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ZUSAMMENFASSUNG

C Zusammenfassung

Kryo-Elektronentomographie (CET) in Kombination mit 3D Klassifizierung und Mittelung ist
eine leistungsfahige Methode zur Analyse der Struktur und Interaktion von makromolekularen
Komplexen in ihrer nattrlichen Umgebung. Am Beispiel des Porins MspA aus Mycobcaterium
smegmatis zeigt diese Arbeit mit welchem Ergebnis Kryopréparation, adaptierte
Datenakquisition sowie die fortentwickelte Analyse und Rekonstruktion der Daten flr die in situ
Untersuchung von Membranproteinen mittlerer GréRe angewendet werden kann. Neben den
strukturellen Aspekten werden aulerdem  funktionelle Eigenschaften von membran-
eingebettetem MspA untersucht.

Zunachst galt das Interesse der naturlichen Umgebung von MspA, der Klarung der in situ
Struktur der mycobakteriellen Zellhille. Bis dahin bestehende Modelle nahmen als duRere
Membran eine dicke asymmetrische Doppelschicht an, welche sich jedoch nicht mit der
Kristallstruktur von MspA in Einklang bringen lieB. CET sowie die Untersuchung von
ultradlinnen, vitrifizierten Kryoschnitten von M. smegmatis, Mycobacterium bovis BCG und
Corynebacterium glutamicum enthillten die native Organisation der Zellwand und identifizierten
die aufere Schicht als morphologisch symmetrischen Bilayer. Verbesserte Modelle der

mycobakteriellen duReren Membran werden vorgeschlagen und diskutiert.

Auf Grund der Abmessungen von mycobakteriellen Zellen ist das Verringern der Probendicke
unumgéanglich wenn MspA mittels CET in situ analysiert werden soll. Kompressionsartefakte
schranken die Nutzbarkeit von Kryoschnitten fir hochaufldsende Tomographie erheblich ein.
Ein alternativer Ansatz ist die Verwendung eines fokussierten lonenstrahls (FIB) um die
eingefrorenen Proben durch Atzungauszudiinnen. Verschiedene ,Milling* Geometrien wurden
getestet, wobei sich eine Keilform als am besten geeignet herausstellte. 3D Rekonstruktionen
von entsprechend praparierten M. smegmatis Zellen zeigen eine deformationsfreie Erhaltung der
Struktur und einen bisher unerreichten Grad an Details. ,FIB-Milling® erweist sich als
vielversprechende Methode um die fur verléssliche in situ Studien mittels CET benétige hohe

Qualitat der Probenpréparation zu erreichen.

Vil
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Fur die Entwicklung eines Datenaufnahmeschemas welches letzlich auf die Abbildung von
Membranproteinen in ihrem natiirlichen Kontext angewendet werden kann, wurde MspA in die
Membran von definierten Lipidvesikeln rekonstitutiert. Eine neue Methode zur Korrektur der
Kontrasttransferfunktion (CTF) in Projektionen von Kippserien verbesserte die durch Mittelung
von Subtomogrammen erreichte Auflésung erheblich. Der membrandurchspannende Bereich von
MspA st deutlich aufgeldst und kann von der umgebenden Lipiddoppelschicht unterschieden
werden. Die Ergebnisse stellen eine methodische Erweiterung der Kryo-Elektronentomographie

dar, welche generell fur eine Analyse von Membranproteinen eingesetzt werden kann.

Die Struktur von MspA unterscheidet sich von der klassischer Porine und ist wegen ihrer hohen
Symmetrie besonders fir die Untersuchung funktioneller Aspekte der lonen- und
Substrattranslokation geeignet. Die Auswirkungen geladener Reste im Inneren der Pore und der
periplasmatischen Doméne wurden durch Konstruktion entsprechender Mutanten anhand von
Leitfahigkeitsmessungen in planaren Lipidmembranen analysiert. Die Entfernung der Ladungen
reduzierte die Eigenschaft des spannungsabhéngigen SchlieBens deutlich, wéhrend die
zusétzliche Deletion des periplasmatischen Loops die Frequenz von SchlieR- und
Offnungsereignissen  wieder  erhéhte. Die  Ergebnisse  werden  hinsichtlich  des
Schliemechanismus und gegenwartig vorgeschlagener biotechnischer Anwendungen diskutiert.



SUMMARY

D Summary

Cryo-electron tomography (CET) combined with 3D image classification and averaging becomes
an increasingly powerful method aiming at the analysis of the structure and interactions of
macromolecular complexes in their natural context. By means of the porin MspA from
Mycobacterium smegmatis this study evaluates to what extent cryopreparation, adapted data
acquisition and further developed data analysis and reconstruction can be applied to the in situ
analysis of medium sized membrane proteins. Furthermore, besides the structural investigations,

functional properties of membrane-embedded MspA are assessed.

The first point of interest was the natural environment of MspA, the in situ structure of the
mycobacterial cell envelope. The models at that time assumed the outer membrane to be a thick
assymetrical bilayer, an arrangement which did not fully accommodate to the crystal structure of
MspA. CET and the investigation of ultrathin frozen-hydrated cryosections of M. smegmatis,
Mycobacterium bovis BCG and Corynebacterium glutamicum revealed the native organization
of the cell envelope and identified the outermost layer as a morphologically symmetrical bilayer.
Revised models of the structure of the mycobacterial outer membrane are proposed and

discussed.

The dimensions of mycobacterial cells make thinning a prerequisite to analyze MspA in situ by
CET. Compression artifacts severely hamper the usability of cryosections for high resolution
tomography. An alternative approach is the use of focused ion beam (FIB) instrumentation.
Different milling approaches were tested resulting in a wedge-shaped preparation as the most
useful. 3D reconstructions of accordingly prepared M. smegmatis cells indicate a deformation-
free structural preservation and a so far unmatched level of detail. Sample preparation by FIB-
milling holds great promise to achieve the high quality which is needed for reliable in situ studies
by CET.

To develop a data acquisition scheme aiming at resolution of membrane proteins in their natural
context by CET, purified MspA was reconstituted into the membrane of defined lipid vesicles. A

novel method for correction of the contrast transfer function in projections of tilt series
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significantly improved the resolution of the structure as obtained by sub-tomogram alignment
and averaging. The transmembrane domain of MspA is clearly resolved and distinguishable from
the surrounding lipid bilayer. The results present a methodical extension of CET that can be
adapted to the analysis of membrane proteins in general.

The structure of MspA differs from those of classical porins and, due to its high symmetry, is
particularly suited for the investigation of functional aspects of ion- and substrate translocation.
The impact of charged amino acids inside the pore and of the periplasmic domain was assessed
by constructing appropriate mutants and analyzing their conductivity behavior in planar lipid
bilayers. Removing the charges resulted in pores that remained stably ,open’ up to higher
voltages compared to the wild type, while additional deletion of the periplasmic loop increased
the frequency of closing- and opening events again. The results are discussed with regard to the

closing mechanism and currently suggested biotechnical applications.

Xl






INTRODUCTION

1 Introduction

1.1 The genus Mycobacterium

1.1.1 Taxonomy

Mycobacteria are aerophilic bacteria with a high GC content of up to 70%. The bacteria are rod-
shaped with uneven formed branched cells and show mostly rough colony morphology. They are
non-motile organisms and are characterized by their acid-fastness. Taxonomically, mycobacteria
belong to the genus Mycobacterium, which is the only genus within the family of
Mycobacteriaceae in the order Actinomycetales. Actinomycetes include the members of the
Corynebacterium, Mycobacterium and Nocardia (CMN) group and are the only microorganisms
able to synthesize mycolic acids (Rastogi et al., 2001). Among the respective genera the length
of the mycolic acids varies; mycobacteria synthesize the longest molecules with up to 90 carbon
atoms (Barry et al., 1998). These extraordinarily long fatty acids are held responsible for the
acid-fastness of the bacteria. According to 16S ribosomal RNA sequence analyses, mycobacteria
are members of the gram-positive branch of Bacteria (Pitulle et al., 1992). However, a genome-
based phylogeny analysis suggests that mycobacteria are in closer evolutionary neighborhood to
gram-negative bacteria (Fu and Fu-Liu, 2002), what is also supported by 12S ribosomal protein
sequence analysis (Gupta, 1998). The species of Mycobacterium (Hartmans et al., 2004) are
phylogenetically separated in slow- and fast-growing bacteria (Rogall et al., 1990). Fast-growing
species with generation times of less than 5 hours are generally non-pathogenic and saprophytic
soil or water dwellers such as Mycobacterium smegmatis, M. phlei or M. chelonae. Slow-
growing strains have generation times of 20 hours and longer and include many pathogens
known to cause serious diseases in mammals, especially M. tuberculosis, the causative agent of

tuberculosis (TB) and M. leprae, the agent of leprosy.
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Figure 1: Morphology of M. smegmatis. Left: false colored scanning electron micrograph of M. smegmatis cells.
Center: typical colony morphology of M. smegmatis mc?155 grown on 7H10 solid media. Right: biofilm formation
of M. smegmatis mc“155 growing on liquid.

1.1.2 Medical relevance of mycobacteria

Since long before their discovery and characterization by Robert Koch in 1882 (Koch, 1882)
mycobacteria pose a major health burden to mankind. There were an estimated nine million
incidences of TB in 2004 with two million people dying due to an infection with M. tuberculosis
per year (WHO, 2009). According to a study of the World Health Organization (WHQO), one-
third of the world’s population is infected with M. tuberculosis with an infection occurring every
second, and a predicted number of more than one billion new infections by 2020 (WHO, 2006).
Infections often remain unrecognized as the bacteria are capable of adapting to prolonged
periods of dormancy in tissues (Honer zu Bentrup and Russell, 2001; Parrish et al., 1998),
leading to an asymptomatic infection, the so called latent disease (Gupta and Chatterji, 2005).
The ability of M. tuberculosis to remain dormant without any obvious symptoms encapsulated in
granulomas in the host for years (Russell, 2001) is likely based on the ability to shift down into a
non-replicating state (Wayne and Hayes, 1996). Individuals harboring latent M. tuberculosis
have a 5 to 10% risk to develop active disease at some time during their life when the immune
system is perturbed by ageing, malnutrition or other diseases (Gupta and Chatterji, 2005), while
this risk is highly increased after the onset of HIV (Parrish et al., 1998).
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Due to its special architecture, the mycobacterial cell wall is a very effective permeability
barrier. Diffusion of cephaloridin, a hydrophilic B-lactam antibiotic, through the cell wall of
mycobacteria is 100 to 1000 times slower than through the cell wall of Escherichia coli
(Stephan et al., 2005). Thus, treatment of mycobacterial infections is difficult, since the special
cell wall renders the bacteria intrinsically resistant to a multitude of antibiotics (Nikaido, 1994).
Fully susceptible tuberculosis is curable with a consequent treatment with up to four different
drugs for six months (Espinal et al., 2000). This led to a decrease of the disease in the
industrialized countries and consequently less new infections. However, by an increased
immigration from countries with bad healthcare, new infections reoccur also in industrialized
nations (Rieder et al., 1994). The problem is enhanced by a raising number of multidrug-resistant
(MDR) strains (Bleed, 2001) not responding to the first-line antibiotics rifampicin and isoniazid.
In 2007, more than 20,000 verified cases of MDR-TB were reported worldwide (WHO, 2009).
Since several years, the emergence of extensively drug-resistant (XDR) strains is reported. Those
bacteria are not only resistant against rifampicin and isoniazid but also lost susceptibility against
at least three classes of second-line drugs. Therapy of XDR-TB is extremely tedious and
complicated and raises concerns of a future epidemic of virtually untreatable tuberculosis (Lawn
and Wilkinson, 2006).

)° /)  Estimated number of
~, new TB cases (all forms)

0-999
1000-9999

10 000-99 999
100 000-999 999
21000 000

No estimate &

il (] Y

Figure 2: Estimated number of new tuberculosis cases, 2007, by country (WHO, 2009).
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1.2 The global architecture of the mycobacterial cell envelope

The cell wall is an inevitable structure for mycobacteria because inhibition of the production of
some of its constituents, e.g., mycolic acids and arabinogalactan, kills the cells. The cell
envelope and its constituents control the transfer of materials into and out of the mycobacterium.
A major discovery of the last decade has been the demonstration of the notably low permeability
of mycobacteria to nutrients and antibacterial drugs, which slows down the growth of
mycobacteria and impedes the treatment of mycobacterial infections. The permeability of
mycobacterial cell walls is 10- to 100-fold lower than that of the notably ‘impermeable’
Pseudomonas aeruginosa (Jarlier and Nikaido, 1990). This property is explained by the special
structure and composition of the cell envelope of mycobacteria and related microorganisms of
the CMN-group. There is a controversial discussion about the affiliation of mycobacteria to
gram-positive or gram-negative bacteria (Fu and Fu-Liu, 2002; Pitulle et al., 1992). Importantly,
the chemical nature of the envelope is different from those of both groups of bacteria; the lipid
content of the cell envelope of mycobacteria represents up to 40% of the cell dry mass, compared
to less than 5% in other gram-positive bacteria and only 10% in gram-negative bacteria (Brennan
and Goren, 1979). The abundance of lipids is also reflected in the genome of mycobacteria: 225
genes of M. tuberculosis are involved in lipid metabolism, compared to 50 genes for E. coli,
while both bacteria have genomes of comparable size (Cole et al., 1998). Among the enormous
variety of these lipids (Brennan and Nikaido, 1995) are extraordinary long fatty acids, the
myecolic acids (Fig. 3 A). They are a typical feature of the actinomycetes and account for 30% to
40% of the cell envelope mass (Rastogi et al., 2001). The mycolic acids are covalently linked to
peptidoglycan via an arabinogalactan polymer. In a typical arrangement, the peptidoglycan
network is substituted by linear galactan molecules, which bear several branched arabinose
chains. These end in four arabinose dimers, each forming the head group for two mycolic acid
molecules (Crick et al., 2001). This huge mycolic acid-arabinogalactan-peptidoglycan polymer is
arranged to form a hydrophobic layer with other lipids in addition to the cytoplasmic membrane
(Barry et al., 1998; Daffe and Draper, 1998; Nikaido et al., 1993). The unique structure of the
cell wall as well as the location and the arrangement of its constituents in mycobacteria is part of
numerous studies, but what still remains unclear is the architecture of the outermost layer of this

bulwark. In current models a layer of so called ‘extractable’ lipids is overlying the mycolic acids



INTRODUCTION

(Liu et al., 1995; Minnikin, 1991; Minnikin et al., 1982; Nikaido et al., 1993), thus forming an
asymmetrical outer ‘membrane’. The outer layer consists of a diversity of lipids, e.g., trehalose
dimycolate, phthiocerol dimycocerosates, lipooligosaccharides, sulpholipids, glycero
phospholipids and numerous others (Ortalo-Magne et al., 1996). According to Dmitriev and
coworkers, the mycolic acids underneath are packed parallel and dense and are aligned
perpendicular to the cytoplasmic membrane (2000). Conventional electron microscopical (EM)
preparations of mycobacterial cell walls revealed a thickness of approximately 10 nm for this
arrangement; thus, this outer ‘membrane’ would be much thicker than the cytoplasmic
membrane (Brennan and Nikaido, 1995). The cytoplasmic membrane of M. smegmatis is mainly
composed of cardiolipin, phosphatidylinositol and phosphatidylethanolamin (Jackson et al.,
2000). An overall view of the mycobacterial envelope is illustrated in Figure 3 B, which shows a
thin section transmission electron microscopical (TEM) image of a chemically fixed and
dehydrated M. smegmatis cell (Etienne et al., 2005) and provides interpretation of the electron
microscopic image. This thin section is representative of what is obtained by this technique with
other mycobacterial species, including pathogenic strains, whereas the mycobacterial cell wall
appears as a multilayered structure. However, sparse information is available about the ‘native’
structure of the outer layer. This is due to the fact that the various preparation techniques use
solvents that may extract more or less material. In addition, dehydration of formerly hydrated
cells affects the structure by shrinkage and distortion. For instance, in ultrathin sectioning, the
water in the fixed specimen is exchanged by solvents, causing collapse of structures that cannot
be cross-linked by fixatives, notably carbohydrates, which are important components of the
mycobacterial envelope (Daffe and Draper, 1998). Although the interpretation of microscopic
data is still speculative in detail, it is well established that:

- Mycobacteria are surrounded by a complex cell wall made of carbohydrates and lipids.

- The wall possesses a fundamental, covalently linked ‘cell-wall skeleton’ associated with a great
variety of non-covalently linked lipids and glycolipids (Daffe and Draper, 1998).

- Although not explicitly demonstrated, mycobacteria should possess a compartment analogous
to the periplasmic space in gram-negative bacteria (Daffe and Draper, 1998).

- Little is known about the architecture of the outer layer.
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Figure 3: A. Schematical structure of the mycolic acids in an elongated and folded conformation. (Villeneuve
et al., 2005; Villeneuve et al., 2007; Watanabe et al., 2002) B. Electron micrograph and schematic model of
the cell envelope of mycobacteria. Left: ultrathin section of M. smegmatis fixed with glutaraldehyde and lysine
buffer containing ruthenium red and postfixed with osmium tetroxide; bacteria were suspended in uranyl acetate,
and cells were embedded in agar before dehydration with ethanol (Etienne et al., 2005). Right: schematic
representation of the mycobacterial cell envelope, based on Minnikin (1991). The inner leaflet of the outer
membrane is composed of mycolic acids, wich are covalently bound to the arabinogalactan-peptidoglycan polymer
via their head groups. The outer leaflet is formed by a variety of extractable lipids (Ortalo-Magne et al., 1996).

The rigid character of the cell wall creates an efficient permeability barrier which protects
mycobacteria from environmental stress and limits access of many antibiotics. However, the
bacteria need to maintain an adequate nutrient supply. Hydrophobic compounds can traverse the
outer ‘membrane’ directly across the lipid bilayer, whereas hydrophilic molecules require a

special pathway. Transmembrane channels span the membrane and provide water-filled pores for
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passive diffusion of hydrophilic nutrients and waste products (Niederweis, 2003). They were first
described by Nakae in 1976 and named porins (1976).

1.3 The porin MspA of Mycobacterium smegmatis

In 1990, Jarlier and Nikaido postulated that there must be a hydrophilic channel in the outer
‘membrane‘ of mycobacteria to facilitate diffusion of small, lipophobic molecules (1990). Two
years later, Trias and coworkers analyzed the diffusion of sugars into lipid vesicles by using a
cell wall extract from Mycobacterium chelonae (1992). They purified a 59 kDa protein, which
showed channel activity in lipid bilayer experiments. This was the first description of a
mycobacterial porin. In M. tuberculosis, very few proteins of the outer membrane have been
identified to date. OmpATb was discovered as a protein with channel- forming properties and
was suggested to be a porin of M. tuberculosis (Raynaud et al., 2002). Though, its function as a
porin was put into question shortly after (Niederweis, 2003). Rv1698 was also identified as an
outer membrane protein with pore-forming activity (Siroy et al.,, 2008), however, its

physiological function in M. tuberculosis still needs to be clarified.

Unlike the rare knowledge about porins in M. tuberculosis, they are well analyzed in M.
smegmatis. The channel-forming characteristics of a crude cell wall extract were examined in
lipid bilayer experiments (Trias and Benz, 1994). A few vyears later, a 160 kDa protein was
purified from CHCIl3/MeOH-extracts of M. smegmatis cells, which showed very high channel-
forming activity with a single channel conductivity of 4.6 nS in 1 M KCI (Niederweis et al.,
1999). The respective gene was named mspA (Mycobacterium smegmatis porin A) and encodes a
184 amino acid protein plus an N-terminal signal sequence. Oligomeric MspA is extremely
stable against high temperatures, organic solvents and extreme pH conditions, unsurpassed by
any other porin known to date, and was shown to be cation selective (Heinz et al., 2003a). An
mspA deletion mutant was constructed to study the porin’s function in vivo.

Deletion of the gene reduced the cell wall permeability for cephaloridine and glucose nine- and
four-fold, respectively (Stahl et al., 2001), and the generation time in 7H9 medium was increased
from 3.3 to 4.3 hours (Stephan et al., 2005).
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Figure 4: Electron microscopy of MspA (Engelhardt et al.,
2002). A. An isolated cell wall fragment of M. smegmatis was
negatively stained with uranyl acetate. Pores in the cell wall
are filled with the stain and appear as black dots surrounded
by a bright ring indicating the pore protein. The inset
represents an enlarged area of 50 nm in size. (Scale bar: 100
nm.) B. — D. Averages of porin complexes extracted from
images of negatively stained cell wall fragments.

Furthermore, detergent extracts exhibited a significantly lower porin activity in lipid bilayer
experiments and, according to electron microscopic analysis, contained about fourfold less porin
than extracts of the wild-type (Engelhardt et al., 2002). These studies showed that MspA is the
major porin of M. smegmatis, and it was also the first experimental evidence that porins limit the
uptake of hydrophilic compounds (Stahl et al., 2001; Wolschendorf et al., 2007). Electron
microscopy also revealed that the outer membrane of M. smegmatis contains about 1000 protein
pores per pm?, which are about 50-fold fewer pores than in gram-negative bacteria (Engelhardt
et al., 2002). MspA has three paralogues in M. smegmatis, named MspB, MspC and MspD that
differ from the mature MspA protein in only 2, 4 and 18 amino acids, respectively. Their
expression and functionality as porins was demonstrated recently, whereas mspB and mspD seem
to act as backup porins as their expression is activated only upon deletion of mspA and mspC
(Stephan et al., 2005). Consecutive deletions of the corresponding porin genes decreased the
permeability of the cell wall and increased the resistance towards hydrophilic antibiotics
(Stephan et al., 2004a; Stephan et al., 2004b). Furthermore, sequence comparisons with mspA
identified one orthologue in M. chelonae and four in Mycobacterium. phlei (Niederweis, 2003).

In 2004, Faller and colleagues succeeded in solving the X-ray crystal structure of MspA (2004).
This report revealed an unusual porin structure that differs fundamentally from trimeric porins of
gram-negative bacteria. MspA consists of eight identical monomers forming a goblet with one
central hydrophilic pore (Fig. 5). It has a height of 96 A, an outer diameter of 88 A (widest area)
to 49 A (stem B-barrel) and a diameter of the pore that ranges from 48 A to 10 A at the ‘eyelet’,
the constriction zone at the bottom of the pore. This zone is composed of a double ring of
aspartic acids, with each monomer contributing two aspartic acids, D90 and D91. These might be

responsible for the cation selectivity of MspA (Hoffmann, 2005). Interestingly, this structure
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doesn’t accommodate the current models of the mycobacterial cell wall. The model assumes a
thickness of 10 nm for the outer cell wall layer, implying that MspA would be buried completely
in order to span the ‘membrane’. In porins of gram-negative bacteria, the membrane-spanning
domain consists of a central belt of non-polar residues bordered by girdles of aromatic amino
acids with a vertical separation of 2 - 2.5 nm (Cowan et al., 1992; Schulz, 1993). It has been
suggested that these aromatic residues are especially adapted to accommodate the abrupt change
of the dielectric properties at the acyl-water interface (Cowan et al., 1992), to shield the porin
against slow membrane movements (Schulz, 1993), and to mechanically stabilize the protein
(Kreusch and Schulz, 1994). Several aromatic surface residues were identified in MspA which
are oriented perpendicular to the ‘bilayer’ plane and may in principle provide the functions of
aromatic girdles as discussed above. Figure 5 B shows that the distance between the uppermost
and the lowermost of these girdles is only approximately 7.1 nm. Assuming that the protein
would be embedded completely, as implemented by the current model for the mycobacterial cell
wall, this would result in a ‘hydrophilic’ mismatch. Furthermore, in vivo labeling experiments
showed that residues between the aromatic girdles are protected from the hydrophilic label
whereas the region outside is accessible (Fig 5 B; (Mahfoud et al., 2006)).
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Figure 5: A. Structure of the octameric porin MspA from M. smegmatis. Each monomer is shown in a different
color. Left: Side view of MspA, which would be surrounded horizontally by the outer membrane. The upside is
extracellular, the downside ends in the periplasm. The goblet consists of a thick rim at the top, a B-barrel forms the
stem in the middle and the base at the bottom contains the periplasmic loops. Right: Top view of MspA. The
single channel is formed in the center of the octamer. B. Membrane topology of MspA as defined by surface
labeling of single cysteines (Mahfoud et al., 2006). The left side of the figure shows a surface model of the MspA
porin to visualize the protection of surface cysteines against biotinylation in vivo. Residues in dark and light green
have protection values less than 30% and 65%, respectively, when compared with biotinylation in vitro and are
defined as accessible. Residues in red have protection values of more than 80% and are considered as
inaccessible. The right side of the figure shows surface-exposed aromatic residues of MspA. Tryptophans are
colored red, tyrosines are colored green, and phenylalanines are colored blue.
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1.4 Aim of the thesis

The porin MspA is currently the only protein of the mycobacterial cell wall whose function has
been investigated in vitro and in vivo. Despite a number of studies it has remained unclear how
the natural environment of MspA is organized. The major reason is that classical methods of
electron microscopy have failed to preserve the bacterial cell envelope in its natural morphology
and that it has not been possible to image membrane proteins in 3D in situ.

The aim of this thesis is to evaluate to what extend cryopreparation of mycobacterial cells and
MspA, cryo-electron microscopy, and appropriate data analysis and reconstruction can be

applied to investigate MspA and its natural environment in situ.
The following tasks should be executed:

- Structural analysis and clarification of the in situ structure of the mycobacterial cell envelope
by means of cryo-electron tomography.

- Evaluation of the applicability of cryosectioning and FIB-preparation for cryo-electron micros-
copy of intact cells.

- Reconstitution of MspA in defined lipid membranes (vesicles) to work out and develop a data-
acquisition scheme for cryo-electron tomography, aiming at resolving MspA in situ as a model

for membrane proteins at molecular resolution.

MspA provides a particular suited structure to investigate functional aspects of ion and substrate
translocation. In this study, a set of mutant proteins are produced that should give clues as to the
understanding of voltage-depending gating of MspA.

11
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2 Cryo-electron microscopy and tomography

Cryo-electron tomography (CET) combines the resolving power of the electron microscope with
three-dimensional image reconstruction (Fig. 7 A) but with an important difference to
conventional electron microscopy of biological samples: the preservation of the specimen is by
rapid freezing. Avoiding crystallization of the water is mandatory for cryo-preparations, since ice
crystals can destroy the native structure of macromolecules (or cells) and would cause strong
anisotropic electron diffraction at the crystal lattice. Conversion of water into a solid state
(vitreous water) for cryo-EM serves two major purposes: first, consistent with the goal of plastic-
embedding, it allows the specimen to be introduced into the vacuum environment of the
microscope without evaporation, and second, since biological specimens are predominantly
aqueous, this ‘frozen-hydrated” mode of preservation is much more likely to resemble the native
state. In addition to avoiding substitution artifacts by organic solvents and the infiltration with
plastic resin, the chemical fixatives and heavy metal stains used in conventional electron
microscopy are also omitted (Fig. 6). Cryo-electron microscopy was introduced in the 1970s
(Dubochet et al., 1988; Taylor and Glaeser, 1974) and has widely replaced or at least
complemented the conventional preparation techniques.

plunge freezing
(<5pm)

high-pressure
- N freezing
| chemical fixation | (200-300 pm)

vitrification

|staining and dewateringl

embedding

cryosectioning FIB milling
A 4
Cryo TEM
possible alterations to structure hydrated specimen

Figure 6: Conventional preparation techniques vs. cryo-preparation.
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The tomographical acquisition, i.e. the projection of an object in the TEM under different angles,
corresponds, according to the projection slice theorem, to the ‘filling” with information of
different tilt-planes in Fourier space (Crowther et al., 1970). With finite angular increments a
continuous transfer of structural information is expected only below a frequency k¢ (Crowther
criterion), beyond that will be gaps in frequency space (Fig. 7 B). In addition, owing to
limitations of the sample holders and thus a limited tilt range, the unsampled region, the so called
missing wedge, is completely void of information (Fig. 7 C, left). Smaller tilt increments, higher
tiltangles, and recording of a second tiltseries of the same specimen, rotated by 90° in plane
(‘dual-axis’ tomography; Fig 7 C, right; (Mastronarde, 1997; Penczek et al., 1995)) come closer
to the ideal continuous sampling of the Fourier space. However, to avoid radiation damage of the
sample, it is important that the total electron dose over a complete tilt series does not exceed
approx. 50 to 100 e/A? (McEwen et al., 1995).

The method for 3D reconstruction used in this work is weighted backprojection (WBP)
(Radermacher et al., 1986). The basic mathematical operation of the backprojection of 2D
images into a 3D volume approximates an inverse Radon-transform (Radon, 1917). Weighting of
the projections is necessary because of the anisotropic data transfer in frequency space. As
shown schematically in Figure 7 B, the overlapping information below the frequency k¢ would
lead to an overrepresentation of low frequency areas and thus lead to a ‘smeared’ image of the
object (Fig. 7 D). This behavior of the density in Fourier space is described by the point spread
function 1/r", with r” being the distance from the center in frequency space. To get a realistic
weighting of the individual frequencies in the 3D reconstruction, the projections are weighted in
Fourier space, perpendicular to the direction of the tilt axis with the inverse of the point spread
function, the norm function of r before backprojection. Thus, high frequencies get considerably
more ‘weight’. This kind of weighting is called analytic. For exact weighting, a cylindrical or
spherical shape is approximated for the object to be reconstructed and the sampling density in
Fourier space is calculated (Harauz and van Heel, 1986; Hoppe and Hegerl, 1980). However, this
requires an object diameter, because the form function, i.e. its Fourier transform, has to be
approximated. Alternatives to the WPB are algebraic methods for iterative optimization of the
reconstruction (e.g., simultaneous iterative reconstruction techniques, SIRT (Lakshminarayanan
and Lent, 1979)). Here, the weighting problem and the approximation of the form function can

be surpassed.
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Figure 7: A. Principle of electron tomography. Left: A series of projections is recorded at different tilt angles of
the specimen. Right: Computational reconstruction of the 3D object in Fourier space by backprojection (Nickell et
al., 2005). B. Sampling of the object information in Fourier space. Single projections of an object of thickness
D correspond to central sections of thickness 1/D in Fourier space. The central sections are perpendicular to their
projection direction. Along k, the structural information remains inaccessible due to the limited tilt range.
Abandoned from this area, the structural information of the object is recorded homogenously up to the frequency
k., the exceeding information is incomplete. However, it is possible to record object information up to a frequency
ki, which exceeds the Crowther-frequency k¢ and, e.g. is limited by the imaging properties of the microscope
(Lucic et al., 2005). C. Influence of the tilting geometry on the 3D reconstruction. A. Missing wedge due to the
limited tilting geometry. B. Decrease to a missing pyramid when tilting around two axes. C. and D. Representation
of the missing information in real space (Lucic et al., 2005). D. Effect of weighting on the backprojection. A.
Section of the volume of a sphere. B. Section of a reconstruction of a sphere from 72 projections of a tiltseries
from -90° to +90° without weighting. C. Section of a weighted backprojection of the same projections (Kofler,
2007).
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2.1 Contrast formation in cryo-electron microscopy

In modern cryo-electron microscopes usually a field emission gun (FEG) is the source for a
coherent electron beam which is accelerated by a potential of 120 - 300 kV, depending on the
application and the sample. In a classic setup, focusing is done by two condenser lenses (C1 and
C2) and a condenser aperture, before the sample is penetrated by a preferably parallel beam.
Electrons scattered beyond an angle Omax are removed by the objective aperture and the diffracted

beam is refocused in the first image plane by the objective lens.

‘Non-biological’ (or ‘no longer biological’) samples, e.g. heavy-metal stains, predominantly
produce amplitude contrast. However, for biological samples embedded in an amorphous ice
layer of 50 - 200 nm thickness, more than 90% phase contrast formation is assumed in the
relevant resolution range, caused by singular, elastic scattering with C, N, O and P-atoms with
low atomic number (Toyoshima and Unwin, 1988). Phosphate groups, e.g. in lipid head groups,
as more electron dense parts, give raise to a comparatively higher contrast than the surrounding
water. Due to the high depth of focus of the electron microscope, it is assumed that the contrast

resembles the 2D projection of the vitrified sample in the image plane (Lucic et al., 2005).

The phase contrast originates from the interference of the scattered wave with the unscattered
primary beam. The resulting diffraction pattern is equivalent to a 2D section through the Fourier
transform of the image in frequency space. The diffraction pattern is produced by the objective
lens in the back focal plane and becomes visible in diffraction mode. In the normal TEM mode
the real intermediate image is magnified and projected on a CCD (charge coupled device)

camera or film.

Important for cryo-electron microscopy is the adequate quotient of electron dose and gain of
information (Henderson, 1995). By unavoidable inelastic scattering mainly valence electrons get
excited and thus lead to formation of diffusible radicals in the sample. This process happens also
under cryogenic conditions. Cooling of the sample limits the secondary diffusion of highly
reactive radicals, however, with increasing electron dose the radiation damage becomes
unavoidably larger. For biological molecules this leads to breaking of covalent bonds and later
on to a visible evaporation in the amorphous ice. Consequently, the higher the resolution aimed

for, the lower has to be the total dose. For high resolution electron crystallography or single
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particle analysis, a value of 10 - 20 e/A? is recommended (Henderson, 1995). In the comparable
low resolution range of cryo-electron tomography (> 30 A), doses of 50 - 100 e/A? are tolerable
(McEwen et al., 1995).

2.2 Phase contrast transfer function

Mathematically, the signal transduction in the electron microscope can be described by a
convolution of the scattered wave Ysan(r) with a function ¢ which describes the imaging

characteristics of the optical system (point spread function; PSF):

Y(r) = Yocare (r) ® c(r)

In turn, the PSF equates the Fourier transform of the (phase) contrast transfer function (CTF),

with which the object information is convolved in frequency space q:

Y(r) = :F_l{T{lPscatt}(q) - CTF(q)}

The phase of the elastically scattered wave is shifted by 90° (n/2) relative to the
unscattered one (Reimer and Rossmessemer, 1989). Thus, a pure phase object imaged with an
ideal lens would be invisible. But electromagnetic lenses are not ideal; they elongate the optical
path of the traversing scattered wave what causes a phase shift. The reason for the additional
phase shift is the spherical aberration and defocusing of the objective lens. Parameters of a
simplified CTF are the defocus 4z, the spherical aberration coefficient Cs and the wavelength of

the electrons A:
CTF(q) = sin [g CA3q* — 2Az1q7]

The CTF describes the imaging characteristics of the objective lens in Fourier space and is
independent of the sample structure. It causes oscillation of the contrast between -1 and 1 in
frequency space, with the first zero of the CTF moving to lower frequencies while Az is
increased. No contrast is transmitted at the zeros of the CTF and the information is lost in
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Voltage: 300kV, Cs: 2mm, Nyquist: 1.44nm

Figure 8: Contrast transfer functions in
dependence of the defocus 4z. Models of the CTF
for an acceleration voltage of 300 kV, a spherical
aberration Cs of 2 mm, and an object pixelsize of
7.2 A at different defoci A4z = - 2 um (-**), - 6 pm
: : . L (===) and - 10 um (==) with Az-dependent damping
Al : : . functions (depicted in red).

these frequency ranges. Beyond the first zero the contrast flips into the negative and then
oscillates in higher frequency ranges. Figure 8 shows models of the CTF for different defocus
values A4z at an acceleration voltage of 300 kV with the respective damping functions. Several
effects lead to damping of contrast transfer of higher frequencies. The finite coherence of the
electron source (partial coherence) and a chromatic aberration of the electron beam (energy
spread) damp the amplitude in the higher frequency range, as described by the envelope function
(Zhu et al., 1997). Furthermore, there is a considerable damping by the modulation transfer
function (MTF), which describes the transfer of high frequency information by the recording

device (a CCD-camera in this work).

2.3 CTF correction in cryo-electron tomography

In the previous chapter it was shown that the contrast transfer function of the microscope limits
the resolution of CET, namely below the first zero of the function. Aiming for higher resolution,
especially when CET is combined with averaging of sub-tomograms containing identical
particles, it is necessary to correct the signal by phase flipping or Wiener filtering (Frank, 1996).
To perform CTF correction appropriately it is necessary to determine the shape of the CTF for
each image contributing to the reconstruction. Typically, a CTF-model is adjusted to the power

spectrum of the image signal, to find suitable parameters with which the phases and amplitudes
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of the object can be recovered as good as possible from the distorted signal. Up to high
frequency ranges this only works for a high signal-to-noise ratio (SNR). This is a standard
procedure for single particle analysis, whereas the restoration of the object information by CTF-
correction in tomographic, i.e., tilted and noisy projections still is not possible.

Substantial difficulties are encountered in the process of CTF-correcting cryo-tomographic data:
(i) Instrumental inaccuracies do not guarantee that the defocus of each image in a tilt series is
maintained. (ii) The low SNR hinders detection of the CTF signal on individual images. (iii)
Images of tilted specimens present a defocus gradient, and CTF correction cannot be applied
uniformly to the whole image.

Several methods for detecting the CTF in tilted specimens have been proposed in the past.
Mindell and Grigorieff (2003) calculate the power spectrum of sub-regions extracted from the
image to give an estimate of local defocus. This approach is based on data collected with the
dose used for single particle studies, which generates images with sufficient SNR to detect CTF
oscillations. Winkler and Taylor (2003) rotate the images such that the tilt axis is horizontal, and
subareas from image strips with almost invariant defocus can be extracted. These are used to
compute rotationally averaged power spectra and to determine the CTF. The method was
developed for plastic embedded samples, yielding a higher SNR than cryo-samples. Fernandez
and Crowther (2006) determine the CTF of tilted cryo-images by strip based periodogram
averaging. The defocus at the tilt axis is assumed to be the same for all images in a tilt series.
Areas of similar defocus values are extracted from all images and their mean power spectrum is
calculated, thus enabling determination of the defocus gradient. The defocus values used in the
latter study ranged between 6 and 26 um, which are particularly high, even for CET. Recently,
Zanetti and coworkers (2009) measured the defocus on individual images using their relative
magnification. In a system with non-parallel illumination, defocus and magnification are linearly
related for unvarying Condenser 2 lens settings (van Duinen et al., 2005). The gradient depends
mainly on the convergence of the beam on the specimen, i.e. the strength of the Condenser 2
lens. For an overfocused condenser lens, specimens at higher defocus have lower magnification.
Applied on data of carbon film, this approach yields reliable estimates of defocus, but becomes
imprecise for cryo-images.

As well as for the CTF determination, several studies have proposed methods to correct the CTF

of images of tilted specimens. For crystalline specimens, Henderson et al. (1990) expressed the
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CTF at each spatial frequency as a function of the defocus (the tilt transfer function), and used it
to correct areas of the Fourier transform of the crystal images. This approach is not well suited
for non-crystalline specimens where the information is distributed continuously over all spatial
frequencies. Fernandez et al. (2006) and Winkler et al. (2003) both proposed a strip-based
correction, in which the image is rotated such that the tilt axis is horizontal, and correction of
strips is performed after interpolation. Zanetti et al. (2009) divide the tilted image into tiles and

perform CTF correction prior to rotation.

In the course of an inner-departmental collaboration with Mathias Eibauer, a new method for
CTF determination and correction was developed in the context of this thesis. The method was
applied to the tomography of porin MspA reconstituted into lipid vesicles. The major difference
of our approach is an expanded acquisition scheme to overcome the described limitations by the
low SNR (Fig. 9). The defocus values at the exposure area are calculated by means of the
average defocii of two high dose images at both sides of the specimen along the tilt axis. The
exact procedure is described in chapters 4.11.3 and 4.12 and the results of CTF correction in

chapter 5.3.

Figure 9: Expanded exposure scheme for CTF-
determination and correction of tilted images. In addition
to the normal ‘low-dose’-routine (trc: tracking; foc:
autofocus; exp: exposure) two high-dose images (f1 and f2)
are recorded of regions in close proximity (< 5 um) to both
sides of the exposure area along the tilt-axis (red dotted line).
The high SNR of these images allows the determination of
the defocii over the whole tilt-range. From these values the
geometry of the exposure area can be calculated and CTF
correction is possible.
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3 Cryopreparation of biological samples

Cryofixation is a fundamental preparative technique for the structural investigation of biological
samples in the presence of water, which is free from structural alterations caused by dehydration,
fixation or staining. The native structure and dynamic states within the sample are ‘shock-
frozen’. Slow freezing and concomitant conversion of water to hexagonal ice would destroy
biological structures otherwise. Besides volume increase during crystallization of water, small
solutes, but also macromolecules may be dislocated and lead to disruption of the natural
interaction network of biological molecules. By ‘shock-freezing’, i.e. by direct transition of
liquid water to vitrified (glass like) ice, crystallization effects are avoided. For a sufficiently thin

probe (D < 1 zm), this can be achieved at normal pressure by high cooling rates of 10° K/s.

For cryopreparation, several microliter of a cell suspension is applied on a specimen grid that is
covered by a holey carbon film. Excess liquid is blotted to thin the aqueous film to 50 — 600 nm.
The grid is rapidly immersed into a cryogen (Dubochet et al., 1988), usually ethane (boiling
temperature 87 K) which is cooled by liquid nitrogen (boiling temperature 77 K). Nitrogen itself
is not suitable as a cryogen because the formation of a gaseous cushion around the grid

(Leidenfrost phenomenon) would reduce the cooling rate.

Larger cells or volumes of samples must be vitrified by high pressure freezing. The sample is
mixed with cryoprotectants (e.g. dextran) to suppress crystal formation upon freezing. The
mixture is filled into special containers, for cell suspensions typically copper capillaries (& 0.3
mm), and these are mounted in a high pressure freezing apparatus. While a very high pressure (>
2000 bar) is applied on the sample, the capillary is cooled by a jet of liquid nitrogen at the same
time. Despite the relatively slow cooling rate of 10* °K/s crystal free ice can be obtained to a

depth of approx 300 pm.
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3.1 Cryosectioning of vitrified biological material

Cryosectioning is currently the only established method to extend tomography to larger cells and
tissues in their native state (Bouchet-Marquis et al., 2006; Dubochet and Sartori Blanc, 2001;
Hsieh et al., 2006; Masich et al., 2006; Zuber et al., 2005). The suitable thickness of sections
ranges from approximately 50 to 300 nm. Thus, the size of organelles or cells is no longer the
determining factor for the thickness of specimens. The achievable resolution in 3D is a function
of the number of projections, limited by the total dose, and the thickness of the sample. A

thinner specimen thus facilitates a higher resolution, but at the expense of 3D-depth.

Sections are usually prepared with diamond knifes from high-pressure frozen material and
mounted “dry” on a TEM grid. Like plunge frozen samples, the sections have to be kept below
the devitrification temperature of -133 to -138 °C (Dubochet et al., 1988) to prevent the
formation of ice crystals. An overview of the development of cryo-ultramicrotomy is given by
Sitte (1996).

Unfortunately, cryo-ultramicrotomy is not free of artifacts. The most serious impacts are
compression of the material in the cutting direction and knife marks, chatter and crevasses,
which affect superficial regions of the sections and may degrade the quality of projection images.
The artificial effects were described in detail (Al-Amoudi et al., 2005; Hsieh et al., 2006; Hsieh
et al., 2002). Since compression proved to be the most severe difficulty for this work, it is
specified here. Compression is indicated by a ‘shortening’ of the ribbon in the cutting direction,
accompanied by an increase in section thickness. To what extent a ribbon is compressed varies
with the sample and the nominal thickness of the sections, and typically ranges from 30 to 60 %
(McDowall et al., 1983; Shi et al., 1996). The effect of compression is illustrated in Figure 10,
where the distance between the cytoplasmic and the outer membrane of the bacterial cell is
considerably reduced in the cutting direction. An integral part of this work was to determine the
dimensions of the constituents of the mycobacterial cell wall. It is obvious that cryosectioning is
only of limited use for this task. Meaningful measurements could only be done in restricted
areas perpendicular to the cutting direction (indicated by the arrowheads) since these are

disturbed least by compression (Matias et al., 2003).
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Figure 10: Cross-section of frozen hydrated M. smegmatis cells
deformed by the cutting process. Regions perpendicular to the
cutting direction (arrow) are disturbed least by the sectioning
(arrowheads; and can be used for further analysis (arrowheads).
i (Scale bar: 200 nm.)

Moreover, sectioned ribbons are not perfectly flat and only poorly attached to the support film on
the grid, resulting in a ‘buckled’ morphology, which in turn hampers the imaging process during
specimen tilting in tomography. Ultrathin cryosections (< 100 nm) are currently superior in
quality to thicker ones and offer the best possible resolution. However, larger cellular structures
cannot be captured within such restricted volumes unless serial sectioning is used, which poses
an additional technical challenge (Leis et al., 2009). In addition, while many sections cut with the
ultramicrotome will be suitable for 2D imaging, only a small fraction will be usable for
tomography. Despite its potential for 3D imaging of large cells and tissue, cryo-sectioning is still
a demanding craftsmanship and far from ideal for potential automation and/or high-throughput
applications.

3.2 Cryopreparation by focused ion beam (FIB) micromachining

An alternative method for thinning of vitreous biological material is the use of a focused ion
beam (FIB). Instrumental setups where originally developed for applications in material sciences
and are commonly used to directly modify semiconductor devices, for fabrication of opto-
electronic parts and for failure analysis (Volkert and Minor, 2007). The FIB technique for the
preparation of inorganic TEM specimens was introduced more than 20 years ago and has since
then become one of the major preparation methods due to its unsurpassed site-specific
preparation possibilities (Kirk et al., 1989). For micromachining and imaging, a primary ion

beam, typically Gallium, is used to ablate the surface of a specimen via sputtering of substrate
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atoms (Giannuzzi and Stevie, 2005). In dual beam microscopes, the FIB is combined with a
scanning electron microscope (SEM; Fig. 11) which allows simultaneous monitoring of the
milling process, as used in ‘slice-and-view’ applications (Knott et al., 2008), and thus avoids
continual erosion of the scanned area during imaging with ions. The development of sample
stages and transfer systems suitable for cryogenic temperatures dual beam systems (SEM/FIB) in
the meantime allows to thin frozen-hydrated specimens site-specifically while the process and
the resulting sample surfaces can be monitored in a non-destructive way using the SEM
(Heymann et al., 2006; Marko et al., 2006; Mulders, 2003). The application of an oblique or
‘grazing’ angle of the incident ion beam ensures that implantation of Gallium is minimized,;
compression or other artifacts known from mechanical sectioning are completely missing.
Furthermore, there is evidence that heat transfer to the sample during milling does not cause
devitrification (Marko et al., 2006). However, only one study with E. coli cells has successfully
demonstrated the potential of cryo-FIB thinning in combination with cryo-electron tomography
(Marko et al., 2007). A cryo-transfer system and a cryo-sample stage were designed and
developed (Rigort et al., 2010). In the course of this thesis, the previous results of Marko and
coworkers could be confirmed with M. smegmatis, and the results were compared with the data

obtained from cryosections and tomography of intact cells.

SEM

Manipulators Figure 11: Operating principle of a SEM/FIB dual beam
Gas Injection system. The combination of a focused ion beam with a scanning
electron microscope allows parallel monitoring of the ablating
process without continuous erosion of the scanned area during
'Detectors imaging with ions. The sample (cell on an EM grid, embedded in
vitreous ice) is kept below -160° C during the whole process of
micromachining by means of a specially designed cryo-stage
(Rigort et al., 2010). Several manipulators, injectors and detectors

can be used for special applications.

FIB
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4 Materials and Methods

Chemicals and media were purchased from Roth (Karlsruhe, Germany), Merck (Darmstadt,
Germany), Sigma-Aldrich (St. Louis, USA), Fluka (Buchs, Switzerland), Difco (BD
Biosciences, Franklin Drive, USA), Serva (Heidelberg, Germany), Avanti Polar Lipids
(Tuscaloosa, USA), Boehringer (Mannheim, Germany) or Bachem (Heidelberg, Germany)
unless statet otherwise.

4.1 Materials and Instruments

Table 1: Auxiliary Materials

Material

Source

Anion exchange column POROS 20HQ (20,1 ml)
BioBeads

C-Flat R2/1 copper grids

Electroporation cuvettes (2 mm)

Blotting paper S&S 595

Filter Minisart (0.22 and 5.0 um poresize)
Gelfiltration column G3000SWy, (14.3 ml)
Polycarbonate membranes (50, 100 and 200 pm)
Quantifoil R2/1 copper- and molybdenum grids
Slide-A-Lyzer dialysis tubes (20.000 MWCO)
Sterile filter (0.22 um)

PerSeptive Biosystems, USA
BioRad, Miinchen

EMS, USA

BioRad, Miinchen
Schleicher & Schuell, Dassel
Schleicher & Schuell, Dassel
TosoHaas, Stuttgart
Schleicher & Schuell, Dassel
Qantifoil Micro Tools, USA
Thermo Scientific, USA
Eppendorf, Hamburg

Table 2: Instruments

Instrument Source

Akta Purifier 10/100 Pharmacia, USA
Cryo plunger custom made, R. Gatz
CM120 EM Philips, Hamburg

Diamond knife (25° and 35°)
EMPACT2 high pressure freezing system
GenePulser XCell

Cryo sample holder

MilliQ PLUS Ultra Pure Water System
Mini extruder

Plasma cleaner

Quanta 3D FEG FIB

RCS5B ultra centrifuge

Rotanta 46 RS centrifuge

Tecnai F20 EM

Tecnai G2 Polara EM

Ultracut FC6 cryo ultramicrotome
UV/VIS Lambda 40 photospectrometer
VitroBot

Diatome, Switzerland
Leica, Austria
BioRad, Miinchen
Gatan, USA
Millipore, Schwalbach
Avanti-Polar Lipids, USA
Harrick, USA

FEI, USA

Sorvall, USA

Hettich, Tuttlingen
FEI, The Netherlands
FEI, The Netherlands
Leica, Austria

Perkin Elmer, USA
FEI, USA
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4.2 Bacterial strains, plasmids, oligonucleotides and enzymes

Table 3: Bacterial strains

Strain Genotype

Reference

E. coli DH5a recAl; endAl; gyrA96; thi; relAl;
hsdR17(rx’,mk"); SupE44;

(Sambrook et al., 1989)

$80AlacZAM15; AlacZY A-argF)UE169

M. smegmatis mc®155 not characterized,
high transformation efficiency
M. smegmatis ML10 SMR5 derivative, AmspA / AmspC
M. bovis BCG strain Institute Pasteur
C. glutamicum 13032 type strain

C. glutamicum Apks13 13032 derivative, Apks13

(Snapper et al., 1990)

(Stephan et al., 2004b)
ATCC 27291

(Dusch et al., 1999)
(Portevin et al., 2004)

Table 4: Plasmids

Plasmid Description

Source

pMS2 Hyg"; shuttle plasmid for E. coli and Mycobacteria
pMNO16 Hyg"; pMS2 derivative; psmc-mspA; Swal
pMNO35 Hyg"; pMNO16 derivative; pgp,c-rv1698

(Kaps et al., 2001)
Xiuan Bai, unpublished
(Hillmann et al., 2007)

pCHO03 Hyg®; pMNO016 derivative; mspA-D56N/ES57N/  this study

D90N/D91N/D93N/D118N/E127N/D134N/D139N

pCHO04 Hyg®; pMNO016 derivative; mspA-D56N/ES57N/  this study

D90N/D91N/D93N/D118N/E127N/D134N/D139N AL6

Table 5: Oligonucleotides

Oligonucleotide Sequence (5 — 3¢)

Application

pMS-Seql CGTTCTCGGCTCGATGATCC amplification of mspA
psmycl CGACCAGCACGGCATACATC amplification of mspA
mspA-FP TGGGACACCTTCCTCAATGG sequencing of mspA

mspA D56N/E5S7N CCGGCCCCGGTGCCAACAACTTCGAGGGCACGCTG cloning of mspA D56N/E57N
mspA DION/D9IN  CCCCGAACATCCTGATCAACAACGGTGACATCACCGCTCC cloning of mspA D9ON/D91N
mspA D93N CAACAACGGTAACATCACCGCTCC cloning of mspA D93N
mspA D118N CGATCTCGGCAAACCTGGGCAACG cloning of mspA D118N
mspA E127N CGGCATCCAGAACGTCGCAACG cloning of mspA E127N
mspA D134N CGTTCTCGGTCAACGTCTCCGGC cloning of mspA D134N
mspA D139N CCGGCGCCAACGGTGGCG cloning of mspA D139N

AA TCGGTCATCACCCCGAACCTGTTC deletion of L6 (upstream)
AB GTCGTCGATCAGGATGTTCGG deletion of L6 (downstream)

Introduced mutations are underlined. The mutagenesis oligonucleotides were phosphorylated at the 5¢-end.

Table 6: Enzymes

Enzyme

Source

Pfu-Polymerase

Ampligase, thermostable ligase

Restriction endonucleases Sphl and HindlI11
T4 DNA ligase

T4 Polynucleotide kinase

Fermentas, St. Leon-Rot
Epicentre, USA

NEB, USA

NEB, USA

NEB, USA
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4.3 Media, buffers and solutions

If not stated otherwise, media, buffers and solutions were prepared with deionized or Millipore®
water and autoclaved for 20 min at 121°C and 2 bar. Heat-labile substances were dissolved and
filtered through a sterile filter (pore size 0.22 um). A pH-meter was used to adjust the pH-values.

4.3.1 Media
LB-Broth: 10g/L  Tryptone 7H9-Broth: 4.7g/L  7H9 Broth
59/L  Yeastextract 0.5 mL/L 100% Tween 80
10g/L NaCl 3.3 mL/L 60% Glycerol
MAN-Broth: 10g/L  Tryptone 7H10-Agar: 19¢g/L  7H10 Agar
5g/L  Yeast extract 5mL/L  100% Glycerol
10g/L NaCl
5mM  Mannose
0.5 mL/L 100% Tween 80
BHI-Broth: 37 g/L  BHI Broth SOC-Broth: 20g/L  Trypton
1lg/L bacto agar 59/L  Yeast extract
10 mM NaCl
2.5mM KCI
10 mM MgCl,

20 mM Glucose

For the preparation of solid media, LB and BHI were supplemented with 12 g/L agar and
autoclaved together with all other components.

Antibiotics were prepared as a 1000-fold stock solution and added to autoclaved media after
cooling down to approximately 50°C in the following concentrations:

Table 7: Antibiotics

Antibiotic final concentration final concentration final concentration
E. coli Mycobacterium sp. Corynebacterium sp.

Ampicillin - 100 pg/mL -

Hygromycin B 200 pg/mL 50 pg/mL -

Kanamycin - 20 pg/mL 25 pg/mL

Streptomycin - 100 pg/mL -
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4.3.2 Buffers and solutions

General buffers and solutions

TE: 10mM Tris/HCI pH 7.5 PBS: 0.14 M NaCl
0.1 mM EDTA 0.0l M KH,PO4/K,HPO, pH 7.4
0.002 M KClI
10x CCR-buffer: 200 mM Tris/HCI pH 8.4
30 mM  MgCl,
500 mM KClI
5mM NAD
Buffers and solutions for DNA gel electrophoresis
Agarose gel: 0.8-2% (w/v) Agarose 20x TAE: 0.8 M Tris
(0.8-2%) in 1x TAE 0.4 M Acetic acid
0.025 M EDTA
pH 8.3 (acetic acid)
DNA loading 0.1 % (w/v) Bromphenol blue
buffer: 0.1 % (w/v) Xylencyanol
50 % (wi/v) Glycerol
in Ix TAE

Buffers and solutions for polyacrylamide gel electrophoresis

Collection gel: 1 mL Acrylamide (37.5:1) Separation gel: 4.5 mL Acrylamide (37.5:1)
(4%) 2.6 mL 3x gel buffer (10%) 4.5 mL 3x gel buffer

4 mL H,O Millipore 3 mL H,O Millipore

0.16 mL 10% APS 1.35 g Glycerol

0.01 mL TEMED 0.135 mL 10% APS

0.015 mL TEMED

4x protein 0.14 M Tris/HCI pH 7.0 3x gel buffer: 3 M Tris/HCI pH 8.5
loading buffer: 30 % (wiv) Glycerol 0.3 % (w/v) SDS

4 % (w/v) SDS
0.1 % (w/v) Bromphenol blue

10x anode buffer: 1 M Tris/HCI pH 8.5 10x cathode 1 M Tris/HCI pH 8.25

buffer: 1 M Tricin
1% (w/v) SDS

Buffers for the selective purification of MspA

3x PEN: 300 mM NaH,PO,/Na,HPO, pH 6.5 POP05: 1x PEN
0.3mM EDTA 0.5 % (w/v) OPOE
450 mM NaCl
AOPO05: 25 mM HEPES/NaOH pH 7.5 BOPO5: 25 mM HEPES/NaOH pH 7.5
10 mM NaCl 2M NaCl
0.5 % (w/v) OPOE 0.5 % (w/v) OPOE
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NaPOPO5: 25 mM NaH,PO,/Na,HPO, pH 7.5
0.5 % (w/v) OPOE

Liposome Buffer

NaPNOP: 25 mM NaH,PO,/Na,HPO, pH 7.5

4.4 General Methods

Table 8: General methods

Method Reference

Gel electrophoresis of DNA (Ausubel et al., 1987)
Ethidium bromide staining of DNA (Ausubel et al., 1987)
Ligation of DNA fragments (Ausubel et al., 1987)
Polymerase chain reaction (Mullis et al., 1986)
DNA sequencing (Sanger et al., 1977)
Preparation of competent E.coli cells (Hanahan et al., 1991)
Transformation of E.coli cells (Hanahan et al., 1991)

Table 9: Commercially available systems (,,kits”)

System Application Source
QIASpin Miniprep Kit plasmid preparation Qiagen, Hamburg
QlAquick Gelextraction Kit DNA gel extraction Qiagen, Hamburg
BCA Protein Assay Kit determination of protein concentration Pierce, USA

4.5 Bacterial growth conditions

Unless mentioned otherwise M. bovis BCG and M. smegmatis were grown at 37° C in
Middlebrook 7H9 liquid medium supplemented with 0.2% glycerol, 0.05% Tween 80, or on
Middlebrook 7H10 agar supplemented with 0.2% glycerol. The media for the bacillus Calmette-
Guérin strain were additionally supplemented with ADS (0.5% BSA fraction V, 0.2% dextrose,
and 14 mM NaCl). E. coli DH5a was routinely grown in LB medium at 37°C. The S-layer-less
C. glutamicum ATCC 13032 RES167 (Dusch et al., 1999) and C. glutamicum Apks13::km were
cultured at 30°C in BHI medium. Antibiotics were added to the media according to Table 7.
Inoculation was done by supplying cells from a preculture from freshly spread colonies. Growth
was monitored by measuring the optical density at A = 600 nm.
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4.6 Detachment of the outer membrane

M. smegmatis mc155 was routinely grown overnight in Middlebrook 7H9 medium. After
extensive washing with 25 mM Tris/HCI buffer solution (pH 7.0), cells were incubated for 1 h at
37°C in the same buffer containing 1.0% octyl B-glucoside. The cells were harvested and
prepared for cryo-electron microscopy as described below.

4.7 Extraction and purification of MspA

4.7.1 Growing and harvesting of the cells

1L 7H9 broth with 50 mg/mL hygromycin in a 2L beveled flask was inoculated with 1 mL of a
M. smegmatis ML10 preculture harboring either the plasmid pMNO016 for expression of wild-
type MspA or a plasmid encoding mutated MspA. After incubation under agitation at 37°C for
48 h the cells were harvested (4500 rpm, 30 min, 4°C), resuspended in 1x PBS and centrifuged
again. The cells were processed immediately or stored at -20°C.

4.7.2 Extraction of MspA

10 g cells (wet weight) were resuspended in 35 mL extraction buffer POP05 containing detergent
and the suspension was heated in a boiling water bath for 30 min. Afterwards, the suspension
was immediately cooled on ice for 10 min. The extract was centrifuged at 4,000 xg for 30 min at
4°C. The protein containing supernatant was stored at -20°C until being processed further.

4.7.3 Acetone precipitation

The raw extract was carefully mixed with the same volume of ice cold acetone and incubated for
1 h at -20°C. It was then centrifuged at 8,000 xg for 30 min at 4°C. The protein containing pellet
was dissolved in 25 mL AOPO05 buffer per gram wet weight and filtered (Sartorius, 5um pore
size) to remove insoluble particles.

4.7.4 Chromatographic purification

The chromatographic purification was done following the protocol from Heinz (Heinz et al.,
2003b) with minor adjustments. Briefly, the filtered solution was loaded on an anion-exchange
column (POROS 20HQ) and bound protein was eluted with a gradient from 10 mM NaCl to 2 M
NaCl over five column volumes. The collected fractions were analyzed using SDS-PAGE.
Fractions containing pure MspA were combined and the protein concentration was determined
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using the BCA test. After a second acetone precipitation the pellet was dissolved in 1-2 mL
NaPOPO05 buffer, filtered and loaded on a gel filtration column (G3000SWx, ). Protein was
eluted at a flow rate of 0.5 mL/min. The fractions were analyzed by SDS-PAGE, and the protein
concentration was determined with the BCA test. The MspA preparation was stored at 4°C.

4.8 Preparation of proteovesicles for CET

4.8.1 Preparation of lipid vesicles by extrusion

Lipid vesicles were prepared by dissolving 1,2-Diphytanoyl-sn-Glycero-Phosphocholine
(DiphPC) in chloroform. The mixture was dried to a thin film by evaporation under a stream of
nitrogen for at least 2 h. The lipid film was hydrated in liposome buffer (NaPNOP) and subjected
to 3 - 5 cycles of freeze thawing (dry-ice in ethanol), followed by 11 - 15 cycles of extrusion
through a Nuclepore® Track-Etched Membrane (pore size 50 or 100 nm) using a mini-extruder
(Avanti Polar Lipids, Alabaster, USA). During vesicle formation the temperature of the lipid
preparation was kept at 45°C to ensure the lipid being in the ‘liquid’ phase. The vesicle
suspension had a lipid concentration of 2 - 5 mg/mL.

4.8.2 Reconstitution of MspA into lipid vesicles

500 to 750 pL vesicle preparation was mixed with 10 to 25 pg MspA in solution containing 0.5
% octyl-POE. To remove the detergent from the proteins and thus ensure reconstitution, 50 mg
BioBeads® SM-2 (Bio-Rad) were added, and the mixture was incubated for at least 12 h at 37°C
and slow rotation. BioBeads® SM-2 were spun down (1000 xg for 1 min) and the proteovesicles
in the supernatant were ready for cryo-preparation.

4.9 Constructing mutants of MspA

4.9.1 Site-directed mutagenesis by combined polymerase chain reaction (CCR)

The advantage of the combined polymerase chain reaction is that the insertion of the mutation
and the amplification of the mutated fragment happen in only one step. In-between purification
steps are unnecessary, no product is lost, and less undesired mutations occur compared to the
two-step PCR mutagenesis (Landt et al., 1990). Furthermore, the method is quite fast since
several mutations can be introduced in the gene in one run.

The CCR combines the polymerase chain reaction with the ligation step. In contrast to the
normal PCR, three or more oligonucleotides are needed. Every cycle comprises four steps:
denaturation of the template DNA, annealing of the oligonucleotides, extension of the
oligonucleotides and ligation of the 3’-OH end of the synthesized strand with the 5’-phospate
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end of the mutagenesis oligonucleotide. The ligation can only occur when the 5‘-end of the
mutagenesis oligonucleotide is phosphorylated. Because of the high temperatures during the
CCR a thermostable ligase is needed. pMS-Seql and psmycl (Tab. 5) were used as 3’- and 5°-
oligonucleotides, the mspA- gene carrying plasmid pMNO16 (Tab. 4) was the template. The
mutagenesis oligonucleotides are listed in Table 5. The enzyme Pfu was used as polymerase.
Unless stated otherwise, the samples were treated as follows:

composition: CCR reaction profile:

20 ng mutagenesis oligo, 5°-pho 96°C 2 min 1x (denaturation)
20 ng 3°- oligo 96°C 30 sec 30x (denaturation)
20 ng 5¢-oligo . .

20 ng plasmid DNA 52-58°C 45 sec 30x (annealing)

2 ML 10x CCR buffer 72°C 4 min 30x (extension)
2.5 mmol dNTPs 72°C 7 min 1x (final extension)
25U Pfu-polymerase .

3U Ampligase 4°C ®

2 UL BSA, 4 mg/mL

ad 20 pL H,O Millipore

4.9.2 Construction of the MspA loop 6 (L6) deletion mutant

The L6 deletion mutants were constructed using the plasmid pCHO003 as a template. Psmyc1 and
pMS-seql were used as end primers along with appropriate mutagenesis primers to perform a
twostep PCR. Separate PCR amplifications of the upstream and downstream portions of the gene
flanking the deletion were performed. Then the two purified PCR products were amplified and
ligated together in the same reaction using Ampligase. Mutated mspA genes were then ligated
into Sphl and Hindlll double digested pMNO35 to generate the plasmid pCHO004. Primers and
resulting plasmids are listed in Tables 4 and 5.

All of the plasmids were verified by sequencing the entire mspA gene before they were
transformed into the porin mutant M. smegmatis ML10 for protein production.

composition AA-upstream: composition AB-downstream:
20 ng AA-oligo, 5¢-pho 20 ng AB-oligo

20 ng pMS-Seql 20 ng psmycl

20 ng plasmid DNA 20 ng plasmid DNA
2 pL 10x PCR buffer 2 pL 10x PCR buffer
2.5 mmol dNTPs 2.5 mmol dNTPs

3U Pfu-polymerase 3U Pfu-polymerase
2 uL BSA, 4 mg/mL 2 puL BSA, 4 mg/mL
ad 20 pL H,O Millipore ad 20 pL H,O Millipore
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PCR reaction profiles:

96°C 2 min 1x (denaturation)
96°C 30 sec 30x (denaturation)
55°C 30 sec 30x (annealing)
72°C 45 sec 30x (extension)
72°C 7 min 1x (final extension)
4°C 0

4.9.3 Electroporation of M. smegmatis ML10 cells

Preparation of the cells: 500 mL 7H9 broth, supplemented with ADS enrichment, was inoculated
with 4 mL filtered (pore size 5 pm) preculture of M. smegmatis mc?155 and incubated until an
ODggo of 0.6-0.8 was reached. The culture was harvested (4,000 xg, 15 min, 4°C) and
resuspended in 125 mL ice cold 10% glycerol. This step was repeated three times, each time
reducing the resuspension volume by half. After the final centrifugation step, the cells were
resuspended in 5 mL 10% glycerol, aliquots of 100 pL were snap-frozen in liquid N, and stored
at -80°C.

Transformation: The cells were thawed on ice, carefully mixed with 0.5 - 1 pug of DNA and
transferred into a precooled 2 mm electroporation cuvette. After pulsing (U = 2.5 kV, R = 1,000
Q, C = 25 pF), the bacteria were resuspended with 1 mL 7H9 broth and recovered at 37°C for 3
h. Afterwards, the cells were plated on selective media and incubated for approx. 3 days.

Mutated MspA was purified according to the wild-type, following the protocol described above.

4.10 Conductivity assays

All conductivity analyses were done in collaboration with the Nanion Technologies GmbH
(Munich) using the Port-a-Patch® patch clamp rig (Farre et al., 2009). Solvent-free planar lipid
bilayers are formed in an automatic manner by bursting of giant unilamellar vesicles (GUVs)
after gentle suction application through micron-sized apertures in a borosilicate glass substrate.
Incubation of the GUVs with purified wild-type MspA or the mutants of interest yielded
proteoliposomes which allow for immediate recording of channel activity after GUV sealing.

4.10.1 Preparation of liposomes

Planar lipid bilayers were obtained from GUVs prepared by using the electroformation method
(Angelova, 2001) in an indium tin oxide (ITO) coated glass chamber connected to the Nanion
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Vesicle Prep Pro® setup (Nanion Technologies GmbH, Munich, Germany). The ITO-layers on
the two glass slides are electrically conductive, and therefore serve as electrodes. Lipid-
containing solution, 5 or 10 mM of 1,2-Diphytanoyl-sn-Glycero-Phosphocholine (DiphPC),
dissolved in chloroform, was deposited on the ITO-coated glass surface. After total evaporation
of the solvent, the lipids are assembled in a perfectly dehydrated lamellate phase. An O-ring was
placed around the dried lipid film and 300 pl of a 1M solution of sorbitol was carefully added to
the lipid film. Then, the second ITO-slide was placed on top of the ring, with the ITO-layer
facing downwards. The process of electroformation was controlled by the Vesicle Prep Pro®
setup and all parameters (amplitude, frequency, duration, etc.) were programmed in the
VesicleControl software. Generally, an alternating voltage of 3 V peak to peak was applied with
a progressive increase for the rise time and a decrease for the fall time to avoid abrupt changes,
which otherwise might rupture the formed GUVs. The alternating current was applied to the
ITO-slides over a period of 2 h at a frequency of 5 Hz at room temperature. After successful
swelling, the vesicles were used directly for the reconstitution of the porins.

4.10.2 Reconstitution of wild-type MspA and the mutants in GUVs

In contrast to conventional bilayer recordings, where reconstitution of proteins is achieved by
adding the protein after bilayer formation in the presence of detergent, here the porin is inserted
into the GUVs directly after the electroformation. Purified wild-type or mutated MspA (ca. 60
pg/mLor ca. 30 pg/mL) in solution containing 0.5 % octyl-POE was reconstituted into GUVs by
adding MspA with a final protein concentration between 0.2 — 0.5 pg/mL to 300 pl of the GUV
solution. The final concentration of detergent was approximately 0.002%. The mixture was
incubated for 1 h at room temperature, followed by the addition of BioBeads® SM-2 at 40 mg/ml
and further incubation at room temperature overnight to remove the detergent. BioBeads® were
discarded after centrifugation and the protein containing GUVs could be used immediately.

4.10.3 Planar lipid bilayer formation

1 to 3 pl of the proteoliposomes solution was pipetted onto the patch clamp chip to form a lipid
bilayer. The GUVs were positioned onto the aperture in the chip by application of a slight
negative pressure. When the GUVs touch the glass surface of the chip, they burst and form
planar bilayers (Farre et al., 2007) with a seal resistance of tens to hundreds of GQ.
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4.10.4 Data recording and analysis

Based on the aperture diameter of the chip (approximately 1 um) and a specific conductance of
DiphPC of 0.5 pF/cm? (Farre et al., 2007; Schuster et al., 1998), the membrane capacitance could
be estimated to be in the order of a few fF. Experiments were done in symmetric solutions of 1
M KCl at pH 7.5.

Currents were amplified with an EPC-10 patch clamp amplifier (HEKA Electronics, Germany)
connected to Ag/AgCI electrodes in the Port-a-Patch system. The signal was filtered at 10 kHz
(Bessel filter, HEKA amplifier), digitized at a sampling rate of 50 kHz and analyzed with the
pClamp 10.0 software (Axon Instruments, Foster City, USA).

4.11 Electron microscopy

4.11.1 Sample preparation

4.11.1.1 Fiducial gold markers

BSA was dissolved in Borax buffer (2 mM sodium borate, pH 9.0) to a concentration of 10 %
w/v. 10 puL BSA solution was mixed with 10 mL freshly prepared gold suspension (Slot and
Geuze, 2007) with has been adjusted to pH 9.0 and vortexed. The BSA-coupled gold was spun
down at 20,000 xg for 5 min at 4°C, resuspended in PBS containing 0.1% BSA and transferred
to a new Eppendorf tube. It was stored at 4°C.

4.11.1.2 Negative stain

Carbon coated copper grids that were made hydrophilic by glow discharging for 30 sec were
incubated for 1 min on a drop of sample solution sitting on parafilm. They were consecutively
transferred to two drops of H,O for washing. The specimen were negatively stained on a drop of
2% (w/v) uranylacetate for 30 to 60 sec.

4.11.1.3 Plunge freezing

Holey carbon copper grids were glow discharged for 30 sec and 3 to 5 pL of the respective
sample was applied. BSA-conjugated gold markers were added (typically 5 pL), excess fluid was
blotted using filter paper from the backside of the grid and the samples were vitrified by plunge
freezing in liquid ethane. The grids were stored in liquid nitrogen.

4.11.1.4 High-pressure freezing

Samples of 5 mL of a freshly grown cell suspension of Mycobacteria or Corynebacteria were
concentrated by low speed centrifugation at 4,000 xg for 3 min at 4°C and carefully mixed 1:1
with the cryo-protectant dextran (100 — 200 kDa; 40% (w/v)) dissolved in PBS. The solution was
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drawn into copper capillary tubes. The tubes were rapidly frozen in a high-pressure freezer (EM-
Pact2; Leica, Vienna, Austria) and stored in liquid nitrogen.

4.11.1.5 Vitreous sectioning

The copper capillary containing the sample was mounted in the chuck of a Leica Ultracut FC6
cryo-ultramicrotome. The temperatures of the knife, the sample holder, and the chamber
atmosphere were held between -150°C and -160°C. The surrounding metal of the capillary and
excess sample was trimmed away, thus exposing a blunt pyramid. A diamond knife (Diatome,
25° cutting angle, 6° clearance angle) was used to prepare the sections with nominal thicknesses
ranging from 20 - 50 nm and cutting speeds between 1.0 and 20 mm/s. An ionizer helped to
improve the gliding of section ribbons along the knife and to transfer the samples onto grids
covered with a continuous carbon film. After firmly pressing the section on the grid by means of
a stamping tool, the grids were stored in liquid nitrogen. To minimize contamination of the
samples with frost, the whole setup was located in a chamber, which is connected to an air-
drying system.

4.11.1.6 Focused ion beam (FIB) micromachining

In order to protect the vitrified specimen from ice contamination and to ensure maximal thermal
stability, a cryo-FIB loading station with a transfer ‘shuttle’ adapted to the Polarprep 2000T
cryo-system (Quorum, East Sussex, UK) was designed and constructed as described in Rigort et
al. (Rigort et al., 2010). M. smegmatis cells in suspension were plunge-frozen as depicted above
(cf. 4.11.3). By utilizing the new loading station and transfer shuttle, the frozen-hydrated EM
grids were micromachined with a dual-beam (FIB/SEM) instrument (Quanta FEG 3D, FEl,
Hillsboro, USA), equipped with a Quorum cryo-stage maintained at -160° C. The vitrified
samples were imaged at 5 keV with the SEM and milled with 30 keV Gallium ions by rapidly
scanning the selected regions at various tilt angles using a beam current of 10 — 15 pA.

4.11.2 Data acquisition

Table 10 gives an overview about the characteristics of the microscopes used for this work. Tilt
series were collected according the ‘low-dose’-acquisition scheme (Dierksen et al., 1992;
Dierksen et al., 1995; Koster et al., 1997; Koster et al., 1989) covering a minimum angular range
of 120°, with angular increments of 1.5°, 2° or 3°. Defocus was measured along the tilt axis after
each tilt and automatically adjusted to -4 to -12 um £ 0.5 pum. The total electron dose at the
specimen level was kept between 50 - 100 e/A% To compensate for the increase in sample
thickness with higher tilt angles, the exposure time was adjusted by a 1/cos scheme.
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Table 10: Microscopes, cameras and software used for data acquisition. Several microscopes were equipped with a
post-column energy filter (Gatan).

Microscope U (kv) Energy filter Multiscan CCD camera Acquisition software
+

CM120 Biotwin 120 Gatan 1k x 1k Digital Micrograph (Gatan)
CM300 FEG 300 + Gatan 2k x 2k Digital Micrograph (Gatan)
Tecnai F20 200 - FEI Eagle 4k x 4k TOM-toolbox (Nickell et al., 2005)
FEI User Interface
Tecnai Polara 300 + Gatan 2k x 2k TOM-toolbox (Nickell et al., 2005)

FEI User Interface

Table 11: Projects and the used respective microscopes.

Project Microscope Magnification Defocus (um)
(Pixelsize [nm])

Whole-cell tomography of mycobacteria Tecnai Polara 18 kto 34 k (0.71 to 0.38) -12to -4

Vitreous sections of mycobacteria and Tecnai Polara 18 kto 36 k (0.71 to 0.38) -8t0-5

corynebacteria

Tomography of mycobacterial cryo-samples Tecnai Polara 27.5k (0.47) -6to0-5

prepared with a FIB

MspA reconstituted into lipid vesicles Tecnai Polara, 61 k (0.21) -8t0 -2
F20 29 k (0.37) -8 t0 -4

4.11.3 Extended data acquisition scheme for CTF correction of tilt series

Acquisition of two additional high-dose images was done manually with the ‘FEI user interface .
After every cycle of ‘tracking’, ‘autofocus’ and ‘exposure’, the run was paused and, via a beam
shift along the tilt-axis, the imaging position was set to the corresponding areas referred to as f1
and f2. The distances from the exposure area were kept large enough to avoid any overlap (in
practice 4 to 5 um). After recording and storing the images, the data acquisition scheme was
continued with the next tilt-angle. To improve the SNR the ice was ‘evaporated’ from the high-
dose areas f1 and f2 by means of an extended exposure to the electron beam.

4.12 Image processing

4.12.1 CTF determination and correction of tilted projections

The average defocus and the astigmatism for f1 and 2 at every tilt angle was determined via
periodogram-averaging (Fernandez et al., 1997) and fitting a calculated CTF to the measured
power spectrum in two dimensions by cross correlation (Mindell and Grigorieff, 2003). The
focus condition of the exposure site was calculated by interpolating the focus values from sites f1
and f2, assuming that the grid surface is flat over the distance between f1 and 2 (~10 pum). For
the subsequent CTF correction, we applied the approach of Zanetti (2009). Figures 12 A — C
depict the workflow schematically. Briefly, the image is divided into tiles of 322 pixels (A). For
each tile, the defocus is calculated based on the position of the central pixel (small red square):
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its distance x from the tilt-axis (red dotted line) and the respective tilt angle (y). A square box of
256 pixels is extracted from the image around each tile (B). The Fourier Transform of the box is
calculated and corrected for the appropriate CTF by phase flipping. The central 322 pixels of the
corrected box are pasted to their original position to give the corrected final image (C). Errors
due to approximation of the tile to a flat sub-image can be reduced by choosing a smaller tile size
at the expense of an increased computational time. The tilt axis direction was calculated during
the alignments performed with the TOM-toolbox. The tilt angle was taken from the goniometer
setting.
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Figure 12: Schematical workflow for CTF correction of tilted projections. A. The 2096 pixel image is
rasterized into 322 squares. The position of the center pixel (red square) relative to the tilt-axis (red dotted line)
and the tilt-angle (y) determines the defocus value. B. An area of 256 pixels around the center pixel is CTF
corrected and the central square of 322 pixels is pasted into the final image (C.).

4.12.2 Correction of the modulation transfer function (MTF)

Unfortunately, a measured MTF was not readily available for the Gatan 2k x 2k CCD-camera of
the Tecnai Polara. To avoid downtime of the microscope, deconvolution was done with the
determined function of an FEI Eagle 4k x 4k camera connected to another EM (Fig. 13, red line).
Determination was done by edge analysis (Samei et al., 2005). Compared to the modeled MTF of
the Gatan camera, determined by measuring the noise spectrum (‘pre-whitening filter” (Sigworth,
2004), Fig. 13, blue curve), deconvolution of our data with the FEI Eagle-function is rather
conservative.
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Figure 13: Comparison of the measured MTF
of the 4k x 4k FEI Eagle CCD camera (red
curve) with the modeled function of the 2k x 2k
Gatan CCD camera of the Tecnai Polara (blue
curve). The Gatan-MTF was modeled according
the ‘pre-whitening filter’ approach of Sigworth
(2004)
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4.12.3 Reconstruction of tilt series

Alignment and reconstruction of tilt series were performed using the TOM-toolbox (Nickell et
al., 2005) implemented in MATLAB (Mathworks, Natick, USA). Tilted images were aligned
with gold beads as fiducial markers or via cross-correlation based methods (‘feature tracking’,
(Sorzano et al., 2009)). Three-dimensional reconstructions were calculated using weighted back
projection (WBP) or simultaneous iterative reconstruction techniques (SIRT; (Lakshminarayanan
and Lent, 1979)). A nonlinear anisotropic diffusion algorithm was applied to reduce noise in
survey tomograms (Frangakis and Hegerl, 2001). Three-dimensional data sets used for
calculation of density profiles were not filtered.

4.12.4 Image analysis of the cell wall structures

The distances between the cell envelope structures were determined by averaged cross-sections
of the cell walls. For this purpose, the tomograms were oriented such that the longitudinal axis of
the cells was parallel to the x-y plane of a 3D coordinate system. Figure 14 shows the workflow
in detail. Subvolumes of the whole reconstructions (A) that covered a long, preferably straight
region of the cell wall were averaged in z. The z dimension of the subvolumes was kept small
enough to prevent artificial blurring of the membrane because of the cylindrical shape of the
cells. The resulting 2D projection was rotated to align the membranes parallel to the y axis (B).
The image was separated into one-pixel-thick rows along the y-direction (C), which were aligned
onto each other via cross-correlation to unbend the curved cell envelope traces (D). The resulting
image was projected along the y direction (E) to obtain an averaged density profile across the
cell envelope structures (F). In untilted projections of cryosections exhibiting sufficient contrast,
the CTF was determined and corrected for to minimize optical aberrations introduced by the
imaging conditions.
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Figure 14: Workflow for measuring the dimensions and distances between the cell wall components. A. x-y
slice from a tomogram of an M. bovis BCG cell. The red rectangle indicates a subvolume, containing a long and
preferably straight region of the cell wall. B. The resulting 2D projection, aligned to the y-axis. C. and
D.’Unbending’ of the curved cell envelopes via cross-correlation. E. Projection from D along the y-axis. F.
Calculated density profile as used for the measurements.

4.12.5 Averaging of subtomograms

Extraction, alignment, averaging and further image processing of subtomographic volumes were
performed using the TOM-toolbox (Nickell et al., 2005) and the procedure tom_corr3D (Haller
et al., 2009) which accounts for the missing wedge of the particles. Tomograms had to be filtered
for manual picking to discern structures. Gray values were normalized. Docking of the x-ray
structure into electron density maps was performed with Chimera (Goddard et al., 2007). The
resolution was assessed by Fourier shell correlation (FSC; (Stewart et al., 1999)).

4.12.6 Visualization of electron density maps

Visualization and segmentation was performed using Amira 3.0-5.2 (TGS, Bordeaux, France)
and Chimera (Goddard et al., 2007). Nonlinear anisotropic denoising (Frangakis and Hegerl,
2001) and Gaussian filtering was applied before segmentation when necessary. Final figure
preparation and drawings were performed in Adobe Photoshop CS2 (Adobe, San Jose, USA).
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5 Results

5.1 Cryo-electron tomography reveals the native architecture of

bacterial cell envelopes

The cell envelope architecture was investigated in M. smegmatis mc?155, M. bovis bacillus
Calmette-Guérin (BCG), and, as a control, in Escherichia coli DH5a, with frozen-hydrated and
otherwise untreated intact cells by cryo-electron tomography. Figure 15 A shows an electron
microscope projection of M. bovis BCG imaged with subcritical electron dose conditions. The
major cell envelope layers are discernible, and they are clearly recovered in the x-y slices
extracted from the tomograms (Fig. 15 B). To evaluate the structural preservation of the cell wall
in CET, E. coli was chosen as a reference organism. The location of the outer membrane close to
the peptidoglycan (distance = 7.5 nm; Fig. 15 C) and the width of the periplasm (= 16 nm) are
consistent with the structure of periplasmic protein complexes such as Braun’s lipoprotein, the
flagellar basal body, and the TolC-AcrB assembly that serve as molecular rulers (Fig. 16 A and
B; details see Table 12). This can be interpreted as evidence for accurate preservation of the

native structure of the cell envelope in CET.

M. bovis BCG possesses a multilayered cell envelope structure (Fig. 15 A and B). The inner layer
represents the cytoplasmic membrane, and the outer layer, the mycobacterial outer membrane
(see below). The layers L1 and L2 cannot be assigned according to structural appearance alone.
They likely represent structures related to the peptidoglycan-arabinogalactan-mycolate network

visualized in their natural arrangement within the cell wall (see also Table 13).
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Figure 15: CET of M. bovis BCG (A, B, D), M. smegmatis (E), and E. coli (C). A. Intact cell rapidly frozen
(vitrified) in growth medium and imaged by using low-dose conditions. Black dots represent gold markers. B. — E.
Calculated x-y slices extracted from subvolumes of the three-dimensionally reconstructed cells and corresponding
density profiles of the cell envelopes. The profiles were calculated by averaging cross-sections of the cell envelopes
along the x-y direction in 20 independent slices. A total of 10,000 cross sections for the mycobacteria and 8,000 for
E. coli were aligned by cross-correlation before averaging. The fitted Gaussian profiles in C (dashed curves) indicate
the positions of the peptidoglycan (PG) and the outer membrane (OM). D. and E. Subtomograms recorded at
nominal -6 pum defocus and reconstructed without noise reduction. CM, cytoplasmic membrane; L1 and L2,
periplasmic layers; MOM, mycobacterial outer membrane. (Scale bars: A, 250 nm; B and C, 100 nm; D and E, 50
nm.)

Figure 16: A. Averaged image of
a basal body from a Salmonella
enterica wild-type strain
(SJW880), as derived by single-
particle cryo-electron
microscopy (Thomas et al., 2001).
The L, P, S, M, and C rings are
labeled. The positions of the outer
membrane (OM), peptidoglycan
(PG), and inner membrane
(cytoplasmic membrane; IM) are
marked. B. Structure of the
TolC-AcrB assembly of E. coli
(Murakami et al.,, 2002). Both
structures served as molecular
rulers. See Table 12 for dimen-
sions.
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Table 12: Characteristic distances in the cell envelope of Escherichia coli.

Source of data

Characteristic Cryo-electron Cryosections,” nm Periplasmic proteins
distance tomography, nm

Size, nm Molecular ruler

Center-to-center

CM - OM 22.0 27.4* 24 Basal body (M- to L-ring)®
CM-PG 145 16 Basal body (M- to P-ring)®
PG - OM 75 12.0* 8 Basal body (P- to L-ring)®

Surface-to-surface (gap)

CM-OM 15.7" 21.0+2.7 18 Basal body (M- to L-ring)®
17 TolC-AcrB assembly!!

CM-PG 8.4 10 Basal body (M- to P-ring)®

PG - OM <2! 5.3+0.9 35 Basal body (P- to L-ring)®
3.0 Lipoprotein™

Thickness

CM ~6'" 5.8+0.4

PG 6.5+£0.5

oM 6.9£1.0

CM, cytoplasmic membrane; PG, peptidoglycan; OM, outer membrane.

*This study.

+(Matias et al., 2003).

ICalculated from surface-to-surface distances, taking into account the average thickness of membranes or the
peptidoglycan.

§(Thomas et al., 2001).

fiCalculated from centre-to-centre distances, taking into account the thicknesses of membranes or the peptidoglycan.

|| (Murakami et al., 2002)

**(Braun et al., 1976)

T1Width at half height of the averaged membrane profile.
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5.1.2 The outer layer is revealed as a lipid bilayer in cryo-electron tomograms

In the case of intact cells, membranes are not usually resolved as lipid bilayers in CET because
of cell thickness, the limited number of projections, and the focus conditions. To clarify the
membrane structure further, the focus conditions for data recording were adapted, i.e. the values
were raised from below -10 pum to above -6 pum and the tomograms were analyzed to the full
resolution available. The x-y slices and the averaged density profiles in Figure 15 D and E now
clearly reveal the bilayer structure of the cytoplasmic membrane with an apparent total thickness
of = 7 nm. Concomitantly, the fine structure of the outer membrane of M. bovis and M.
smegmatis is also rendered visible as a bilayer. It is ~ 8 nm thick, and thus only 15% thicker than
the cytoplasmic membrane. The term mycobacterial outer membrane (MOM) is used to

distinguish the structure from the outer membrane of Gram-negative bacteria.

To probe the nature of the bilayer, M. smegmatis cells were incubated with 1% octyl B-glucoside
before freezing. After treatment and resuspension in detergent-free buffer, the cells became
extremely hydrophobic and aggregated strongly. This phenomenon is consistent with the
removal of lipids that expose a hydrophilic head group, such as polar glycolipids and
glycopeptidolipids, and the exposure of lipids with hydrophobic ends, such as the covalently
bound mycolic acids. Cells that could be resuspended were virtually intact and exhibited limited
detergent effects, as observed by CET. Similar effects have never been found in untreated cells.
Figure 17 A, E and F shows an undisturbed cell wall region comprising four cell envelope layers
similar to the architecture of untreated M. smegmatis (Fig. 15), as well as the bilayer structure of
the mycobacterial outer membrane. The lipidic nature of the bilayer is demonstrated by the
detergent effects, which disturb the membrane structure and apparently dissolve extractable
lipids (Fig. 17 B-D).

It is remarkable that the inner membrane is dissolved in regions where the detergent had affected
the structure of the outer membrane. Octyl B-glucoside obviously made the mycobacterial outer
membrane penetrable and destroyed the inner membrane. Also, the periplasmic layers appear to
become affected. Degradation of structures by lytic processes cannot be excluded in places
where the cytoplasm infiltrated the periplasm. The remaining layer below the outer membrane-

detergent composite in Figure 17 B-D likely represents the covalently linked mycolic acids that

cannot be removed by detergents. The putative mycolic acid layer still shows local contacts to
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the detaching membrane material (Fig. 17 C), but it is not obvious whether the layer was a

constituent of the mycobacterial outer membrane.

Figure 17: CET of intact M. smegmatis treated with octyl p-
glucoside. A — D. x-y slices of the tomogram without noise
filtering. A. Region of the apparently intact mycobacterial outer
membrane (MOM), cytoplasmic membrane (CM) and
periplasmic layers L1 and L2 as marked in F. The prominent
black dot represents a gold marker used for alignment purposes.
B. — D. Slices of cell wall positions with successively affected
MOM (black arrowhead) and dissolved CM (white arrowhead
in C) because of the treatment with the detergent. Black arrows
indicate the approximate border between detergent-affected and
apparently undisturbed regions of the MOM. D. The white
arrowhead indicates the putative mycolate layer. (Scale bar: 50
nm.) E. Enlarged slices of the cell envelope illustrating the
bilayer structure of the CM and the MOM. The bar indicates the
! , width of the profile displayed in F. The averaged profile was
LU calculated according to the procedure described in Ch. 4.12.4.

relative grey value

5.1.3 Vitreous cryosections confirm the bilayer structure of mycobacterial outer
membranes

Since membrane bilayer structures have not previously been rendered visible in tomograms of
intact cells, the attempt was undertaken to reproduce the results by means of thin, frozen
hydrated sections. Due to the reduced sample thickness a higher resolution can be expected and
because the total tolerable dose can be applied on one single projection a better contrast is
achieved. The resulting loss of information in the z-dimension can be neglected since the
arrangement of the cell wall layers can be resolved in the x-y plane and should be homogenous
around the cell. Cells of both M. smegmatis and M. bovis were rapidly frozen under high
pressure (cf. Ch. 4.11.1.4; (Al-Amoudi et al., 2004)).
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Figure 18: Cryo-electron micrographs of vitreous cryosections from mycobacteria. The sections have a
nominal thickness of 35 nm. A. Cross-section of an M. smegmatis cell deformed by the cutting process. Regions
perpendicular to the cutting direction (arrowheads) were used for further analyses. (Scale bar: 200 nm.) B. Cell
envelope of M. smegmatis (subarea from A). C. Cell envelope of M. bovis BCG. (Scale bars: 100 nm.) D. and E.
Averaged profiles from the cell envelopes of M. smegmatis (D) and M. bovis BCG (E). CM, cytoplasmic
membrane; L1 and L2, domain-rich periplasmic layers; MOM, mycobacterial outer membrane. Note that the
distances between the membranes and layers are influenced by the cutting process. The bilayer structure of the CM
and the MOM s discernible (B — E). Images are corrected for the contrast transfer function with fitted defocus
values of -6.4 um (B) and -6.7 um (C).

Sections with a nominal thickness of 35 nm revealed similar substructures in the periplasmic
space of both species and suggested that the periplasmic layers comprise several domains (Fig.
18). The bilayer structure of the cytoplasmic membrane as well as of the outer membrane is
clearly resolved in regions perpendicular to the cutting direction. These are disturbed least by
compression (Matias et al., 2003). The results confirm the structure of the mycobacterial outer
membrane in Figures 15 and 17, having an overall thickness of ~ 8 nm in both M. smegmatis and
M. bovis. Because of the observed dilatation of structural detail by ~ 20% perpendicular to the
cutting direction in the periplasm of E. coli (see details in Table 12), the thicknesses of
membranes and periplasmic layers as determined in cryosections from mycobacteria represent
upper values (Tab. 13). The identical appearance of the two areas of high contrast in the bilayer
structures (Fig. 18 B and C) indicates that the head group regions of the outer membrane exhibit
similar mass (electron) densities that result in the same image (phase) contrast in the microscope.
Thus neither the mass distribution of lipid head groups in the two leaflets nor their cumulative
thickness normal to the membrane plane gives rise to a clear morphological asymmetry as it is
assumed in the current models of the mycobacterial cell wall (Brennan and Nikaido, 1995;
Nikaido et al., 1993; Rastogi et al., 1991).
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Table 13: Characteristic distances in mycobacterial cell envelopes derived from tomograms and vitreous sections.

Charcteristic Mycobacterium Mycobacterium
distance smegmatis, nm bovis BCG, nm

Center-to-center from tomograms
CM - MOM 28 27 (34)"
CM-L2f 18 16 (23)
CM-L1' 10 7 (14)
L1- MOM 18 19 (20)
L2 - MOM 10 10 (11)
L1-L2 8 9 (9)

Thickness from vitreous sections* (tomograms)®

CM 7.0 (7.5) 7.0 (8.0)
MOM 7.5-8.5 (8.0) 7.5-8.5 (7.5)
L1 4.0 (4) 6.0 (5)
L2 7.0 (5.5) ~11"

CM, cytoplasmic membrane; MOM, mycobacterial outer membrane.

*Values in parentheses determined from cells in nongrowing cultures.

FL1, L2: periplasmic layers assigned to the peptidoglycan-arabinogalactan network.
tAverage values and ranges determined from images.

8Width at half height from averaged profiles.

flincluding variations by subdomains.

Figure 19: 3D-representation of the cell wall of M. bovis BCG as derived from tomograms of intact cells. The
periplasmic space between the MOM (dark yellow) and the CM (bright yellow) contains the layers of the
arabinogalactan-peptidoglycan polymer (indicated in blue). (Scale bar: 50 nm).
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5.1.4 The asymmetric structure of the outer membrane of Escherichia coli is
visualized in cryo-electron tomograms
To probe if it is indeed possible to visualize an apparent asymmetry in the structure of a
membrane by cryo-electron tomography of frozen-hydrated intact cells, E. coli cells were treated
and imaged according to the mycobacteria before. The outer membrane of E. coli has a highly
asymmetric architecture, with the outer layer consisting of lipopolysaccharides (LPS) while the
inner layer is made up from phospholipids (Matias et al., 2003). LPS have a larger number of
phosphates per unit area than a typical phospholipid and it can thus be expected that LPS should
have more inherent contrast in the image. LPS also possesses more carboxyl- and phosphate
groups, which interact more strongly with Mg?*- and Ca**-ions than phospholipids, and these
complexed metal ions should also increase the contrast of the outer face of the OM. Figure 20
shows an 2.8 nm thick x-y slice of an cryo-electron tomogram of an E. coli cell. The
multilayered structure of the cell wall is clearly resolved (Fig. 20 A) and the bilayer structure of
the cytoplasmic and outer membrane is shown in the enlarged section (arrows Fig. 20 B). The
outer layer of the outer membrane appears thicker and with higher contrast than the inner one,
what is emphasized in the averaged density plot in Figure 20 C. According to these results, a
strongly asymmetric composition of lipid headgroups in the mycobacterial outer membrane, as
implied by current cell wall models (Minnikin, 1991), should actually be visible in cryo-electron

tomograms.
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Figure 20: CET of intact E.coli cells showing the asymmetric architecture of the outer membrane. A.
Calculated 2.8 nm thick x-y slice of a three-dimensionally reconstructed E. coli cell. The multilayered structure of
the cell wall is clearly visible. Red square: enlarged area shown in B. (Scale bar: 200 nm.) B. The cytoplasmic
membrane and the outer membrane are resolved as bilayers. The outer layer of the outer membrane appears thicker
and with higher contrast. (Scale bar: 50 nm.) C. Averaged density plot of the cell wall. CM, cytoplasmic
membrane; PG, peptidoglycan; OM, outer membrane.

5.1.5 Mycolic acids are an essential part of the outer membrane in
Corynebacterium glutamicum
A myecolic acid-deficient mutant is required to assess the contributions of these lipids to the outer
membrane. Such mutations are lethal in mycobacteria, whereas a mycolic acid-deficient mutant
of the related species Corynebacterium glutamicum is viable (Portevin et al., 2004). Both,
mycobacteria and corynebacteria belong to the suborder Corynebacterinae (Pascual et al., 1995).
By in silico analysis of various mycobacterial genomes the gene product Pks13 was identified as
the enzyme responsible for the final condensation step in mycolic acid biosynthesis. It contains
four catalytic domains required for the condensation reaction. Deletion in the pks13 gene resulted
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in a Corynebacterium glutamicum strain deficient in mycolic acid production, whereas it was
able to produce the fatty acids precursors (Portevin et al., 2004). The mutant strain also displayed
an altered cell wall structure. Therefore, wild-type C. glutamicum and the mycolic acid free
mutant Apks13 were investigated. Tomography of frozen-hydrated intact cells was not possible
due to the thickness of the corynebacteria and the resulting limitations for CET. Thus, vitreous
cryosections were prepared and analyzed. Figure 21 demonstrates that C. glutamicum also
possesses an outer membrane, as shown for M. smegmatis and M. bovis BCG (Figs. 15 and 18).
Importantly, the outer membrane is absent in the Apksl3 mutant (Fig. 21 B). The mutant cell
wall is thinner by 5 — 8 nm (mean: 6.4 nm; Fig. 21 B and D), which corresponds to the dimension
of the missing bilayer structure. These results establish that mycolic acids are indispensable for
the structural integrity of the outer membrane. This finding is consistent with the key role of
mycolic acids for the cell wall permeability barrier in C. glutamicum (Gebhardt et al., 2007).
Furthermore, the periplasmic constituents are also organized in layers, indicating the formation

of domains similar to those observed in mycobacteria (Fig. 18).

Figure 21: Cryo-electron micrographs of vitreous
cryosections from C. glutamicum. The sections have
a nominal thickness of 35 nm. A and C. Wild-type
cells imaged at high (A) and low (C) defocus. The
bilayer structure of the cytoplasmic membrane (CM)
and the outer membrane (OM) is resolved in
minimally compressed parts of the cell envelope
(arrowheads). B. Projection of an ultrathin section of
the mycolic acid-lacking mutant C. glutamicum
Apks13 at low defocus. D. Thickness of the cell walls
determined from several cells as measured from the
‘“n."“WT surface of the CM to the outer surface of the cell wall.
< 40k ¢ 6 2 In images of the mutant cell wall, the cell boundary
o ogRRE @9@@@ et was identified by the change from higher to lower
b o O Vuks contrast (background). The center of the thickness
curves corresponds to the position of the cell
envelope “poles” that are oriented perpendicular to
the cutting direction. Filled symbols, wild-type cells;
open symbols, mutant cells.
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5.2 CET with FIB-micromachined M. smegmatis cells

5.2.1 Specimen thickness and milling approaches

Adequate thinning procedures are a prerequisite for obtaining a useful resolution by cryo-
electron tomography with many cellular samples. By means of ultrathin cryo-sections it was
possible to confirm the results concerning the cell wall structures obtained by tomography of
‘intact’ cells. Using CET for further analysis of macromolecular complexes located in the
mycobacterial cell envelope would be of enormous interest. The major drawbacks of cryo-
sectioning, the unavoidable compression of the sample in the cutting direction, and the limited
possible thickness of the sections and thus the loss of information in z-direction, restrict the use
of this method considerably. The already mentioned difficulties in preparing tomograms from
ultrathin cryo-sections pose further problems. Promising results with the use of a focused ion
beam for the preparation of biological samples for cryo-microscopy were already attained some
years ago (Marko et al., 2007). Thus we attempted to extend the method for samples used for
tomography. Specimen thicknesses of about 500 nm or less would be best to account for the
considerable ‘thickness’ increase during sample tilting (Fig. 22 A). However, the preparation of
suitable thin samples for electron tomography should yield extended electron transparent regions,
covering a maximum volume of cellular space. In FIB-micromachining, the ‘transparency
length’ is dependent on the incident angle of the ion beam (Fig. 22 Aa; (Rigort et al., 2010)). In
order to generate large enough transparent areas, shallow angles (<10°) are preferable. The major
disadvantage of this approach is that cellular features in the z-axis are lost (‘thinned out’) over a
relatively large area. A solution to this problem would be ‘parallel milling” (Fig. 22 Ba), but this
technique is difficult and demanding; the carbon support of the EM grids is never perfectly flat,
what is even more serious a problem with ice-embedded cells. The carbon layer very often forms
‘basins’ across the meshes of the grid, so that the cells are ‘shadowed’ by the grid bars when
tilted parallel to the ion beam. They are thus inaccessible for milling (Fig. 23 C) . A solution
would be halving frozen grids and making the cutting edge accessible for the parallel milling
approach (Fig. 23 D).
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Figure 22: A. Definition of the transparency length for ‘efficient’ CET (Rigort et al., 2010). (a) Schematic
representation of a cut-away of a cell attached to a carbon support film and embedded in a thin layer of vitreous
ice. The drawing illustrates how the angle [a] of the incident ion beam defines the cellular area that is accessible
for tomographic data acquisition. The dimension in the beam direction is referred to as the ‘transparency length’
[L]. A thickness of < 500 nm is considered to be optimal for sufficient electron transmission especially at high tilt
angles where the projected thickness increases. (b) Graph showing the ‘transparency length’[L] in dependence of
small (< 10°) incidence angles [a]. B. Different strategies of FIB-micromachining of vitrified cellular samples
(Rigort et al., 2010). The cell is lying on the carbon support film of an EM grid and embedded in vitreous ice. The
thin layer (delineated by the dashed line) represents the desirable specimen thickness appropriate for CET (< 500
nm). (a) Parallel milling. The incident ion beam is parallel to the EM grid surface. This approach usually involves
halving a frozen grid and is demanding, as the milled areas on the halved grid are extremely fragile and are lost
very easily during the subsequent transfer into the TEM. b. Wedge-shaped milling. The ion beam impinges on the
frozen specimen at an oblique or ‘grazing’ angle. This approach is the most feasible since the grid remains intact
and the fragile carbon film stays fully supported. c. Cryo-lamella preparation. The frozen specimen is milled to
expose a thin lamella, thereby preserving cellular features along the z-dimension. Removal and reorientation of the
lamella is necessary for subsequent analysis in the TEM. At present, a lift-out option for cryogenic lamella
preparations is not available.
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In a number of experiments the grids were cut after plunge freezing with a precooled scalpel in
the cryochamber of the Leica FC6 ultramicrotome, set to -160°C. However, although the cutting
process was successful, due to the lacking support for the fragile carbon film at one side of the
square, almost all of the milled areas broke away and were lost during the transfer of the grid
into the TEM cartridge. The approach of milling free-standing lamellas as commonly practiced
in material sciences (Fig. 22 Bc) is currently not feasible, because the transfer of the lamella at

cryogenic temperatures is a technical challenge that still remains to be solved.

5.2.2 Wedge-shaped milling results in areas thin enough for CET

Due to the problems with the parallel approach, an incident ion beam angle of approximately 10°
was used for thinning of the mycobacteria. Milling was performed with 30 keV at an ion current
of only 10 pA. Approximately 30 um® of material was removed within five minutes,
corresponding to a milling rate of 0.1 um® s™. By means of electron energy loss spectroscopy
(EELS) log-ratio method (Malis et al., 1988), and taking a total inelastic mean free path length of
A =300 nm at 300 keV for vitreous ice (J.M. Plitzko, personal communication), the thickness of
the areas of interest in the milled wedges was assessed to 300 — 400 nm (Fig. 24 C and D). The
amorphous state of the ice after micromachining was verified by electron diffraction, which
showed the characteristic diffuse ring of vitreous ice. In comparison to sections of the same
bacteria obtained by cryo-ultramicrotomy (Fig. 24 A), where compression in the cutting direction
leads to structural artifacts, the bacteria thinned by the FIB do not exhibit any compression (Fig.
24 B) or other structural damage. A regularly appearing effect of thickness variation is shown in
Figure 24 E. The surface of the milled areas is non-uniform and exhibits a streak-like pattern
(white asterisks) due to varying milling efficiency. However, the structure of the ice-embedded
cell is not influenced by this effect. The results of tomographic reconstructions of milled M.
smegmatis cells (Fig. 24 G) are in excellent accordance with the data of cryo-tomograms of
intact cells and TEM-projections of vitreous sections (cf. Ch. 5.1). The layered architecture of
the cell wall is clearly resolved (Fig. 24 H), and the fine structures of the cytoplasmic membrane
(CM) and the mycobacterial outer membrane (MOM) are rendered visible as bilayers. The
thicknesses of both membranes, OM and MOM, are = 6.5 and = 8 nm, respectively, as
determined from the averaged density plots. They agree with the measured

52



RESULTS

Figure 23: Approaches of FIB-micromachining of frozen-hydrated M. smegmatis cells All samples were
prepared by plunge freezing and transferred to the SEM/FIB under cryogenic conditions (cf. Ch. 4.11.1.3 and
4.11.1.6). A. Cryo-scanning electron micrograph of vitrified M. smegmatis cells on an EM grid. The
hydrophobic nature of their cell walls (Deshayes et al., 2005) makes them protrude from the vitreous ice layer.
(Scale bar: 5 um.) B. Wedge milled into a sample of M. smegmatis cells embedded in vitreous ice. The arrow
indicates the direction of the incident beam. Thinned cells are visible on the wedge surface. (Scale bar: 10 pm.) C.
M. smegmatis cells embedded in vitreous ice on an EM grid. The red dotted lines show the bars of the EM grid.
The grid is covered by a ‘holey’ carbon film as specimen support (white arrow). The obvious ‘basin’ formed by
the film prevents parallel milling. The number (11) and the straight line were milled into the sample and served for
orientation purposes in the TEM. (Scale bar: 40 um.) D. ‘Halved’ grid to enable parallel milling. Inset: enlarged
area from the red square. The thick gridbar was cut away and the area behind the cutting edge is accessible for
parallel milling. (Scale bar: 500 um.)
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Figure 24: FIB micromachining of frozen hydrated M. smegmatis cells. A. TEM projection of an ultrathin cryo-
section (nominal thickness: 50 nm) from M. smegmatis as obtained by cryo-ultramicrotomy. Compression of the
cells in the cutting direction (white arrow) is clearly visible (distorted cross-sections). The striped pattern perpen-
dicular to the cutting direction is caused by ‘chatter’, another typical artifact of cryo-sectioning . (Scale bar: 5 um.)
B. TEM projection image from FIB- micromachined M. smegmatis cells. The dark edge in the upper left corner
depicts the milling edge. (Scale bar: 500 nm.) C. and D. Thickness determination based on the electron energy loss
spectroscopy (EELS) log-ratio method (Malis et al., 1988). C. ‘Heat-map’ representation of the EELS log-ratio of
a TEM-projection of a FIB-milled M. smegmatis cell. (Scale bar: 500 nm.) D. Thickness profile from the white
rectangle in C. A total inelastic mean free path length of A = 300 nm at 300 keV was assumed for vitreous ice. E.
TEM projection image exhibiting a streak-like pattern on the surface of the milled area (white asterisks). Most
likely caused by preferential or anisotropic milling (Heymann et al., 2006). F. 0°-projection image from a
tomographic recording. The fine-structure of the cell wall is perfectly preserved even in areas perpendicular to the
milling direction, indicated by the white arrow. (Scale bar: 100 nm.) G. Slice from a tomographic reconstruction.
The larger vesicular objects (asterisks; ‘lipid-bodies’, (Waltermann and Steinblichel, 2005)) demonstrate the
absence of structural deformation. Small vesicular structures close to the CM (arrowheads) become apparent in the
thinned cell. Milling direction is indicated by the white arrow. (Scale bar: 100 nm.) H. Enlarged area from E.
(white rectangle). The structure of the M. smegmatis cell envelope can be discerned in more detail. The averaged
density plot reveals the double layered structure of the cytoplasmic membrane (CM) as well as the mycobacterial
outer membrane (MOM), and the periplasmic layers (L1, L2).

values from the tomograms of intact cells (details see Table 14). The whole appearance of the
cell wall is more ‘regular’ compared to the data from the intact cells or the cryo-sections.
Likewise, the periplasmic structures L1 and L2 are distinct layers, with L2 appearing thinner
than in the previous data (= 40% compared to L2 in tomograms of intact cells), which might be
an effect of the maturity of the cell. Moreover, small sized, delicate structures, e.g. vesicles
ranging from = 6 to 60 nm are clearly recognizable within the cytoplasm of the thinned

mycobacteria (white arrowheads and asterisks in Fig. 24 G). The larger spherical structures
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resemble ‘lipid bodies’, known as intracellular storage compartments for lipids and lipophilic
compounds (Daniel et al., 2004; Waltermann and Steinbuchel, 2005).

Table 14: Characteristic distances in the cell envelope of M. smegmatis derived from tomograms of cells prepared
by FIB-micromachining in comparison to tomograms from intact cells and TEM-projections of vitreous sections.

Dimensions of the cell envelope, nm

St e s 0
Center-to-center
CM — MOM 26 28 29
CM—L2f 15 18 17
CM-—L1f 8 10 9
L1-MOM 18 18 20
L2 - MOM 11 10 12
L1-L2 7 8 8
Thickness®
CM 6.5 75 7
MOM 8 8 7.5-85
L1 35 4 4
L2 3 5.5 7

CM, cytoplasmic membrane; MOM, mycobacterial outer membrane.

tL1, L2: periplasmic layers assigned to the peptidoglycan-arabinogalactan network.
tAverage values and ranges determined from images.

8Width at half height from averaged profiles.

flincluding variations by subdomains.
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5.3 CET of MspA reconstituted into lipid vesicles

Part of this thesis was to evaluate methodical requirements for the identification and localization
of MspA in situ. In the previous chapter | addressed the problems coming along with cellular
samples and their preparation, e.g. the thickness and the compression artifacts introduced by
cryo-sectioning to thin cells for CET (cf. Ch. 5.1). Further difficulties arise from the low signal-
to-noise ratio and low contrast of proteins located in lipid membranes and the unfavorable focus
conditions and variations in projections of tilted specimens. To cope with these difficulties when
working with intact cells, there is need to develop a technical strategy. For this purpose, purified
MspA was reconstituted into lipid vesicles that served as a model system for the development of

a data acquisition-scheme for the analysis of membrane proteins in their natural environment.

5.3.1 Reconstitution of MspA

Several attempts were needed to establish a reproducible insertion of MspA into the membrane
of lipid vesicles. Unfortunately, the phospholipids DMPC and DPPC that are widely used in
reconstitution experiments of membrane proteins ((MirAfzali et al., 2005; Parmar et al., 1999);
Tab. 15) proved to be unsuitable. None of the experimental conditions, listed in Table 15,
resulted in reconstitution of MspA, the membranes of all vesicles were ‘empty’. Only the
approach with DiphPC, a C16-phospholipid harboring four methyl-groups in each acyl chain,
was promising, since it already allowed insertion of MspA in planar lipid membranes used for
conductivity measurements (cf. Ch. 5.4). The dialysis method usually yielded vesicles with a
wide size distribution. The majority of the vesicles was larger than 1 um, and was not suited for
CET. DiphPC vesicles were prepared by extrusion through a polycarbonate membrane filter
having a pore size of 100 nm. Purified MspA, existing as micelles together with the detergent
octyl-POE, was added to the vesicle preparation and the whole mixture was incubated with
BioBeads® over night at 37° C to remove the detergent and establish the reconstitution. Analysis
of the samples by cryo-TEM showed that approximately 25 % of the vesicles contained more

than 10 inserted MspA molecules. These preparations were used for further analysis by CET.
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Table 15: Lipids and preparation methods for the reconstitution of MspA.

Lipid Method of vesicle Vesicle diameter Method of Formation of
formation reconstitution proteovesicles
1,2-dimyristoyl-sn-glycero-3- dialysis' 50 nm — > 2000 nm® dialysis™ no
phosphocholine
(DMPC; PC(14:0/14:0)) BioBeads® no
TT:+23°C
1,2-dipalmitoyl-sn-glycero-3- dialysis' no vesicles dialysis” no
phosphocholine
(DPPC; PC(16:0/16:0)) extrusion* 100 nm — 200 nm’ BioBeads® no
TT:+41°C
1,2-diphytanoyl-sn-glycero-3- extrusion? 50 nm — 100 nm' BioBeads® yes

phosphocholine
(DiphPC; PC(16:0 4ME/16:0
4ME))

No gel to liquid crystalline
phase transition from -120° C
to +120° C
(Lindsey et al., 1979)

TT: transition temperature

fithe lipid was dissolved in detergent containing buffer (0.5 % octyl-POE) and dialysis was performed at 37° C

against a constant flow of buffer

*either lipid/detergent-micelles were mixed with protein/detergent-micelles or preformed lipid vesicles were mixed
with protein/detergent-micelles before dialysis

8large size distribution
fAvanti Polar Lipids® mini extruder

tdepending on the pore size of the used polycarbonate membrane filter

5.3.2 Extended exposure-scheme for CTF-correction of tilted projections

The detection and reliable interpretation of small structural details in CET is limited by the

microscope’s contrast transfer function (CTF; cf. Ch. 2.2). To exploit the information contained

in EM projections and to achieve higher resolution in tomograms, it is critical to determine the

CTF and to correct for its phase inversions. However, the extremely low signal-to-noise ratio

(SNR) and the focus gradient in the projections of tilted specimens are challenges for the

determination and correction of the CTF. To avoid radiation damage of the structure of interest

it is not appropriate to increase the electron dose for imaging and to raise the SNR in the
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corresponding projections. The standard ‘low-dose’ acquisition scheme consists of the steps
‘tracking’, ‘autofocus’ and ‘exposure’ (Dierksen et al., 1992; Dierksen et al., 1995; Koster et al.,
1997; Koster et al., 1989), where ‘tracking’ and ‘autofocus’ are done on an area located along
the tilt axis, but displaced only by a small distance from the desired exposure area. Our idea was
to extend this scheme by recording two additional high-dose images, one taken at the area used
for ‘tracking’ and ‘autofocus’ and the second at the other side of the exposure area along the tilt
axis. For every tilt angle, the scheme was paused after the ‘low-dose’ routine, and the beam was
moved to the two areas, referred to as f1 and f2 via a beam shift. Two images with doses ranging
from 20 to 30 e/A? (per image) were recorded. This ‘manual’ approach seemed to be tedious and
time consuming, but unfortunately no reliable software for automation of the procedure was
available. After all, the extended procedure requires approximately one minute per tilt angle in
addition. The SNR of the image pairs was high enough to determine the defoci and to correct the
CTF of every single image of the whole tilt-series. An overview of the extended exposure

scheme is shown in Figure 25.

~ tracking
autofocus
f1

ST Figure 25: Image illustrating the
e extended exposure-scheme  for
subsequent CTF correction of
T tilted projections. The holey carbon
J exposure film is covered with vitreous ice and
contains MspA that was reconstituted
into lipid vesicles. The red dotted
line depicts the tilt-axis. f1 and f2 are
regions where the high-dose images
were recorded. f1 was also used for
‘tracking’ and ‘autofocus’. The areas
appear brighter (yellow circles)
because the ice was ‘evaporated’
with the electron beam to enhance
the SNR. Squares indicate the field
of view of the CCD camera. (Scale
bar: 2 um.)
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Figure 26: A-C. x-y-slices from a reconstructed volume of lipid vesicles containing MspA in the membrane.
The slices are 1.7 nm thick and have a relative distance of 12.6 nm to each other. Black dots in image (A) represent
gold beads (# 10 nm) used for alignment of the projections. (Scale bar: 100 nm.) D. and E. Typical side- (D), and
top-view (E) of MspA embedded in a lipid membrane as obtained by CET. The membrane in (D) is resolved as a
bilayer. E shows several MspA molecules in top view. (Scale bar: 10 nm.)

5.3.3 CTF determination and correction in tomograms of reconstituted MspA

A series of tomograms of MspA containing proteovesicles were recorded with the extended
acquisition procedure. Due to the limited amount of time, only one was further processed with
regard to correction of the CTF within the framework of this thesis. Figure 26 represents a
typical 3D reconstruction of lipid vesicles with MspA reconstituted in the membranes. Ideally,
several hundred protein molecules could be imaged in a single tomogram.

The mean defocus values and the astigmatism for f1 and f2 were determined at each tilt angle as
described in chapter 4.12.1 (Fernandez et al., 1997; Mindell and Grigorieff, 2003). The tile size
for periodogram averaging was 5127 pixels with an overlap of 50%, fitting of the CTF was done
with a defocus increment of 100 nm.

Figure 27 shows images from f1 and 2 and the respective power spectra at a tilt angle of 0° (Fig.
27 A) and of 57° (Fig. 27 B). Red circles indicate the zeros of the fitted CTFs. The high SNR of
images from f1 and f2 allowed detection of at least three Thon rings for all tilt angles. Our CTF-
fitting routine allows adjustment to astigmatism, what is indicated by the oval appearance of the
rings (Fig. 27). Evaluation of the data showed that the long axis of the ‘astigmatic rings’ (Azl1) is
aligned with the tilt axis and that the Thon rings appear blurry in this direction. Astigmatism was
not observed on an averaged power spectrum derived from the exposure position. Instead of
misalignment of the optical system (the microscope was carefully aligned before data acquisition

with respect to astigmatism) it is more likely that due to the relatively long exposure time (~ 1
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sec) at f1 and f2, vibrations transmitted via the mechanical coupling of the sample holder cause
drift in the images. Blurring of the Thon rings along one axis is then misperceived as
astigmatism by the fitting routine. Therefore, calculation of the defocus values was done based
on the course of the power spectrum along the short axis Az2. Figure 28 shows the course of
the calculated defocus values from f1 (black lines) and f2 (red lines). The mean defocus Azey, of

the exposure position (blue lines) is interpolated by:

_ (AZfl . Afl + AZfZ " AfZ)
AZexp = (Af1+ Af2)

Az and Az, are the mean defocus values from f1 and f2; Afl and Af2 are the distances of f1 and

f2 from the exposure position.
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Figure 27: High-dose images of the positions f1 and f2 and the respective power spectra as used for
determining the defocus values. A. 0° projection. B. Projection at a tilt angle of 57°. Red circles indicate the
zeros of the fitted CTFs. They appear slightly oval due to drift of the sample in direction of the tilt axis. Az1: long
axis of the astigmatism. Az2: short axis of the astigmatism. (Scale bar: 150 nm.)
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Figure 28: Course of the calculated defocus values for f1 (black lines), f2 (red lines) and the interpolated
values at the exposure position (blue lines). The nominal defocus in the microscope was set to — 5 um.

In this experiment f2 was used for ‘tracking’ and ‘autofocus’. The nominal defocus at the
microscope was set to — 5 um. The red line in Figure 28 depicts the measured values for f2. The
average deviation is less than -300 nm from the nominal setting, which is the expected accuracy
of the autofocus of the microscope. The values of f1 (Fig. 28, black line) differ by ~ -600 nm on
average, what indicates a slightly tilted orientation of the sample along the tilt axis. For the
exposure area (2048 pixels), at the given pixel size of 0.21 nm and a distance of 9.5 pm
between f1 and f2, this results in a deviation of the z-height of approximately + 50 nm along the
tilt axis in both directions from the center pixel. This value is less than the increment used for
fitting the CTF (100 nm, see above), and we treated the exposure area as being flat along the tilt
axis for the subsequent CTF correction. The single defocus values show a similar course for f1

and f2, indicating the mechanical imprecision of the sample holder.

For the CTF correction, the defocus value is calculated for every pixel of the exposure area via

the tilt angle y and its distance Ax from the tilt axis (parallel to the y-axis):
AZyy = AZgy, + Ax - tan (V)

Azyy is the defocus of the pixel xy.
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Images were corrected using the tile-by-tile approach described in chapter 4.12.1. The corrected
tiles extended over 32 pixels, while the FFTs were computed over 2567 pixels. At a tilt angle of

60° and the pixel size of 0.21 nm the defocus variation across a tile of size 2562 is ~90 nm.

5.3.4 Sub-tomogram averaging reveals the effects of CTF- and MTF-correction
and shows the situation of MspA in a lipid membrane

A total of 249 sub-tomograms (64° voxels each), containing individual porins embedded in the
membrane of lipid vesicles were reconstructed with a 2-fold binning (0.42 nm voxel size) from
one tomographic recording. Sub-volumes containing MspA which was inserted outside-in (due
to fusion of vesicles after reconstitution) were excluded to avoid ‘smearing’ of the membrane
because of the inverted curvature, leaving 191 particles for further processing. To assess the
effects of the CTF and MTF correction, two individual datasets were created: one from the
original projections and one from the projections corrected for the effects of the CTF and MTF.
The subsequent alignment procedure was identical for the two datasets. The electron density map
of the crystal structure of MspA (Faller et al., 2004) was resampled to a voxel size of 0.42 nm
and used as a starting reference for the alignment of sub-tomograms. An appropriately shaped
missing wedge was applied to the Fourier transform of the rotated references in each alignment
before cross-correlation with each particle. The aligned sub-tomograms were averaged and
eightfold symmetrized before using it as a reference for the next iteration.

The Fourier Shell Correlation between the averaged tomographic maps and the electron density
map obtained from the atomic structure (Faller et al., 2004) reveals a major improvement upon
CTF and MTF correction, with the recovery of a region of former negative correlation (Fig. 29
A). The nominal resolution applying the correlation criterion by Frank (1996) jumped from 29.5
A (black line) to 21.3 A (red line). Sampling of the structure of MspA can be assumed to be
almost isotropic, the orientations of the protein cover nearly the entire spectra of angular
orientation (Fig. 29 B). An improvement in resolution can also be visually detected by
comparing the two maps in Figures 30 and 31. The appearance of the protein changes
considerably. While the effect is little in the rim domain of MspA, the corrections are most
striking in the region spanning the membrane, the stem and base of the protein (the descriptions

of the domains are according to Fig. 5 B). In both averages, the density of the protein at the
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transmembrane region is set apart from the surrounding lipid environment. In the uncorrected
average the base seems to be ‘disconnected’ from the stem domain of the protein (Fig. 31 A). No
structural details can be resolved in the eyelet of MspA and no symmetry is detectable in the
autocorrelation or in the contour plot. The membrane appears as a thick single layer without any
substructure. In the CTF and MTF corrected map this changes drastically (Fig. 31 B). The base is
connected to the stem of MspA and a ‘waistline’ is visible between the two domains. Base and
stem show up in more detail and the pore in the base is clearly resolved. Autocorrelation, as well
as the contour plot, explicitly depict the eightfold symmetry of the protein. The membrane is

resolved as a bilayer.

Rigid body docking of the x-ray model of MspA into the CTF and MTF corrected EM density
map evaluates the consistence of both structures (Fig. 32). The density shows good agreement
with the overall dimensions of the atomic structure of the porin. Only the upper region of the rim
appears slightly smeared out. The base of the protein is flush with the inner surface of

membrane and does not extend into the vesicle. (‘in’ and ‘out’ are indicated by the membrane

curvature).
180 —— *
160 o @ ‘oo . Beo o O
e ® ® e o
140lq o
c 120 -. Js o
- @
s o e o "f:-g_ ; :,-.,". °
= B0l ° & P Wb e, ()
® @ ®
o B0 & ° e e % o
®
O e L, R .
20 t..h & b8, ¢ ®» g% o
_1 0 [ R L] )
447 274 198 155 127 108 94 0 50 100 150 200 250 300 360
A Y

Figure 29: A. Crossresolution between uncorrected/ corrected averages with an appropriately scaled and
aligned electron density map obtained from the atomic model of MspA (Faller et al., 2004). A Fourier Shell
Correlation (FSC) value of 0.5 was chosen as criterion for the resolution (Frank, 1996). The resolutions are: 29.5
A for the uncorrected average (black line), and 21.3 A for the CTF and MTF-corrected average (red line). B. Plot
of the Eulerian angles Theta and Psi against each other. Individual MspA particles show a sufficient coverage
of the entire spectra of angular orientation.
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Figure 30: Gallery representation of the density maps of averages of membrane-embedded MspA . The slices
have a thickness of 0.42 nm. A. Uncorrected map. B. CTF and MTF corrected map. The improvement in
resolution is clearly visible for the protein and the membrane, which appears as a bilayer upon correction. (Scale
bar: 10 nm.)
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Figure 31: Representations of the averages of membrane embedded MspA showing the improvement in
resolution upon correction of the CTF and MTF. A. Uncorrected. B. CTF and MTF corrected. Top down:
- Central slices from the density maps. - Isosurface representation of the averages, clipped at the central slice.
— Autocorrelation plot of a 4.2 nm thick horizontal slice around the of center of the density map . - Horizontal

contour plots at half height of the volumes. (Scale bar: 10 nm.)
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Figure 32: Rigid body docking of the x-ray structure of MspA (Faller et al., 2004) into the EM density map of
the CTF and MTF corrected average. Representation of the X-ray structure in orange. Docking was performed
with Chimera (Goddard et al., 2007). Central slice from the EM map; thickness: 0.42 nm. White arrowhead:
additional densities at the stem region of the protein. (Scale bar: 10 nm.)

5.4 Biophysical analyses of the ion conductivity of MspA

5.4.1 Construction of the MspA mutants — Strategy

The influence of charged residues inside the pore of MspA on the channel properties and the
voltage-depending gating behavior was analyzed recently. In a previous project | could show the
impact of amino acids in the ‘eyelet’ of the pore. The negatively charged aspartates D90 and D91
in the wild-type were exchanged with a variety of other amino acids with different properties
(charge, ‘dimensions’ of the sidegroup, etc.) and the effects on the channel properties were
analyzed. We could prove that the selectivity of the pore strongly depends on the charges in the
‘eyelet’ (Hoffmann, 2005). Later, Butler and coworkers studied the feasibility of using MspA for
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nanopore sequencing of DNA (2008). They constructed, inter alia, a mutant which has no
charged residues in the constriction zone of the pore. In lipid bilayer experiments these pores
remained in an ‘open’ state up to significantly higher transmembrane potentials compared to the
wild-type MspA (and thus allowed translocation of single stranded DNA). Butler’s mutants still
had charged residues at the entrance of the pore and in the vestibule. Therefore, we were
interested in the behavior of a completely ‘neutral’, i.e. uncharged pore. In addition to the amino
acids in the constriction zone, D90, D91 and D93, six other amino acids likely influence the
charge of the pore; these are: D56, E57, D118, E127, D134 and D139 (Fig. 33). Asparagine (N)
was chosen as a ‘neutral’ replacement and via site-directed mutagenesis, using the combined
chain reaction (CCR; (Bi and Stambrook, 1997)), the mutant mspA D56N E57N D90N D91N
D93N D118N E127N D134N D139N was constructed in a stepwise fashion and named N-
MspA.

Shortly after Butler, Huff et al. studied the influence of the loop (L6) at the periplasmatic end
of MspA on the pore properties by constructing various deletion mutants (2009). He showed that
removal of this flexible region also strongly alters the channel behavior. They observed different
conductivity values and less gating compared to wild-type MspA. We wanted to analyze the
effect on the pore and on the voltage-depending gating in particular, when both features were
combined, a pore without net charges inside the channel and a missing periplasmic loop L6 (Fig.
34). Hence, based on N-MspA, a loop L6 deletion mutant was constructed and named N-MspA
ALSG.

The mutant was cloned into pMNO16, which contains a psmyc-mspA transcriptional fusion
(Stephan et al., 2005) and expressed in M. smegmatis ML10 (Stephan et al., 2004b). Figure 35
schematically depicts the cloning strategy.
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Figure 33: Charge distribution of wild-type MspA (adapted from (Butler et al., 2008)). Aspartate and glutamate
residues are colored red, and argenine and lysine residues are colored blue. Pointmutations are indicated by arrows

and labels.
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Figure 34: Schematic representation of the deletion of the periplasmic loop 6 of MspA (Huff et al., 2009). The
assignment of the secondary structure elements was taken from the crystal structure of MspA (Faller et al., 2004).
Turquoise arrows represent the B-sheets, light grey lines represent the loops and the red cylinder represents the L3
helix. The periplasmic loop is marked as L6, and the sequence of loop 6 and the stem domain is shown to the right.
Deletion of amino acids 92 — 102 generated the mutant A11.
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Figure 35: Cloning strategy for the mutants N-MspA and N-MspA AL6. Based on wild-type mspA, nine
negatively charged amino acids inside the channel were consecutively replaced with aspargine via site directed
mutagenesis by CCR, resulting in N-MspA. Based on this mutant the periplasmatic loop L6 was deleted using
appropriate mutagenesis primers (Tab. 5). The mutants were cloned into pMNO016 resulting in pCH003 (N-MspA)
and pCHO004 (N-MspA AL6). COLE1 ORI, E. coli origin of replication; hyg, hygromycin phosphotransferase;
psmyc, strong mycobacterial promotor; PAL5000 ORI, mycobacterial origin of replication.

5.4.2 Expression of N-MspA and N-MspA AL6 in M. smegmatis ML10

For expression of the mspA-mutant genes, the porin double ‘knockout’-mutant M. smegmatis
ML10, which lacks the mspA and mspC genes, was used (Stephan et al., 2004b). To examine
whether the mutant was expressed in ML10, the standardized selective extraction procedure was
utilized that yields predominantly MspA when whole cells of M. smegmatis are heated with 0.5%
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ocyl-POE to 100 °C (Heinz et al., 2003b). A whole cell extract of the mutants was separated on a
denaturing 12% polyacrylamide gel and stained with Coomassie Blue. No porins were detectable
in extracts of M. smegmatis ML10 carrying the empty vector pMS2 (Kaps et al., 2001),
indicating a very low background expression of mspB and mspD (Fig. 36, lane 4). Expression of
wild-type mspA in ML10 using the plasmid pMNO016 (Fig. 36, lane 1) yields MspA levels similar
to that in wild-type M. smegmatis mc®155 (Stephan et al., 2005). Expression of N-mspA was
slightly, and of N-mspA ALSG significantly reduced in comparison with wild-type mspA (Fig. 36,
lane 2 and 3). The results demonstrated that the mutants were expressed in M. smegmatis ML10
and were stable during heat extraction. The much lower expression of N-mspA AL6 indicated the

importance of the periplasmic loop for MspA expression and/or insertion in the outer membrane.

MspA
kba M 1 2 3 4

97.4

66.3
55.4

Figure 36: Expression of the mutant N-mspA ALG6 in the porin
mutant M. smegmatis ML10. Lane M, protein mass marker (Mark12;
Invitrogen); lane 1, wild-type MspA; lane 2, N-MspA, lane 3, N-MspA
ALG6; lane 4, pMS2.

5.4.3 Conductivity measurements of MspA

To gain insights into the biophysical properties of the porin MspA in comparison with the
constructed mutants, the proteins were reconstituted in planar lipid bilayers (cf. Ch. 4.10.2).
Channel currents were recorded under voltage clamp conditions. Once the seal was obtained, the
buffer solution was perfused to remove the remaining vesicles and to stabilize the membrane by
avoiding evaporation. The recording of MspA in the lipid bilayer was stable for long periods
allowing a thorough investigation of the properties of the porin. In 75 % of the experiments

functional MspA was successfully inserted.
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Figure 37: Channel activity of MspA. A. Wild-type, B. N-MspA, C. N-MspA AL®6. Left: Representative current
traces of single MspA channels in 1M KCI at a transmembrane potential of + 100 mV. Right: Current-amplitude

frequency histograms collected from several distinct single-channel measurements. Different conductivity sub-
states can be observed for MspA and the mutants.
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As shown in Figure 37 we have analyzed the properties of single MspA channels in 1M KCI at
pH 7.5. For all recordings, the maximal filtering frequencies and sampling rates were used
(filtering frequency 10 kHz; sampling rate of 20 psec (50 kHz)) to achieve high temporal
resolution. The noise level for the current recordings was 2 pA rms using the settings described

above.

Figure 37 shows single channel current traces of wild-type MspA, N-MspA and N-MspA AL6
recorded at a membrane holding potential of +100 mV (positive potential at the periplasmic side
of the pore). Histogram analysis was made to determine the conductance levels (Fig. 37 a — c).
The average single channel conductance was calculated from the slope of the fitted lines in the
I/V-curves (Fig. 38). To accommodate the asymmetric behavior of the pores fitting was done
separately for the positive and the negative potentials. The determined values are summarized in
Table 16. The conductance value for wild-type MspA in 1M KCI is in agreement with other
studies using a different experimental setup (Engelhardt et al., 2002; Huff et al., 2009). The data
shows that removal of the charges inside has a stronger influence on the pore’s conductivity than
deletion of the periplasmic loop L6. Different sub-states of conductivity were observed for all
three pores (Fig. 37 a — ¢). Similar results were also observed in previous investigations of wild-
type MspA (Niederweis et al., 1999).
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Figure 38: I-V relation of single MspA channels. A. wild-type MspA, B. N-MspA, C. N-MspA AL6. The average
single-channel conductance was calculated separately for the sectors from the slope of the fitted lines.
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Table 16: Average conductance values of MspA
Pore Potential
+

wild-type MspA 4.7nS 3.8nS

N-MspA 5.1nS 4.2 nS

N-MspA AL6 3.7nS 3.0nS

5.4.4 Gating behavior of MspA

In order to investigate the voltage-dependent gating behavior of MspA and its mutants, potentials
from -120 mV to +120 mV were applied and the current of one channel was recorded (10
channels in the case of N-MspA AL6) (Fig. 39). As shown previously, the closing behavior of
MspA is strongly asymmetric (Engelhardt et al., 2002; Huff et al., 2009). For wild-type MspA
(Fig. 39 A) no closing of the channel was observed at low voltages independent of the polarity
(red curve). Beyond a potential of +40 mV gating increased with the voltage, whereas the
conductivity remained constant at potentials up to — 60 mV. The situation was significantly
different for the ‘charge-free’ mutant N-MspA (Fig. 39 B). No asymmetry was observable with
reference to the polarity. Gating only occurred at voltages beyond 80 mV. This behavior changed
with the loop deletion mutant N-MspA AL6 (Fig. 39 C). Now, channel gating was observed at
potentials of +60 mV and -80 mV, respectively.

To sum up, we could verify the previous results concerning the voltage depending gating
observed for wild-type MspA (Engelhardt et al., 2002; Huff et al., 2009). Removal of the charges
inside the pore (N-MspA) shifted the onset of gating to higher voltages and apparently
eliminated the asymmetry with respect to the field polarity, whereas the additional deletion of the
periplasmic loop (N-MspA AL6) again led to a slight asymmetric gating. These results give some

clues as to the possible mechanisms of voltage dependent closing (see Ch. 6.4)
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Figure 39: Representative current traces of the voltage gating properties of MspA. A. Wild-type MspA, B. N-
MspA, C. N-MspA AL6. Potentials from -120 mV to +120 mV were applied to the membrane when one channel

was reconstituted (10 in the measurements of N-MspA AL6).
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6 Discussion

The results shown in this thesis demonstrate the way how the structure of microbial cell
envelopes can be investigated by new strategies in sample preparation, data acquisition in CET
and 3D-data analysis to improve the resolution and visualization of molecular structures in

tomograms. In the following, | will discuss the major steps involved:

- Adaption of CET imaging parameters and resolution of membranes as bilayer as a prerequisite

for the investigation of the cell envelope structure and composition.

- FIB thinning of samples without compression/artifacts for improved visualization of structural

detail in tomograms.

- Reliable CTF correction by means of an expanded data acquisition scheme and improvement of

resolution of structural detail in tomograms, particularly of proteins embedded in membranes.

Besides the structural investigations, a series of electrophysiological measurements addressed the
functionality, i.e. voltage-dependent closing, of the mycobacterial porin MspA embedded in a

lipid membrane.

6.1 CET of intact cells and vitreous sections

6.1.1 The outer cell wall layer is the mycobacterial outer membrane

The combination of cryo-electron tomography that preserves the architecture of cells and of
vitreous cryo-sections that allows one to identify structures in cross-sections of ultrathin
specimens in projection proved suitable for the investigation of mycobacterial cell envelopes.
The study revealed the bilayer structure of lipid membranes in tomograms of intact bacteria, and
thus opens the way to investigate cell envelopes and their macromolecular constituents by
cellular CET in situ. The cryo-electron microscopical investigations in this study provided (i)

direct evidence that the outermost layer in M. smegmatis, M. bovis, and C. glutamicum is an
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outer membrane with a bilayer structure, (ii) the insight that the layer of bound mycolic acids is
leaky to amphiphilic molecules octyl B-glucoside once the integrity of the mycobacterial outer
membrane has been affected by the detergent, and (iii) direct evidence for a multilayered cell
wall organization in mycobacteria. The findings provide the molecular explanation for the
existence of outer membrane proteins (Alahari et al., 2007; Faller et al., 2004) and periplasmic

proteins, such as PhoA (Wolschendorf et al., 2007) in mycobacteria.

6.1.2 The structure of the mycobacterial outer membrane differs from current
models

Numerous models for the mycobacterial cell envelope have been proposed (Barry and Mdluli,
1996; Brennan and Nikaido, 1995; Chatterjee, 1997; Dover et al., 2004; Lee et al., 1996; Nikaido
et al., 1993; Rastogi et al., 1991), but electron microscope investigations neither proved nor
disproved the suggested architectures. CET and vitreous cryo-sections now confirm the presence
of a mycobacterial outer membrane. In addition, the results call into question other aspects of the
current models. First, the head group regions show almost identical mass densities in tomograms
and cryo-sections, which denotes that the average composition and distribution of head groups
do not differ significantly with respect to their masses in either leaflet. By contrast, the
asymmetry of the outer membrane of Gram-negative bacteria is clearly visible in cryo-sections
(Matias et al., 2003; Zhang et al., 2004) as well as in tomograms of frozen-hydrated intact cells
(Fig. 5.4). This result conflicts with the assumption that the inner leaflet of the mycobacterial
outer membrane consists exclusively of mycolic acids with identical carbohydrate head groups
and that the outer leaflet is a mixture of extractable lipids containing carbohydrates, peptides, and
phosphorylated compounds. Second, the outer membrane is thinner than expected. Experiments
with ultrathin sections of mycobacteria prepared by freeze substitution showed an electron-
transparent zone of 7 — 12 nm that is thought to contain the bound mycolic acids and that is
covered by the stained outer layer of = 6 — 11 nm (Mineda et al., 1998; Paul and Beveridge,
1992, 1994; Wang et al., 2000) containing lipids (Etienne et al., 2005; Ortalo-Magne et al.,
1996). The theoretical models suggest a hydrocarbon region of =~ 9 nm with the lipid residues in
an extended conformation. Taking into account that the a-chain region of bound mycolic acids is

in the gel phase and the remainder, including extractable lipids, is in the fluid phase (Liu et al.,
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1995), the hydrocarbon region should be thinner. Based on the relative shrinkage of fluid
membranes compared with those in the gel phase (Heller et al., 1993), a lower limit of = 7 nm
was assessed. However, the outer membrane has a measured total thickness of = 8 nm or less, in
perfect agreement with the porin MspA that serves as a molecular ruler. The hydrophobic surface
of MspA is only 3.7 nm in height (Faller et al., 2004), and the porin (total length 9.8 nm) is
inaccessible to surface labeling over 7 nm from the periplasmic end to the middle of the
hydrophilic rim (Mahfoud et al., 2006). These distances correspond to the observed membrane
dimensions, including headgroup regions. Moreover, the top part of MspA extends into the
aqueous environment, as suggested by electron microscopy of isolated cell walls (Engelhardt et
al., 2002).

6.1.3 Modified models of the mycobacterial outer membrane

Significant revisions are required to reconcile the current model of the mycobacterial outer
membrane with the results of this study. The apparent symmetry suggests that similar
(extractable) lipids are located in both leaflets of the mycobacterial outer membrane, which is in
agreement with quantitative determinations (Nikaido et al., 1993). Accordingly, bound mycolic
acids might not cover the cells completely. While this likely applies for corynebacteria (Puech et
al., 2001), it was proposed to be different for mycobacteria (Nikaido et al., 1993). The smaller
membrane thickness poses a more serious problem, unless the conformation of the hydrocarbon
region is considerably different from the current view. Hence it is legitimate to look for
alternative architectures with a reduced membrane thickness. Unfortunately, cryo-electron
microscopy images do not give clues about the conformation of the lipids in the outer membrane,
but two theoretical solutions with positional variations of mycolic acids are compatible with the
results of this thesis. As mentioned before, mycolic acids consist of up to 90 carbon atoms that
form a long branch, called meromycolate, and a shorter a-branch (Fig. 3 A). The meromycolate
contains cyclopropane rings, substitutions, and/or double bonds that are characteristic for
mycobacteria (Barry et al., 1998). If the meromycolate had an elongated conformation (Hong
and Hopfinger, 2004; Nikaido et al., 1993), it would span the complete hydrophobic matrix,
leaving space for free lipids to intercalate (Fig. 40 A), Interestingly, for corynebacteria, it was
already discussed that the inner leaflet contains soluble lipids (Bayan et al., 2003; Puech et al.,
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2001), whereas the bound mycolates rather serve to “tether” the outer membrane in an
arrangement similar to that in Figure 40 A (Dover et al., 2004). Or the meromycolates have a
folded conformation and form the inner layer of the mycobacterial outer membrane together with
extractable lipids (Fig. 40 B), what is supported by monolayer experiments and simulation data at
moderate temperature and low lateral membrane pressure (Villeneuve et al., 2005; Villeneuve et
al., 2007). The kinks are at positions of cis double bonds or trans cyclopropane rings. This
conformation might be stabilized by keto or methoxy groups that were recently proposed to
interact with lipid head groups (Zuber et al., 2008). The tentative models in Figure 40 are in
accordance with other experimental findings. (i) The outer membrane possesses a hydrophobic
interphase that would account for a fracture plane observed in freeze fracture experiments. (ii)
Some extractable lipids are more intimately bound to mycolic acids than others. They might be
located in the inner leaflet of the outer membrane (Etienne et al., 2005; Ortalo-Magne et al.,
1996). (iii) They are consistent with the tight packing of mycolic acids and the results of Liu et
al. (Liu et al., 1995), who observed that spin-labeled fatty acids partitioned into the region of
extractable lipids in isolated cell walls. (iv). The models are compatible with recent data obtained
by electron microscopy of M. smegmatis cells, postfixed with osmium tetroxide (OsO,) (Zuber et
al., 2008), which is considered to label predominantly lipids (White et al., 1976). After treatment
of the cells with OsO, the bilayer structure of the mycobacterial outer membrane disappears,
whereas the region of the periplasm below the membrane remains electron- transparent and is not
altered. Assuming a possible conformation with the a-chain and the unpaired region of the
meromycolate being located “outside” the membrane, as discussed previously (Hoffmann et al.,
2008) these would have been stained by the OsOy,, too, and as a consequence, led to an increased
thickness of the electron-dense layer, which is not the case. However, direct experimental

evidence for the conformation of mycolic acids in situ does not exist.
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Figure 40: Theoretical models of the mycobacterial outer membrane exhibiting reduced thickness, consistent
with the cryo-microscopical and -tomographical data. Mycolic acids are drawn in red and inserted either in the
elongated conformation (A) or the folded conformation (B). The covalent bonding of mycolic acids to the
arabinogalactan polymer is indicated. The symbols of lipid head-groups indicate that different free lipids could
occur in both leaflets of the outer membrane. The profiles of the pore proteins drawn in gray correspond to MspA
of M. smegmatis (length: 9.8 nm). A. The meromycolate of bound mycolic acids spans the hydrocarbon region. B.
Mycolic acids in the folded conformation together with extractable lipids form the inner layer of the mycobacterial
outer membrane. There is no direct experimental evidence for any of the suggested conformations of the mycolic
acids in situ. The dimensions of the membranes and the periplasmic layers are in accordance with the cryo-
microscopical and —tomographical data. CM, cytoplasmic membrane (membrane proteins are not shown); L1 and
L2, periplasmic layers of still unknown identity (L2 represents at least part of the peptidoglycan-arabinogalactan
polymer); MOM, mycobacterial outer membrane.

All outer membrane architectures discussed imply an indispensable role of the mycolic acids for
the integrity and stability of the mycobacterial outer membrane. This implication is in agreement
with the absence of the bilayer in the C. glutamicum mutant investigated here and the apparent
loss of the mycobacterial outer membrane in species with impaired mycolate synthesis (Wang et
al., 2000). These considerations suggest that it is essential to gain insight into the conformation

of the hydrocarbon region (e.g., by means of molecular dynamics simulations of a complete
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membrane bilayer) and to localize the mycolic acids more precisely to gain a comprehensive

view of the mycobacterial outer membrane.

The investigation of frozen-hydrated preparations rendered the periplasmic layers visible, as well
as domains that likely represent the complex organization of the peptidoglycan-arabinogalactan-
mycolate polymer. The discernible structures imply a more differentiated architecture than that
derived from chemically fixed and stained material. Once it is possible to assign the layers L1
and L2 and their domains to known constituents of the cell wall, we should be able to establish a
more comprehensive model of the cell wall architecture. Such a model will also provide a better
basis to understand the peptidoglycan and arabinogalactan structure in mycobacteria (Crick et al.,
2001; Dmitriev et al., 2000). In conclusion, proof of the existence of a mycobacterial outer
membrane and, by inference, of a periplasmic space in mycobacteria, the structural features of
the membrane and the confirmation that extractable lipids play an important role for the
membrane properties will have an impact on the design and interpretation of experiments aimed
at elucidating the translocation pathways for nutrients, lipids, proteins, and antimycobacterial

drugs across the cell envelope.

6.2 FIB-micromachining of M. smegmatis cells for CET

A major challenge in cellular cryo-electron tomography is to push the resolution to a range
where macromolecular structures can be clearly identified within the cellular context. Thus,
sample preparation assuring maximal specimen preservation is a prerequisite. Especially for
specimens exceeding a thickness of more than 1 um efforts are required to thin the samples prior
to imaging without affecting the biological structures. In the recent years, cryo-ultramicrotomy
became the method of choice for obtaining thin frozen hydrated samples of large cells or tissues.
Unfortunately, cryo-sectioning is afflicted with artifacts which apparently cannot be avoided (cf.
Ch. 3.1; (Al-Amoudi et al., 2005)). Alternative approaches are necessary to produce undistorted
thin cellular samples for CET. The use of a focused ion beam (FIB) seems to be a significant
improvement over ‘conventional’ methods (Marko et al., 2007), especially due to the lack of
mechanical deformation. Although the results from Marko and his coworkers were very
promising, no other report describes the successful implementation of a FIB into a cryo-sample
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‘preparation-pipeline’, which might reflect the technical challenges. The cryogenic conditions
need to be maintained during the complete sample-transfer and the milling procedure, while the
contamination caused by ‘frost’ has to be kept at a minimum. Accompanying this work, a cryo-
sample stage for the FIB as well as a transfer system was designed and built in our department
(Rigort et al., 2010). Since the cell envelope structure of M. smegmatis suffered from
compression with cryosectioning (cf. Ch. 5.1.3; (Matias et al., 2003)) the application of the FIB
milling approach was of interest. Two different milling geometries were considered: (i) a parallel
approach, involving cutting the frozen grid into halves due to its ‘topology’ (Fig. 24 C and D),
and (ii) milling at shallow ion-beam incidence angles, producing wedge-shaped areas (Fig. 24 B).
The major advantage of the parallel approach is that the sample-thickness is constant over the
whole area of interest, and loss of information in the z-dimension is limited. However, although
it was possible to cut the grids into halves under cryogenic conditions and to mill reasonably thin
(< 500 nm) parallel areas into the ice at the cutting edges, all attempts to preserve these areas
during the transfer into the TEM failed. Due to the missing support of the grid bar at one side of
the ‘mesh’ the fragile carbon film on the grid is weakened further and can not withstand the
mechanical deteriorations while mounting the grid into the cartridge for the TEM. One solution
to this problem could be a combined FIB/TEM-cartridge which allows final grid mounting
before milling. In addition, milling could be done stepwise to avoid an abrupt change between
thick and thin ice. Both ideas need to be developed further but it is already obvious that there are
some major obstacles on the way to parallel milling. For example, designing a cartridge that
allows parallel access of the ion beam as well as tilting over a reasonably wide angular range in

the TEM still remains an unsolved technical challenge.

In contrast to the problems with the parallel milled samples, transfers of specimen with the
wedge-shaped areas into the TEM were mostly successful. Here, the useable area for
tomographic imaging, the so called ‘transparency length’, is limited depending on the incident
angle of the milling beam (Fig. 23 A; (Rigort et al., 2010)). However, with grazing angles (< 10°)
the area is sufficiently large (Fig. 23 B). Tomographic reconstructions confirmed the findings of
Marko and his colleagues (Marko et al., 2007) and represent another successful example for the
combination of specimen preparation by the FIB and cryo-electron tomography. It was possible
to resolve structural features of the mycobacterial cell envelope at an unprecedented level of

detail. In the approximately 300 — 400 nm thin regions the organization of the cytoplasmic
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membrane as well as the mycobacterial outer membrane, both appear as ‘symmetric’ bilayers. In
addition the periplasmic layers can be clearly visualized without any indication of compression.
The overall measures of the constituents are in good agreement with the data from tomograms of
intact cells (Tab. 14). Though, L2 is thinner by 40% compared to the previous data. Tomograms
of M. bovis BCG, originating from a culture in the stationary phase, show different measures for
cell wall constituents compared to cells from the log-phase (Tab. 13), which denotes that the cell
wall undergoes significant changes during the cell cycle. Variations in periplasmic structures are
likely an effect of the maturity of the cell. More data from FIB-milled M. smegmatis will allow
better statistics and elucidate this observation. Because of the thickness of the mycobacteria
details from the cytoplasm could never be visualized in tomograms from intact cells. In
cryosections, compression and the limited thickness (35 nm in case of mycobacteria and~100 —
150 nm as a usable upper limit in general) weaken the information in the z-dimension. The
tomograms of the M. smegmatis cells that were prepared by FIB milling to an ideal thickness
contain a high degree of structural detail, and promise a quality step for further analyses of the

undisturbed molecular organization of the cytoplasm.

Despite the obviously accurate preservation of structural details, the surface of the milled areas is
non-uniform and exhibits a streak-like pattern along the milling direction (Fig. 24 E). These
irregularities of surface topology probably originate from compositional heterogeneity of the ice-
embedded specimen, which results in different sputtering rates and thus preferential milling of
certain regions, referred to as ‘curtaining” (Heymann et al., 2006). Since the samples did not
exceed an initial thickness of approximately 1 um, sputtering was accomplished relatively fast (5
minutes processing time; 30 keV ions) for the wedge shaped areas. Reasonable fast milling of
thicker cellular samples requires correspondingly higher beam currents. However, low currents
at shallow angles are preferable to avoid surface irregularities and to lessen the risk of thermal
stress. Such conditions would increase milling times in inverse proportion to the beam current, at
the risk of other unwanted sample alterations. lon-induced structural alterations are still poorly
understood. These involve local heating effects as well as the formation of a damage layer on the
milled surface as a consequence of ion impact. Simulations indicate that a Ga* implantation zone
should be restricted to a tolerable layer of 10 - 20 nm. Furthermore it has been shown, that FIB
milling of vitreous ice with an ion current of 10 pA does not induce devitrification (Marko et al.,

2006). However, the recently developed method of ‘cryoplaning’ (Rigort et al., 2010) holds
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great promise for pretrimming thick specimens directly on the vitrified grid by means of a
diamond knife, before the sample is subjected to the FIB. By this way, the ion-exposure time of

the sample can be significantly reduced.

Figure 41 outlines the progress of the cell wall analysis within this work. At the beginning of the
project, all available data about the structure of the mycobacterial cell wall was derived from
conventional EM preparations, suffering from typical artifacts and making a reliable assignment
of cell wall components difficult (Fig. 41 A). Cryo-electron microscopy and tomography allowed
us to disclose the native, undisturbed architecture of the cell envelope (Fig. 41 B and C). We
proved that mycobacteria are surrounded, besides the cytoplasmic membrane, by a second
‘symmetric’ lipid-membrane, and thus differ significantly from the accepted models. Ultrathin
cryosections of vitrified cells verified the results from intact cells and indicate the organization of
the periplasmic layers in domains (Fig.41 D). Finally, we demonstrated the successful use of a
focused ion beam for thinning vitrified cellular samples for CET (Fig. 41 E). Hence, mainly
because compression artifacts from cryo-sectioning are avoided, it is now possible to produce
high-quality preparations of mycobacteria and other microbes, suitable for the structural analysis

of macromolecular complexes located in the cytoplasm and the cell envelope in situ by CET.
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Figure 41: Progress in sample preparation and EM-imaging of mycobacterial cell walls. Upper row: TEM-
projection images of different mycobacteria. (Scale bars: A, 1 um; B — E, 250 nm.) Lower row: Enlargements
from the upper row (A and D) or slices from tomographic reconstructions from the upper cells. (Scale bars: 50
nm.) A, top: Thin section of dehydrated, chemically fixed and resin embedded M. tuberculosis. Bottom: enlarged
area from the upper image. The cell wall is visible as a multilayered structure, but finer details are destroyed by the
harsh preparation. A reliable assignment of cell wall components is difficult. B, top: 0°-degree TEM-projection of
a frozen-hydrated M. bovis BCG cell. Bottom: xy-slice from a tomographic reconstruction. The cell wall shows a
multilayered appearance. Due to conventional imaging conditions for CET (high defocus and binning of the data
to enhance contrast), the resolution does not allow to visualize the bilayer structure of membranes. C, top: 0°-
degree TEM-projection of an ‘intact’” M. smegmatis cell, embedded in vitreous ice. The thickness and density of
the cell hinders the analysis of the cytoplasm by CET. Bottom: xy-slice from a tomographic reconstruction. At
lower defocus values and by exploiting the full resolution available, the CM as well as the MOM can be visualized
as bilayers. The MOM appears symmetrical. D, top: TEM-projection of an ultrathin cryo-section of an M.
smegmatis cell. Samples prepared by this technique are in agreement with the data collected from intact cells.
Bottom: Enlarged area from the upper image. Because of the limited sample thickness (35 nm), the resolution of
structural detail (x-y) is better, and it is possible to visualize structures in the cytoplasm, but at the expense of
information in the z-direction. Furthermore, the unavoidable sample compression complicates the interpretation of
the images, or in some cases, makes meaningful analysis of the data impossible. E, top: 0°- TEM-projection on an
M. smegmatis cell, embedded in vitreous ice and thinned by a FIB. The sample has a thickness between 300 — 400
nm. Details from the cytoplasm become visible and the cells are free of compression artifacts. The irregularities in
the surface topology arise from ‘curtaining’, but seem to have no influence on the structure of the specimen.
Bottom: xy-slice from a tomographic reconstruction. The data of the cell wall fits the measures from tomograms of
intact cells and cryosections, and mechanical compression and other effects are absent.

86



DISCUSSION

6.3 CET of reconstituted MspA as a model-system for in situ analysis of
membrane proteins

Cryo-electron tomography combined with 3D image classification and averaging becomes an
increasingly powerful method aiming at the analysis of the structure and interactions of
macromolecular complexes in their natural context. A few examples already proved this
approach successful for membrane complexes, e.g. the large nuclear pore complex (125 MDa)
(Beck and Medalia, 2008), and the membrane-associated HIV-1 envelope glycoprotein (Liu et
al., 2008). However, the in situ analysis of small and medium sized membrane proteins is
hampered by a number of limitations. Chapters 5.1 and 5.2 address the problems concerning
sample thickness and appropriate thinning techniques. Principal difficulties arise from the low
signal-to-noise ratio and low contrast of proteins located in lipid membranes and the unfavorable
focus conditions and variations in projections of tilted specimens. More appropriate focus
conditions already rendered the lipid bilayer visible (cf. Ch. 5.1; (Hoffmann et al., 2008)), in
contrast to all previous 3D reconstructions from microbial or other cells (Milne and
Subramaniam, 2009). A more complete utilization of the 3D information in tomographical data
sets is only possible by correcting the CTF for reconstruction purposes, an approach that is
routinely applied in single particle EM meanwhile (Jiang et al., 2010; Sander et al., 2003).
However, CTF determination and correction is not straightforward for tilted projections of
notoriously low contrast. The approach described here is a methodical extension of cryo-electron
tomography procedures that demonstrates that membrane protein complexes can be reliably
reconstructed and how far a novel approach of correcting aberrations of the optical system can
improve the attainable resolution. The size of MspA (~ 160 kDa) is representative for other
membrane-bound complexes, and the results open the perspective that MspA can also be

detected and investigated in tomograms of frozen-hydrated mycobacteria.

6.3.1 Reconstitution of MspA

Reconstitution of bacterial membrane proteins into lipid bilayers, either planar or vesicular, is a
routine technique for functional studies (Varadhachary and Maloney, 1990). For example, Heinz
and Niederweis characterized the pore-forming activity of MspA by reconstitution of the purified

protein into planar lipid membranes (2000). In those special cases where a protein forms highly

87



DISCUSSION

ordered arrays in lipid bilayers, electron crystallography (Raunser and Walz, 2009) became a
standard method to image membrane proteins in their membrane environments. The structures,
for instance, of bacteriorhodopsin (Kimura et al., 1997; Subramaniam and Henderson, 2000) and
aquaporin-1 (Murata et al., 2000; Walz et al., 1995) were investigated by this method. A few
cryo-EM studies already applied reconstitution techniques for structural analysis of membrane
proteins without the need for 2D-crystallization , e.g. the work of Wang and Sigworth about the
human large-conductance calcium and voltage-activated potassium channel (2009). However, to
the best of my knowledge, it was not adopted for structural analysis of pore-forming bacterial
outer membrane proteins by cryo-electron tomography before. Reconstitution of isolated
membrane proteins that cannot be crystallized in two dimensions into lipid vesicles is
advantageous insofar as problems and limitations originating from thick cellular samples (and
their preparation) are bypassed. Preparation of vesicles by extrusion allows size control and an
almost uniform size distribution, thus ensuring a thin ice layer. Low abundant proteins can be

‘concentrated’ on the vesicles and the time to collect a significant amount of data is reduced.

Several experimental approaches had to be tested to ensure reconstitution of MspA (cf. Ch.
5.3.1). Only one resulted in the formation of proteovesicles, where the choice of the lipid seemed
to be the determining factor. The enormous variety of lipids in the mycobacterial outer
membrane (Ortalo-Magne et al., 1996) precludes an exact copy in vitro. Only vesicles made of
Diph-PC showed MspA inserted in the membrane. The four bound methyl groups of the acyl
chains apparently weaken the packing of lipids and facilitate insertion of the protein. The carbon
chains of the widely used lipids DMPC and DPPC are tightly packed and did not allow
reconstitution, although the experiments were performed above the phase-transition temperatures
of the lipids (cf. Tab. 15). The proteoliposomes obtained here represent a reproducible model
system for the cryo-electron tomographical analysis of MspA, with the potential for application

to other membrane proteins.
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6.3.1 An extended exposure scheme for reliable CTF correction

In single particle projects, CTF correction is routinely performed in order to improve the
interpretable resolution of a 3D structure (Jiang et al., 2010; Sander et al., 2003). The difficulty
of detecting the Thon rings in images of low SNR and containing a defocus gradient across
because of sample tilting has so far limited the implementation of CTF correction in CET.
Several authors suggested promising attempts for handling these problems, but all the methods
have drawbacks or limitations (Tab. 17). The performance of these methods is strongly
dependent on the signal from the exposure area, thus the applied electron dose. A higher dose
allows a more exact CTF correction but would damage the sample and reduce the resolution.
We developed a novel approach for reliable defocus determination and subsequent CTF
correction, which is completely uncoupled from the dose limitation on the exposure area. The
method makes use of the geometrical relation of two positions, f1 and f2, along the tilt axis of the
specimen with the exposure area. High-dose images of these positions allow reliable
determination of the distinct defocus values over the whole tilt-range and interpolation the
subsequent CTF correction on the exposure image. The method was tested by generating 3D
maps of the porin MspA embedded in the membrane of lipid vesicles, by sub-tomogram
alignment and averaging. Datasets corrected for the CTF and for the MTF in addition showed an
improvement in resolution, with respect to the uncorrected data, from 29.5 A to 21.8 A (Fig. 29).
The membrane-spanning region of MspA is resolved in much more detail and the subunits can
now be recognized (Figs. 30 and 31). The profits of the new method are obvious. ‘Simple’, but
careful restoration of the information which is already present, led to a significantly refined
resolution of structural detail. However, a more comprehensive comparison with the approaches
of Fernandez (2006) and Xiong (2009) needs to be done.
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Table 17: Current approaches for CTF correction in CET.

Defocus
Author Method Of. determination based Drawbacks and limitations Reference
defocus detection
on
Winkler and periodogram distinct images better SNR than cryo- samples  (Winkler and Taylor,
Taylor averaging due to chemical fixation and 2003)
plastic embedding
periodogram whole tiltseries contributing information from (Fernandez et al.,
Fernandez averaging high tiltangles inaccurate due to 2006)
low SNR; CTF fluctuations of
distinct images are corrected
based on the average defocus
value of the whole tiltseries
Zanetti detection of distinct images limited use for CET, due to (Zanetti et al., 2009)
magnification electron beam induced
changes with the movement of the gold markers
help of ice-
embedded gold
markers
Xiong periodogram stacks of distinct contributing information from (Xiong et al., 2009)
averaging images high tiltangles inaccurate due to
low SNR; CTF fluctuations of
distinct images are corrected
based on the average defocus of
stacks of images
This work periodogram determination of the to be analyzed

averaging on
distinct images

defocus on the
exposure area based
on two high dose
images along the
tiltaxis at every
tiltangle
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6.3.2 Rigid body docking of the x-ray structure of MspA reveals additional
densities in the corrected EM-map

B-factor [AZ]

30 40

Figure 43 A.: Heat-map representation of the atomic flexibility (B-factor) of MspA. B. ‘Difference map’ of
averaged MspA inserted in a lipid membrane with the x-ray structure filtered to a comparable resolution.
The adjusted x-ray structure (red) docked into the average (grey, semi-transparent). Additional densities are
visible around the stem domain at interface between the membrane and the aqueous environment (white
arrowhead). Docking was performed with Chimera (Goddard et al., 2007). White dashed lines represent the
dimensions of the mycobacterial outer membrane, as depicted from cryo-EM and drawn to scale.. (Scale bar: 10
nm.)

Rigid body docking of the crystal structure of MspA (Faller et al., 2004) into the EM density
map shows good agreement of the overall dimensions. The upper rim of the molecule appears to
be slightly smeared out (Fig. 31) which can be explained by the increased flexibility of loops in
this region. This assumption is supported by the B-factor of the protein as shown in Figure 43 A.
The indication of additional density around the stem domain of the porin (Figs. 30 and 43 B,
arrowhead) is very likely not due to structure flexibility (Fig. 43 A), but might originate from
bound material for the following reasons. The dimension (thickness) of the mycobacterial outer
membrane (MOM), i.e the natural environment of MspA, and of the vesicle membrane used here
as model system are different (Fig. 43 B). The thickness of the MOM was estimated to 7.0 to 7.5
nm (surface to surface), whereas the values for the DiphPC membrane of the vesicles are
between 4.2 and 4.8 nm. Data of Mahfoud and coworkers (2006), who analyzed the topology of
the porin in situ by labeling experiments (Fig. 5 B) , suggests that the base of MspA is flush with
the inner surface of the MOM,; similar to the situation in the model system. According to their

data, the stem of MspA is entirely buried in the hydrophobic matrix of the outer membrane. In
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the thinner Diph-PC membrane, however, the upper part of this domain must be exposed to the
aqueous surrounding. It is therefore likely that lipids and/or residual detergent molecules shield

the remaining hydrophobic surface and thus contribute to the additional density in the EM-map.

This approach demonstrated that the structural analysis of proteins embedded in lipid membranes
IS possible; cryo-electron tomography and the application of the novel method for CTF
correction leads to a significant improvement in the attainable resolution. This result is promising
for investigating the topology of MspA and the structure of other protein complexes in the
mycobacterial outer membrane. This goal becomes even more realistic if the quality of sample
preparation is improved as discussed in chapter 6.2 (FIB).

6.3.3 Prospects for the structural analysis of other membrane proteins by CET

Reconstitution of the protein into the defined membrane of vesicles proved suitable to describe
the conformation of MspA in a lipid environment resembling its natural habitat by CET.
Carefully chosen settings for the acquisition (e.g. magnification, defocus, dose) allowed
detection of single molecules and their reconstruction in 3D. MspA can be considered as a model
for other membrane proteins exhibiting a similar size (~160 kDa). Once isolation of the protein
and subsequent reconstitution into a defined membrane of lipid vesicles is established, there are
no fundamental barriers preventing the investigation by CET. Here, a resolution in the range of ~
20 A was achieved. Increasing the number of averaged particles should improve this value even
more. Even in cases where atomic models are available for some components, knowledge of
their intact structures and especially their higher order organization in the plane of the membrane
is of great interest (e.g. membrane receptors (Khursigara et al., 2008)). CET of reconstituted
membrane proteins also facilitates the analysis of conformational variability (Liu et al., 2008). A
high number of proteins in the vesicle membrane and the attainable resolution will ease detection

of differences in conformational space.

The presented data clearly proved the potential of cryo-electron tomography for investigation of
membrane proteins in their membrane environments. However, this method requires isolating the
protein of interest. Some membrane protein complexes might be difficult to purify or to

reconstitute. With continued advances on both the experimental and computational front, there
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is the exciting prospective that it will be possible in the near future to determine structures and

structural changes of membrane protein complexes in situ.

6.4 Voltage-dependent gating of MspA

An interesting feature of porins is ‘gating’, i.e. closing and reopening of the channel under
certain circumstances, we distinguish between ligand- and voltage-dependent channels (Jiang et
al., 1997; Mobasheri and Lea, 2002; Popp et al., 1996).

Spontaneous gating of MspA at low voltages was occasionally observed (Niederweis et al.,
1999) but is very rare. Gating of porins depends on the height and the polarity of the applied
potential. For example, porins of Mycobacterium chelonae and Mycobacterium phlei closed in
planar lipid bilayers asymmetrically at relatively low negative voltages of -40 mV and -20 mV,
respectively (Riess et al., 2001; Trias and Benz, 1993). But closing events are more frequently
obtained at higher voltages (Engelhardt et al., 2002). Until today, the mechanism of this
phenomenon is not well understood. Different attempts were made to address the molecular
determinants. When the atomic structure of MspA was solved (Faller et al., 2004), corresponding
investigations focused on two possible factors responsible for the gating: the charged residues
inside the pore and the periplasmic loop L6 of the porin. Studies addressing neutralization of
charges were restricted to alterations in the constriction zone of MspA (Butler et al., 2008;
Hoffmann, 2005). To analyze the cumulative effect of all charged residues, we constructed the
mutant N-MspA, where seven aspartates (D) and two glutamates (E) along the pore’s inner
lining were exchanged with the neutral amino acid asparagine (N). Asparagine was chosen
because possible steric effects should be similar to that of aspartate and glutamate.

Recently, Huff et al. (2009) investigated the influence of the periplasmic loop L6 on the gating
properties of MspA. Voltage gating of the E. coli porin OmpF was attributed to loops that
collapse into the channel in response to a strong electrical field (Maller and Engel, 1999). After
complete deletion of the loop L6 of MspA, the pore was still gating, even at a higher frequency
(Huff et al., 2009). Large conformational changes of the loop L6 can be excluded as a factor for
the closure of MspA, it rather has a stabilizing effect on the pore. To investigate the influence of
the loop without the impact of charges, we constructed the mutant N-MspA ALG6.
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The conductance measurements revealed significant differences between N-MspA and N-MspA
ALB6. The average conductance of the neutral pore was slightly increased compared to that of the
wild-type MspA, whereas the additional deletion of loop L6 decreased the value by ~ 25%.
Interestingly, the loop mutants that still contained charged residues, showed the same average
conductivity as the wild-type MspA (Huff et al., 2009). It is possible that, after deletion of the
loops, the repellent forces of the 16 negative charges in the eyelet of the porin sustain its overall
structure. However, removal of the charged residues and the stabilizing loop might cause a
partial collapse of the constriction zone and thus a decreased conductivity. Our observations
confirm the stabilizing role of the periplasmic loop of MspA since its removal led to an increased
gating behavior. These results support the following assumptions: (i) The loop L6 is not
responsible for the gating itself via large conformational changes, it rather has a stabilizing effect
on the structure of the pore. (ii) Removal of the charges has a significant impact on the voltage-
dependent closing of MspA. The exact role of the charges in the gating mechanism is still
speculative. An explanation might be that the charged residues act as a ‘voltage sensor’, i.e. the
external electrical field executes a force on them, reorients their average position and induces a
conformation of the eyelet that is blocked for the passage of ions. Several subconductance states
indicate the existence of different conformational conditions. These conformational states could
represent more or less energetically favorable situations and thus could explain the different
dwell times of the conductance states. Gating can also be observed for the neutral mutant N-
MspA, however at a much higher potential. Asparagine residues are uncharged but polarized,
thus exhibiting a dipole momentum. The force of the electric field could then change their
orientation as well. These assumptions still need further experimental investigations before a
clearer picture of the mechanism underlying the voltage-dependent closing of MspA can be
drawn. Nevertheless, the results will be of interest for utilizing MspA for nanotechnical
applications. Recently, MspA attracted interest by using it as a nanopore for the sequencing of
DNA (Butler et al., 2008). The authors also addressed the voltage-dependent closing of MspA,
which severely hampers the translocation experiments. N-MspA remains stable in an open state
up to higher potentials compared to the wild-type, and appears to be a promising candidate for

similar investigations.

Until today, it remains unclear whether the gating phenomenon that is observed for other porins
as well (Liu and Delcour, 1998; Mathes and Engelhardt, 1998; Saxena et al., 1999) has a
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physiological meaning for the bacterial cell. It is conceivable that by variation of the membrane
potential the number of open channels can be controlled. However, the existence of such a
membrane potential could not be proven yet for mycobacteria, in contrast to E. coli (Sen et al.,
1988). An asymmetric lipid distribution (intrinsic membrane potential) or an asymmetric charge
distribution (Donnan potential) could lead to the formation of such a potential (Riess et al.,
2001). If such a potential does not exist or is too low, the closing phenomenon of the channels

might just be an in vitro effect.
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7 Outlook

Classical electron microscopy of biological specimens poses serious difficulties for a reliable
interpretation of structural details. Dehydrating, staining and embedding can alter and destroy the
fragile molecular ensemble and the native state remains unrecognized. One example is the initial
situation in the framework of this thesis. The model of the mycobacterial cell wall, derived
mainly from conventional electron microscopical preparations, did not agree with the atomic
structure of the porin MspA (Faller et al., 2004; Mahfoud et al., 2006). The aim of this work was
to evaluate how and to what extent cryo-electron microscopy can be applied to explore the native
state of MspA and its natural environment in situ.

Cryopreparation (i.e. thinning) of mycobacterial cells is a prerequisite for achieving a reasonable
resolution of molecular assemblies. Cryosectioning is of limited use due to the inherent artifacts
and compression effects (Al-Amoudi et al., 2005). The results obtained from mycobacteria
thinned by a focused ion beam (FIB) were promising with regard to sample quality and structural
preservation. Nevertheless, this approach is technically demanding and there are still aspects that
need to be addressed and investigated in more detail. Further technical improvements of the
cryo-transfer system, e.g., a sample holding cartridge that allows operation in the FIB as well as
in the TEM, will reduce mechanical stress on the grids and ease transfer of the milled areas.
Efforts in developing a setup suitable for preparing and handling lamellar or cylindrical samples
will avoid limitations in tomographical data acquisition (‘missing wedge’) and increase the
accessible areas of the cell compared to wedge-shaped milling. Three-dimensional reconstruction
of a M. smegmatis cell thinned by FIB milling revealed structures at a so far unrivaled level of
detail. With ongoing progress, this method of sample preparation shows great promise to achieve
a quality of structural preservation that allows the in situ investigation of constituents of the
microbial cell wall, and in particular of proteins embedded in membranes such as MspA by cryo-
electron microscopy. Reconstitution of MspA in the membrane of defined lipid vesicles, thus
circumventing the limitations of sample thickness, allowed the structural research of the porin in
an environment resembling its native habitat by cryo-electron tomography. Extending the data

acquisition scheme made a reliable CTF-correction possible, and significantly improved the
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attainable resolution. In order to speed up the acquisition, recording of the two additional high
dose images has to be automated and implemented into the microscope control software.
Combining the distinct routines involved in the post-processing (CTF fitting and correction) to a
single program will further reduce the time and make the approach more user-friendly.
Nevertheless, a comparative evaluation still has to prove the advantages of correcting the CTF in
every single image of a tiltseries instead of assessing average defocus for the whole series
(Fernandez et al., 2006) or for subsets (Xiong et al., 2009). The data itself also leaves room for
improvement. Exploiting the full resolution available (i.e. unbinned images) as well as extending
the number of MspA-containing subtomograms will further improve the level of structural detail.
Extending the new method to other investigations of macromolecular complexes in situ, e.g. the
3D organization of ribosomes (Brandt et al., 2009), will further demonstrate its potential. The
gain in resolution should be of advantage for template-matching in general.

MspA is the only mycobacterial pore protein whose function has been investigated in some
detail. Nevertheless, the phenomenon of voltage-dependent closing is still not well understood.
Conductivity measurements showed that charged residues inside MspA are a major determinant
of the gating behavior, whereas the periplasmic loop L6 exerts a stabilizing effect on the pore. A
more complete evaluation of the observed subconductance states and their dwell times, further
conductance-salt and conductance-pH measurements should give more insight into the pore
properties of MspA, as well as molecular dynamic simulations. But a final understanding of the
mechanistic background of voltage-dependent closing of MspA will still remain a challenge. In
terms of nanotechnical applications, the least voltage-sensitive mutant N-MspA represents a
promising candidate. Translocation experiments will reveal its suitability for nanopore

sequencing of DNA.
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