hydrolytic enzymes or reactive oxygen species (ROS) to attack the
intruder. However, this also causes substantial damage to the host tissue, which exacerbates
the in ammation [77]. APCs are capable of taking up pathogens by phagocytosis, killing
the microorganisms and presenting the intruders' peptides on their own surface with the
help of major histocompatibility complex (MHC) molecules. Subsequently, APCs travel to
the draining lymph nodes and present the processed peptides and antigens of the eliminated
invader to cells of the adaptive or specic immune system: B cells and T cells. DCs are
the most potent APCs as they show the best peptide presenting capability and, therefore,
are the prime T cell- and B cell-stimulators [78]. Activated DCs make long-lasting and stable
contact with T cells in the lymph nodes, priming them on the speci ¢ antigen [79]. Depending
on the T cell subset, this creates either cytotoxic T cells (CD8 ), which can speci cally Kill
infected cells, or T helper cells (CD4 ), which aid in the activation of antigen-speci ¢ B cells.
Primed B cells can develop into plasma cells, producing antibodies speci c to the respective
antigens of the pathogen. Activated B cells and T cells migrate to the site of infection to
support the ght against the intruder in a more speci ¢ fashion.
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Figure 2.3: Schematic representation of cellular immune response and granu-

loma formation after infection with M. tuberculosis (Mtb). A Alveolar macrophages
are usually the rst cells at the site of infection (red area in the center). They take up the
bacteria by phagocytosis, which activates the macrophage and elicits the secretion of bac-
tericidal hydrolytic enzymes and reactive oxygen species (ROS)B Activated macrophages
secrete pro-in ammatory cytokines, which help to recruit other innate immune cells like
dendritic cells, natural killer cells (NK cells) and neutrophils to the site of infection. These
cells play an important role in decimating and eliminating infectious microorganisms. C
After maturation, macrophages and dendritic cells migrate to the draining lymph node of
the lung and prime B and T cells. After activation, (cytotoxic) T and B cells migrate to
the site of infection, which marks the onset of the adaptive immune responseD If neither
the innate nor the adaptive immune system is able to eliminate the intruding bacteria, the
primary lesion will develop into a granuloma. The center of a granuloma is often caseous
and contains free bacilli surrounded by (infected) macrophages, some of which have devel-
oped into foamy cells or are succumbing to necrosis. They are surrounded by epitheloid
macrophages and giant cells, as well as NK cells and neutrophils. The outer layer of the
granuloma is made up of B cells and (cytotoxic) T cells. Models reproduced from [30, 35, 39],
created using BioRender.com

Infection with Mtb is airborne, meaning it occurs by inhalation of infectious droplets. When
the bacteria reach the lower respiratory tract, macrophages are typically the rst immune
cells they encounter. Alveolar macrophages (AM) and interstitial macrophages (IM) are the
two major populations of lung macrophages [80], responsible for clearing the airway surfaces
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of dust particles and microorganisms [81]. They continuously scavenge tissues and when
detecting bacteria, they engulf them by phagocytosis, thereby trapping the intruders inside an
organelle-like structure: the phagosome. After taking up microorganisms, macrophages then
produce and secrete bactericidal molecules, elicit a pro-in ammatory immune response, and
recruit other immune cells to the site of infection [81] (see Figure 2.3\). During phagocytosis,
AMs release oxygen radicals like OH, O, and other oxygen-derived reactive molecules like
H,0O, and HOCI [81,82]. Such reactive molecules can kill pathogens through oxidation and
decarboxylation of the bacterial membrane. Further, macrophages stimulated by TNF-

or INF- can produce nitrogen oxides like NO. During NO production and in the presence
of other radicals (e.g. ROS), other toxic reactive nitrogen intermediates (RNI) can form,
such asNO , NO™, HNO, NO, and ONOO , which can lead to enzymatic inhibition [83
85]. ROS and RNI molecules are either secreted directly into the external environment
or enter the phagosome. RNI can act in concert with superoxide radicals within acidic
phagosomes to generate toxic products capable of limiting the survival and growth of Mtb
[86,87]. Over time, the phagosome matures , meaning it acquires microbicidal properties by
a series of sequential fusions with various endocytic vesicles, eventually fusing with lysosomes
to become a phagolysosome [88]. Lysosomes contain a diverse group of enzymes, including
acid hydrolases and lysozyme, with the pH typically being at 4.7 [89], which is the favorable
environment for the hydrolytic enzymes. Additionally, during the maturation process, proton-
ATPase molecules accumulate in the phagosome's membrane, resulting in further acidi cation
of the phagolysosome [90]. However, Mtb among others has developed several strategies
to evade and survive these otherwise e ective defensive mechanisms. Like other intracellular
pathogens, Mtb can survive inside the macrophage phagosome and even replicate in this
protected niche while inhibiting the phagosome's acidi cation and fusion with lysosomes
[91,92]. There is even strong evidence that Mtb can escape the phagosome and replicate in
the macrophage's cytosol [93,94]. Further, the tubercle bacilli inhibit or hold up immune cell
apoptosis, ensuring their protected replication within the host cell. By this and by interfering
with several important signaling pathways in macrophages and other immune cells, the onset
of the more speci ¢ and more e ective adaptive immune system is delayed.

Nevertheless, the encounter between AMs and mycobacteria triggers an initial in ammatory
response, namely the release of chemokines, like Interleukin-8 (IL-8), to recruit in amma-
tory cells such as neutrophils or natural killer (NK) cells to the site of infection [77] (see
Figure 2.3 B).

Polymorphonuclear neutrophils (PMNs) are professional phagocytic cells and are attracted
by high levels of IL-8. They are one of the rst additional immune cells to arrive at the
site of infection [95]. A massive in ux of PMNs can be observed in the early stages of an
Mtb infection and are the predominant cell type in lesions of patients with active TB [77].
Typically, PMNs contribute to the destruction of bacteria through di erent mechanisms, such

as the release of antimicrobial peptides (AMPs), ROS and a variety of hydrolytic enzymes
released from dierent types of granules. However, in the case of mycobacterial infection,
these otherwise highly e cient immune cells fail to eliminate the invader, while the release of
potent cytotoxic molecules causes severe tissue damage in their immediate vicinity [77,95].
Eventually, necrotic cell death is initiated in PMNs by the high presence of ROS [95]. This,
in turn, is bene cial for mycobacteria, as macrophages take up necrotic PMN debris, thereby
being infected with Mtb and again allowing the survival and replication of the pathogen [96].
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At about the same time as neutrophils are recruited to the site of infection, an in ux of DCs
can be observed [78]. DCs are considered to be the most e cient APCs and T-cell activators
and are therefore regarded as the bridge between the innate and the adaptive immune system
[97]. Immature DCs reside in all tissues and are specialized in capturing microorganisms and
processing their antigens. After phagocytosis, DCs mature, which changes their specialty to
the presentation of antigens. During maturation, the capabilities of capturing decline and
MHC-molecules needed for antigen presentation are upregulated [78]. Activated DCs start to
migrate to lymphatic organs such as lymph nodes (see Figure 2.8). However, DCs are also
readily infected by Mtb, meaning the bacteria can survive within these immune cells [98,99].
By migrating to the lymph nodes while failing to kill the engulfed bacteria, DCs, as well as
macrophages, involuntarily contribute to the dissemination of Mtb to deeper parenchymal
lung tissue [100].

NK cells are granular lymphocytes that also, when activated, release potent cytotoxic
molecules and induce apoptosis of infected cells, including infected macrophages. Cytokines
like IL-2 and IL-12 increase and activate direct and indirect defense mechanisms of NK cells,
respectively [101]. The cytoplasmic granules of NK cells contain perforin and granulysin,
proteins that can cause pores in cellular membranes or disrupt lipid metabolism, respec-
tively [101], which can solely destroy extracellular Mtb upon release [102]. Since macrophages
serve as a replication niche for Mtb, NK cell-induced apoptosis of infected macrophages helps
to reduce the viability of the bacteria [103]. NK cells further stimulate the immune response
indirectly by releasing cytokines like IFN- and TNF-

The focal accumulation of macrophages, DCs and PMNs at the site of bacterial infection forms
a primary tuberculous lesion. Over time, this leads to the development of organized structures
known as granulomas, which are considered to be the hallmark of tuberculosis [104,105] (see
Figure 2.3 D). About nine days after infection, bacteria can be detected in the draining lymph
nodes, leading to the di erentiation of naive T cells. Within a further ten to twelve days,
antigen-speci c e ector T cells have migrated to the lesions in the lung tissue and further
enhanced the pro-in ammatory response by activating infected phagocytes [97]. The lesions
now remodel into organized granulomas with sheets of lymphocytes and broblasts enclosing
infected (partly foamy and apoptotic) phagocytes in their center. Although the granuloma
controls the focus of infection and prevents bacterial spread, it also provides a relatively
protected niche for the pathogen, with reduced access for antibiotics. This arrangement is
maintained in a dynamic way, with continuous immune cell recruitment replenishing dead
cells. As long as the in ammatory response is balanced, the granulomas are maintained and
contain the infection, resulting in latent TB [77]. It is estimated that between 5 % and
10 % of infected individuals will develop active TB [106], which is the result of an imbalance
in the host immune response and is characterized by granuloma necrosis. This leads to the
dissemination of bacteria to other parts of the lung or expectoration from the body, facilitating
host-to-host transmission [77]. Risk factors for a TB infection include a prior HIV infection,
under-nutrition, air pollution, type 2 diabetes mellitus, alcohol abuse, and smoking [72].
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2.2 Protein Biochemistry

2.2.1 Protein Structure and Protein Folding

Proper folding of a protein is essential for its function and e cient interaction with substrates

or other proteins. Principally, the nal folding and three-dimensional structure of a protein

is already largely determined by the primary structure - the linear sequence of amino acids.
The order of amino acids de nes the formation of regular structures in the polypeptide chain,
the two main types known as -helices or -sheets. These two components make up around
50 % of a protein's secondary structure [107] and are developed and stabilized by hydrogen
bonds between main groups of peptides.

An -helix is a rod-shaped structure with a diameter of ve to six A. The polypeptide
backbone is tightly wound right-handedly around the helix axis, whereby all side chains are
directed outward. The helix completes a full turn every 3.6 amino acids and is stabilized
by hydrogen bonds between the primary amine hydrogen of each amino acid (a) and the
primary carbonyl oxygen of the fourth amino acid down from it (a+4). Typically, an -
helical region in a globular protein spans over 10 or 11 residues, equal to around 17 A, and
is located on the protein surface. While any of the twenty amino acids can contribute to
the formation of an -helix, Alanine (Ala), Glutamine (Glu), Leucine (Leu) and Methionine
(Met) are most often found and Glycine (Gly), Tyrosine (Tyr), Serine (Ser) and Proline
(Pro) are more uncommon [107]. -helices make up around 30 % of the secondary structure
found in an average globular protein [108]. The formation of an -helical hairpin is a very
common structure of two subsequent helices connected by a loop or turn region, resulting
in a tight cluster of the two helices annealed in an antiparallel manner to each other. This
structural component is known to play an essential role in DNA-binding proteins and, hence,
in transcription regulation [109]. Multiple helices can form so-called coiled-coil domains,
which are made up of two to ve helix strands in either parallel or antiparallel orientation
[110]. Such multi-helical domains are often found in transmembrane regions of membrane
proteins and often play a role in cellular signaling and transport [111].

-sheets are plate-like structures with the polypeptide chains being rather elongated than

coiled. The stabilizing hydrogen bonds in -sheets are also found between primary amines
and carbonyl groups but occur between lateral regions of a polypeptide chain, lying either
parallel or anti-parallel to each other. A typical -sheet consists of 2 to 15 strands, each
between 5 and 10 residues long. The three-dimensional arrangement of-helices and -
sheets together with loops and unstructured or random coiled parts of the peptide chain is
called the tertiary structure. This is greatly in uenced by interactions between amino acid
side chains either between each other or with the surrounding solvent. Hydrophilic side chains
are found on the protein's surface, whereas hydrophobic side chains lie within the center of
the protein. The tertiary structure is stabilized mostly by ionic bonds, hydrogen bonds and
van der Waals bonds.
Lastly, a protein's quaternary structure refers to the three-dimensional assembly of multiple
polypeptide chains, forming one macromolecule or functional unit. The stability of the qua-
ternary structure is mainly due to inter-chain hydrogen and ionic bonds, as well as disul de
bridges.
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2.2.2 Protein Interaction and Protein Binding

The functionality of a protein is highly dependent on its correct three-dimensional confor-
mation and often on the binding to ligands like metal ions or other proteins. Protein-protein
interactions are involved in a wide variety of biological processes, including signal transduc-
tion, regulation of gene expression, metabolic pathways and cell death [112]. Thus, it is
hardly surprising that a number of diseases have been attributed to pathological misfolding
of proteins, e.g. Alzheimer's and Parkinson's diseases [113], or to interrupted protein-protein
interactions, some of which are believed to play a role in cancer development [114]. Knowing
the importance of proteins to rapidly and e ciently fold in a crowded cellular environment,
this process has been intensively studied. While small proteins often fold rapidly and sponta-
neously into their native conformations, larger proteins are more prone to misfolding and take
longer to fold correctly [115]. One factor that supports protein folding in vivo is molecular
chaperones, which substantially improve folding e ciency.

While some proteins fold in the timescale of microseconds [116], others take several min-
utes [117]. When studying protein-protein interactions, one essential question regarding the
mechanisms of folding and binding often remains unanswered: Are both proteins correctly
folded before association, or does the binding of one partner in uence the folding of the other?
There are two main models for coupled binding and folding mechanisms, called induced- t
binding and conformational-selection binding (see Figure 2.4). The rst model assumes
that the unfolded protein (U) binds to its ligand (L) and, upon this, gains the correct (or
folded , F) conformation, while the latter model requires the protein to acquire the folded
form before it can bind to its ligand.

Figure 2.4: Models of coupled protein binding and folding. According to the
induced- t binding model, the unfolded protein (U) binds to its ligand (L) and, upon this,
folds into the correct conformation (F). In the conformational-selection binding mechanism,
the protein rst folds into its native form (F) before it binds to its ligand (L). The rates
kon and k, represent the rates of association and dissociation, and the ratels; and ky
represent the rates of folding and unfolding, respectively.

Assuming the simplest one-step binding mechanism between two di erent proteins (A and
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B) forming a 1:1 complex (AB), the reaction would be written as

kon
A+B !k AB

where kon and ko, are the rates for association and dissociation, respectively. As the asso-
ciation reaction involves two reactants, each with a rst-order rate law, the overall reaction
order is described with second-order binding kinetic [118]. The association and dissociation
rates are de ned as

kOﬂ
Ko

ke [A][B]
k [AB]

2.1)

with the rate constants k. in units of M 1 s T andk in units of s 1. These rate constants

are independent of the concentrations but do depend on the temperature. When the reaction

has reached an equilibrium (eq), both ratesky, and ko, are equal. This allows the calculation

of the equilibrium dissociation constant K 4 in units of mol | 1 which is de ned as
k _ [Aleg[Bleq

Kdziz

T ARl 2.2)

The concentration of the reactants[A]eq and [B]eq refer to the concentration of free molecules
at equilibrium ([R]fee) in units of mol | 1, while the concentration of [AB] eq refers to the
concentration of the complex at equilibrium in units of mol | ! (see Equation (2.3)). The
K¢ value indicates the interaction a nity of the respective molecules. The lower the Ky,
the lower the dissociation rate constant, the higher the anity. At any time point, the
concentration of each reactant (R) can be described as

[Rltotar = [R] free + [R] complex (2.3)

The di erential equation describing the second-order rate law with initial concentrations of
both reactants not being equal (A], 6 [B] ;) is

W= ale) 2.4)
In the special case where the concentration of one component is signi cantly higher than of
the other ([A] [B]), the change of the excess reactant's concentration becomes negligible
(as[A] [Alp). In this case, the reaction rate would depend solely on the concentration of
the trace component ([B]), similar to a rst-order reaction. The integrated form of the rate
law would be

[B] =[B] oe MK (2.5)

where [A] and [B] are the concentrations of A and B at timet and [B]o is the initial concen-
tration of B. Because of the similar behavior to a rst-order reaction, this type of reaction
is called pseudo- rst-order. The second-order rate constant k (in units of M 1s 1) can
be multiplied with the concentration of the reactant assumed to remain constant ([A]) to
create the pseudo- rst-order rate constantk (in M), which can then be used in writing the
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integrated form of the pseudo- rst-order rate law:
[B]=[B] e (2.6)

Designing titration experiments in such a way that a pseudo- rst-order reaction can be as-
sumed greatly facilitates the analysis of binding kinetics. Keeping one monomer (B) at a
constant concentration throughout the experiments and varying the concentration of the ex-
cess protein partner (A), allows to determine the (A-)concentration-dependent rate constant
kobs- For a binding mechanism as described and with the concentration conditions stated
above, the observable equilibrium rate constant is de ned as

Kobs = k+ [A]+ Kk (2.7)

In This Work

In this work, the titration experiments with EsxB and EsxA or EsxT were performed in a way
that allowed pseudo- rst-order kinetics to be assumed, meaning the binding partners EsxA
or EsxT were in great excess over EsxB. The complex formation was detected through an
increase in FRET e ciency as the uorophores came closer together, and EsxB was tightly
folded in the complex with its binding partner.

2.2.3 Thermodynamics of Proteins

When regarding the processes of protein folding and binding from a physical chemist's point
of view, thermodynamic principles become important. For experiments done in this work,
the transition from a folded (F) to an unfolded (U) form (and vice versa) due to changing
temperature needs to be addressed. For most proteins, the change in heat capacity between
those two conformations at constant pressure C, is quite large [119]. The essential ther-
modynamic equations for protein unfolding (transition from F to U, termed FU ) under
isobaric conditions are:

Heu = Ho+ Cp(T T),
T
Sru= Sot+ Cp In —
FU 0 p T
Ho T
= + Cp In —
T, P T
T
Gru= Ho T $+C T T T In —

Ty

T, can be any reference temperature. However, it is often convenient to set it equal to
the melting temperature Ty, which is the midpoint temperature of unfolding. With the
parameters of the conformational enthalpy Ho and entropy So, as well as with  Cp, the
Gibbs free energy can be determined with respect to temperature (see Equation (2.8)). This
eqguation can also be viewed as a measure of the stability of the protein as a function of
temperature. Assuming a protein in its native state (F) is most ordered, and the free energy
is at a minimum, the process of unfolding due to an increase in temperature would lead to
an increase in both enthalpy and entropy.
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Thermal unfolding of proteins was observed with circular dichroism (CD) spectroscopy in
this work. In contrast to using di erential scanning calorimetry (DSC), it was not possible to

determine the change in constant-pressure heat capacity (Cy) [120]. However, the data of
temperature-dependent ellipticity change can be t with equations, revealing T,, and Hy,
while assuming Cp, = 0. With these terms, Sp and Ggy can be calculated and plotted
to summarize the thermal stability of a protein.

2.2.4 Protein Bioconjugation

Some biophysical methods require modi cations of the proteins prior to analysis. Depending
on the experimental setup, it might be necessary to immobilize the proteins to a surface, label
them with a nano-gold particle or a uorescent dye, or use crosslinking agents to study protein
interaction. Such bioconjugation reagents crosslinkers and modi cation reagents can be
described by their chemical reactivity, molecular properties, or by their applications. Depend-
ing on the experimental technique, proteins, or rather their amino acid side chains, can be
targeted speci cally by using labeling reagents with speci ¢ targets or tagged unspeci cally
by targeting common and naturally present groups. Regarding the reactive groups of biocon-
jugates, the most commonly used reagents target amine-, carboxyl- or thiol groups. Typically,
two of such reactive groups are linked by a spacer region, mostly an alkyl chain of a certain
length. If both reactive groups target the same functional group, they are called homobi-
functional, otherwise they are termed heterobifunctional. In this work, the well-characterized
reagents EDC and sNHS were used to study a possible complex formation of di erent Esx
proteins by unspeci cally crosslinking the interaction partners in solution. Subsequent anal-
ysis by SDS-PAGE and mass spectrometry were used to identify the linked proteins. For
FRET-analysis, specic uorescent labeling of di erent Esx proteins was achieved by using
uorescent dyes linked to a reactive group targeting sulfhydryls (-SH).

Crosslinking Studies

Chemical crosslinking is a fairly simple method to stabilize protein conformation, non-covalent
complexes and protein-protein interactions. Simply put, a solution containing one or more
protein species is mixed with crosslinking reagents, and after incubation, the linked products
are detected. This can be done by SDS-PAGE, where the linked complexes have a higher
molecular weight than the individual monomers or more thoroughly in combination with
mass spectrometry [121].

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) is a zero-length crosslinker, meaning

it will not be part of the nal complex but rather orchestrate a direct conjugation between
target molecules. EDC induces isopeptide bonds between primary amines and carboxylates
of proteins in solution [122] (see Figure 2.5A and D). Using a zero-length crosslinker for
the chemical crosslinking studies increases the chances of linking residues that are located at
the actual protein-protein interaction site(s) [123]. This means that if populations of one or
more cross-linked individual proteins are, in fact, detected, they have, with great certainty,
interacted. In order for the crosslink to be formed, the reactive sites must be in very close
proximity for a su cient amount of time, and this must happen for a substantial fraction

of the protein population to be detected. Random interactions are either too short-lived
to be linked or will be too few and fall below the detection limit [121]. In the rst step,
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EDC reacts with a carboxyl group and forms an adduct, an O-acylisourea intermediate,
which is fairly unstable in aqueous solutions (see Figure 2.8\). Next, it can be displaced by
nucleophilic attack from a primary amino group, resulting in a stable amide bond between
the original carboxylic acid group and the primary amino group (see Figure 2.9D). However,
EDC crosslinking is most e cient at low pH values of around 4 to 5 [124]. When using
bu ers at neutral pH, which is commonly more suitable for proteins, the reaction e ciency
is much lower. Furthermore, the unstable O-acylisourea intermediate is prone to undergo
hydrolysis, resulting in the original carboxyl group (see Figure 2.5C) and the release of a
isourea byproduct of EDC. Therefore, to increase the crosslinking reaction, a second reagent
can be introduced to the coupling protocol, namely N-hydroxysulfosuccinimide (sNHS). It
can form a stable, highly amine-reactive ester with the EDC-activated carboxylic group and
react with primary amines, resulting in stable amide bonds (see Figure 2.8). NHS ester
crosslinking is typically performed at neutral pH, allowing work at physiological pH [124].

Figure 2.5: Reaction scheme of EDC/sNHS-mediated crosslinking. A EDC can
react with the carboxylic acid of a molecule or protein (R1), forming an unstable O-
acylisourea intermediate. B1 In the presence of SNHS, EDC can couple sNHS to the carboxyl
of R1, forming a stable and amine-reactive SNHS ester. B, In a second step, the sNHS
ester can react with primary amines of other molecules or proteins ( R2) to form a stable
amide bond between R1 and R2. C In absence of primary amines or sNHS, the O-
acylisourea intermediate can rapidly hydrolyze, regenerating the original carboxylic acid
of R1. D If primary amine groups of a molecule or protein (R2) are present in the
solution, they can displace EDC from the unstable intermediate by nucleophilic attack,
forming a stable amide bond between R1 and R2.
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Fluorescent Labeling

Chemically attaching uorescent dyes to peptides, proteins or other biomolecules is another
form of bioconjugation. In this case, the respective uorophore is joined over a linker to a
reactive group, typically targeting thiol- or amine groups. Amine-reactive probes are often
used for unspeci c labeling. They typically target the primary amino group in the side chain

of lysine, as well as the N-termini of proteins. In contrast to the relatively high prevalence of
lysines in proteins (6 %), cysteines are less abundant (2 %) and therefore present a suitable
target for specic labeling [121]. Maleimides are one type of reactive group that targets
sulfhydryl groups (-SH), used to link the dye to the protein by forming a stable thioether
bond to the side chains of cysteines (see Figure 2.6). For the labeling reaction, it is necessary
to ensure that the cysteines do not form disul de bonds among each other since this would
make a reaction with maleimides impossible. As thiols are susceptible to oxidation and
subsequent formation of disul des or higher oxidation products, reducing agents should be
used in the labeling process [124]. There are several reagents that can be used for the
reduction of cysteine disul des, e.qg., dithiothreitol (DTT) or 2-mercaptoethanol ( -MEtOH)
[125]. However, the reagents themselves contain a thiol group and would interfere with
the maleimide-labeling [126]. For this purpose, another strong reducing agent for disul de
linkage, tris(2-carboxyethyl)phosphine (TCEP) [127], is better suited, as it does not contain

a sulfhydryl group, thus not competing in the labeling reaction.

Figure 2.6: Sulfhydryl reductants and maleimide reaction. Top: Three common
sulfhydryl reducing agents: dithiothreitol (DTT), tris(2-carboxyethyl)phosphine (TCEP)
and 2-mercaptoethanol ( -MEtOH). In contrast to DTT and  -MEtOH, TCEP does not
contain any sulfhydryl groups, meaning it will not compete for coupling sites in a maleimide
reaction. Bottom: The maleimide reaction. Maleimide molecules react speci cally with
thiol groups, forming a stable thioether linkage. In terms of uorescent labeling of proteins,
R1 represents a protein's cysteine and R2 a uorophore.
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2.3 Forster Resonance Energy Transfer

Forster resonance energy transfer, or FRET for short, describes the mechanism where, upon
excitation, one molecule transfers energy to a dierent one nearby and hence excites the
latter. It is named after the German physical chemist Theodor Foérster, who contributed
greatly to the understanding of nontrivial energy transfer between molecules in the mid-
20" century [128 130]. This energy transfer depends especially on the distance between the
two molecules. When using two light-sensitive molecules, like uorophores, attached to the
molecules of interest, FRET becomes a useful method to analyze conformational changes
in proteins or interactions of nucleic acids and proteins. In the course of this work, FRET
between two uorophores conjugated to di erent mycobacterial WXG-100 proteins was used
to determine a change in protein structure. Hence, this chapter will focus on FRET with
uorescent dyes.

It should be mentioned at this point that when two uorophores are used, the acronym
FRET is often transcribed as Fluorescence Resonance Energy Transfer , which is, however,
misleading since the energy transfer happens before uorescence and is not initiated, let
alone accomplished by it. Nevertheless, it encompasses the two essential topics that will be
described in this chapter: Fluorescence andR esonanceEnergy Transfer .

2.3.1 Principles of Fluorescence

Before going more into depth, it is essential to recapitulate the mechanism of photolumines-
cence and, most of all, uorescence. The processes involved in uorescence can be schemat-
ically illustrated with the help of the so-called Jab?o«ski-Diagram (see Figure 2.7), named
after the Polish physicist Aleksander Jab2o«ski, who rst proposed it in 1933 [131].
It is used to describe transitions of electrons between di erent electronic energy levels. The
ground state is termed S, whereas n-higher electronic energy levels are labeled ag.9n each
of the electronic states, there are various vibrational energy levels in which the molecules can
exist. Molecules, or rather their electrons, can be excited, meaning transferred to a higher
energetic state, by absorption of energyE. In the case of uorescence, this is achieved by
photons of the energy

E =h ¢ (2.8)

with ¢4 being the frequency of the exciting photons andh is Planck” s constant. The energy
absorption excites the electron to a vibrational energy level of $ or of higher levels (S).
Subsequently, the electron relaxes by non-radiative vibrational energy relaxation (VR) to
the lowest vibrational energy level of the current electronic energy level . This occurs on
a time scale of10 12 s, whereby the excess energy is given o to the surrounding solvent.
By internal conversion (IC), the electron can change to a higher vibrational level of a lower
energy level .1 and is followed by VR. The processes of VR and IC can alternate until the
electron has returned to the ground state $. Depending on the molecular structure of the
excited molecule, relaxation from § to the ground state § can also occur by emission of a
photon. This process is called uorescence. It occurs on a time scale of several nanoseconds.
Depending on the uorescent molecules, the spectra of both absorption and emission are
individual and depend on the chemical molecular structure. Due to the mentioned energy
loss during relaxation by VR and IC and the interaction with surrounding solvent molecule
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[132,133], the energy of the emitted photons during uorescence is lower than the energy of
the exciting photons (h ex > h ¢mp). This phenomenon is also termed Stokes shift, named
after the Irish-English mathematician and physicist George Gabriel Stokes, who described
this observation in 1852 [134].

Figure 2.7: Jab%o«ski diagram. This term diagram after A. Jab%o«ski shows the pos-
sible electronic transitions between energy levels of a molecule. Electronic energy levels
are shown as bold horizontal lines; thin horizontal lines depict vibrational energy levels.
Levels are labeled according to their spin multiplicity either as S (S for singlet) or Tn

(T for triplet), with the index n indicating the height of the energy level and S g repre-
senting the ground state. Spin orientation is indicated in small yellow boxes. Absorption
of a photon with the energy h ex leads to the elevation of an electron to a higher energy
level Sy (solid-line purple vertical arrows). The excited electron can relax by radiation-less
vibrational energy relaxation (VR, vertical grey curved arrows) and by internal conversion
(IC horizontal dashed black arrow) followed by VR to the lowest vibrational level of Sq.
When returning to the ground state Sp, a photon of the energy h g is emitted - this
process is called uorescence (solid-line green vertical arrows). An excited electron from
a singlet state can also undergo intersystem crossing (ISC, horizontal dashed black arrow)
to a triplet state. This involves a forbidden spin conversion, making this transition less
likely. Phosphorescence occurs during the return to the ground state gfrom a triplet state
T, with a photon of the energy h o,p being emitted (solid-line light-grey vertical ar-
rows). The relationship between the photon's energy of the depicted processes is as follows:

hex>h emp>h emp-

For the sake of completeness, the topic of the other mechanism of luminescence, phosphores-
cence, will be brie y touched as well. Once excited, there are yet other possibilities for the
electron to return to the ground state: that of intersystem crossing (ISC) accompanied by
non-radiative VR or relaxation by emittance of light. In the electronic energy levels described
previously (S,), the S stands for singlet state. This refers to the state of all electrons being
paired, each partner of a pair having an opposite spin. This means that the net angular
momentum of electrons in any § state is zero, and the multiplicity of states is one (hence
singlet). In contrast to that, ISC causes an excited electron to switch into atriplet state (T 1),
whereby the excited electron has the same spin orientation as the electron in the ground state,
resulting in two unpaired electrons and in a multiplicity of three (hence triplet). Phospho-
rescence occurs when the electron relaxes directly from the triplet state T to the ground
state & by emitting a photon. However, this type of transition is spin-forbidden. Hence the
emission rate of phosphorescent photons is clearly slowefl@® s ! to 10° s 1) than that of
uorescence (10° s 1).
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2.3.2 Characteristics of Fluorophores

The outermost electron orbitals of a molecule are involved in the uorescence process. There-
fore, uorophores typically contain several aromatic groups with -bonds, as such ring struc-
tures distribute the electrons of the outer orbitals over a wide area [135]. The characteristics
of a uorophore are mostly determined by its chemical structure, although the solvent plays
an important role too. Next to the individual spectral properties, i.e., the absorption and
emission spectra as well as the molar absorption coe cient, the uorescence lifetime, and
the quantum yield are probably the most important features of a uorophore. The quantum
yield ( ) is an indicator for the uorescence intensity. It is de ned as the ratio of the number
of emitted photons to the number of absorbed photons. Recalling the Jab2o«ski-Diagram in
Figure 2.7, there are other processes next to uorescence that are responsible for the return
of electrons from the excited state $ to the ground state &, namely IC and ISC. These non-
radiative events can be grouped into a single rate constank,, to represent all radiation-less
ways, i.e. decay rates, that depopulate the excited state. De ning the emission rate of the
uorophore as ka4, the quantum yield of such a molecule can be expressed as

I(rad

2.9
krad + knr ( )

The lifetime ( ) of a uorophore is de ned as the average time spent in the excited state
following excitation. Employing the aforementioned rate constants, the uorescence lifetime

can be expressed as
1

- krad + knr (2.10)

It is important to note that uorescence emission is a random process, with every excited
uorophore having the same probability of emitting a photon in a given time period after
excitation. This means that is not a concrete time value but a statistical average. Typical
uorescence lifetimes of aromatic uorochromes are in the range ofl0 8 s to 10 ° s [136].
Another characteristic of uorophores is their photostability. Depending on the molecule, the
number of excitation-relaxation cycles () prior to its destruction can vary greatly. Before
succumbing to photobleaching, uorophores can cycle from 700 to 3 million times between
excitation and relaxation, depending on their molecular structure [137]. The resistance of a
uorophore to photo-destruction is described by its bleaching quantum yield ( g). While
less stable uorophores emit less than 1000 photons, good uorophores can emit millions of
photons before irreversible bleaching. The process of photobleaching maost probably occurs
from the S; or T, state.

2.3.3 Resonance Energy Transfer

Having elaborated on the basic principles of absorption and emission that uorophores can
undergo, there is yet another important process to address in this chapter, namely that of
resonance energy transfer (RET). This describes a process by which energy is transferred
from a molecule in the excited state, called the donor (D), to a molecule in the ground state,
termed the acceptor (A). It is important to note at this point, that the process of energy
transfer addressed in this chapter does not involve the appearance of a photon, meaning it
is non-radiative. It happens by means of long-range, intermolecular dipole-dipole coupling
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between D and A molecules, which depends on the distance and the relative orientation
between the dipoles. Under optimal conditions, RET can span distances between A and D
(rap) from between 10 A to 100 A [138]. The rate of energy transferks) from a donor D to
an acceptor A separated by a distance is given by

kr(r)= 1 Ro i (2.11)

D r

where p is the uorescence lifetime of D (in the absence of A). The termRg is also called
Forster distance and is a distance parameter that depends on the DA-pair in use. It can
be calculated from the spectral properties of the donor and acceptor molecules and the donor
quantum yield and will be de ned later on (see equation (2.15)). The strong dependence
of the energy transfer on the distance between the molecules becomes evident when looking
at equation (2.11). Further prerequisites for e cient RET to occur are that the emission
spectrum of the donor molecule must overlap su ciently with the absorption spectrum of the
acceptor and therein, both the quantum yield of D ( p) (or the donor uorescence intensity,
Fp) and the absorption coe cient of A ( "a) must be adequately high. The overlap integral
J( ) is given by zZ,

J()= . Fo( )"a( ) *d (2.12)

with Fp( ) being a normalized, corrected factor for the uorescence intensity of D at the
wavelength  [139].

The energy transfer can also be described in terms of transfer e ciency Et). Here, the

number of quanta transferred from D to A in relation to the quanta absorbed by D are

evaluated. This can be done by using the relative uorescence intensity of the donor in
the absence Fp) and presence Fpa) of the acceptor or the lifetimes under the respective
conditions ( p and pa).

Er=1 'PA_g DA (2.13)

Given that p is the lifetime of the donor, 1=, equals the decay rate of the donor (see Equation
(2.10)). If the transfer rate krt(r) is faster than the donor-decay ratel=,, energy transfer
will be more e cient than vice versa. From equation (2.11) it is evident that when r = Ry,
kr = ==,. Putting this into words means that when the D-A distance is equal to the Forster
distance, the rate of transfer is equal to the decay rate of the donor. In terms of transfer
e ciency ( Et), one would determine the ratio of the transfer rate to the total decay rate
of the donor in the presence of the acceptor, which includes the donor decay rate and the
energy transfer rate:
_ k()
Dl + kT(r)
This means that at a distancer = Ry, the transfer e ciency equals 0.5. As brie y mentioned
before, the Forster distanceRg is DA-pair-speci c. It depends on the relative spatial orien-
tation of the transition dipoles of D and A (given by the term  2), on the quantum yield of
D in the absence of A ( p) and on the spectral overlap g ( )). Further, the refractive index
of the medium (n) is taken into account. Thus, the Forster distance Rg in A is given by

%2n4

Er = (2.14)

Ro = 0:211 () (2.15)
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with the wavelength being expressed in nm andJ( ) in units of M ¥ cm 1 (nm)*. The
orientation factor 2 is generally assumed equal to the dynamically averaged value @éf3 and
the refractive index n is typically assumed to be either close to that of water 6 = 1:33) or
1.39 for biomolecules in aqueous solutions [137].

2.4 Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS) is a method used to observe single uorescent
molecules in solution and can give information about di usion and reaction kinetics. It is
based on the time-dependent analysis of uorescence intensity uctuations. These typically
result from molecules di using out of and into focus but can also occur due to macromolecule-
ligand-binding, internal macromolecule dynamics, and ISC. The small focal volume is de ned
by a focused laser beam and a confocal aperture [137] and is typically of an ellipsoidal shape.
The uctuation of a uorescent signal recorded in an experiment is then analyzed regarding
the signal correlation between varying delay times (see Figure 2.8 top).

2.4.1 Correlation Analysis

Correlation analysis can be performed as a measure of self-similarity (autocorrelation) or to
compare di erent species of uorescent particles (crosscorrelation). It is important to adjust
the number of molecules in the focus at any given time to a minimum. The temporal average
of particle number should be between 0.1 and 1000 [140]. A focal volume of 0.1 would
correspond to a molecule concentration in the nanomolar range. Considering the Poisson
distribution, the possibility P of having n uorophores in the focal volume with an average
number of moleculesN is L

N

P(NiN)= ~ e (2.16)

The uorescence uctuations are de ned as the deviations from the temporal average signal:

F(t)= F(t) hF(t)i with
1471 (2.17)
hF(t)i = = F(t)dt

T o
with T being the total data accumulation time. The autocorrelation results from multiplying
the uorescence intensity at time t, F(t), with the intensity after a delay time , F(t + ).
With varying usually in the range of 10 2 ms to 10> ms and averaging the results
over a large number of measurements, the autocorrelation curve is created. The normalized
autocorrelation function for uorescence intensities is de ned as

hE (t) F(t+ )i
hFE (t)i?

G()= (2.18)
with the autocorrelation amplitude G(0) being the normalized variance of the uctuating
uorescence signal F (t) and equal to the inverse of the average number of moleculeN .
Given that G(0) = = and considering the Poisson distribution (equation (2.16)), it becomes
clear that the possibility of having more than one molecule in the focal volume decreases with
increasing amplitudes (see Figure 2.8 bottom right table). As a result, the analysis of FCS
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data can give information about the molecule concentratio?. Another interpretation that
can be made from autocorrelation analysis is the di usion rates of molecules in the solution.
For measuring translational di usion in a three-dimensional space, the di usion coe cient

D and the geometry of the ellipsoidal focus volume need to be included in the calculations.
The autocorrelation function for three-dimensional di usion is de ned as

4D 1 4D =
G( )= G(0) 1+? 1+?

(2.19)
where G(0) is the amplitude at =0, s is the radius, andu is the half-length of the ellipsoid
representing the observed volume. The in uence of the concentration and the di usion rate
of the molecules on the autocorrelation function can be seen in Figure 2.8.

Sor rather the number of observed particles
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Figure 2.8: Schematic representation of uctuations in uorescent signal and

creation of an auto-correlation function. Top: The number of uorophores n changes
over time as uorophores di use into and out of focus. In this example, the observed focal
volume is assumed to be 1 , and the molecule concentration is 1 nM. Assuming Poisson
distribution (see Equation (2.16)), the average number of molecules in focusN) would be
0.6, leading to the probability of having no molecule, one molecule, or two molecules in the
observed volume being 55 %, 33 % and 10 %, respectively. The correlation of a uorescent
signal is calculated for a range of delay times 1, 2,... and results in an auto-correlation
function. Bottom: Simulated auto-correlation functions (left) and table (right) showing the
in uence of di erent molecule concentrations (N) and di erent di usion coe cients ( D) on
the correlation curves (left) and on the probability of observing no, one or two uorophores
in a focal volume of about 0.26 . Recreated from [137].

2.5 Circular Dichroism Spectroscopy

The method of Circular Dichroism (CD) spectroscopy can be used to analyze the secondary
structure of peptides and proteins in solution. It uses the chiral nature of polypeptides and
their structure-dependent di erential absorption behavior of oppositely circularly polarized
light to acquire structural information of the sample [141].
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2.5.1 Principles of CD Spectroscopy

Even though light can not exclusively be described as an electromagnetic wave, this simpli-
cation will facilitate the explanation of the physical background of CD spectroscopy in the
following section.

Light waves can be de ned by their intensity or the wave's amplitude, their propagation
direction, their wavelength or frequency, and their polarization. The latter refers to the
direction of the wave's electric eld vectors, which oscillates perpendicular to the direction
of propagation. When the electromagnetic eld oscillates in only one plane, the light is
considered to be linearly polarized (Figure 2.9 A). Circularly polarized light is the result of
two orthogonal electromagnetic wave planes with a 90 phase shift (Figure 2.9 B), which can
result in clockwise (right-handed or R) or counter-clockwise (left-handed or L) rotation of
the electric eld vector along the direction of propagation [142]. Since CD spectroscopy can
be considered a special type of absorption spectroscopy, the fundamental Lambert-Beer law
should also be mentioned at this point

A =" 1c¢ (2.20)

whereA is the wavelength-speci ¢ absorbance] is the wavelength-speci ¢ molar absorption
coe cient, | the optical path length in cm and ¢ the molar concentration of the absorbing
molecule.
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Figure 2.9: Polarized light. Diagram A shows linear polarization of light. The electric
eld E (red) with an amplitude A is oscillating (here: vertically) perpendicularly to the
direction of propagation (x). The wavelength s indicated, and ve points of the wave's
phase are marked. Small sketches of the direction oE vectors are given below to illustrate
the changes along x (with x being the center of the circles).B shows circular polarization
of light. Two waves (red and blue) are shown to oscillate, both perpendicularly to the
direction of propagation (x). Their amplitude and wavelength shall be equal. The electric
eld of the blue wave (E») is orthogonal to that of the red wave (E1). Colored arrows are
depicted to illustrate the di erent directions of eld vectors for E4q and E5. The blue wave
is phase-shifted by 90 to the red wave. Eight points of the wave's phase are marked, and
small sketches of the direction ofE are given below to illustrate the changes (with x being
the center of the circles). The upper row of these sketches shows the total vector coming
from either wave (colored accordingly), while the lower row shows each wave's contribution
(colored accordingly) to the total vector (black). The rotation in this example is clockwise
or right-handed (R).

CD spectropolarimeters measure the di erence in absorbance (A) of L and R within a
sample at a speci ¢ wavelength :

A=A A.g (2.21)

If the absorption of L and R within a molecule were zero or of equal value, i.e. A =0, the
two components would create radiation of linear polarization (Figure 2.10A). However, if L
and R are absorbed by a sample each to a di erent extent, the result would be elliptically
polarized light (Figure 2.10 B).
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Figure 2.10: The CD e ect. As seen inA plane-polarized light can also result from a
left and a right circularly polarized component which are of equal amplitude. The colored
arrows depict eld vectors of the electric eld of right circularly polarized light (R, orange)
and of left circularly polarized light (L, green). The black arrows show the resulting total
vector, which moves vertically along the center axis (light gray). SketchB shows the e ect of
di erent absorption of R and L on circularly polarized light. In this example, L is absorbed
to a greater extent than R, resulting in a smaller amplitude of L (green circle) than R (orange
circle). The sum vector of both contributors (black arrow) follows an ellipse (dashed line),
meaning the resulting light is elliptically polarized.

The ellipticity () resulting from circular dichroism at a speci ¢ wavelength is given in
degrees and is de ned as:

b
_ 1P
=tan a (2.22)

wherea and b are the minor and major axis of the resulting ellipse. The relationship between
the di erence in absorbance and the ellipticity is

=32:98 A (2.23)

The ellipticity is recorded at di erent wavelengths of the far UV spectrum, usually in the
range of 190 nm to 250 nm, and given as a function of the wavelength in a CD spectrum. When
combining equations (2.21) and (2.23), it becomes clear that positive values of ellipticity
in the CD spectrum imply a stronger absorption of L, while negative values arise from a
stronger absorption of R.
Circular dichroism in the wavelength range of 190 nm to 240 nm is mostly induced by absorp-
tion from peptide bonds, with strong absorption at 190 nm and weaker absorption at 210 nm
to 220 nm [143]. The absorption spectra of polypeptides are long known to be in uenced by
their secondary structure [144], which, in turn, results in distinct CD spectra for -helices,
-sheets and random coils (Figure 2.11). The typical CD signals corresponding to these three
secondary structures, as shown in Figure 2.11, are summarized in Table 2.3.
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Figure 2.11: Wavelength-dependent absorption of peptides with di erent sec-

ondary structures and their distinct CD spectra. A shows the typical absorption
spectra of poly-L-lysine hydrochloride in an aqueous solution. This polypeptide is known
to have di erent conformations depending on its environment: a random coil or disordered
conformation at room temperature and a pH of 6.0; an -helical conformation at a basic
pH value of 10.8 at room temperature and a -form when heated to 52C at a pH value of
10.8. Reproduced from [144]. Corresponding to thisB shows the typical CD spectrum of
poly-L-lysine in the di erent conformations. Reproduced from [145].

Table 2.3: Typical features of CD spectra of proteins in di erent conformations.

The typical signals of three di erent secondary structure elements are listed alongside their
causative electronic transition, their position within the far UV spectrum, and their typical
magnitude. Values taken from [146].

Typical magnitude

Secondary Signal  Position/ nm  Electron transition /

structure deg em? dmol 1
positive 190 195 ! 60000 to 80000
-helix negative 208 ! -36 000 3000
negative 222 n! -36 000 3000
positive 195 200 ! 30000 to 50000
negative 215 220 n! -10000 to -20000
candom positive 220 n! < 10000
negative 200 ! 20000

2.5.2 Interpretation of a CD Spectrum

As mentioned previously, most CD spectra are recorded in the wavelength range of 190 nm
to 250 nm, which holds information about the secondary structure of the sample. Near
UV spectra, ranging from 260 nm to 320 nm can give information about the tertiary structure
or structural changes thereof in changing environments. Dichroism in peptide and protein
samples arises mostly from the peptide bond, aromatic amino acid chains, and disul de bonds.
In the most simple approach, a CD spectrum represents a composite of the protein's fractional
secondary structures. Therefore, it is technically possible to express the spectrum by a linear
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combination of the spectra of those elements plus a noise term:

X
= " Sji+tnoise (2.24)

where s the ellipticity of the protein at wavelength , "; is the fraction of each secondary
structure (i) and S ; is the ellipticity at each wavelength  for each i!" secondary struc-
tural element and the term noise includes the contributions of aromatic chromophores and
prosthetic groups [147]. Several di erent methods to analyze a CD spectrum to estimate the
secondary structures have been developed so far, and they are all based on equation (2.24). In
most methods, the experimentally obtained CD spectrum is compared to spectra of polypep-
tides or proteins with known conformations using di erent approaches. The goodness of the
resulting t can be rated according to the root mean square deviation (RMSD).
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Chapter 3

Materials and Methods

The rst major part of this work was to produce su cient quantities of ten di erent Esx
proteins to carry out experiments with. To get a rst overview of possible inter-loci complex
formations, chemical crosslinking studies were performed by combining monomers of ESX-1
to ESX-4 and the orphan proteins EsxF/E. Single- and double-cysteine mutants of the
EsxB-like EsxF and EsxU were produced for subsequent uorescent labeling. Focusing on
the phylogenetically most ancient cluster ESX-4, the EsxA-like protein EsxT was used for
titration experiments with EsxB using smFRET. For further biophysical characterization of
EsxB/A, EsxF/E and EsxU/T, CD spectroscopy was used to evaluate the secondary structure
of the complexes and their monomers. Thermodynamic, chemical and pH stability were also
evaluated using CD spectroscopy.

3.1 Esx Protein Production

Ten di erent Esx proteins from M. tuberculosis were produced, namely EsxBand EsxA from
ESX-1, EsxD and EsxC from ESX-2, EsxG and EsxH from ESX-3, EsxU and EsxT from
ESX-4 and EsxF and EsxE (orphan proteins). All EsxB-like proteins are equipped with
a Hisg-tag, and are encoded together with the respective EsxA-like protein partner in the
pMyCA-expression vectors.

3.1.1 Cloning and Production of pMyCA Expression Vectors

The respectiveesx gene pairs were available in the formerly used pMyNT-expression vector.
This originally used vector was shortened in the promotor region to make the vector smaller
and allow possible longer constructs to be inserted. This was done by performing a PCR
using the respective pMyNT-vector as a template and a specially designed primer pair, which
complementarily binds to the vector as well as introduces a BsrGl restriction site to both of
the amplicon ends for subsequent vector circularization, as described previously [148]. The
created pMyCA expression vectors were veri ed by sequencing using the service of LGC
Genomics GmbH, Germany. All vectors produced and used in this work are listed in Table
3.1.

Introducing Cysteine Mutations with QuikChange Mutagenesis

To speci cally introduce cysteine mutations in esx genes within the pMyCA-expression vec-
tors, QuikChange site-directed mutagenesis was performed. This is a one-step PCR-based
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Table 3.1: Overview of expression vectors. Expression vectors created (bold) and
used in the course of this work. The genes encoded within each vector are given, as well as
the corresponding ESX-cluster.

Vector name encoded genes ESX Cluster
pMyCA-EsxB/ESxA Hisg-EsxB, EsxA ESX-1
pMyCA-EsxB-TE/EsxA Hisg-EsxB-T10C-E88C, EsxA ESX-1
pMyCA-EsxD/EsxC Hisg-EsxD, EsxC ESX-2
pMyCA-EsxG/EsxH Hisg-EsxG, EsxH ESX-3
pMyCA-EsxU/T Hisg-EsxU, EsxT ESX-4
pMyCA-EsxU-L/T Hisg-EsxU-L33C, EsxT ESX-4
pMyCA-EsxU-LQ/T Hisg-EsxU-L33C-Q112C, EsxT ESX-4
pMyCA-EsxF/E Hisg-EsxF, EsxE -
pMyCA-EsxF-V/EsxE Hisg-EsxF-V13C, EsxE -
pMyCA-EsxF-VT/EsxE Hisg-EsxF-V13C-T91C, EsxE -

method that is especially e cient for introducing point mutations or mutating single codons.
PCR is performed using the expression vector with the wildtype genes as a template and
primers containing the desired mutation that are complementary to the gene of interest. The
primers for introducing cysteine mutations used in this work are listed in Table 3.2 and were
obtained from Thermo Fisher (Thermo Fisher Scienti ¢ Inc, USA) using their service of cus-
tom standard DNA oligo synthesis. The elongation step of each temperature cycle is adjusted
according to the length of the vector. If two cysteine mutations are wanted in one gene, the
second cysteine was introduced in a subsequent QuikChange PCR step using the veried
expression vector with the rst mutation as a template. After template digestion by Dpnl,

Table 3.2: Primers used for QuikChange site-directed mutagenesis. The position
of the cysteine mutation is highlighted by bold lettering. The sequences of all primers are
given in 501 30direction.

Primer Name Sequence

EsxF V13C F cgcgtagagcctgcdGC atgcagggtttcgec
EsxF V13C R ggcgaaaccctgcabCA cgcaggctctacgcg

EsxF T91C F ggttatcaacacaacgag GC gcgtcggcgcaggtgc
EsxF T91C R gcacctgcgccgacgCA ctcgttgtgttgataacc

the resulting nicked expression vector is introduced into ultra-competentE.coli XL10 Gold
cells (Agilent, USA) by heat shock transformation for vector repair. Bacteria are plated on
LB-agar supplemented with 50ug/ ul Hygromycin B and grown at 37 °C overnight. For vector
production, a liquid culture of a single colony from a plate is grown, and pMyCA expression
vectors are harvested by using the NucleoSpi# Plasmid Easy Pure Kit (Macherey-Nagel,
Germany). Since the structures of EsxF and EsxU have not yet been determined, the posi-
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tions for the cysteine mutations were chosen based on the location of mutations in EsxB-TE
by mere alignment of the central WXG -motifs (see Figure 3.1).

Figure 3.1: Positioning of cysteine mutations in EsxF and EsxU according to
EsxB-TE. Alignment of EsxB, EsxF and EsxU by the central WXG-motif (orange) served
as a guide to determine the position of cysteine mutations (red) in EsxF and EsxU. Helical
regions of EsxB are marked with boxes.

3.1.2 Protein Expression in  Mycobacterium smegmatis

The di erent Esx proteins were recombinantly expressed inMycobacterium smegmatismc2155
using the respective pMyCA-expression vectors (see Section 3.1.1).

Transformation

Electrocompetent M. smegmatis mc2155 were transformed with the respective pMyCA ex-

pression vector (approx. 100 ng) by electroporation using 1 mm electroporation cuvettes
(peglab/VWR, USA) and setting the electroporator to a capacitance of 25 uF, a resistance

of 1000 and a voltage of 2.5 V and administering one electrical pulse. After subsequent
incubation on ice for ten minutes, bacteria were plated on a Middlebrook 7H10 agar plate
containing 50 pg/ml Hygromycin B. The plates were incubated for at least three days at

37 °C until colonies became visible.

Bacterial Growth and Lysis

Transformed bacteria were grown in Middlebrook 7H9 broth base supplemented with 0.05 %
Tween80, 1.11 mM D-Glucose and 5@g/ml Hygromycin B at 37 °C. For protein expression,
1 | of the medium was inoculated with 2.5 ml of dense overnight culture and incubated
for 22 hours before induction with 35 mM acetamide. After induction, the culture was
grown for another 24 hours before being harvested by centrifugation at 30@bnesg. Bacteria
were harvested and resuspended in Lysis Bu er (50 mM Tris-HCI, 300 mM NacCl, 20 mM
imidazole, 1 M urea, pH 8 at 4°C, supplemented with a self-made protease-inhibitor cocktalil
containing 25 pg/ml AEBSF, 5 pg/ml Leupeptin and 0.5 pg/ml E-64) and lysed using a
Micro uidizer ® LM10 (Micro uidics —, USA) with a pressure of 20,000 psi. The lysate was
centrifuged at 47,810 g at 4 °C for one hour, and the clear supernatant was additionally
Itered using a 0.45 um pore size lter.

3.1.3 Protein Puri cation

Protein puri cation steps were performed using the respective puri cation columns and an
AKTA-pure system (GE Healthcare, USA). All EsxB-like proteins are expressed with a cleav-
able N-terminal Hisg-tag, allowing the complexes to be puri ed using immobilized metal a n-

ity chromatography (IMAC). Puri cation of the complexes was done at 4 °C using a HiTrap
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IMAC FF 1 ml column (GE Healthcare, USA) for Ni 2* -a nity puri cation. Subsequent size
exclusion chromatography (SEC) was performed using a HiLoad 16/60 Superdex 75 pg col-
umn (GE Healthcare, USA). All IMAC steps were done using Tris-HCI bu ers with a pH of 8
at 4 °C (Binding-Bu er: 50 mM Tris-HCI, 300 mM NacCl, 20 mM imidazole; Elution Bu er:

50 mM Tris-HCI, 150 mM NaCl, 500 mM imidazole) and SEC was performed with PBS
(10 mM NazHPOy4, 1.8 mM KH,POy4, 137 mM NaCl, 2.7 mM KCI, HCl-adjusted to pH 7.4).
For the puri cation of the complex EsxT/EsxU from ESX-4 (wildtype and cysteine-mutants
thereof), the Tris-HCI bu ers were supplemented with an additional 0.1 % Triton-X-100 and

3 M urea was used in the lysis bu er. After puri cation of the complexes under native con-
ditions, the dimers are dissociated into monomers using a denaturing environment by adding
8 M urea. The pure monomers are obtained by using another IMAC step to separate thélisg-
tagged EsxB-like from the tagless EsxA-like proteins. After dissociation, the monomers are
brought into PBS, pH 7.4, using a PD-10 desalting column (GE Healthcare, USA). Protein
concentration was measured with a Nanodrop 1008- (Thermo Scienti ¢, USA).

3.1.4 Protein Analysis

The puri cation process and monomerization as well as the purity of the nal protein product
was monitored and analyzed by SDS-PAGE. The protein concentration was measured with a
Nanodrop 1006— (Thermo Scienti ¢, USA) by using the appropriate extinction coe cients
(") and molecular weights (MW) of the proteins, as seen in Table 3.3. The folding ability of
the cysteine mutants was compared to that of wild-type proteins with CD spectroscopy.

3.2 Protein Processing

3.2.1 Crosslinking Studies

For the crosslinking studies, the well-characterized reagents EDC and sulfo-NHS were used.
N-hydroxy-sulfosuccinimide (sNHS) is highly amine-reactive. The solutions were prepared
just before the experiment, as these chemicals are not long-term stable in aqueous solutions.
For the crosslinking studies, wild-type complexes EsxB/A, EsxD/C, EsxG/H, EsxU/T and
EsxF/E and their monomers were used. The monomers were mixed together roughly in
equimolar amounts in a total volume of 50ul and incubated at 80 °C for ve minutes to evoke
unfolding and monomerization. Then, the crosslinking reagents EDC and sNHS were added
to the samples at a nal concentration of 5 mM and 2 mM, respectively. As a positive control
control, each wildtype complex was likewise incubated with EDC and NHS, however these
samples were not heat-treated. To evaluate homo-oligomer formation, EsxE, EsxF, EsxU
and EsxT were also incubated individually with and without the addition of crosslinking
reagents. After a reaction time of 4 hours at room temperature, 10ul samples were taken
from each reaction mixture and transferred into 10ul SDS-loading bu er. This terminates the
crosslinking reaction because the bu er contains -mercaptoethanol, which quenches EDC.
The crosslinking reaction was analyzed by SDS-PAGE to visualize the appearance of apparent
crosslinking bands with a higher molecular weight. In the experiments, EsxB-like proteins
were combined with di erent EsxA-like proteins to evaluate possible complex formation.
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Table 3.3: Parameters of di erent Esx-protein monomers and complexes. The
molecular weight (MW) and the molar extinction coe cient at 280 nm ( "2gg of each
protein are used for the spectrophotometric determination of protein concentration. The
mean residue weight (MRW) is calculated by dividing the MW by the number of amino
acids and is used for the analysis of CD data (see section 3.3.3). The isoelectric poipt is
noted for each protein.

Protein MW /Da "oggM IT'em 1 MRW/Da pl
Hisg-EsxB/EsxA 22,997.2 26470 11441 51
Hisg-EsxB-TE/EsxA 22,897.3 26470 11392 52

ESX-1 Hisg-EsxB 131113 8,480 12369 56
Hisg-EsxB-TE 131014 8,480 12360 58
EsxA 9,9039 17,990 10450 45
Hisg-EsxD/EsxC 23,3098 11,460 11207 51
ESX-2 Hisg-EsxD 13,4079 8,480 11865 58
EsxC 9,9199 2,980 10442 44
Hisg-EsxG/EsxH 22,3970 33920 11255 58
ESX-3 Hisg-EsxG 12,0244 4470 11674 65
EsxH 10,3906 29450 10824 46
Hisg-ESXU/EsxT 26,9142 34950 11651 63
ESX-4 Hisg-EsxU 15,8118 13980 12070 66
EsxT 11,1204 20970 11120 59
Hisg-EsxF/EsxE 22,2588 38960 11185 56
Hisg-EsxF-V13C/EsxE 22,0035 38960 11057 56
Hisg-EsxF-VT/EsxE 22,0766 38960 11094 56
Hisg-EsxF 12,7061 20970 11657 57
Hisg-EsxF-V13C 12,4507 20970 11423 57
Hisg-EsxF-VT 12,5238 20970 11490 57
EsxE 9,5708 17,990 10634 54

3.2.2 Fluorescent Labeling
Fluorophores

The uorophores used in this work were Alexa Fluor™ 488 (AF488), which acted as a donor
dye and either Alexa Fluor™ 647 (AF647) (both from Invitrogen ™ by Thermo Fisher
Scienti c, USA) or Atto 647N (ATTO-TEC GmbH, Germany) acting as an acceptor dye.
The excitation and emission spectra of all dyes, as well as the molecular structures of the
uorophores, are shown in Figure 3.2. The quantum yield and lifetime, as well as other
features of each uorophore are provided by the manufacturers and are summarized in Table
3.4.

Fluorescence Labeling

Fluorescent labeling of the proteins was performed via crosslinking of uorescent maleimide-
dyes to cysteine-mutants (see Figure 2.6 bottom). Alexa Fluof™ 488 G5 maleimid, Alexa
Fluor™ 647 G maleimid and Atto 647N maleimid were used to label the EsxB-like proteins
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Figure 3.2: Fluorescent dyes used in this work. The excitation spectra (dashed line),
emission spectra (solid line) and molecular structure of all uorescent dyes used in this work
are shown. Regarding the use as a FRET pair, AF488 acted as a donor dye (green), and
either AF647 or Atto647N acted as an acceptor dye (red). In the chemical structures, RG
marks the location of the respective reactive group used for protein labeling.

in complex with their respective wildtype EsxA-like partner. For this, the cysteine mutant
complex (in PBS, pH 7.4) was mixed with a ten-fold molar excess of TCEP to reduce any
disul de bonds and a four-fold molar excess of uorescent dye in a total reaction volume
of 0.5 ml to 1 ml. The mixture was incubated, slowly rotating, at 4 °C for at least 12
hours. Subsequently, the protein complex was dissociated into monomers as described before
(see Section 3.1.3). The monomerization process, as well as the subsequent bu er change
with a desalting column (PD-10 column, GE Healthcare), ensured a clearance of any free
dye from the protein solution. Successful uorescent labeling was visualized by SDS-PAGE
and gel documentation in a custom-built device prior to gel staining. Labeling e ciencies
were estimated by recording a UV-Vis spectrum with a Nanodrop 1000M and calculating the
protein-dye ratio. For the calculation of the labeling e ciencies, the absorption contributions

of the uorescent dyes to (A2gg) were subtracted from the recorded value ofA gy and the molar
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Table 3.4: Fluorophore characteristics. Fluorescence quantum yield (), uorescence
lifetime ( ), wavelength of maximum absorption ( ex) and emission ( em), extinction co-
e cient at maximum absorption ( "( ex)), the absorption at 280 nm (Aogp and molecular
weight (MW) are listed for each uorophore with the respective maleimide modi cation.

Data provided by the manufacturers [149 151].

Fluorophore ns  ex/nm emm "( ex)yM 1 cm 1 Aogo MW/g mol 1
AF488 092 41 493 516 72,000 Q10 Ayo3 721
AF647 033 1.0 651 671 265000 004 Ags1 1300
Atto647N 065 35 646 664 150,000 Q05 Agge 868

extinction coe cients of maximum absorption ( "( ex)) were used accordingly to calculate the
molar concentrations (see Table 3.4). The concentration ratio of dye to protein was used as
an estimate for labeling e ciency.

3.3 CD Analysis

CD spectroscopy was used to analyze the folding behavior of the Esx monomers and com-
plexes under di erent pH conditions as well as temperature-dependent unfolding and refold-
ing. A J-715 spectropolarimeter from Jasco (JASCO Corporation, Japan) was used for the
experiments.

3.3.1 Sample Preparation

The concentration of the protein solutions was measured using a Nanodrop 1008, and
samples of 0.1 mg/ml to 1 mg/ml were used, depending on the sample. The protein concen-
tration was chosen in such a way that the High Tension (HT) voltage did not reach the limit

of 1000 V above a wavelength of 200 nm. Protein samples were in PBS (pH 7.4) or phosphate
buer (25 mM, pH 7.5).

3.3.2 Experimental Setup and Measurement Parameters

Nitrogen gas was used to purge air from the instrument optics. At least 20 minutes before
starting the experiments and for the duration of measurements, a nitrogen ow with a ow
rate of around 4 I/min was applied. Immediately before protein spectra were recorded, a
spectrum of the respective bu er was obtained, covering the same wavelength range as the
protein spectrum. Spectra were recorded between 190 nm and 240 nm or 250 nm with
increments of 0.1 nm in the continuous scanning mode. The scanning speed was set to
50 nm/min, and each spectrum resulted from an accumulation of three scans. Quartz glass
cuvettes from Hellma Analytics (Hellma GmbH & Co. KG, Germany) with 1 mm path length
and around 350 pl volume were used for all measurements. For temperature-dependent
measurements, the spectropolarimeter was equipped with the F 25 refrigerated & heating
circulator from Julabo (JULABO GmbH, Germany) and the PTC-348WI Peltier temperature
controller from Jasco (JASCO Corporation, Japan). The cuvettes were closed with a PTFE
stopper to prevent evaporation. The ellipticity at 222 nm was recorded during a temperature
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increase from 6°C to 96 °C and during a sequential temperature decrease from 98C to

6 °C (both in increments of 2 °C and with a temperature slope of 1°C/min), representing

a complete temperature cycle. Before and after a temperature cycle, a complete spectrum
from 190 nm to 250 nm was obtained in order to investigate the refolding capacity of the
protein sample after heating and cooling.

3.3.3 Data Analysis
Data Processing

Raw data recorded by the spectropolarimeter were processed using custom-made scripts in
Igor Pro 9 (by WaveMetrics, USA). First, the values of the respective blank measurements
were subtracted from the spectra obtained from protein samples. Then, the curves were
converted from the recorded ellipticity at a speci ¢ wavelength () in mdeg to the mean
residue ellipticity (MRE or ygrw, ) in deg cm? dmol ! using the mean residue weight
(MRW) in &=mol (see Table 3.3), in deg, the optical pathway d of 0.1 cm and the protein
concentration ¢ of the solution in mg=mi in Equation (3.1). This normalizes the data regarding
the dierent protein concentrations, protein sizes, and amino acid compositions, allowing
di erent curves to be directly compared with each other.

MRW 100

MRE = —— (3.1)

Secondary Structure Determination

Two di erent web-based programs were used to interpret the obtained CD spectra for the
determination of the secondary structure. Using the DichroWeb server [152], the CD data
was analyzed using the Self-Consistent method, version 3 (SELCON3) [153]. This method
works with a basis set of proteins with known structure and CD spectra [147,154]. In this
work, reference set 4 was used, as it was optimized for the wavelength range used in the
experiments (190 nm to 250 nm), and results showed the best t with the lowest normalized
root mean square deviation (NRMSD). This reference set includes 43 soluble globular proteins
and results in the assignment of six structural components: regular helix, disordered helix,
regular sheet, disordered sheet, turn and unordered [155].

The BeStSel server [156] uses the Beta Structure Selection method, developed to distinguish
between parallel and antiparallel -sheets. With this method, eight di erent secondary struc-
ture components are de ned: regular helix, distorted helix, parallel -sheets, three types of
antiparallel -sheets with three di erent twists (left-handed, slightly right-handed and right-
handed twisted), turn and others. The analysis is based on an optimized set of 73 reference
proteins. Subsets of reference proteins and wavelength ranges are optimized for each sec-
ondary structure separately to provide the best prediction on the entire reference dataset.
While being able to distinguish di erent -sheet conformations, this method also shows high
reliability for -helices and low NRMSD values compared with other methods [156].

Temperature-dependent Measurements

The results of the temperature-dependent measurements were t with complex functions
based on the Gibbs-Helmholtz equation in order to determine the thermodynamics of un-
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folding [157]. The t of the ellipticity of a protein as a function of temperature allows the
determination of the van't Ho enthalpy H and entropy S of unfolding, the midpoint of
the unfolding transition T, and the free energy G of folding. Assuming there is only one
transition from a folded to an unfolded state, the data points can be tted with the following
equations:

= (Fr u)* u, with (3.2a)
K
_ | 3.2b
1+K ( )
K = el GIRT) (3.2c)
T T
G= H 1 Co Tw T)+T In — . (3.2d)
Tm Tm

Here, C;is the change in heat capacity between the folded and unfolded state of the protein
at constant pressure, g and y are the ellipticity of the fully folded and fully unfolded form,
respectively. The temperatureT is given as an absolute temperature in Kelvin, and R is the
gas constant @31 J K 1 mol 1). While the method of di erential scanning calorimetry
(DSC) allows direct estimation of the change in a protein's heat capacity during denaturation,
it is not possible to estimate this parameter from one single CD denaturing curve [120, 158].
Therefore, for initial calculations, C, is set equal to zero, simplifying the term (3.2d). If
a protein has (un)folding intermediates, meaning there are two or more transitions from the
folded to the unfolded form, the equations need to be extended. For two unfolding transitions,
the data points are t with the sum of two transitions as follows:

7=((ur yi)+(u2 y2)) (r u)+ u, (3-3)

where the term (u y) describes the fraction of either form with u, =1  uy while u; <u».
The factors y; and y, are de ned similar to in (3.2) as

y1 = 15; RV qdf, with
1 (3.4)
d=4cKy, f = p8cK2+l, g=4cKp+1.

The folding constant of the rst transition K, is de ned as in Equation (3.2), while K, is
extended by the molar protein concentration c:

H T H
o 1 , Kao=exp 2

Ki=exp oF 1)
m

RT T, 1 In(c). (3.5)

H1i, Tm1 and Hy, Tm2 are associated with the rst and second transition, respectively.

If employed for the data of a dimer, it is assumed that complex dissociation occurs at the
higher Tr,, which would make T,1 < T2 in Equation (3.5).
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vant Ho Analysis of Thermodynamic Parameters

A di erent approach to analyzing CD data of thermal unfolding is the van't Ho approach.
From the data points, it is relatively easy to obtain the fraction of folded protein ( ) at any
temperature, using ¢ and y, the ellipticity of the fully folded (F) and fully unfolded (U)
protein, respectively. Calculating the fraction by

F1 _ 1t u

= F1+0l (36)

with 1 being the recorded ellipticity at temperature T and considering that the binding
constant K is de ned as

K=t2= —— (3.7)

the binding constant at any temperature can be determined from the data. Combining the

van't Ho equation

d H
K = = (3.8)

with the equation for the Gibbs free energy isotherm reaction

G= RTInK (3.9)
and the relationship of
G= H T S (3.10)
we obtain H s
= -+ — )
InK =7t R’ (3.11)

with R being the natural gas constant (8:31J K 1 mol 1). This means, by calculating the
binding constant K at di erent temperatures and plotting the natural logarithm of it as a
function of 1=t in a so-calledvant Ho plot, the enthalpy H and entropy S of unfolding
can be calculated by a linear t. Looking at Equation (3.11) is becomes clear that the t's
slope multiplied with R equals the enthalpy and the t's intercept multiplied with R equals
the entropy of unfolding.

3.4 FRET Analysis

FRET experiments were performed using a custom-built confocal setup in the Institute of
Physics. Experiments were performed under single-molecule (sm) conditions to analyze the
binding, or rather folding behavior, of EsxB in the presence of di erent EsxA-like proteins.

3.4.1 Sample Preparation

The ideal sample concentration of the uorescently labeled protein was determined by viewing
the live auto-correlation curve. The protein concentration was adjusted so that the ampli-
tude of the correlation curve was between seven and ten. This precaution ensures that the
probability of having two uorescent proteins in focus simultaneously is extremely low (see
Section 2.4). Protein samples were diluted to the appropriate concentration using sm-PBS

44



CHAPTER 3. Materials and Methods 3.4. FRET Analysis

bu er (PBS with 1 mM TCEP, 100 pg/ml BSA, 0,001 % Tween, pH 7.4). Within each ex-
periment session, the concentration of the labeled protein was kept constant. When using
newly labeled batches of protein, however, the concentration was adjusted anew.

For the pH-dependent FRET measurements, phosphate-citrate bu ers were prepared accord-
ing to Table 3.5 and likewise supplemented with 1 mM TCEP, 100ug/ml BSA and 0,001 %
Tween.

Table 3.5: Composition of phosphate-citrate bu ers used for pH-dependent
SsmMFRET measurements.

concentration / mM
NagHPO4 citric acid

4 386 307
5 51:4 243
6 64:2 17.9
7 872 6.5

3.4.2 Experimental Setup and Measurement Parameters

The schematic construction of the confocal FRET setup can be seen in Figure 3.3. Two
lasers were used for the measurements: a NEWPORT 20 mW Cyan Laser CDRH (Spectra-
Physics, Canada) with the wavelength of 488 nm (the donor laser) and either a 640 OBIS
60 mW (Coherent®, USA) with the wavelength of 641 nm or a laser diode LDH-P-C-635
(PicoQuant, Germany) with a wavelength of 635 nm (the acceptor lasers). The beam of
the acceptor laser was Itered with a 635/10 cleanup Iter (ThorLabs, USA). After coupling
out of a single mode ber (Schéfter+Kirchho, Hamburg), the cumulative laser beam en-
tered an apochromatic objective (UPlanApo 4x/0,16, Olympus) and after passing through
an aperture is redirected by a z405/470/633 dichroic beam splitter (AHF, Analysetechnik
AG, Germany). The beam then passes a telecentric lens system with a 50m pinhole in the
focal point into the water immersion objective (CFI Plan Apo VC 60XC WI, Nikon). Protein
solutions were placed on PMMA-coated coverslips (22x22 mm, Carl Roth GmbH, Germany),
and focusing was achieved using a PZT-Servo controller (Physik Instrumente, Germany).
Fluorescence was collected by the same objective, the uorescence signals were spectrally
ltered using a 640DCXR dichroic beam splitter (Chroma Technology, USA) and band pass
lters ET525/50M and ET685/70M (both from ThorLabs, USA) for detecting the donor and
the acceptor signal, respectively. The signals were each focused onto the active area of an
avalanche photodiode (APD) (SPCM-AQR-14, Perkin-ElmerTM, Canada). The setup was
controlled by a custom-made LabView software (National Instruments, USA). Throughout
the FRET experiments, the intensity of the donor laser was adjusted to be around 4QuW,
and the acceptor laser was set to between W and 10 pW (depending on the laser in use).
This was achieved by using a power meter that could be inserted into the light path just
before the objective, and the intensity was measured according to the respective wavelength.
Measurements were conducted using pulsed overlaid excitation (POE) to ensure the use of
double-labeled protein species in the FRET-histogram in data analysis. For this, the Pico-
Quant laser diode was pulsed at 10 MHz with a pulse width of < 10 ns using a Picosecond
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Pulsed Diode Laser Driver (Sepia PDL 808, PicoQuant, Germany). When using the OBIS
laser, pulsing was created using a frequency generator setting a pulse length of 25 ns at 2
MHz. The donor laser of 488 nm was operated in continuous mode.

Figure 3.3: Schematic representation of the confocal FRET setup. Donor laser :
488 nm, blue and Acceptor laser: 640 nm, red are shown towards the bottom left. M:
mirror, LS: laser shutter, FC: ber coupling, SMF: single-mode ber, AP: aperture, DM:
dichroic mirror, TL: telecentric lens, PH: pinhole, PM: power meter, OBJ: objective, CS:
cover slip, BS: beam splitter, AL: achromatic lens, APD: avalanche photodiodes. Figure
used by courtesy of Kim C. Reiter.

3.4.3 Titration Measurements

Double-labeled EsxB-AF488-AF647 and the unlabeled monomers EsxA and EsxT were
brought into smPBS. The concentration of EsxB-AF488-AF647 remained constant through-
out an experiment session while increasing amounts of EsxA-like binding partners were added
to each new mixture. Prior to the measurement, the mixture was heated at 72°C for two
minutes in a heat block to provoke unfolding. Depending on the experiment, photons were
recorded for between 30 minutes and 8 hours.

3.4.4 smFRET under Crosslinking Conditions

Interaction and/or binding of two proteins is strongly dependent on the concentration of either
partner and their a nity (see Section 2.2.2). Under single-molecule (sm) conditions with
very low protein concentrations of at least one partner, the analysis of binding kinetics can
be challenging. Therefore, chemical crosslinking was combined with FRET measurements in
order to visualize protein interaction in concentration ranges below itsK 4 value. For this, the
respective proteins were heated at 72C for two minutes in a heat block to provoke unfolding
and mixed with EDC and NHS as described in Section 3.2.1. Right after mixing the protein
solution with the crosslinking reagents, the FRET measurements were performed over the
course of four hours. The native binding partner EsxA, as well as the EsxA-like protein EsxT
from ESX-4, were each mixed with the double-labeled EsxB prior to crosslinking and FRET
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measurement. To analyze the intramolecular crosslinking capability of the monomer itself,
EsxB was mixed with NHS and EDC and measured as a control.

3.4.5 Data Analysis

Donor and Acceptor emission (DonEm and AccEm) is detected by one avalanche photon
diode (APD) each. Each detected photon has two time tags : a Microtime-tag, which refers
to the delay time after the red laser pulse, and a Macrotime-tag, which refers to the time
point of the experiment when the photon was detected. This information is saved in a .t3r

le, which is loaded and analyzed with custom-made macros in Igor Pro 9 (WaveMetrics,
USA). The data analysis and processing is schematically represented in Figure 3.4 and shall
be brie y explained here. With the custom-made macros, every detected photon is binned
and histogramed in two di erent aspects, one concerning the Microtime and the other con-
cerning the Macrotime. For the Microtime-histogram, the photons are sorted into bins of
35 ns within a time window of 100 ns, which is the time window between two pulses of
10 MHz. For the Macrotime-histogram, the photons are binned in 1 ms increments over the
whole duration of the measurement. The Microtime window (100 ns) is divided into two time-
ranges, one representing the acceptor excitation (AccEx) and the other the donor excitation
(DonEx). Then, each photon is sorted into one of four time-traces, depending on the exci-
tation time window (Microtime-tag) and the emission detection as either donor or acceptor
signal: DonEx/AccEm (DA), DonEx/DonEm (DD), AccEx/AccEm (AA), AccEx/DonEm

(AD). All four time traces are synchronized, meaning every time point of the Macrotime is
present in each time trace. Next, each of the time traces is corrected for the background
signal by subtracting the average signal of a bu er measurement. Furthermore, the in uence
of the donor excitation caused by continuous wave donor laser during POE needs to be ad-
dressed. If FRET occurs, acceptor emission can be elicited by donor excitation. When using
POE, there is a continuous donor excitation, even during the acceptor laser pulse. Hence,
the acceptor signal detected in the acceptor excitation time window can theoretically not
fully be attributed to the acceptor laser pulse if FRET occurs. Hence, the AA time trace
is corrected to better represent the acceptor emission evoked by acceptor excitation. Since
the window length of the acceptor excitation is only about one-third of that of the donor
excitation, only a fraction of 0.34 of DA is subtracted from the AA time trace. Lastly, if
the quantum yield of the uorophores and the detection e ciencies of the optical and elec-
tronic setup di er, this, too, needs to be corrected. For this, each uorophore has a factor ,
consisting of its quantum vyield and the measured detection e ciency. The time traces DD
and AD are multiplied with the ratio of these factors A=, to correct for these di erences.
Now that the data has been thoroughly corrected, there are two thresholds to be set in order
to select the correct meaning relevant photon bins for FRET calculations. The relevant
protein species for FRET experiments are only double-labeled molecules carrying both an
acceptor and a donor uorophore. To ensure the presence of an acceptor dye in the detected
focused molecule, thereby eliminating donor-only forms, an acceptor threshold is selected and
applied in the AA time trace. Further, to eliminate very low signals and background signals,

a sum threshold is set, which refers to the sum of photons detected in the traces DD and DA.
Only if both thresholds are passed will the corresponding signals of DD and DA be used to
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calculate the FRET E ciency Et with

DA

Er= ——~
"~ DA+ DD

(3.12)
and visualized in a histogram. The corresponding bins in DD, DA and AA are further used
to calculate the stoichiometry S with

_ DA+DD
"~ AA + DA + DD

S (3.13)
to verify the use of double-labeled protein species in the FRET histogram. If a protein carries
both uorophores, in an ideal case, each uorophore will emit signals of the same intensity
(DonEm = AccEm). As the donor signal is decreased if FRET occurs, the true donor signal
consists of DD + DA. If the observed species were D-only, the value of S would be 1 according
to Equation (3.13). In the ideal case of DonEm = AccEm, the signal of AA would be the
same as the true donor signal (DA+DD), resulting in a value of 0.5 for S. The apparent
distance between the uorescent dyes can be calculated from the resulting FRET e ciency.
For this, a Gauss curve is t onto the peaks in the FRET histograms. The x-value of the t
curves maximum is used as the average FRET e ciency and used in the following equation
to calculate the distance between dyes:

s

6

r= 1 Ro (3.14)

1
Et

with Rg being the FRET-pair dependent Forster radius (see Figure 3.5).
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Figure 3.4: Overview of FRET data recording and analysis. A Data is recorded
with POE: donor laser (cyan) is operated under continuous wave mode, acceptor laser
(red) is pulsed at 10 MHz. Donor (Don) and Acceptor (Acc) emission (Em) are detected
by one APD each. Each photon has two time tags: the Microtime-tag refers to the de-
lay time after the red laser pulse, and the Macrotime-tag refers to the photon arrival time
during the experiment. B Every detected photon is sorted into 35 ps bins and histogramed
according to its Microtime-tag and sorted into 1 ms bins for Macrotime-histograming. The
Microtime window is divided into two time-ranges: one representing the acceptor excitation
(AccEx) and the other the donor excitation (DonEx). Photons are then sorted according
to their Microtime-tags from two time-traces (DonEm, AccEm) into four (DonEx/AccEm,
DonEx/DonEm, AccEx/AccEm, AccEx/DonEm). C Data is corrected for background sig-
nal (yellow), for DonEx during POE (blue), and for the di erence in quantum yields of uo-
rophores and di erent detection e ciencies by the setup (purple). An acceptor threshold is
selected, which is applied in the AccEx/AccEm time trace, and a sum threshold is set, which
refers to the sum of photons detected in the traces DonEx/DonEm and DonEx/AccEm. D
The FRET e ciency (E) is calculated by using only those bins that ful Il both thresholds
and calculating the ratio between acceptor (A) and donor (D) signal, which are taken from
both DonEx traces. The value of the stoichiometry S corresponds to the uorophore label-
ing of the protein species included in the FRET histogram, with a value of 1 representing
donor-only (D) labeled protein and a double-labeled (AD) protein showing a value of 0.5.

Figure 3.5: Characteristics of each FRET-pair using AF488 as a donor (D) and

either AF647 or Atto647N as an acceptor (A). The graph on the left shows the FRET

E ciency (E) depending on the distance between D and A (rpp ). The shaded area marks
the region where E is almost a linear function ofr p 5 , meaning that the detection of distance

changes in this area is most sensitive. The table on the right lists the Foérster distance
(Rp) and the overlap integral (J) for each DA-pair. Rq values provided by manufacturers

[149 151], J calculated using the FPbase FRET Calculator online tool [159].
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Chapter 4
Results

4.1 Protein Puri cation

Five di erent Esx protein pairs were puri ed in the course of this work, as listed in Table
4.1. While some could be abundantly expressed and easily puri ed (EsxB/A and EsxF/E),
others proved to be more challenging (EsxU/T).

Table 4.1: List of puri ed Esx-complexes and yield. The puri ed Esx-complexes are
listed alongside the approximate yield of protein in mg per liter of bacterial culture.

Protein complex ESX-cluster yield
EsxB/A ESX-1 160 mg/l
EsxD/C ESX-2 1.0 mgl/l
EsxG/H ESX-3 05 mgll
EsxU/T ESX-4 1.5 mgll
EsxF/E - - 3.0 mg/l

This section will focus on insights gained during the puri cation process of certain complexes.
Speci cally, the analysis of the steps of lysate preparation suggested a membrane-association
of EsxU/T. Further, the analysis of puri cation steps with SEC of EsxF/E and EsxT/U hinted

at the presence of homo-multimers of the EsxB-like proteins EsxF and EsxU. For comparison,
Figure 4.1 shows the typical results of puri cation of Hisg-EsxB/A (ESX-1) with IMAC and
SEC. Figure 4.2 shows an exemplary SDS-PAGE result of three di erent puri ed complexes
and their respective monomers. The result shows a very distinctive pattern and running
behavior of the proteins, despite being of almost identical molecular weight.
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Figure 4.1: Typical puri cation process of EsxB/A from ESX-1. The left part
shows the results of IMAC puri cation of Hisg-EsxB/A. L: bacterial lysate; S and P: su-
pernatant and pellet of centrifuged lysate, respectively; E: elution fractions. The right part
shows a typical chromatogram of SEC puri cation of Hisg-EsxB/A. Aogqg absorption at
280 nm, elution fractions are indicated in blue, asterisks mark the fractions analyzed with
SDS-PAGE, and the results of the SDS-PAGE of samples corresponding to the marked frac-
tions are included.

Protein MW / kDa
Hisg-EsxB 131
EsxA 9.9
Hisg-EsxD 134
EsxC 9:9
Hisg-EsxU 158
EsxT 111

Figure 4.2: Dierent puri ed Esx complexes and their respective monomers af-

ter dissociation. 17 % SDS-Page gel with lane M being the marker of annotated apparent
sizes in kDa. The actual molecular weight (MW) of the monomers from ESX-1, ESX-2 and
ESX-4 are listed in the table on the right.

4.1.1 Detection of Apparent Homo-multimers Consisting Solely of EsxF

A typical purication of EsxF/E using IMAC and SEC columns is shown in Figure 4.3.
Puri cation of Hisg-EsSXF/E proved to be comparatively high-yield (approximately 3 mg
protein/l of bacterial culture). The IMAC puri cation routinely showed a contamination of
around 60 kDa. However, this could be detected regardless of the Esx-complex (see Figures 4.1
and 4.3) and was identi ed by mass spectrometry as theM. smegmatis chaperone GroEL.
Performing SEC with the HiLoad 16/60 Superdex 75 pg column, it was observed that elution

of the Hisg-EsXF/E complex peaked at an elution volume (V) of around 73 ml (see Figure 4.3,;
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SEC puri cation, fractions D2-D6). This V¢ corresponds to globular proteins of the size of
around 50 kDa, according to the calibration curve (see Appendix Figure A.1). A distinct
peak of a much lower amplitude was observed just before the elution of the complex, with
its center at a Ve of around 63 ml (see Figure 4.3; SEC puri cation, fractions C9-C11).
According to the calibration curve of the column, any peaks appearing below 66 ml contain
proteins with sizes above the upper separation limit of 70 kDa (referring to globular proteins).
When analyzing samples taken from these fractions with SDS-PAGE, only one band could be
detected, corresponding to the band of EsxF (EsxB-like). A subsequent mass-spectrometric
analysis showed the band consists solely dlisg-EsxF (Appendix).

Figure 4.3: Puri cation of the orphan complex EsxF/E. The left part shows the
results of IMAC puri cation of Hisg-ESxF/E. S and P: supernatant and pellet of centrifuged
lysate, respectively; E: elution fractions. The right part shows a typical chromatogram
of SEC puri cation of Hisg-EsxF/E. Asgny absorption at 280 nm, elution fractions are
indicated in blue, asterisks mark the fractions analyzed with SDS-PAGE, and the results of
the SDS-PAGE of samples corresponding to the marked fractions are included.

4.1.2 Indication of Membrane-association of EsxU/T and of Formation of
Homo-multimers by EsxU

The typical puri cation process of EsxT/U is shown in Figure 4.4. The puri cation of recom-
binant Hisg-EsxU/T was relatively low yield, with around 1 mg to 2 mg of protein per liter of
bacterial culture. In Figure 4.4 it can be clearly seen that during the preparation of the bacte-
rial lysate, a notably large amount of EsxU/T remains in the pellet after centrifugation when
using the standard Lysis Bu er, which was used for puri cation of all other Esx-complexes
(Figure 4.4; IMAC puri cation, left). However, increasing the concentration of urea from 1 M
to 3 M and supplementing the bu er with 0.1 % Triton-X-100 visibly increased the amount
of soluble EsxU/T in the supernatant (Figure 4.4; IMAC puri cation, right) and almost dou-
bled the amount of puri ed protein from around 0.8 mg protein/l bacterial culture to about
1.8 mg protein/l bacterial culture. Performing SEC with the HiLoad 16/60 Superdex 75 pg
column, it was observed that elution of the Hisg-EsxU/T complex peaked at a V¢ of around
75 ml (Figure 4.4; SEC puri cation, fractions D1-D7). This V. is comparable with globular
proteins of the apparent size of around 45 kDa, according to the calibration curve (see Ap-
pendix Figure A.1). A distinct peak of a lower amplitude was observed before the elution
of the complex, with its center at a V¢ of around 46 ml (see Figure 4.3; SEC puri cation,
fractions B10-C2). As mentioned before, any peaks appearing below 66 ml contain proteins

53



4.2. Crosslinking Experiments CHAPTER 4. Results

above the upper separation limit of 70 kDa (referring to globular proteins). When analyzing
samples taken from this peak with SDS-PAGE, only one band became visible, corresponding
to that of the EsxB-like Hisg-EsxU.

Figure 4.4: Puri cation of the complex EsxU/T from ESXA4. The left part shows
the results of IMAC puri cation of Hisg-EsxU/T using either the standard Lysis Bu er (left)

or a Lysis Bu er containing 3 M urea and 0.1 % Triton-X-100 (right). L: bacterial lysate;

S and P: supernatant and pellet of centrifuged lysate, respectively; E: elution fractions.
The right part shows a typical chromatogram of SEC puri cation of Hisg-EsxU/T. Asg
absorption at 280 nm, elution fractions are indicated in blue, asterisks mark the fractions
analyzed with SDS-PAGE, and the results of the SDS-PAGE of samples corresponding to
the marked fractions are included.

4.2 Crosslinking Experiments

Chemical crosslinking experiments were conducted to get an overview of the possibilities of
inter-loci complex formation. Puri ed monomers of ESX-1 (EsxB and EsxA), ESX-2 (EsxD
and EsxC), ESX-3 (EsxG and EsxH), and the orphan proteins EsxF and EsxE were com-
bined in roughly equimolar amounts and mixed with the crosslinking reagents NHS and EDC
(for detailed experiment method see Section 3.2.1). The presence of a complex resulting
from interacting monomers was analyzed by SDS-PAGE. Figure 4.5 shows that all conducted
inter-loci combinations of EsxB-like with EsxA-like monomers treated with the crosslinking
reagents show some form of covalently linked complex. For the correct interpretation of
these results, it is important to examine the behavior of single monomers when mixed with
crosslinking reagents without a potential binding partner to evaluate homo-complex forma-
tion. Given the insights gained from the puri cation steps, the focus was on the orphan
monomers EsxF and EsxE (Figure 4.6) and EsxU and EsxT from ESX-4 (Figure 4.7).

54



CHAPTER 4. Results 4.2. Crosslinking Experiments
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Figure 4.5: Crosslinking experiments with di [efent Esx proteins. 17 % SDS-Page
gels with lanes M being the marker of annotated apparent sizes in kDa. For the chemical
crosslinking experiments, A EsxB from ESX-1 was combined with its wildtype binding
partner EsxA and EsxA-like proteins from ESX-2, ESX-3 and the orphan EsxE, B the
EsxB-like protein EsxD from ESX-2 was combined with its wildtype binding partner EsxC
and the EsxA(-like) proteins from ESX-1, ESX-3 and the orphan EsxE, C the EsxB-like
protein EsxG from ESX-3 was combined with its wildtype binding partner EsxH and the
EsxA(-like) proteins from ESX-1, ESX-2 and the orphan EsxE and D the EsxB-like protein
EsxF was combined with its wildtype binding partner EsxE and the EsxA(-like) proteins
from ESX1, ESX-2 and ESX-3. The black dot marks the higher band; the arrowhead
marks the lower band in the lane, showing EsxF cross-linked with EsxE, with the blank dot
marking the crosslinking bands in the other lanes.

The crosslinking results shown in Figures D and [£.6] suggest that the EsxB-like EsxF
forms both, a heterodimeric complex with EsxE as well as a homo-oligomer with a slightly
higher apparent weight (arrowhead and black dot, respectively). Since the EsxB-like protein
partners are always slightly larger (EsxF: = 12.7 kDa, EsxE: = 9.5 kDa), this seems plausible.
These results support the findings of the SEC presented in the preceding section, where,
under native conditions, a protein species consisting of only EsxF of a larger size than the
heterodimeric EsxF/E complex was observed, suggesting the presence of a homodimeric or
homo-oligomeric EsxF complex. Thus, extra bands of higher apparent weight observed in the
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