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ABSTRACT 

Mechanosensitive (MS) channels are found throughout all domains of life since maintaining the 

intracellular homeostasis is crucial for all living cells. Bacterial MS channels represent the best-

characterized force-sensing system. They mainly act as “emergency relief valves” by directly sensing 

elevated membrane tension as a consequence of osmotic down-shock. Upon opening, the channels 

release osmotically active solutes and ions from the cell and therefore prevent cell lysis. 

In this thesis, two putative archaeal MscS-like channels from N. equitans - Neq198 and Neq531 - were 

investigated with respect to their structure and function. Major bottlenecks for the analysis of 

membrane proteins are the expression, solubilization, and purification that should yield sufficient 

amount of biologically active protein. Both channels were heterologously expressed in E. coli and 

successfully purified. Here, the N-terminal localization of the tag for purification turned out to be 

crucial. For Neq198 an optimized purification protocol was established. However, Neq531 is 

challenging to purify and the purification protocol still requires further optimization.  

Membrane-mimicking systems such as lipid nanodiscs and amphipols are highly favored for the 

analysis of membrane proteins since they provide more native-like environments compared to 

detergents. Both MscS-like channels were reconstituted into amphipols or lipid nanodiscs for electron 

microscopy single particle analysis. Single particle analysis of negative-stained channels already gave 

a rough idea about the channel organization. The resulting 3D volume can be compared to EcMscS, 

whose structure was solved in 2002 by X-ray crystallography. Here, lipid nanodiscs were highly 

favored over amphipol for the structural analysis of Neq198. In amphipol reconstituted channels 

provided less detail than in lipid nanodisc reconstituted channels. 
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Neq198 reconstituted into lipid nanodiscs was further analyzed in cryo-EM single particle that led to 

the first putative structure of an archaeal mechanosensitive channel at intermediate resolution so far. 

The heptameric channel organization was confirmed. While the cytoplasmic domain of the channel is 

hardly changed compared to EcMscS, the membrane domain exhibits major differences. Two 

additional helices are located on top of the membrane domain building up a cap-like structure of 

unknown function. Whether this structural feature takes actively part in tension sensing and e.g. 

provides interaction with the S-layer of N. equitans is open for speculation. The electrostatic potential 

surfaces indicate that the channel from N. equitans exhibits higher anion selectivity than its 

homologue in E. coli (EcMscS).  

The functional analyses by patch clamping highlighted that these channels are highly dependent on 

their native environment. A proper characterization with respect to conductance, activation threshold 

and ion selectivity failed in liposomes and E. coli spheroplasts. So far, channels reconstituted into 

liposomes exhibited spontaneous and constitutive activity, although no pressure was applied. These 

difficulties were mainly contributed to the lipid environment, which is clearly different in N. equitans. 

To characterize the channels, native lipids from N. equitans are required for future reconstitution and 

patch clamp analysis. However, hypoosmotic down-shock assays indicate that the channels are 

purified in active form and do not lose their functionality upon purification.  

This thesis provides first structural insights into a MscS-like channel from N. equitans representing the 

first structure of an archaeal mechanosensitive channel from the MscS family. To increase the 

resolution of the membrane domain and cap-like structure and to refine the proposed model, more 

single particle analysis cryo-EM data is required. 
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I INTRODUCTION 

1 Mechanosensitive channels 

Mechanosensation as a physiological process describes the ability to convert a mechanical stimulus 

into electrical or biochemical signals and is believed to be one of the most ancient signal transduction 

mechanisms (Kloda and Martinac, 2001b). Mechanosensory transduction is involved in a wide range 

of physiological processes, such as touch, pain, hearing, proprioception, blood pressure control in 

animals, turgor control and gravitaxis in plants as well as regulation of cell shape and cell volume in 

bacteria (Hamill and Martinac, 2001; Martinac, 2004). As force-transducing molecules the so-called 

mechanosensitive (MS) channels have been identified. They can be found throughout all domains of 

life: archaea, bacteria (Pivetti et al., 2003; Kung, 2005), and eukarya (Árnadóttir and Chalfie, 2010), 

thus suggesting their early appearance during evolution on earth. This is further supported by the 

assumption that all aspects of cellular dynamics as growth, cell division, and differentiation involve 

changes in cell volume and shape (Kung et al., 1990; Martinac and Kloda, 2003).  

Bacterial MS channels represent one of the best-characterized force-sensing systems and serve as 

model systems for mechanosensation (Kung, 2005). MS channels represent a structurally diverse 

group of proteins that have been classified according to their function rather than their sequence 

similarity or topology. In prokaryotes two families of MS channels have been identified. Those are 

classified according to their conductance: the mechanosensitive channels of large conductance (MscL) 

and the mechanosensitive channels of small conductance (MscS). Originally, three groups of 

mechanosensitive channel activities have been identified in Escherichia coli: MscL, MscS and MscM 
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(mechanosensitive channels of mini conductance) (Berrier et al., 1996). However, channels that 

exhibit MscM activity are structurally classified as members of the MscS family. Prokaryotic MS 

channels were first discovered 1987 in giant E. coli spheroplasts using patch clamp technique (Hamill 

et al., 1981; Martinac et al., 1987). Maintaining the intracellular homeostasis is imperative for all 

living cells so that the major function of MS channels can be assigned to act as an “emergency relief 

valve” upon hypoosmotic down-shock. The immediate release of solutes enables growth and survival 

even at changing external osmolarities (Figure 1) (Booth and Blount, 2012).  

 

Figure 1: Physiological function of mechanosensitive channels in bacteria. 
(a) At low osmolarity conditions, cells build up an outwardly directed turgor pressure, which is balanced by the cell wall 
and outer membrane; (b) upon hyperosmotic shock, cells shrink due to rapid water loss (c) but recover to full size by the 
accumulation of compatible solutes in the cytoplasm; MS channels remain closed; (d) in response to a reduction in external 
osmolarity (hypoosmotic shock), water floods into bacterial cells, resulting in swelling of the cell with a corresponding rise 
of cellular turgor and membrane tension. The rapid water entry is accompanied by the immediate activation of MS channels, 
allowing the efflux of intracellular osmolytes and relieving the membrane tension; (e) subsequently allowing normal 
growth; (f) in absence or fail in function of MS channels, the rise of membrane tension results in cell lysis as soon as the 
pressure exceeds the mechanical strength of the cell wall (Booth et al., 2007). 

MS channels directly respond to changes in membrane tension. Osmotic down shift results in water 

influx into the cell causing the cell to swell. By the interaction with the surrounding lipid bilayer MS 

channels sense the increased membrane tension and temporarily open large pores in the membrane, by 

which compatible solutes and ions are released. By this, the pressure is relieved and cell integrity is 

preserved. Booth and co-workers showed that ΔmscL and ΔmscS double mutants were not able to 

maintain their cell integrity resulting in cell lysis upon down-shock (Levina et al., 1999). MscL and 

MscS have complementary function. They respond in a coordinated way to osmotic stress indicating a 

relationship between their activation threshold and their conductance (Berrier et al., 1989; Levina et 
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al., 1999; Perozo and Rees, 2003). MS channels exhibit a step-wise response to osmotic stress, where 

MscS open first and MscL remains closed as backup, opening just before the lytic limit of the cell. By 

this, as much metabolites as possible are retained within the cell sustaining their membrane gradients 

(Haswell et al., 2011). MS channels differ significantly with respect to their conductance ranging from 

10-3,500 pS (Martinac et al., 1987; Sukharev et al., 1993) and their selectivity ranging from non-

selective to potassium- and cation- or anion-selective channels (Sukharev et al., 1993; Li et al., 2002; 

Zhang et al., 2012). 

1.1 Mechanosensitive channels of large conductance (MscL) 

Since its first discovery in E. coli in 1993 by Kung’s laboratory (Sukharev et al., 1993; Sukharev et 

al., 1994), the mechanosensitive channel of large conductance, MscL, was extensively studied and 

characterized. Compared to MscS, the MscL family is highly conserved with respect to structure and 

function. In general, the MscL family consists of non-selective ion channels, that exhibit an elevated 

conductance of ~3 nS. Members of the MscL family are pressure-activated and open at high 

membrane tension close to lytic limit of the bilayer (Berrier et al., 1989; Sukharev et al., 1993). 

Interestingly, the TbMscL – a MscL homologue from Mycobacterium tuberculosis – exhibits an 

opening threshold that is significantly larger than that of EcMscL and even exceeds the membrane 

breaking point (Moe et al., 2000). This might be a result of the different lipid environments and 

underscores the importance of lipid-protein interactions in MS channel function (Perozo and Rees, 

2003). However, in E. coli the mscL gene is not essential for growth and survival under hypoosmotic 

down-shock conditions. The MscL activity can be compensated by other mechanosensitive channels 

(Sukharev et al., 1994). MscL is commonly absent from marine organisms (Booth et al., 2015) and 

cannot be found in plants (Haswell, 2007).  

To date, three MscL structures, two from bacterial and only one from an archaeal organism, have been 

solved by X-ray crystallography (Table I.1). As the first structure, the MscL from M. tuberculosis was 

solved in a closed conformation at a resolution of 3.5 Å (Chang et al., 1998). This 136-amino-acid 

protein exhibits a transmembrane (TM) domain and a cytoplasmic domain assembled to a homo-

pentameric complex (Figure 2). Each subunit consists of two membrane-spanning α-helices (TM1 and 

TM2) connected by a periplasmic loop resulting in the location of N- and C-terminus in the cytoplasm. 

At the C-terminus a short α-helix forms a bundle below the pore that reaches into the cytoplasm 

(Chang et al., 1998; Steinbacher et al., 2007). Deletion experiments showed that the cytoplasmic 

bundle is not essential for channel activity (Blount et al., 1996). 
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Table I.1: Solved structures for mechanosensitive channels of large conductance 
Organism Characteristics Resolution (Å) Method Reference/ PDB 
M. acetivorans/ 
M. jannashii 
(MaMscL-MjRS) 

chimera, pentameric 
open/closed 3.5/4.1 X-ray Li et al., 2015 

4y7k, 4y7j 

S. aureus 
(SaMscL) 

tetrameric, 
expanded intermediate 
state 

3.82 X-ray Liu et al., 2009 
3hzq 

M. tuberculosis 
(TbMscL) 

pentameric, 
closed  3.5 X-ray 

Steinbacher et al., 2007 
Chang et al., 1998 
2oar 

 

The TM1 helix of each subunit lines the pore and forms a tightly packed bundle with its adjacent TM1 

helices, whereas the TM2 helices interact with the surrounding lipid bilayer (Chang et al., 1998). The 

homo-pentameric complex forms a pore with a diameter of 30 Å, which can vary between 2 and 30 Å 

during gating (Perozo et al., 2002).  

 

Figure 2: 3D crystal structure of MscL from M. tuberculosis.  
Crystal structure of the pentameric TbMscL in closed conformation at 3.5 Å resolution (Chang et al., 1998), showing the 
overall structure (left) with one subunit highlighted in blue, a monomer (middle), and the top view from the periplasmic side 
of the membrane with one subunit highlighted in blue (right); N- and C-terminus are located in the cytoplasm; TM1 and 
TM2 helices are connected by a periplasmic loop. Structure was visualized in Chimera 1.12 (Pettersen et al., 2004), 
2oar.pdb. 

Deletion mutants lacking the cytoplasmic α-helical bundle were used for structure determination of 

the first archaeal MS channel, which also adopts a pentameric fold. The archaeal channel protein 

comprised only limited hydrophilic regions; therefore riboflavin synthetase from Methanocaldococcus 

jannashii (MjRS) was fused to the C-terminus of the MscL channel protein from Methanosarcina 

acetivorans (MaMscL) to increase potential crystal contacts (Table I.1) (Li et al., 2015). Surprisingly, 

the structure of the MscL homologue from Staphylococcus aureus (SaMscL) suggested a tetrameric 
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stoichiometry (Liu et al., 2009). Further experiments demonstrated that the detergents used in 

purification and crystallization caused the variable stoichiometry of SaMscL in vitro. In vivo studies 

suggested a pentameric oligomeric state (Dorwart et al., 2010). 

1.2 Mechanosensitive channels of small conductance (MscS) 

1.2.1 MscS superfamily 

In contrast to the MscL family, the MscS family is relatively diverse with respect to structure and 

function. Members of the MscS superfamily show great diversity in sequence, size, and topology. 

They are classified into 15 subfamilies according to their unique functional domains. Those can be 

further divided into larger subfamilies (~50 to 645 members each) like MscK, DUF3772-MscS, 

bCNG, BON-MscS, EF-MscS and smaller subfamilies (one to only few members) like MscCG, 

extended C-terminus MscS, MscS-DEP, YjeP, Glucose Transporter MscS, PBD-1-MscS, Cu-Heme-

MscS, and concatenated MscS (Malcolm and Maurer, 2012). For the overall and most-common 

architecture of MscS applies the following: a large water-filled cytoplasmic domain that opens to the 

cytoplasm follows the transmembrane domain. Several members exhibit additional N- and/or C-

terminal extensions/domains, which are assumed to affect the tension sensing mechanism or create 

additional regulatory sites. MscS subtypes exhibit varying numbers of transmembrane helices ranging 

from at least three (e.g. EcMscS) to 11 (e.g. MscK) (Booth et al., 2011; Malcolm and Maurer, 2012). 

The pore lining helix TM3a is highly conserved within the MscS superfamily (Pivetti et al., 2003; 

Balleza and Gómez-Lagunas, 2009). The ion selectivity that distinguishes different family members is 

mediated by the cytoplasmic domain (Gamini et al., 2011; Cox et al., 2014). Single organisms might 

encode multiple MscS members in their genome. In E. coli for example, six MscS-like channels of 

variable size are present in total: MscS (286 aa, EcMscS), MscK (1120 aa), YbdG (415 aa), YnaI (343 

aa), YbiO (741 aa), and YjeP (1107 aa) (Figure 3) (Levina et al., 1999; Schumann et al., 2010; 

Edwards et al., 2012). The EcMscS represents the MscS archetype (cf. I1.2.2). YbdG has a larger 

cytoplasmic domain than the other homologues due to an insertion of ~50 amino acids between the 

middle β and the αβ domains (cf. Figure 4). Moreover, YbG exhibits five putative TM helices. The 

expression level of YbdG in the membrane of E. coli is not sufficient to protect against severe 

hypoosmotic shock. Interestingly, overexpression of YbdG provides complete protection. YbdG is 

characterized to have MscM activity with a conductance of 350-400 pS (Schumann et al., 2010). 

YbdG comprising five putative TM helices belongs like EcMscS and YnaI to the smaller topological 
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class of channels, while YbiO, YjeP, and MscK comprising 11 putative TM helices and extensive 

periplasmic domains form the larger topological class (Pivetti et al., 2003). The potassium-dependent 

MscK represents the largest MscS-like channel in E. coli and has a conductance of ~0.875 nS (Li et 

al., 2002). YbiO, YnaI, and YjeP are only present in low levels in the membrane and therefore do not 

provide protection against hypoosmotic shock as well. NaCl especially induces YbiO, which exhibits a 

conductance of ~1000 pS. YnaI and YjeP have MscM activity with a conductance of ~100 pS and 

~300 pS, respectively (Edwards et al., 2012). 

 

Figure 3: Comparison of MscS homologues in E. coli. 
Hydrophobicity blots (Kyte-Doolittle, w = 9) of the six MscS homologues in E. coli, aligned by the last three predicted 
transmembrane (TM) helices for each homolog with the three TM helices of MscS (*---------*). Highlighted sequences: 
periplasmic region – green, membrane region – red; cytoplasmic domain – blue (adapted from Schumann et al., 2010 and 
Naismith and Booth, 2012); inset: overview of amino acid length and predicted TM helices of each homolog.  

Besides the six homologues in E. coli, various other members have been characterized 

electrophysiological, e.g. MscMJ and MscMJLR from M. jannashii (Kloda and Martinac, 2001d), 

MscSP from Silicibacter pomeroyi (Petrov et al., 2013), MSL10 from Arabidopsis thaliana (Maksaev 

and Haswell, 2013), and Ng-MscS from N. gonorrhoeae (Wang et al., 2018). 
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1.2.2 Structure and function of MscS 

MscS fold as homo-heptamers with a sevenfold rotational axis perpendicular to the membrane normal 

through the center of the pore. The channel can be divided in a transmembrane domain and a large 

water-filled cytoplasmic domain (Figure 4) (Bass et al., 2002; Steinbacher et al., 2007). 

 

Figure 4: 3D crystal structure of MscS from E. coli. 
Crystal structure of the homo-heptameric EcMscS in a closed conformation at a resolution of 3.7 Å (Bass et al., 2002; 
Steinbacher et al., 2007), showing an overall structure (left) with one subunit highlighted in blue, a channel monomer 
(middle) and the top view of the channel (right) from the periplasmic side of the membrane with one subunit highlighted in 
blue; N-terminus is located in the periplasm, whereas the C-terminus is located in the cytoplasm. Structure was visualized in 
Chimera 1.12 (Pettersen et al., 2004), 2oau.pdb. 

Each subunit of WT EcMscS consists of 286 amino acids and exhibits three transmembrane helices 

(TM1 29-57, TM2 68-91, TM3 96-127) with the N-terminus facing the periplasm (Bass et al., 2002). 

The membrane-spanning helices TM1 and TM2 form a closely packed hairpin. They are tilted by 27° 

to 35° with respect to the sevenfold axis, which results in the displacement of the helices TM1 and 

TM2 from the core of TM3 helices. A kink at Gly113 divides the TM3 helix into the pore-lining helix 

TM3a (residues 96-112) and the helix TM3b (residues 114-127) and marks the membrane boundary. 

Seven TM3a helices are arranged in a helical barrel, which creates the central axis of the pore and 

thereby lines the route of ions through the membrane. Adjacent TM3a helices from neighboring 

subunits are tightly packed. A pattern of highly conserved alanine and glycine residues enables these 

tight helix-helix interactions by packing the glycines of one helix to the alanines of the neighboring 

helix (knob and hole mechanism). Especially glycines are known to facilitate conformational changes 

during gating (Bass et al., 2002; Anishkin and Sukharev, 2004; Edwards et al., 2005). Two rings of 
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hydrophobic residues (Leu105 and Leu109) line the permeation pathway. In addition to the 

hydrophobic nature of the TM3a, these residues create a hydrophobic seal (Bass et al., 2002) that was 

also termed as “vapor lock” (Anishkin and Sukharev, 2004). The narrowest point is constricted to 

~11 Å (Bass et al., 2002). TM3b connects the membrane-embedded channel part to the cytoplasmic 

domain and is orientated almost parallel to the membrane surface (Booth et al., 2011). The membrane 

channel opens to a large water-filled chamber with a diameter of 40 Å and is formed predominantly by 

β-sheets and αβ-sheet domains. Seven lateral portals with a diameter of ~14 Å between the interfaces 

of the single subunits connect the chamber to the cytoplasm. The last ~18 C-terminal amino acids of 

each subunit form a seven-stranded β-barrel as a distal pore with a diameter of ~8 Å (Bass et al., 

2002). Deletion experiments have shown that a loss of the β-barrel does not influence channel 

assembly or gating mechanisms but severely impairs stability (Schumann et al., 2004). The overall 

structure of EcMscS is determined to dimensions of 120 Å in length parallel to the sevenfold axis and 

80 Å in width parallel to the membrane (Bass et al., 2002). 

To date, nine different structures of MscS were solved, among those six of EcMscS in distinct 

conformations and at different resolutions (Table I.2). The first crystal structure for the WT EcMscS 

was obtained at a resolution of 3.9 Å by Bass and co-workers in 2002 (Bass et al., 2002). They 

captured the protein in a non-conducting, closed conformation. For the subsequently solved structures, 

the cytoplasmic domain remained essentially unchanged whereas distinct conformations could be 

observed for the transmembrane region. The Ala106Val variant resulted in an open conformation at a 

resolution of 3.45 Å (Wang et al., 2008). Compared to the closed state, the helices TM1 and TM2 

rotate clockwise as a rigid body by approximately 45° along the sevenfold axis. Moreover, the helices 

TM1 and TM2 increase their tilt by ~15° with respect to the sevenfold axis. The TM3a helices rotate 

clockwise around their axis by ~15° and move out from the central axis of the channel. As a result, the 

TM3a helices are parallel to each other, to the sevenfold axis, and to the membrane normal in the open 

structure. In the closed structure the TM3a helices arrange diagonal to the sevenfold axis, instead. It is 

proposed that the open-close-transition of the channel is enabled by an iris-like motion of the three 

TM helices (Wang et al., 2008). Intriguingly, the DDM solubilized WT EcMscS adopts an open 

conformation as observed for the Ala106Val EcMscS variant, which was solubilized in Fos14. This 

highlighted the general sensitivity of membrane proteins and their conformational states to variations 

in detergents, crystallization conditions, and point mutations (Lai et al., 2013). In 2015 the structure of 

another low-conductance MscS channel from E. coli, YnaI, was solved by cryo-electron microscopy 

to a resolution of 12.6 Å (Böttcher et al., 2015) - to date, the first and only structure of a 
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mechanosensitive channel of small conductance solved by cryo-EM. Furthermore, the structure of a 

MscS homologue from Helicobacter pylori (Lai et al., 2013), a gram-negative bacterium with 

potential pathogenicity, is currently available as well as a structure from Thermoanaerobacter 

tengcongensis, characterized as an anion-selective channel (Zhang et al., 2012) (Table I.2). 

 
Table I.2: Solved structures of mechanosensitive channels of small conductance 

Organism Characteristics Resolution (Å) Method Reference 
EMDB/PDB 

E. coli  
(YnaI) DDM 12.6 cryo-EM Böttcher et al., 2015 

3035 

E. coli 
(EcMscS)  

D67R1  
(R1 = MTSSL cysteine adduct), 
open 

2.99 X-ray Pliotas et al., 2015 
5aji 

E. coli 
(EcMscS) 

WT, 
open, DDM 4.4 

X-ray Lai et al., 2013 
4hwa, 4hw9 H. pylori  

(HpMscS) 
WT, 
closed, DDM 4.2 

E. coli 
(EcMscS) 

spin labeled D67C mutant, 
open, DDM 4.84 

X-ray Pliotas et al., 2012 
4agf, 4age E. coli 

(EcMscS) 
spin labeled L124C mutant, 
open, DDM 4.70 

T. tengcongensis 
(TtMscS) 

WT, 
w/o ligand, w/ ligand LMT 
closed, DDM 

3.36/3.46 X-ray Zhang et al., 2012 
3udc, 3t9n 

E. coli  
(EcMscS) 

Ala106Val variant, 
open, Fos14 3.45 X-ray Wang et al., 2008 

2vv5 

E. coli  
(EcMscS) 

WT, 
closed, Fos14 
desensitized/inactive 

3.7/3.9 X-ray 
Steinbacher et al., 2007 
Bass et al., 2002 
2oau 

 

The helices TM1 and TM2 of EcMscS are thought to act as sensors for membrane tension by 

interacting with the surrounding lipid bilayer and therefore directly coupling changes in membrane 

tension to conformational rearrangements (Bass et al., 2002; Wang et al., 2008) (I1.2.3). PELDOR 

studies of EcMscS in proteoliposomes confirmed basic findings of the first crystal structure: the 

pronounced gap between the outer helices (TM1, TM2) and the pore lining helix TM3 is preserved in 

lipid environment and probably contributes to the gating mechanism (Pliotas et al., 2012; Ward et al., 

2014). Moreover, the presence of charged residues (arginines) in this region suggest that the helices 

TM1 and TM2 act as voltage sensor as well (Bass et al., 2002; Bezanilla and Perozo, 2002). 
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In addition to its importance for stabilization and oligomerization (Schumann et al., 2004; Rasmussen 

et al., 2007), the cytoplasmic vestibule domain is involved in selectivity and gating. This domain is 

thought to act as a selectivity filter or sieve by controlling, which ions can enter through the portals 

and therefore exit the cells (Gamini et al., 2011). Interestingly, the filter function of the cytoplasmic 

domain stands in contrast to voltage-gated Cl-, Ca2+, K+ and Na+ channels, whose selectivity filters are 

located within the transmembrane region (Cox et al., 2014). For E. coli it is assumed that 

electronegative regions on the bottom of the cytoplasmic vestibule trap cations resulting in an 

environment that is more conducive to anion conduction (Figure 5) (Cox et al., 2014). In 

T. tengcongensis the lateral portals seem to be missing. Here, electronegative regions on the bottom of 

the cytoplasmic vestibule together with a residue outside the β-barrel result even in higher anion 

selectivity compared to E. coli (Zhang et al., 2012). The significant role of the β-barrel for anion 

selectivity in TtMscS was confirmed by Song et al., 2017.  

 

Figure 5: Proposed selectivity 
mechanism in MscS-like channels. 
Electronegative regions on the bottom of 
the cytoplasmic domains create an 
environment conducive to anion 
conduction. (A) Residues around E187 
and E227 trap cations resulting in easier 
transit for anions; (B) in addition to the 
electronegative region on the bottom of 
the cytoplasmic domain, a residue on the 
outside of the β-barrel (E278) likely traps 
cations resulting in a higher anion 
selectivity in TtMscS compared to 
EcMscS (adapted from Cox et al., 2014). 

Electrophysiological experiments characterize the EcMscS to exhibit a conductance of ~1 nS and a 

slight preference for anions over cations: (PCl/PK) of 1.2-3.0. The channel is activated by membrane 

tensions 1.4 times lower compared to MscL and shows additional voltage dependency (Martinac et al., 

1987; Sukharev et al., 1993; Sukharev, 1997). Furthermore, EcMscS shows a complex 

inactivation/desensitization mechanism while sustaining membrane tension (Levina et al., 1999). 

EcMscS reacts to sudden changes in membrane tension; however, if lateral pressure is applied slowly, 

the channel remains closed suggesting a relation between gating and pressure rate (Akitake et al., 

2005). EcMscS measurements of gating transitions show that the channel opens within milliseconds to 

around two-thirds of its conductance and then opens slower to full conductance (Booth et al., 2007). 
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1.2.3 Protein-lipid interactions 

Protein-lipid interactions have moved to the center of interest lately. Direct or indirect interactions 

with the surrounding membrane and thus conformational changes of the proteins have been 

investigated. Recently, a general model for tension sensing in MS channels was introduced (Pliotas 

and Naismith, 2017). Bacterial MS channels were first described to directly sense membrane tension 

in the lipid bilayer. This “bilayer model” or force-from-lipids (FFL) principle applies to both 

prokaryotic and eukaryotic ion channels (Hamill and Martinac, 2001; Perozo et al., 2002; Teng et al., 

2015). An explanation towards the understanding of channel gating was established with the 

observation that an incorporation of conical lipids in the lipid bilayer results in the opening of MscS 

and MscL (Martinac et al., 1990; Perozo et al., 2002). The incorporation of conical lipids alters the 

curvature of the membrane and therefore changes intrinsic forces (Figure 6). Regardless of whether 

conical lipids are incorporated, or the internal pressure rises as a result of hypoosmotic shock, the 

membrane is dilated so that the membrane curvature decreases. Thereby the lateral pressure on the 

mechanosensitive channels is relieved resulting in channel opening. 

 

Figure 6: Lipid effect on membrane curvature. 
(A) Bilayer-forming phospholipids (shown in red), such as phosphatidylcholine (PC), can be approximated as rods. Micelle-
forming lysophospholipids (blue), such as lysophosphatidylcholine (LPC) with only one fatty acid chain, can be regarded as 
cones. (B) The addition of cone-shaped lipids (or other amphipaths) into one of the leaflets of the bilayer can alter the 
shape/curvature, and therefore the intrinsic forces (modified from Kung, 2005). 

These findings suggested that changes in the membrane tension alone or lateral pressure are sufficient 

for channel gating. Furthermore, prokaryotic MscS and MscL maintain their mechanosensitivity after 

purification and reconstitution into liposomes suggesting that the mechanical force is directly 

transmitted from the lipid bilayer to the protein (Sukharev et al., 1993; Sukharev, 2002; Nomura et al., 

2006). MscS channels that have been studied in different lipid environments (giant E. coli 

spheroplasts, liposomes) exhibited different channel behavior (Shaikh et al., 2014). Hence, the lipid-

protein interface plays a crucial role in membrane tension sensation. This is further supported by the 

fact that the mechanosensitivity of MscL increases dramatically along with the thickness reduction of 
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the hydrophobic core of the membrane (Perozo et al., 2002). Since changes of lipids determine MS 

channel activity, the interaction of MS channels with their surrounding lipid bilayer was identified as 

an important aspect of their function. Among membrane proteins, the MscS family offers probably the 

most dynamic set of interactions with the lipid bilayer (Booth et al., 2011).  

EcMscS provides three principal lipid-protein interfaces. Originally, the TM1-TM2 helix pair was 

determined to sense membrane tension (Bass et al., 2002). These helices form a rigid sensor paddle 

that moves independently upon channel gating whereupon the tension is transmitted to the pore 

through the linker between TM2 and TM3a (Wang et al., 2008). Sukharev and co-workers showed 

that the inter-helical contact is inevitable for force transmission from the lipid-facing helices 

TM1/TM2 to the pore-lining helix TM3. The uncoupling of TM2 and TM3 appears to results in 

inactivation of the channels (Belyy et al., 2010). The extreme asymmetry with respect to their amino 

acid composition of TM1 and TM2 might additionally contribute to lipid tension sensing: whereas the 

residues in the periplasmic half of the helices are of low polarity, polar residues are observed in the 

cytoplasmic half. Thus, different interactions with lipid head groups on both sides of the membrane 

are induced (Booth et al., 2011). Scanning mutagenesis identified residues located at both ends of the 

helices TM1 and TM2 as essential for channel function (Nomura et al., 2006). In another study, lipid-

facing hydrophobic residues, that are located within the TM1 and TM2 helices, were determined to be 

involved in tension sensing. Those residues interact with lipid tail groups in the closed state and are 

rotated inwards to form intra-protein hydrophobic interactions in the open state of the channel 

(Malcolm et al., 2011). Another lipid-protein interface is located within TM3b helix, which is 

proposed to lie along the inner membrane presenting a hydrophobic surface to the bilayer. Conserved 

basic residues (Arg128 and Arg131) at the C-terminal end of TM3b are proposed to build an anchor 

by the interaction with phospholipid head groups (Nomura et al., 2008; Booth et al., 2011). Finally, 

the N-terminal sequence (residues 1-26) seems to have a significant impact on gating characteristics. 

Especially, the tryptophan residue (Trp16), which is located upstream of TM1 facing the periplasm, is 

proposed to have an anchoring function by the interaction with lipid head groups (Rasmussen et al., 

2007). 

The EcMscS crystal structure revealed that the helices TM1 and TM2 are displaced from the core of 

TM3 helices creating an apparent void in between (Bass et al., 2002; Pliotas et al., 2012; Ward et al., 

2014). These voids have also been observed in other organisms (Zhang et al., 2012; Lai et al., 2013). 

Intriguingly, alkyl chains inside this hydrophobic cleft have been identified in a new high-resolution 

structure (Pliotas et al., 2015). Moreover, it was shown that the void between TM3 and TM1/TM2 is 
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reversibly filled with lipids (lipid interdigitation) upon channel gating. The number of lipids decreases 

upon channel opening. Thus, the degree of lipid interdigitation determines open/closed conformations 

of MscS (Figure 7) (Pliotas et al., 2015). How lipids move in and out of a binding site and by this 

create sensitivity to membrane tension, was already shown for the human TRAAK K+ channel 

(Brohawn et al., 2014). Thus, reversible lipid interdigitation is proposed to represent an universal 

model for tension sensing by MS channels (Pliotas et al., 2015; Pliotas and Naismith, 2017). 

 

Figure 7: Lipid exchange 
between the pockets and the 
lipid bilayer in MscS. 
Multiscale molecular dynamics 
(MD) simulations of the closed and 
open conformation of MscS in 
POPE/POPG (4:1) phospholipid 
bilayers. During simulations lipids 
migrated to fill the TM pockets and 
a strong local membrane curvature 
around MscS was observed (Pliotas 
et al., 2015). 

The question of lipid-protein interaction for larger members of the MscS family is more complex. 

Several homologues exhibit multiple additional N-terminal transmembrane helices, which result in 

isolating the aforementioned TM1-TM2 sensor domain from the surrounding lipid bilayer. Possibly, 

here the tension sensor is not constituted by the adjacent helices of the TM3a domain. Therefore, 

larger homologous channels require a more complex mechanism for tension sensing and transmission 

to the channel pore than it was described so far for MS channels exhibiting only three transmembrane 

helices (Booth et al., 2011). For a larger family member, YnaI from E. coli, lipid interdigitation into 

cavities and extended sensor paddles, i.e. four TM helices instead of two as in EcMscS, have already 

been discussed (Böttcher et al., 2015). 

1.2.4 Physiological functions of MscS-like channels 

Besides its well-known and characterized function as emergency relief valve upon hypoosmotic down-

shock (Levina et al., 1999), there is emerging evidence that MS channels are not only limited to 

osmoregulation. Especially members of the MscS family play additional roles in bacterial and plant 

cell physiology. Those physiological functions range from osmoregulation to more specialized 

activities in Ca2+ regulation, signal transduction pathways, amino acid efflux, and cell division and 

survival (Haswell et al., 2011; Cox et al., 2015). 
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MscK from E. coli represents an example for a highly specialized and tightly regulated channel, which 

is more sensitive to membrane tension than EcMscS but is also regulated by the ionic environment. Its 

activation requires external potassium ions and the channel is proposed to be essential for the survival 

at high potassium concentrations (Li et al., 2002). 

In E. coli the interaction of FtsZ with the α/β domain of the cytoplasmic domain of MscS was 

identified as a possible non-channel function (Koprowski et al., 2015). FtsZ, a bacterial tubulin-like 

protein, is involved in the Z-ring formation that initiates cell division (Buddelmeijer and Beckwith, 

2002; Adams and Errington, 2009). Overexpression of the soluble α/β domain as well as a deletion 

mutant missing the last 20 amino acids disabled cell division resulting in elongated (filamentous) cells. 

Moreover, mutations in the α/β domain reduced its binding to FtsZ and its interaction was identified to 

play a crucial role in cell protection against antibiotic stress. Therefore, it was hypothesized that the 

α/β domain binds FtsZ and modulates FtsZ-dependent processes like cell wall synthesis and repair 

(Koprowski et al., 2015). This is further supported by the involvement of MSL2 and MSL3, two 

MscS-like channels from A. thaliana, in chloroplast division (Wilson et al., 2011; Wilson and 

Haswell, 2012). 

With the cyanobacterial MscS homologue PamA, a protein was identified that is independent of 

osmotic shock but instead implicated in cellular signal transduction pathways. Here, the C-terminus of 

PamA interacts with the signaling protein PII, that coordinates several signal transduction pathways 

associated with carbon and nitrogen metabolism. Moreover, a deletion of pamA results in glucose 

sensitive mutants that show abnormal expression of genes involved in sugar and nitrogen signaling 

(Osanai et al., 2005).  

Two MscS-like homologues from the fission yeast Schizosaccharomyces pombe are localized within 

the membrane of the endoplasmatic reticulum and have a putative EF-hand motif. They play a crucial 

role in regulation of cell volume and intracellular Ca2+ concentrations (Nakayama et al., 2012). 

Furthermore, new findings suggest that EcMscS is not only involved in osmotic shock response but 

also in the regulation of intracellular Ca2+ concentrations (Cox et al., 2013). 

In microbial biotechnology the MscS-like channel from Corynebacterium glutamicum (MscCG) is of 

high interest. This channel plays a crucial role in the industrial production of amino acids, e.g. 

glutamate or lysine. Under production conditions like biotin limitation or the treatment with penicillin, 

MscCG mediates the passive efflux of negatively charged glutamate down its electrochemical gradient 

(Nakamura et al., 2007; Becker et al., 2013). Interestingly, MscCG was also reported to act under 
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hyperosmotic stress conditions by fine-tuning the steady state concentration of compatible solutes 

(betaine) in the cytoplasm of C. glutamicum (Börngen et al., 2010).  

Two putative MS channels from Campylobacter jejuni, responsible for bacterial gastroenteritis in 

humans, provide first evidence for the role of MS channels in pathogenicity. Especially one channel 

turned out to be essential for the survival upon hypoosmotic stress that is experienced during 

environmental transmission (Kakuda et al., 2012). With Ng-MscS another MscS-like channel from the 

human-specific bacterial pathogen Neisseria gonorrhoeae was identified and characterized. Ng-MscS 

contributes to in vivo colonization of the mucosal epithelia of the urogenital tract and survival. Here, 

gain-of-function mutations in Ng-MscS inhibited bacterial growth. Moreover, the survival of Ng-mscS 

deletion mutants was significantly reduced in hypoosmotic shock assays (Wang et al., 2018). 

Recently, MscS-like channels have been repeatedly discussed as potential targets for antibiotics 

(Booth and Blount, 2012). In this regard, it is particularly advantageous that MscS-like channels have 

no homologues in humans or animals, are more widely distributed than MscL and can be numerously 

found among pathogenic bacteria, for example like H. pylori, Vibrio cholera, Neisseria meningitides 

and Haemophilus influenza (Lai et al., 2013; Cox et al., 2015). 

1.3 Mechanosensitive channels in archaea 

Archaea are adapted to extreme habitats, where they are exposed to high temperatures, extreme 

salinity or low pH. Therefore, it is not surprising that mechanosensitive channels are found within the 

archaea, since maintaining the intracellular homeostasis is imperative for all living cells for their 

growth and survival.  

The existence of MS channels in archaea was first documented using patch clamp technique with the 

identification of two types of MS channels located in the cell membrane of Haloferax volcanii (Le 

Dain et al., 1998). Since then other archaeal mechanosensitive channels have been characterized 

electrophysiological, e.g. MscTA from the cell wall-less Thermoplasma acidophilum (Kloda and 

Martinac, 2001a), and MscMJ/MscMJLR from M. jannashii (Kloda and Martinac, 2001d; Kloda and 

Martinac, 2001c). Archaeal MS channels share structural and functional homology with bacterial MS 

channels regarding ion selectivity, voltage dependence and mechanism of activation. They are 

expected to carry out similar cellular functions (Kloda and Martinac, 2001a). However, archaeal lipids 

differ significantly from bacterial lipids, which should be considered for protein-lipid interactions and 

will be discussed later (IV2.1). In contrast to their bacterial homologues, archaeal mechanosensitive 

channels have not been studied as extensively yet but it is discussed whether they represent a missing 
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link or an evolutionary intermediate between bacterial and eukaryotic MS channels (Kloda and 

Martinac, 2001b; Kloda and Martinac, 2002; Martinac and Kloda, 2003; Balleza, 2011). So far, only 

one structure of the mechanosensitive channel chimera of large conductance (MscL) from 

M. acetivorans has been solved by X-ray crystallography (Li et al., 2015) (Table I.1). 

2 Nanoarchaeum equitans and Ignicoccus hospitalis: the 

unusual intimate association of two archaea 

2.1 The “intimate association” 

Ignicoccus hospitalis (“the friendly fire sphere“) and Nanoarchaeum equitans (“the riding dwarf”) 

represent the first described (meanwhile two further biocoenoses are known) cultivable natural 

biocoenosis of two archaea that is also designated as “intimate association” (Huber et al., 2002; Jahn 

et al., 2008). The strictly anaerobic and hyperthermophilic organisms were isolated from hydrothermal 

vents at the Kolbeinsey Ridge at the northern coast of Iceland (Huber et al., 2000). 

In contrast to its host, the symbiotic partner N. equitans can only be cultivated in co-culture, at least 

under laboratory conditions, depending vitally on a direct cell-cell contact with an actively growing 

I. hospitalis cell (Figure 8) (Huber et al., 2002). So far, the explicit nature and mechanism of this 

relationship remains still unclear, although no beneficial effects for I. hospitalis have been found yet. 

 

Figure 8: “Intimate association” of I. hospitalis and N. equitans. 
SEMs illustrating different stages of N. equitans colonization of I. hospitalis; depending on the growth stage of the co-
culture a variable number of N. equitans cells is attached to the surface of I. hospitalis ranging from one (exponential 
growth) to many (stationary phase); the close-up shows the interspecies membrane contact (Giannone et al., 2015). 
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Currently, the genus Ignicoccus includes three species: I. hospitalis (Paper et al., 2007), I. islandicus, 

and I. pacificus (Huber et al., 2000). Moreover, another species was isolated: Ignicoccus sp. MEX13A 

(“I. morulus”, Lange, 2009). Whereas a highly unusual cell anatomy can be seen as a common 

structural feature within this genus, cross infection studies have demonstrated that only I. hospitalis 

can serve as a host for N. equitans (Jahn et al., 2008). Related Nanoarchaea are widespread in marine 

and terrestrial thermal environments around the world (Hohn et al., 2002; McCliment et al., 2006; 

Casanueva et al., 2008; Clingenpeel et al., 2013; Munson-McGee et al., 2015; Wurch et al., 2016). 

Recently, a new terrestrial representative of the Nanoarchaeota was isolated at the Yellowstone 

National Park, which is assumed to live in a similar association with an archaeon (Acidolobus sp.) 

(Podar et al., 2013).  

2.2 I. hospitalis: current knowledge 

The genus Ignicoccus belongs to the Desulfurococcaceae within the Crenarchaeota. These strictly 

anaerobic and obligate chemolithoautotrophs have an optimal growth temperature at 90 °C. As energy 

source, elemental sulfur is reduced using molecular hydrogen as electron donor (Paper et al., 2007). 

CO2, the sole carbon source, is fixed by the dicarboxylate/4-hydroxybutyrate pathway (Jahn et al., 

2007; Huber et al., 2008). Due to its unique relationship to N. equitans, I. hospitalis represents the best 

known and most studied species. Still, general characteristics are believed to be applicable to all 

members of the genus Ignicoccus (Huber et al., 2012).  

I. hospitalis forms cocci with a cell diameter of 1.5-5 µm and exhibit a new type of cell surface 

appendages. Those fibers (Ø 14 nm) are anchored by spherical structures located beneath the inner 

membrane in the cell and show features as in type IV pilus-like structures (Müller et al., 2009; Meyer 

et al., 2014). Intriguingly, I. hospitalis cells exhibit unusual cell architecture for a prokaryote. Unlike 

most other archaea, they lack an S-layer and are instead surrounded by two membranes: the inner and 

the outer cellular membrane (IM, OCM respectively) (Näther and Rachel, 2004; Huber et al., 2012). 

Both membranes form a large inter-membrane compartment (IMC), which is completely separated 

from the cytoplasm (Figure 9B) (Rachel et al., 2002). The localization of different membrane proteins 

involved in energy conservation in the OCM leads to an energization of the outer cellular membrane, 

which is highly unusual. In contrast to other prokaryotes, the H2:sulfur oxidoreductase (primary proton 

pump) and the A1A0 ATP synthase complex (secondary proton pump) are not localized in the inner 

membrane but in the OCM (Küper et al., 2010). As ATP is synthesized within the IMC and ribosomes 

and DNA are localized in the cytoplasm, energy conservation is separated from protein biosynthesis 
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(Küper et al., 2010). This results in a structural as well as in a functional compartmentalization. With 

the Acetyl-CoA synthetase, which is associated with the OCM, a first ATP-consuming process in the 

IMC was identified (Mayer et al., 2012). Recently, another novel membrane-associated octa-heme 

cytochrome c was characterized, which is believed to be involved in detoxification or in respiratory 

energy conservation due to its nitrite reductase activity (Parey et al., 2016). 

Both membranes differ in their lipid composition: whereas the OCM consists mainly of archaeol, the 

IM is made up of archaeol and caldarchaeol (Jahn et al., 2004). Moreover, a novel pore-forming 

complex Ihomp1 was identified in the OCM of I. hospitalis. It represents the most abundant protein in 

the OCM, for which no recognizable homologues have been found in other archaea (Burghardt et al., 

2007; Burghardt et al., 2008). In earlier studies, numerous vesicles of different shape and size were 

observed within the IMC. Those vesicles were either budding from the IMC or undergoing fusion with 

the IMC or OCM (Rachel et al., 2002; Näther and Rachel, 2004). Recent studies for I. hospitalis 

identified a complex and highly dynamic endomembrane system, which consists of cytoplasmic 

protrusions and might have secretory function. Moreover, filamentous structures, similar to a 

cytoskeleton, were observed in the IMC (Heimerl et al., 2017).  

The genome of I. hospitalis is the most minimal organized genome known to date that guarantees an 

independent way of living. With only a size of 1.3 Mbp it encodes for 1,444 genes, whereas less than 

3 % of the proteome encodes for transport proteins (Podar et al., 2008). Interestingly, comparative 

analysis of the proteome of I. hospitalis in single and co-culture with N. equitans showed that the 

relative abundance of membrane proteins increases up to 50 % in co-culture. This up-regulation 

affected especially protein complexes involved in energy conservation as well as proteins involved in 

membrane stabilization and transporters (Giannone et al., 2015). 

If the eukaryotic cell originated from an archaeal ancestor, as many believe, then an organism like 

I. hospitalis, with its large ATP-rich intermembrane compartment, is an ideal candidate for such an 

ancestor; providing easy ATP and other metabolites to an incorporated symbiont. 

2.3 N. equitans: a putative ectoparasite? 

N. equitans forms tiny cocci with cell diameters of only 0.35-0.5 µm and exhibits a typical archaeal 

cell architecture: cytoplasm, cytoplasmic membrane and S-Layer (Figure 9A) (Huber et al., 2002; 

Huber et al., 2003). The cytoplasmic membrane consists of archaeol and caldarchaeol like the IM of 

I. hospitalis. The interaction between both organisms is mediated by filamentous structures or a direct 

cell-cell contact and is limited to a relatively small contact area of only 40-170 nm in diameter (Figure 
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9B) (Junglas et al., 2008). Recently, the direct contact or fusion of the cytoplasm from N. equitans 

with the endomembrane system of I. hospitalis was observed, involving the degeneration of the S-

layer from N. equitans (Heimerl et al., 2017). Moreover, Ihomp1 is believed to play a crucial role for 

the interaction of I. hospitalis and N. equitans, since only this species exhibits Ihomp1 within the 

genus Ignicoccus (Burghardt et al., 2007; Huber et al., 2012). 

 

Figure 9: Transmission electron micrographs of N. equitans. 
(A) Ultra-thin section of a single N. equitans cell, prepared by high-pressure freezing, freeze-substitution, and embedding in 
Epon, Cy cytoplasm, CM cytoplasmic membrane, and SL S-Layer, bar corresponds to 0.5 µm (adapted from Huber et al., 
2003); (B) N. equitans (Ne) attached to the surface of I. hospitalis (Ih), Cy cytoplasm, IM inner membrane, IMC inter 
membrane compartment, OCM outer cellular membrane, OCM and IM are in direct contact to N. equitans cell; ultra-thin 
section, platinum shadowed, bar corresponds to 1 µm (Huber et al., 2012). 

The genome of N. equitans with a size of 0.49 Mbp is one of the smallest amongst archaea and 

encodes for only 563 genes. Interestingly, it lacks genes for the synthesis of lipids, amino acids, 

nucleotides and cofactors as well as the genes for metabolic activity like glycolysis, pentose (P)-cycle, 

assimilation of CO2, TCA cycle or primary proton pumps (Waters et al., 2003). This highly reduced 

genome emphasizes the strong dependency of N. equitans on I. hospitalis. In fact, the transport of 

amino acids and lipids from I. hospitalis to N. equitans was observed (Jahn et al., 2004; Jahn et al., 

2008). On the contrary, the genome encodes genes for DNA replication, transcription, translation, 

DNA repair, and recombination. Moreover, several membrane proteins were identified and a 

rudimentary ATP synthase is also present (Waters et al., 2003). Whether this ATP synthase is 

functional or whether energy is imported from I. hospitalis, is still debated. However, in vivo the 

enzyme may contribute to the generation of an electrochemical gradient in free N. equitans cells 

(Kreuter, 2014). 
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Extensive genomic analyses showed that only 85 % of the annotated proteins could actually be 

detected in N. equitans (for I. hospitalis: 80 %). Moreover, about 30 % (20 % in I. hospitalis) 

represent hypothetical proteins with unknown function (Giannone et al., 2011; Giannone et al., 2015). 

Although a number of putative transporters have been identified in the genome, this set of transporter 

types is unlikely to be sufficient for the import of metabolites, which N. equitans requires. Eight 

different types of transporters were identified belonging for example to the Ca2+:cation antiporter 

(CaCA) family, tellurite-resistance/dicarboxylate transporter (TDT) family, amino acid-polyamine-

organocation (APC) family or CorA metal ion transporter (MIT) family and MscS superfamily 

(Waters et al., 2003; Podar et al., 2008). In contrast, according to the Transporter Protein Analysis 

Database (Elbourne et al., 2017), 22 transporter proteins are annotated for N. equitans (Table I.3). 

However, it should be considered that each subunit of a larger protein complex is counted individually 

here.  

 
Table I.3: Annotated transporter classes and families in the genome of N. equitans. 
Transporter class Family Proteins 

ATP-dependent 
ABC  NEQ074, NEQ129, NEQ175, NEQ421 

F-ATPase  NEQ103, NEQ166, NEQ217, NEQ263, NEQ410 

Ion channels 
MIT  NEQ501 

MscS  NEQ198, NEQ531 

Secondary transporters 

AI-2E NEQ162 

APC NEQ273 

CaCA  NEQ164, NEQ486 

MOP  NEQ090 

RND  NEQ436, NEQ437 

TDT  NEQ014 

Unclassified 
FeoB NEQ157 

HCC NEQ189 
ABC = ATP-binding cassette superfamily; F-ATPase = H+- or Na+-translocating F-type, V-type and A-type 
ATPase superfamily; MIT = CorA metal ion transporter family; MscS = mechanosensitive channel of small conductance 
family; AI-2E = autoinducer-2 exporter family; APC = amino acid-polyamine-organocation family; CaCA = Ca2+:cation 
antiporter family; MOP = multidrug/oligosaccharidyl-lipid/polysaccharide flippase superfamily; RND =  resistance-
nodulation-cell division superfamily; TDT = tellurite-resistance/dicarboxylate transporter family; FeoB = ferrous ion uptake 
family; HCC = HlyC/CorC family. 
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In total, three ion channels are annotated, two of them belonging to the MscS superfamily: Neq198 

and Neq531 (Podar et al., 2008). 

3 Aim of this work 

This work will focus on N. equitans. Its reduced genome with only 22 encoded transporter proteins is 

intriguing. The abundance of channels in N. equitans raises the question, whether one or all these 

channels are involved in the interaction, transport and communication between I. hospitalis and its 

symbiotic partner N. equitans. Since archaeal MS channels are expected to carry out similar cellular 

functions to their bacterial homologues, the MscS-like channels from N. equitans might play crucial 

roles in cell integrity and symbiosis exhibiting most likely unique yet unknown functions. The channel 

structures from N. equitans would describe the first structure of an archaeal homologue to EcMscS 

providing important insights to lipid-protein interactions and evolutionary aspects. 

Previous experiments concerning the heterologous expression in E. coli and preliminary purification 

tests have already shown that one of the MscS-like channels, Neq531, can be expressed and purified 

(Wiegmann, 2014). Therefore, an optimized expression and purification protocol for both MscS-like 

channels, Neq198 and Neq531, should be established to analyze the channels with respect to their 

structure and function. The structure analysis should be addressed by single particle analysis in 

negative stain as well as cryo-electron microscopy (cryo-EM). Since with the beginning of this thesis, 

no pipeline for the structure analysis of membrane proteins by single particle was established in our 

group, these channels served as a “proof of principle” project. Moreover, the channels should be 

characterized electrophysiological by patch clamp technique. 
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II MATERIALS AND METHODS 

1 Materials 

1.1 Instruments 

ÄKTA Chromatography System (pure, purifier) (GE Healthcare, Little Chalfont, UK) 

Cell disruptor TS 0.75 (Constant Systems Ltd., Daventry, GB) 

Digidata 1140A Low-Noise Data Acquisition System (Molecular Devices, San José, US) 

EM Grid Plunger (Leica Microsystems, Wetzlar) 

Micropipette puller PP-83, vertical (Narishige, Tokyo, J) 

Multitron Pro shaker (Infors AG, Bottmingen, CH) 

Nanodrop Spectrophotometer ND-1000 (Peqlap Biotechnologies GmbH, Erlangen) 

High Vacuum Carbon Coater 208carbon (Cressington Scientific Instruments, Watford, UK) 

OLYMPUS IMT-2 Inverted Microscope (Olympus Optical Co., Ltd., Nagano, J) 

Micromanipulator MO-103, three-dimensional (Narishige, Tokyo, J) 

Patch Clamp Amplifier AXOPATCH 1D (Molecular Devices, San José, US) 

Patch Clamp Headstage holder CV-4 (Molecular Devices, San José, US) 

Plasma Cleaner/Sterilizer PDC-3XG (Harrick Plasma, Ithaca, US) 

TECAN Infinite M200 Pro (Platereader) (Tecan Austria GmbH, Görding, AT) 

Transmission electron microscope CM12 (FEI, Oregon, US) 

Transmission electron microscope JEOL F2100 (Jeol, Eching) 

Transmission electron microscope Tecnai F30 Polara (FEI, Oregon, US) 

Ultracentrifuge Optima Max-XP (Beckman Coulter, Palo Alto, US) 

Ultracentrifuge Optima XPN-100 (Beckman Coulter, Palo Alto, US) 
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1.2 Chemicals 

If not declared specifically, general chemicals used in this work were purchased from Anatrace 

(Maumee, US), AppliChem GmbH (Darmstadt), Avanti® Polar Lipids Inc. (Alabaster, US), Bio-Rad 

(Hercules, US), Gerbu (Wieblingen), Glycon Biochemicals (Luckenwalde), Merck (Darmstadt), New 

England Biolabs (Frankfurt/Main), QIAGEN (Hilden), Roche (Mannheim), Carl Roth GmbH 

(Karlsruhe), Serva Electrophoresis GmbH (Heidelberg), Sigma-Aldrich® (St. Louis, US) and Thermo 

Scientific Molecular Biology (Dreieich).  

1.3 Detergents 

Detergents were purchased from Anatrace or Glycon Biochemicals. Their characteristics are listed in 

the table below. For the extensively used detergents DDM and Fos-Choline-14 (Fos14) the micelle 

size is determined to 72 kDa and 47 kDa, respectively. The critical micelle concentration (cmc) in H2O 

of each detergent is listed below (Table II.1). 

 
Table II.1: Detergents and their characteristics 
Detergent Detergent class Cmc (H2O) 

CYMAL-5, Anagrade Nonionic, maltoside ~2.4-5.0 mM  (0.12 %) 

CYMAL-6, Anagrade Nonionic, maltoside ~0.56 mM  (0.028 %) 

DDM, >99 % highly purified Nonionic, maltoside ~0.17 mM  (0.0087 %) 

DM, Anagrade Nonionic, maltoside ~1.8 mM  (0.087 %) 

Fos-Choline-12, Anagrade Zwitterionic, lipid-like ~1.5 mM  (0.047 %) 

Fos-Choline-14, Anagrade Zwitterionic, lipid-like  ~0.12 mM  (0.0046 %) 

LDAO, Anagrade Zwitterionic, amine oxide ~1-2 mM  (0.023 %) 

LMNG Nonionic, neopentyl glycol ~0.01 mM  (0.001 %) 

NG, Sol-Grade Nonionic, glycoside ~6.5 mM  (0.20 %) 

OG, Anagrade Nonionic, glycoside ~18-20 mM  (0.53 %) 

UDM, >99 % highly purified Nonionic, maltoside ~0.59 mM  (0.029 %) 
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1.4 Enzymes and inhibitors 

Table II.2: Enzymes 
Enzymes Manufacturer 

Alkaline Phosphatase, calf intestinal (CIP) New England Biolabs GmbH, Frankfurt (Main) 

DNase I Roche Diagnostics GmbH, Mannheim 

Lysozyme, from chicken egg white Sigma Aldrich Chemie GmbH, Taufkirchen 

Phire Hot Start II Polymerase New England Biolabs GmbH, Frankfurt (Main) 

Phusion® High-Fidelity DNA Polymerase 
(2,000 U/ml)  New England Biolabs GmbH, Frankfurt (Main) 

Restriction endonucleases New England Biolabs GmbH, Frankfurt (Main) 

T4 DNA Ligase (400,000 U/ml) New England Biolabs GmbH, Frankfurt (Main) 

TEV protease Kindly provided by Katrin Rohde, MPI Frankfurt 
(Main) 

Thrombin (Coagulation Factor IIa, Bovine) BIOPUR AG, Reinach (CH) 

 
Table II.3: Protease inhibitors 
Inhibitors Manufacturer 

Pefabloc® SC Roche Diagnostics GmbH, Mannheim 

cOmpleteTM EDTA-free Protease Inhibitor Cocktail Roche Diagnostics GmbH, Mannheim 

1.5 Molecular weight markers 

Table II.4: Molecular weight markers 
Molecular weight markers Manufacturer 
GeneRulerTM 1 kb Plus DNA Ladder  
(75-20,000 bp) Thermo Fisher Scientific Inc., Rockford (US) 

High Molecular Weight Calibration Kit for Native 
Electrophoresis GE Healthcare, Little Chalfont (UK) 

PageRuler Prestained Protein Ladder  
(10-170 kDa) Thermo Fisher Scientific Inc., Rockford (US) 

1.6 Reagent kits 

The following reagent kits were used according to manufacturer’s instructions. 
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Table II.5: Reagent kits 

Reagent kit Manufacturer 

BCA Protein Assay Kit PierceTM Thermo Fisher Scientific Inc., Rockford (US) 

Bradford reagent Sigma-Aldrich Chemie GmbH, Taufkirchen 

innuPREP Plasmid Mini Kit Analytik Jena AG, Jena 

PCR clean-up & NucleoSpin Gel clean-up Kit MACHEREY-NAGEL, Düren 

QIAprep Spin Miniprep Kit QIAGEN, Hilden  

QIAquick Gel Extraction Kit QIAGEN, Hilden  

QIAquick PCR Purification Kit QIAGEN, Hilden  

1.7 Column materials 

Table II.6: Column materials 
Column materials Manufacturer 

His-Select HF Nickel Affinity Gel Sigma-Aldrich Chemie GmbH, Taufkirchen 

HiTrap Chelating HP (5 ml) GE Healthcare, Little Chalfont (UK) 

Ni-NTA agarose QIAGEN, Hilden 

PD-10 Desalting Columns GE Healthcare, Little Chalfont (UK) 

Superose 6 10/300 GL GE Healthcare, Little Chalfont (UK) 

Superose 6 Increase 10/300 GL GE Healthcare, Little Chalfont (UK) 

Superdex 200 10/300 GL GE Healthcare, Little Chalfont (UK) 

TALON Metal Affinity Resin Clontech Laboratories Inc., Mountain View (US) 

1.8 Antibodies 

Table II.7: Primary and secondary antibodies 
Antibody Species Manufacturer 

Anti-His (C-Term), monoclonal Mouse Life Technologies (Invitrogen), Carlsbad (US) 

Anti-His (poly-His), monoclonal  Mouse Sigma-Aldrich Chemie GmbH, Taufkirchen 
Anti-Mouse IgG (whole molecule)- 
alkaline phosphatase  Rabbit Sigma-Aldrich Chemie GmbH, Taufkirchen  
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The primary antibodies anti-His (C-term) and anti-His (poly-His) were used in ratios of 1:10,000 and 

1:5,000, respectively. The secondary antibody anti-mouse IgG (whole molecule)-alkaline phosphatase 

was used in a ratio of 1:2,000 for colorimetric detection. 

1.9 Media and antibiotics 

Unless stated otherwise, all chemicals for media were dissolved in ddH2O and the pH was adjusted 

with NaOH or HCl, respectively. 

1.9.1 LB media  

LB media (Lysogeny Broth), pH 7.0 (Bertani, 1951) 

Bacto Tryptone 1 % (w/v) 

Bacto Yeast Extract 0.5 % (w/v) 

NaCl 1 % (w/v) 

 

For LB agar plates the media was additionally supplemented with 1.5 % (w/v) agar. 

1.9.2 2YT media  

2YT media (2x Yeast Extract-Tryptone), pH 7.0  

Bacto Tryptone 1.6 % (w/v) 

Bacto Yeast Extract 1 % (w/v) 

NaCl 0.5 % (w/v) 

 

1.9.3 TB media 

TB media (Terrific Broth), pH 7.0 (Tartoff and Hobbs, 1987) 

Bacto Tryptone 1.2 % (w/v) 

Bacto Yeast Extract 2.4 % (w/v) 

10x TB phosphate 1x 

 

10x TB phosphates (0.17 M KH2PO4, 0.72 M K2HPO4 ⋅ 3 H2O) were prepared and autoclaved 

separately to prevent precipitation of hardly soluble phosphates. They were added to the media just 

before usage. 
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1.9.4 SOC media  

SOC media was used in the standard transformation protocol of E. coli. In particular, the presence of 

the various cations was shown to increase the transformation efficiency whereas glucose is thought to 

act as stabilizer (Hanahan, 1983). 

 

SOC media (Super Optimal Broth with Catabolite Repression), pH 7.0 

Bacto Tryptone 2 % (w/v) 

Bacto Yeast Extract 0.5 % (w/v) 

NaCl 0.05 % (w/v) 

KCl 2.5 mM 

MgCl2 10 mM 

MgSO4 10 mM 

Glucose 20 mM 

 

KCl, MgCl2, MgSO4 and glucose were prepared separately as 1 M stock solutions and added after 

autoclaving. 

1.9.5 CP minimal media 

 

 

CP minimal media was used for the hypoosmotic down-shock assay. For growth under hyperosmotic 

conditions prior to shock, the medium was supplemented with 0.5 M NaCl. NaCl was added 

seperately from a 5 M stock solution after autoclaving. 

CP minimal media (citrate-phosphate defined medium), pH 7.0 

Na2HPO4 8.58 g 

K2HPO4 0.87 g 

Citrate acid 1.34 g 

NH4SO4 1.0 g 

Thiamine 0.001 g 

MgSO4 ⋅ 7H2O 0.1 g 

(NH4)2SO4 ⋅ FeSO4 ⋅ 6H2O 0.002 g 

ddH2O ad 1000 ml 
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1.9.6 Antibiotics 

Antibiotics used for selection are listed in the table below.  

 
Table II.8: Antibiotics and their working concentrations 
Antibiotic Stock solution Working concentration 

Ampicillin 100 mg/ml 100 µg/ml 

Carbenicillin 50 mg/ml 50-100 µg/ml 

Chloramphenicol 34 mg/ml in Ethanol p.a. 34 µg/ml 

Kanamycin sulfate 50 mg/ml 50 µg/ml 

1.10 Bacterial E. coli strains 

Bacterial strains used in this work were either purchased from manufacturers as chemical competent 

cells or prepared as chemical competent cells following the corresponding protocol (II2.6). 

 
Table II.9: Bacterial strains for general cloning/subcloning and their characteristics 

Bacterial strain Genotype Reference 

DH5αTM-T1R 
F- Φ80lacZ ΔM15 Δ(lacZYA-argF) U169 recA1 
endA1 hsdR17 (rk

-, mk
+) phoA supE44 thi-1 gyrA96 

relA1 tonA (confers resistance to phage T1) 

Thermo Fisher Scientific, 
Waltham (US) 
Killmann et al., 1996 

Top10 
F- mrcA Δ(mrr-hsdRMS-mcrBC) Φ80lacZ ΔM15 
ΔlacX74 recA1 araD139 Δ(araleu) 7697 galU galK 
rpsL (StrR) endA1 nupG 

Thermo Fisher Scientific, 
Waltham (US) 

 

The hereinafter-mentioned E. coli strains were tested for heterologous expression or were used for 

hypoosmotic down-shock assay. C41 (DE3) and C43 (DE3) ΔAcrB strains have at least one non-

characterized mutation that prevents cell death upon expression of numerous recombinant and toxic 

proteins. This is the reason why they are particularly favored for the expression of membrane proteins 

(Miroux and Walker, 1996; Dumon-Seignovert et al., 2004). MJF641 (Δ7) represents a sevenfold 

E. coli knock-out strain lacking all mechanosensitive channels that are present in E. coli: MscL, MscS 

and 5 further paralogues (YnaI, YbdG, YbiO, MscK and YjeP) (Edwards et al., 2012). MJF465 

represents a triplicate knock-out strain which lacks the mscL, mscS and the mscK gene (Levina et al., 

1999). 
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Table II.10: Bacterial strains for expression and their characteristics 

Bacterial strain Genotype Reference 

BL21 (DE3) F- ompT hsdSB(rB
- mB

-) gal dcm Life Technologies (Invitrogen), 
Carlsbad (US) 

BL21 (DE3) pLysS F- ompT hsdSB(rB
- mB

-) gal dcm rne131 
(DE3) pLysS (CamR) 

Life Technologies (Invitrogen), 
Carlsbad (US) 

BL21 StarTM (DE3) F- ompT hsdSB(rB
- mB

-) gal dcm rne131 
(DE3) 

Life Technologies (Invitrogen), 
Carlsbad (US) 

C41 (DE3) F- ompT gal dcm hsdSB(rB
- mB

-) (DE3) Lucigen Corp., Middleton (US) 

C43 (DE3) ΔAcrB 
F- ompT gal dcm hsdSB(rB

- mB
-) (DE3) 

ΔacrB 

Kindly provided by Prof. M.  
Pos (Goethe-University, 
Frankfurt/Main) 

MJF641 (Δ7) F- rha thi gal lacZ ΔmscL::cm ΔyggB 
ΔkefA::kan ΔybdG ΔybiO ΔyjeP ΔynaI 

Kindly provided by Prof. B. 
Martinac (VCCRI, Sydney, AUS); 
Edwards et al., 2012 

MJF465 F- rha thi gal lacZ ΔmscL::cm ΔyggB 
ΔkefA::kan 

Levina et al., 1999 

RosettaTM 2 (DE3) F- ompT hsdSB(rB
- mB

-) gal dcm (DE3) 
pRARE2 (CamR) Merck KgaA, Darmstadt 

1.11 Plasmids and oligonucleotide primers 

Table II.11: General plasmids and their properties 
Plasmids Resistance Properties Reference 

pBAD/HisA, B, C AmpR araBAD promotor, N‐terminal His6‐tag, 
araC gene 

Life Technologies 
(Invitrogen), Carlsbad 
(US) 

pBAD24 AmpR araBAD promotor Guzman et al., 1995 

pET26b(+) KanR 
T7promotor, lacI, N-terminal pelB signal 
sequence for potential periplasmic 
localization, optional C-terminal His6-tag 

Merck KgaA, Darmstadt 

pET28a(+) KanR T7promotor, lacI, thrombin cleavage site, N-
terminal His6-tag Merck KgaA, Darmstadt 

 

All genes used in this work for the heterologous expression in E. coli were codon optimized for this 

purpose. Oligonucleotide primers used for PCR and DNA sequencing were purchased from Metabion 

(Planegg/Steinkirchen). Eurofins Genomics (Ebersberg) performed sequencing of cloned products 

using the corresponding primers (Table II.13). 
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Table II.12: Plasmid constructs for protein expression 

Plasmids Properties Reference 

pBAD24_MscL 
MscL gene subcloned, pBAD24 cut with NheI and 
SalI, no useful restriction sites created, C-terminal 
His6-tag 

Kindly provided by 
Prof. B. Martinac 
(VCCRI, Sydney, AUS) 

pBAD24_Neq198_w/o 
6his 

Neq198 gene subcloned, pBAD cut with NheI and SalI, 
no useful restriction sites created, without thrombin 
cleavage site and N-terminal His6-tag 

This work 

pBAD24_Neq198_w/ 6his 

Neq198 gene subcloned, pBAD cut with NheI and SalI, 
pET28a(+)_Neq198 cut with XbaI and XhoI, 
compatible sticky ends, no useful restriction sites 
created, thrombin cleavage site, N-terminal His6-tag  

This work 

pET26b(+)_Neq531 Neq531 gene subcloned with NdeI and XhoI, C-
terminal His6-tag Wiegmann, 2014 

pET28a(+)_Neq198 Neq198 gene subcloned with NheI and XhoI, N-
terminal His6-tag  This work 

pET28a(+)_Neq531_A 
Neq531 gene subcloned with NcoI and HindIII, frame 
shift resulting in loss of stop codon, N-terminal His6-
tag, construct originated from pET26b(+)_Neq531 

This work 

pET28a(+)_Neq531_B Neq531 gene subcloned with NcoI and HindIII, 
corrected stop, N-terminal His6-tag This work 

pMSP1E3D1 
pET28a(+), “extended” MSP1D1, contains repeats of 
helices 4, 5 and 6, N-terminal His7-tag followed by 
spacer sequence and TEV protease cleavage site 

Denisov et al., 2007 
(Addgene plasmid 
20066) 

 
Table II.13: Oligonucleotides 
Label Sequence (5’ à  3’) Description 

pBAD forward ATGCCATAGCATTTTTATCC General used pBAD 
plasmid primers pBAD reverse GATTTAATCTGTATCAGG 

NEQ531_NcoI_forw CCATGGGCAGCAGCCAT pET28a(+)_Neq531_B 
insert primer NEQ531_Stop_HindIII_rev CAAGCTTTCATTATTGCAGACCG 

T7 forward TAATACGACTCACTATAGG General used pET plasmid 
primers T7 reverse (T7 Term) CTAGTTATTGCTCAGCGGT 

1.12 Archaeal strains 

Table II.14: Archaeal strains 
Archaeal strain Origin Reference 

Nanoarchaeum equitans KIN4/M Kolbeinsey Ridge Huber et al., 2002 

Ignicoccus hospitalis KIN4/I Kolbeinsey Ridge Paper et al., 2007 
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2 Molecular methods 

2.1 Polymerase chain reaction (PCR) 

The polymerase chain reaction (PCR) is a technique for in vitro amplification (Mullis and Faloona, 

1987) of a specific DNA segment by using two synthetic DNA oligonucleotides (primers) 

complementary to the desired sequence (Saiki et al., 1988). PCR is performed in a cyclic repetitive 

three-step reaction: (1) denaturation of the DNA, (2) annealing of the oligonucleotide primers to the 

single-stranded DNA template and (3) an elongation step in which the DNA polymerase synthesizes a 

new complementary DNA strand at the 3’-OH end. The PCR mixture and thermocycler settings are 

listed below. 

 
Table II.15: PCR mixture 
 Volume Final concentration 

5x Phusion HF buffer 10 µl 1x 

10 mM dNTPs 1 µl 200 µM each 

Primer A (forward) 2 µl 0.5 µM 

Primer B (reverse) 2 µl 0.5 µM 

Template DNA 1 µl 5-10 ng 

Phusion High-Fidelity DNA Polymerase 0.5 µl 0.02 U/µl 

ddH2O ad 50 µl - 

 
Table II.16: Thermocycler program for PCR 
Step Temperature (°C) Time (s) Cycle 

Initial denaturation 98 30  1 x 

Denaturation 98 5   

Annealing 60 30 30 x 

Elongation 72 30/1 kb  

Final elongation 72 300  1 x 
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QIAquick PCR Purification Kit was used according to manufacturer’s instruction to purify amplified 

DNA. The DNA concentration and quality was determined with a Nanodrop Spectrophotometer 

(II2.10). 

2.2 Fusion PCR 

To combine two PCR products, DNA in equimolar amounts was used in a Fusion PCR. 5 ng of each 

PCR product were added to the PCR mixture as described in Table II.15. Fusion PCR was performed 

in two consecutive steps; in the second step the primers were added. The products were analyzed by a 

preparative agarose gel electrophoresis (II2.3). 

 
Table II.17: Thermocycler program for Fusion PCR  
Step Temperature (°C) Time (s) Cycle 

Initial denaturation 98 30  1 x 

Denaturation 98 5  

3-5 x Annealing 58 30 

Elongation 72 30/1 kb (largest fragment) 

Addition of primers 72 120  1 x 

Denaturation 98 5  

30 x Annealing 60 30 

Elongation 72 30/1 kb (total fragment) 

Final elongation 72 300   

2.3 Agarose gel electrophoresis 

Amplified DNA or cleaved vectors and inserts were analyzed by agarose gel electrophoresis. For 

visualization of the DNA fragments ethidium bromide was added to the agarose gel. Ethidium 

bromide is a substituted phenanthridine derivate, an isomer of the fluorescent dye acridine, that 

intercalates with the nucleotides of the DNA and can be illuminated at the excitation wavelength of 

312 nm.  

For analytical agarose gel electrophoresis, 1 % (w/v) agarose was dissolved in 1x TAE (Tris-acetate-

EDTA) buffer (40 mM Tris/HCl, 40 mM acetic acid, 4 mM EDTA, pH 8.0) and ethidium bromide 

added. DNA samples were mixed with 6x DNA loading dye and loaded onto an agarose gel together 
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with a molecular weight standard. The separation of DNA samples was carried out for 20 min at 

200 V. The preparative agarose gel electrophoresis was performed in 0.8 % (w/v) agarose. Under UV 

inspection the corresponding DNA bands were cut out and purified with QIAquick Gel Extraction Kit 

according to manufacturer’s instruction. The quality and concentration of DNA was determined with a 

Nanodrop Spectrophotometer (II2.10). 

2.4 Digestion with restriction enzymes 

Plasmid and insert DNA were cleaved with restriction endonucleases to get linearized and prepared 

for ligation. The appropriate reaction conditions were determined with the “Double Digest Finder” 

(New England Biolabs). The reaction was carried out for at least 2 h at 37 °C. To prevent re-ligation of 

linearized plasmid DNA, CIP (1 µl CIP/20 µl reaction mixture) was added to the reaction. Alkaline 

phosphatase nonspecifically catalyzes the dephosphorylation of 5’ and 3’ ends of DNA. The reaction 

products were purified in a preparative agarose gel electrophoresis (II2.3). 

 
Table II.18: Setup for digestion with restriction enzymes 
 Volume 

Cut Smart Buffer 10x 5 µl 

Restriction enzyme 1 2 µl 

Restriction enzyme 2 2 µl 

DNA (2-4 µg) x µl 

ddH2O ad 50 µl 

2.5 Ligation 

Ligation of digested plasmids and DNA inserts was carried out by addition of T4 DNA Ligase. The T4 

DNA Ligase was added in a molar plasmid-insert ratio of 1:1 to 1:3 to a total volume of 20 µl. The 

final concentration of plasmid was adjusted to 50-100 ng. Ligation was carried out o/N for 16-18 h at 

16 °C. Subsequently, the T4 DNA Ligase was heat inactivated for 10 min at 65 °C. The ligation 

product was transformed in competent E. coli TOP10 or DH5α cells (II2.7). 
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Table II.19: Mixture for ligation of digested plasmids and DNA inserts 
 Volume 

Plasmid DNA x µl 

Insert DNA x µl 

10x T4 DNA Ligase Buffer  2 µl 

T4 DNA Ligase 1.5 µl 

ddH2O ad 20 µl 

2.6 Preparation of chemical competent E. coli cells 

Chemical competent E. coli cells were produced with the CaCl2 method that increases the permeability 

of membranes and their ability to take up extracellular DNA (competence) due to an excess of Ca2+ 

ions by a so far unknown mechanism. 

For preparation of the transformation buffer, PIPES was dissolved in ddH2O and the pH was adjusted 

to 6.7 with KOH. Subsequently, salts were added in the order stated below (Table II.20) and dissolved 

completely in between. 20 ml LB media supplemented with 10 mM MgCl2 was inoculated with a 

single colony of an o/N agar plate and incubated o/N at 37 °C, 80-100 rpm. Subsequently, 250 ml 

SOB media (corresponds to SOC media without glucose) supplemented with 10 mM MgCl2 were 

inoculated with 1 ml of this pre-culture and incubated at 20 °C and 150 rpm up to an OD600 of 0.5-0.6. 

The cells were incubated on ice-cooled water for 10 min and centrifuged for 10 min at 2,500 xg and 

4 °C. The cell pellet was carefully resuspended under shaking in ice-cold transformation buffer, 

centrifuged again and finally resuspended in 20 ml ice-cold transformation buffer. The cells were 

supplemented with 1.5 ml DMSO and incubated on ice for additional 10 min. The chemical competent 

cells were aliquoted to 100 µl, frozen in liquid N2 and stored at -80 °C.  

 
Table II.20: Transformation buffer for preparation of chemical competent E. coli cells 

Transformation buffer (Inoue et al., 1990), pH 6.7 

KCl 250 mM 

CaCl2 ⋅ 2 H2O 15 mM 

MnCl2 ⋅ 4 H2O 55 mM 

PIPES 10 mM 
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2.7 Transformation of E. coli 

For transformation, 100 µl of competent E. coli cells were thawed on ice before 5 µl of ligation 

reaction or 1 pg-100 ng of plasmid DNA was added. Cells were incubated on ice for additional 30 min 

followed by heat shock for 45 s at 42 °C. After 5 min incubation on ice, the cells were supplemented 

with 800 µl pre-warmed SOC media and incubated for 1 h at 37 °C, shaking. The cells were pelleted 

by centrifugation, resuspended in 100 µl media and plated on LB-agar plates containing the 

corresponding antibiotics. The agar plates were incubated o/N at 37 °C. 

2.8 Colony PCR 

To evaluate cloning experiments transformed E. coli cells were used for colony PCR. For this purpose, 

cell material was resuspended in a 20-µl-colony PCR mixture.  

 
Table II.21: Colony PCR mixture 
 Volume Final concentration 

5x Phusion HF buffer 4 µl 1x 

10 mM dNTPs 0.4 µl 200 µM each 

Primer A (forward) 1 µl 0.5 µM 

Primer B (reverse) 1 µl 0.5 µM 

Phire Hot Start II DNA Polymerase 0.4 µl - 

ddH2O ad 20 µl - 

  
Table II.22: Thermocycler program for colony PCR 
Step Temperature (°C) Time (s) Cycle 

Initial denaturation 98 120  1 x 

Denaturation 98 5   

Annealing 60 10 30 x 

Elongation 72 30  

Final elongation 72 120  1 x 

 

Subsequently, the plasmid DNA of clones with positive results was isolated (II2.9) and sequenced 

(II1.11). 
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2.9 Isolation of plasmid DNA 

Plasmid DNA was isolated from a fresh o/N culture of a single colony of transformed E. coli cells 

with the innuPREP Plasmid Mini Kit (Analytik Jena AG) according to manufacturer’s instructions. 

The plasmid DNA was eluted with H2O (nuclease-free).  

2.10 Determination of DNA concentration 

Plasmid DNA concentration and quality was determined with a ND 1000 Spectrophotometer (software 

ND-1000 V 3.8.0, Peqlab Biotechnologies GmbH). Here, only 1-2 µl of plasmid DNA was needed. 

3 Biochemical methods 

3.1 Determination of protein concentration 

3.1.1 BCA assay 

Due to interference of most detergents with protein concentration determination assays, the BCA 

assay with its detergent-compatible formulation was used as standard determination method. For 

quantification of total protein this colorimetric method is based on the reduction of Cu+2 to Cu+1 when 

binding to peptide bonds in alkaline medium (biuret reaction). Bicinchoninic acid (BCA) as a 

component of the reagent chelates the reduced cuprous ions resulting in a purple-colored reaction 

product that can be measured at 562 nm. The complex formation is nearly linear with increasing 

protein concentrations (20-2,000 µg/ml) (Smith et al., 1985).  

For this, 10 µl of protein sample or standard were mixed in duplicate with 200 µl of test reagent in a 

96-well plate. The test reagent was composed of 1 volume reagent A and 1/50 volume reagent B. As 

protein standard BSA (bovine serum albumin) in concentrations of 0-2.0 mg/ml was used. After 

incubation at 37 °C for 30 min the complex formation was measured photometrically with a TECAN 

plate reader and evaluated with Magellan software (V 7.1). 

3.1.2 Bradford assay 

Bradford assay was used for quick determination of protein concentrations during purification. This 

assay is based on an absorbance shift of Coomassie Brilliant Blue dye in acidic solution from 465 nm 

to 595 nm by binding primarily to basic and aromatic amino acid residues (Bradford, 1976).  
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For this, 25 µl H2O and 5 µl protein sample or 28 µl H2O and 2 µl of protein sample were mixed with 

150 µl Bradford reagent and visually controlled for the blue-colored reaction to identify protein-

containing fractions. 

3.1.3 Photometrical determination 

For quick concentration determination of the purified protein an ND 1000 Spectrophotometer was 

used. The provided software (ND-1000 V 3.8.0) uses the extinction coefficient in conjunction with 

Lambert-Beer’s law to calculate the sample concentration without a standard curve. The extinction 

coefficients of Neq198 and Neq531 were calculated and determined as 40,340 M-1 cm-1 and 50,880 M-1 

cm-1, respectively (Gill and von Hippel, 1989). 

3.2 SDS-Polyacrylamide gel electrophoresis (SDS-Page) 

For protein sample analysis SDS-Page under denaturing conditions with a Laemmli buffer system was 

used (Laemmli, 1970). 12 % polyacrylamide gels with a size of 10 x 8 cm and 1 mm thick were used 

in a Mini-Protean Tetra System (Bio-Rad). Samples were mixed with 6x loading sample buffer. As 

molecular weight standard 5 µl of Page Ruler Prestained (10-170 kDa) (Thermo Fisher Scientific Inc.) 

was loaded next to the protein samples onto the gel.  

 
Table II.23: Separation and stacking gel buffer for SDS-Page 
 Separation gel buffer, pH 8.8 Stacking gel buffer, pH 6.8 

Tris/HCl 1.5 M 0.5 M 

SDS 0.4 % (w/v) 0.4 % (w/v) 

 
Table II.24: Laemmli running buffer and 6x loading buffer 
 Laemmli running buffer, pH 8.3 Laemmli loading buffer (6x), pH 6.8 

Tris/HCl 250 mM 350 mM 

Glycine 1.92 M - 

Glycerol - 30 % (v/v) 

SDS 1 % (w/v) 10 % (w/v) 

β-Mercaptoethanol - 10 % (v/v) 

Bromophenol blue - 0.02 % (w/v) 
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Table II.25: SDS-Page gel composition 
 Separation gel (12 %) Stacking gel (5.7 %) 

Separation gel buffer 5 ml - 

Stacking gel buffer - 1.5 ml 

Acrylamide 30 % 8 ml 1.5 ml 

ddH2O 7 ml 4.8 ml 

APS 10 % (w/v) 200 µl 100 µl 

TEMED 20 µl 10 µl 

 

The electrophoresis was started with 10 mA/gel to let the samples enter the stacking gel. 

Subsequently, the current was increased up to 30 mA/gel. Proteins were detected by staining with 

Coomassie for 20 min. Destaining was performed for several hours. Buffer and gel compositions are 

listed in the tables II.23-II.26. 

 
Table II.26: Composition of staining and destaining solution for SDS-Page 

 Staining solution Destaining solution 

Ethanol 30 % (v/v) 25 % (v/v) 

Acetic acid 10 % (v/v) 5 % (v/v) 

Coomassie Brilliant Blue R250 0.1 % (w/v) - 

3.3 Blue Native Electrophoresis (BNE) 

Native Page allows the separation of protein complexes under native conditions, by which their 

endogenous subunit composition is maintained (Wittig and Schägger, 2009). In BN-Page, Coomassie 

Blue G250 binds on the surface of proteins and therefore provides negative charge. By this, even basic 

proteins migrate to the anode at neutral pH. It is used to determine the native mass and oligomeric 

state of membrane proteins (Schägger et al., 1994).  

The BNE was performed according to Wittig et al., 2006 with minor modifications. The gels with a 

size of 20 x 20 cm and 1.5 mm thick were prepared with gradient mixing device (home-made, 

mechanics shop, Universität Regensburg) under constant stirring of the solutions resulting in a 

gradient from 5 % to 13 %. The acrylamide solution (AB-Mix: 48.5 % (w/v) acrylamide, 1.5 % (w/v) 

bis-acrylamide) was prepared separately. Protein samples were mixed with 10x Native loading buffer 

(50 % (v/v) glycerol, 0.1 % (w/v) Ponceau S). Maximal 30 µg of protein was loaded per gel pocket. 
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As molecular weight marker 10 µl of HMW Native Marker Kit (GE Healthcare) were used. The 

electrophoresis started with a voltage of 50 V for 30 min to let the samples enter the gel. That was 

followed for 18 h with 300 V, 50 W and 5 mA/gel. After electrophoresis, the proteins were detected 

by staining for 30 min with Coomassie staining solution (Table II.26). Buffer and gel compositions are 

listed in the tables II.27-II.29 below.  

 
Table II.27: Blue Native gel buffer 
Blue Native gel buffer, pH 7.0 

Imidazole 75 mM 

ε-Aminocaproic acid 1.5 M 

DDM 0.05 % (w/v) 

 
Table II.28: Blue Native gel composition 
 Separation gel (13 %) Separation gel (5 %) Stacking gel (4 %) 

AB-Mix 5.5 ml 2.1 ml 1.2 ml 

Native gel buffer (3x) 7 ml 7 ml 4 ml 

Glycerol 50 % (v/v) 8.4 ml - - 

ddH2O - 11.8 ml 6.7 ml 

APS 10 % (w/v) 100 µl 100 µl 100 µl 

TEMED 10 µl 10 µl 10 µl 

 
Table II.29: Composition of Blue Native cathode and anode buffer 
 Cathode buffer, pH 7.0 Anode buffer, pH 7.0 

Imidazole 7.5 mM 25 mM 

Tricine 50 mM - 

Coomassie Blue G250  0.02 % (w/v) - 

3.4 Western blot 

For western blot analysis, proteins separated on a polyacrylamide gel were transferred in a continuous 

buffer system to a polyvinyldifluorid (PVDF) membrane by electro blotting. The transfer was carried 

out in a wet-blot procedure using a Mini Trans Blot apparatus (Bio-Rad).  
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Whatman paper and sponges were soaked in transfer buffer and a PVDF membrane (Immobilon-P 

Transfer Membrane, 0.45 µm pore size, Millipore) was activated with methanol. The SDS-gel was 

equilibrated for 20 min in Towbin transfer buffer (25 mM Tris, 192 mM glycine, 20 % (v/v) methanol 

p.a.) (Towbin et al., 1979). All components were stacked according to the prescribed order:  

 

CATHODE 

Sponge 

2 x Whatman filter paper 

Gel 

PVDF membrane 

2 x Whatman filter paper 

Sponge 

ANODE 
 

The transfer was carried out at 30 V (constant), 95 mA (max) and 4 °C o/N. This was followed by 

immunodetection. To block unspecific binding sites the membrane was incubated at RT in 2 % BSA 

(w/v) in TBS-T buffer (10 mM Tris/HCl, 150 mM NaCl, 0.05 % (v/v) Tween-20, pH 7.5) for 1 h 

under gentle shaking. Subsequently, the membrane was incubated for 2 h with the primary antibody 

(in 0.3 % (w/v) BSA in TBS-T) followed by washing three times for 10 min in TBS-T and incubation 

for 2 h at RT with the secondary antibody (in 2 % (w/v) BSA in TBS-T). The corresponding antibody 

concentrations are listed in Table II.7. The membrane was washed twice with TBS-T for 10 min, 

equilibrated for 10 min in AP buffer (100 mM Tris, 100 mM NaCl, 5 mM MgCl2, 0.05 % (v/v) 

Tween-20, pH 9.5) and incubated with 0.5 mg/ml NBT and 0.25 mg/ml BCIP (in 10 ml AP buffer) for 

colorimetric signal detection (Blake et al., 1984). The addition of ddH2O stopped the reaction. 

3.5 Heterologous protein expression in E. coli 

3.5.1 Expression 

The protein expression was carried out like in Löw et al., 2013 with some modifications. 2 L TB 

media in 5 L conical flasks were supplemented with the respective antibiotic. High phosphate 

concentrations in the media induce resistance to kanamycin; hence, a twofold kanamycin quantity 

(100 µg/ml) was added. The media was inoculated with an overnight LB culture to an OD600 of 0.05 
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and incubated at 37 °C and 110 rpm. Once the culture had reached an OD600 of 0.7-1.0, the 

temperature was reduced to 20 °C for 1 h. The protein expression was induced with 200-400 µM IPTG 

followed by incubation for 16 h at 20 °C and 110 rpm. The final OD600 of each flask was measured and 

the cells were harvested by centrifugation at 4,000 rpm (Beckman Avanti J-26-XP, rotor JLA 8.1) and 

4 °C for 20 min. The resulting cell pellet was resuspended in ice-cold membrane buffer (50 mM NaPi 

pH 7.5 + 0.01 % (w/v) PefaBloc® SC + 1 tablet cOmpleteTM EDTA-free Protease Inhibitor Cocktail) 

and homogenized. The required buffer volume was based on the final OD600 of the cell culture: per 1 L 

culture with an OD600 of 1.0, the cell pellet was resuspended in 10 ml membrane buffer. 

3.5.2 Cell disruption and membrane preparation 

Homogenized cells were disrupted using a high-pressure cell disruptor from Constant Systems Ltd. 

The system was washed with ice-cold ddH2O and equilibrated with ice-cold 50 mM NaPi buffer (pH 

7.5). To the cell suspension 0.05 % (w/v) DNase I and 0.01 % (w/v) PefaBloc® SC were added, which 

was followed by three passages through the cell disrupter at 1.8 kbar. The resulting lysate was cleared 

from unbroken cells and cell debris by low speed centrifugation at 13,000 rpm for 30 min (Beckman 

Avanti J-26-XP, rotor JLA 16.250). To pellet the membranes, the supernatant was then further 

processed by high-speed centrifugation at 45,000 rpm for 1 h (Optima XPro-100, rotor Ti45). 

Depending on the wet weight of the resulting pellet, the membranes were resuspended in 2.5 ml NaPi 

buffer per mg of membranes and homogenized. The total protein concentration was determined by 

BCA assay. The membrane suspension was aliquoted, frozen in liquid N2 and stored at -80 °C until 

further usage for protein purification. 

3.6 Protein purification 

3.6.1 Solubilization 

3.6.1.1 Detergent screening 

A broad variety of detergents were tested to determine which has the highest solubilization efficiency 

for the aforementioned MscS-like channels of N. equitans. For this purpose, 1 ml of homogenized 

membranes was diluted 1:10 in membrane buffer. 200 µl of a 10 % (w/v) detergent stock solution was 

added to obtain a final concentration of 1.67 % (w/v) detergent and solubilized rotating for 1 h at RT. 

Subsequently, 1 ml fractions were centrifuged for 1 h at 62,400 rpm and 4 °C (Optima Max-XP UC, 

rotor MLA-130). The resulting pellets were resuspended in an equivalent volume of the membrane 
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buffer and homogenized. Supernatants/solubilizates and homogenized pellets were compared upon 

analysis with SDS-Page (II3.2) and western blot (II3.4). 

3.6.1.2 Solubilization for purification 

The protein was either solubilized in 1.5 % (w/v) Fos-Choline 14 for 1 h (structure determination) or 

in 2 % (w/v) DDM for 2 h (functional analyses). Subsequently, the solubilizate was centrifuged for 

40 min at 70,000 rpm and 4 °C (Optima Max XP UC, rotor TLA110). The resulting supernatant was 

further used for affinity chromatography (II3.6.2). 

3.6.2 Immobilized metal affinity chromatography (IMAC) 

3.6.2.1 Flow through-based purification 

For the flow through-based purification a 5 ml HiTrap Chelating HP column (GE Healthcare) was 

used. The matrix consists of highly cross-linked agarose beads to which iminodiacetic acid has been 

coupled and that can be charged with metal ions of choice. Here, nickel ions were used as standard. 

For this purpose, the column was washed with 3-5 CV ddH2O to remove the storing buffer (20 % (v/v) 

ethanol). The matrix was charged with 2.5 ml of 100 mM NiSO4 solution and equilibrated with 5 CV 

purification buffer. After usage, the column was regenerated by stripping of the nickel ions with 3-5 

CV 50 mM EDTA, pH 7.5. Thereupon, it was thoroughly washed with 5 CV ddH2O, charged with Ni+ 

and stored in 20 % (v/v) ethanol. 

 
Table II.30: IMAC purification buffer 
Protein sample Purification buffer 

Neq198 50 mM NaPi pH 7.5, 300 mM NaCl, 0.02 % (w/v) Fos14 

Neq531 50 mM NaPi pH 7.5, 300 mM NaCl, 10 % (v/v) glycerol, 0.02 % (w/v) Fos14 

 

The purification was performed on a ÄKTA chromatography system (ÄKTA purifier). The system, 

equipped with an UV detector (280 nm), conductivity device, and a fraction collector, was operated 

using the UNICORN software (GE Healthcare). After washing and equilibrating the system with 

purification buffer (Table II.30), the column was connected. The supernatant was loaded with a flow 

rate of 1 ml/min and 1 % (v/v) buffer B (purification buffer supplemented with 1 M imidazole = 

10 mM imidazole) to reduce unspecific binding. This was followed by two washing steps with 3 CV 

2 % (v/v) buffer B (20 mM imidazole) and 4 CV 15 % (v/v) buffer B (150 mM imidazole), 

respectively. The protein was eluted with 60 % (v/v) buffer B (600 mM imidazole) at a flow rate of 
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0.5 ml/min and fractionated to 500 µl. The optimal washing and elution conditions were determined in 

a step-gradient ranging from 20-700 mM in a former experiment. The protein containing fractions 

were analyzed in SDS-PAGE (II3.2) and western blot (II3.4). 

3.6.2.2 Gravity flow based method in batch 

For patch clamp recordings, the protein was purified in a batch- and gravity flow-based method with 

Talon. Talon is an IMAC resin charged with cobalt, which binds his-tagged proteins with higher 

specificity compared to nickel-charged resins. DDM was used for solubilization of the membranes as 

detergent. For purification, ~1 ml Talon slurry (Clontech) was used to obtain a column volume of 

about 800 µl. The slurry was first washed with ddH2O and then equilibrated with the appropriate 

buffer (50mM NaPi, 300 mM NaCl, 10 % (v/v) glycerol, 0.1 % (w/v) DDM). The solubilizate was 

mixed with the talon resin in presence of 10 mM imidazole to reduce unspecific binding. The binding 

occurred rotating for 3 h at 4 °C. The mixture was then transferred to a column. After the resin had 

settled down, it was successively washed with 10 CV buffer with increasing imidazole concentrations 

(40 mM, 60 mM, 80 mM). The protein was either eluted with 10 CV buffer containing 600 mM 

imidazole or cleaved off proteolytically with thrombin as described in II3.6.2.3. If eluted with 

imidazole, the protein was desalted upon concentrating in centrifugal spin filters with a molecular 

weight cut-off (MWCO) of 100 kDa. The protein was analyzed in SDS-Page (II3.2). 

3.6.2.3 Proteolytic cleavage of histidine tag 

Alternatively to imidazole elution, the protein was cleaved off the Talon resin by addition of thrombin. 

For this purpose, the resin was thoroughly washed with purification buffer to remove present 

imidazole of earlier washing steps. The Talon slurry (1:1 slurry to buffer) was then transferred to a 

2 ml Eppendorf-Cup. Thrombin was added and incubated rotating o/N at 4 °C and additional 4 h at 

RT. Subsequently, the resin was removed by centrifugal spin filters/centrifugation at 700 xg and the 

protein concentration was measured (II3.1.3). 

3.6.3 Desalting and concentrating of protein samples 

After IMAC, the protein containing fractions were desalted using PD10 columns to remove the high 

concentrations of imidazole. Before size exclusion chromatography (II3.6.4), the protein samples were 

concentrated up to 300-600 µl using centrifugal filter units with 100 kDa MWCO.  
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3.6.4 Size exclusion chromatography (SEC) 

Size exclusion chromatography was carried out on a ÄKTA pure or ÄKTA purifier system that was 

equipped with a UV detector (280 nm), conductivity device and a fraction collector and operated with 

the UNICORN software (GE Healthcare). The columns were washed with ddH2O and equilibrated 

with 1.5 CV of buffer. 300-600 µl of concentrated protein samples were loaded with a flow rate of 

0.5 ml/min and fractionated in 500 µl. Protein samples were optionally centrifuged for 30 min at 

63,000 rpm (Optima Max XP UC, rotor MLA-130) and filtered before loading onto the column. 

 
Table II.31: Buffers and columns used for size exclusion chromatography 
Protein sample Column Buffer 

in detergent Superose 6 Increase 10/300 GL  50 mM NaPi pH 7.5, 300 mM NaCl, w/ or w/o 
10 % (v/v) glycerol, 0.02-0.05 % (w/v) detergent 

in amphipol Superose 6 Increase 10/300 GL 50 mM Tris pH 7.5, 100 mM NaCl 

in nanodiscs Superdex 200 10/300 GL 20 mM Tris pH 7.5, 100 mM NaCl 

 

For quality control in negative stain the protein samples were diluted in buffer to 10-20 mAU 

(Neq198) and 20 mAU (Neq531) to obtain a good distribution of particles on the grid.  

3.7 Reconstitution into membrane-mimicking environments 

3.7.1 Reconstitution into nanodiscs 

Nanodiscs provide a discoidal phospholipid bilayer that is encircled by an amphipathic helical protein 

belt, termed as membrane scaffold protein (MSP). The size of the nanodiscs is defined and controlled 

by the length of the MSP. For the reconstitution into nanodiscs, the membrane protein of interest is 

transiently solubilized with detergent in the presence of phospholipids and the MSP. Upon removal of 

the detergent by the absorption to hydrophobic beads, the target protein together with the 

phospholipids assembles into nanodiscs. The membrane protein is stabilized in a native-like 

environment that is rendered soluble by the surrounding MSP belt (Bayburt et al., 2002; Bayburt and 

Sligar, 2003; Denisov et al., 2004; Ritchie et al., 2009; Bayburt and Sligar, 2010). 

3.7.1.1 Expression and purification of the membrane scaffold protein MSP1E3D1 

The plasmid pMSP1E3D1 was transformed in E. coli BL21 (DE3) cells for expression as described in 

Glück et al., 2011. 1 L LB media supplemented with kanamycin in 5 L conical shaking flasks was 

inoculated with an o/N culture to a final OD of 0.1 and incubated at 37 °C and 110 rpm to an OD of 
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0.7. The expression was induced by addition of 1 mM IPTG for 3 hours. Subsequently, the cells were 

harvested by centrifugation at 4 °C and 4,000 rpm for 20 min (Beckman Avanti J-26 XP, rotor 8.1) 

and washed once with 1x PBS. After determining the wet weight of the resulting pellet, the pellets 

were stored at -20 °C until further usage. MSP1E3D1 was purified as described in Bayburt and Sligar, 

2003 with modifications. For this purpose, 20 g wet weight cell pellet were resuspended in 100 ml 

lysis buffer (20 mM NaPi pH 7.4, 0.05 % (w/v) DNase I, 1 tablet cOmpleteTM EDTA-free Protease 

Inhibitor Cocktail). This was followed by three passages through the cell disrupter at 1.8 kbar and a 

centrifugation at 45,000 rpm (Beckman Optima Max-XP, rotor Ti45) and 4 °C for 1 h. For IMAC, the 

supernatant was applied to a 10 ml Ni-NTA (QIAGEN) column that was equilibrated with lysis buffer. 

The column was washed with 4 CV of the following buffers: 

1. 40 mM Tris/HCl pH 8.0, 300 mM NaCl, 1 % (v/v) Triton X-100 

2. 40 mM Tris/HCl pH 8.0, 300 mM NaCl, 50 mM Na-Cholate 

3. 40 mM Tris/HCl pH 8.0, 300 mM NaCl 

4. 40 mM Tris/HCl pH 8.0, 300 mM NaCl, 10 mM imidazole 

The protein was eluted with 1 CV elution buffer I (40 mM Tris/HCl pH 8.0, 300 mM NaCl, 300 mM 

imidazole) followed by 3 CV elution buffer II (40 mM Tris/HCl pH 8.0, 300 mM NaCl, 750 mM 

imidazole), each fractionated in 1 ml. The protein containing fractions were combined and dialyzed 

for 1 h at RT against 1 L dialysis buffer (50 mM Tris/HCl pH 8.0, 0.5 mM EDTA, 1 mM DTT) with a 

dialysis membrane with 3,500 MWCO. TEV protease was added in a ratio of 1:20 (TEV:MSP) 

directly to the MSP into the dialysis bag to remove the histidine tag. The dialysis/cleavage was 

continued for 48 h at RT in 4 L fresh dialysis buffer. In a final step the MSP was dialyzed against 20 

mM Tris/HCl pH 8.0, 150 mM NaCl for 2 h at RT. To remove the histidine tag and the TEV protease 

from the cleaved MSP, a second IMAC was performed. 15 ml Ni-NTA (QIAGEN) were equilibrated 

with IMAC buffer II (20 mM Tris/HCl pH 8.0, 150 mM NaCl, 50 mM Na-Cholate) and incubated for 

1 h with the protein solution. Transferred to a column, the flow through was collected and the column 

washed with 4 CV IMAC buffer II. The MSP containing flow through and washing step were 

combined and dialyzed against 4 L nanodisc assembly buffer (20 mM Tris/HCl pH 8.0, 100 mM 

NaCl, 0.5 mM EDTA) for 48 h at 4 °C. The protein concentration was determined. The MSP was 

aliquoted in 1 mg fractions, frozen in liquid nitrogen and stored at -80 °C. 
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3.7.1.2 Reconstitution procedure 

For nanodisc assembly purified Neq198, POPC and MSP, resulting in nanodiscs with 12-13 nm in 

diameter, were used. Calculations help to estimate the optimal ratios. The number of lipid molecules 

per nanodisc can be calculated as follows: 

𝑁!"# = 2 ×
𝑆!"  −  𝑆!"#$

𝑆!"#
 

𝑁!"# is the number of lipids per nanodisc, 𝑆!" refers to the surface area of the lipid nanodisc, 𝑆!"#$ 

applies to the area of the protein’s transmembrane section, and 𝑆!"# is the area occupied by one 

phospholipid molecule. The factor two refers to the membrane as lipid bilayer.  

The surface area of the lipid nanodisc 𝑆!" can be estimated accordingly to the number of amino acids 

(𝑀) of the used MSP (Denisov et al., 2004): 

𝑆!"  = (0.423 × 𝑀 − 9.75)! (Å!) 

For the estimation of the membrane cross-section of a membrane protein, an area of ~140 Å2 can be 

assumed for each transmembrane helix (Ritchie et al., 2009). For 𝑁!"  transmembrane helices applies 

the following: 

𝑆!"#$  = 140 × 𝑁!" (Å!) 

The optimal protein:lipid:MSP ratio was determined in small scale based upon the calculated number 

of lipids per nanodisc. Reconstitution in large scale was performed to obtain cryo-EM samples. In 

brief, lipids stored in chloroform were dried under a continuous nitrogen stream and dissolved in lipid 

buffer (20 mM Tris/HCl pH 7.4, 100 mM Na-Cholate, 10 mM Fos14) to a final concentration of 

50 mM. For complete solubilization of the lipid-detergent-mixture a short incubation at 37 °C 

followed. For assembly, lipids and protein were combined in the desired molar ratio of 0.1:45 

(protein:lipid) and incubated on ice for 10 min. 1 mg of MSP (II3.7.1.1) was thawed on ice and added 

to the lipid-protein mixture in a molar ratio of 0.1:1:45 (protein:MSP:lipid). This was followed by a 

cycling incubation of three times for 20 min on ice and 20 min at 4 °C (according to the phase 

transition temperature of the lipid POPC). The final Na-Cholate concentration was adjusted to 15-40 

mM if necessary. The self-assembly was induced by the addition of Bio-BeadsTM SM-2 resin (Bio-

Rad) and therefore removing of the detergent. For this purpose, 0.65 mg wet weight Bio-Beads (in 

Tris/HCl, pH 7.4) were added per ml assembly mixture and incubated o/N at RT under gentle rotation. 

The Bio-Beads were removed and the nanodiscs assembly was concentrated (MWCO 100 kDa), 

centrifuged (30 min at 63,000 rpm, Optima Max XP UC, rotor MLA-130), and filtered before 

applying to a gel filtration column (II3.6.4). 
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3.7.2 Reconstitution into amphipol A8-35 

Amphipols (APol) are polymers that biochemically stabilize membrane proteins in aqueous solutions. 

After purification, the detergent is substituted by amphipols, which therefore keep membrane proteins 

soluble in a detergent-free environment. Due to their amphipathic character they absorb onto the 

hydrophobic transmembrane surface of proteins, stabilize the native structure and preserve the 

protein’s functionality (Tribet et al., 1996; Popot et al., 2003; Zoonens and Popot, 2014a). 

 

Figure 10: Structure of amphipol A8-35.  
Molar percentage of each type unit, randomly distributed 
along the chain: x = 35 %, y = 25 %, and z = 40 % (Tribet 
et al., 1996). 

 

After IMAC the concentration of purified protein in detergent was determined by BCA assay and the 

total protein amount in mg was calculated. Amphipol A8-35 (Figure 10) was added at a 5- to 6-fold 

excess (w/w) (for Neq198 and Neq531, respectively) and incubated rotating at RT for 4 h. To remove 

the detergent ~30 mg activated Bio-BeadsTM SM-2 Resin (Bio-Rad) was added per 1 ml protein-

detergent-amphipol mixture and incubated rotating at RT o/N. Subsequently, the Bio-Beads were 

removed and the sample was washed three times upon concentrating (MWCO 100 kDa). This was 

followed by a centrifugation step (30 min at 63,000 rpm, Optima Max XP UC, rotor MLA-130). 

Finally, the sample was filtered and applied to a gel filtration column for SEC (II3.6.4). 

3.8 Lipid analysis by thin layer chromatography (TLC) 

Thin layer chromatography (TLC) was performed to analyze the lipid content of purified protein 

samples. To extract lipids from purified protein samples a chloroform-methanol-extraction was 

performed. 250 µl methanol and 125 µl chloroform were added to 100 µg proteins and mixed 

vigorously for 2 min (Vortex-Genie2, Scientific Industries Inc.). The mixture was incubated at RT for 

10 min. Then, another 125 µl chloroform were added and the sample was mixed again for 30 sec. This 

was followed by the addition of 125 µl ddH2O and mixing for 30 sec. By centrifugation for 5 min at 

13,000 rpm a phase separation was induced. The lipid containing chloroform phase (bottom phase) 

was transferred to a new tube and dried under a continuous nitrogen stream. The lipids were re-

dissolved in 5 µl 1 % (w/v) DDM. 
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Pre-coated Silica 60 TLC plates (10 x 10 cm2, Merck) were pre-treated in a closed tank filled with 

20 ml of a 1:1 (v/v) mixture of chloroform:methanol and run twice with fresh buffer until 1 mm to the 

end of the plate. The plate dried at RT in between. Finally, the plates were dried for 2 h at 180 °C. 

5 µg of purified protein sample was loaded onto a TLC plate by pipetting 5 x 1 µl sample and drying 

in between. Lipids standards (e.g. E. coli Polar Lipid extract, POPC, POPG, POPE) and detergent 

references were treated accordingly. The TLC was performed in a closed tank with a saturated 

atmosphere of a solvent mixture of chloroform:methanol:water = 69 %:27 %:4 % (v/v/v). Removing 

the plate from the tank when the buffer had reached 1 mm to the end of the plate stopped the 

chromatography. After drying, the lipids were visualized with iodine vapor, which stains lipids non-

specifically by binding to carbon-carbon double bonds (C=C) of unsaturated fatty acids. Stained lipids 

were identified by yellow areas on the plates. For 2D TLC the plates were air dried, turned by 90° 

degree and run again. 

4 Electrophysiological analyses 

Patch clamping represents a valuable tool to characterize ion channels. In 1991 the Nobel Prize in 

Physiology or Medicine was awarded to Erwin Neher and Bert Sakman for their discoveries 

“concerning the function of single ion channels in cells” (Neher and Sakmann, 1976; Hamill et al., 

1981).  

4.1 Preparation of liposomes 

Liposomes were formed by the dehydration-rehydration method, as described in Häse et al., 1995 and 

Delcour et al., 1989. In brief, 200 µl of a 10 mg/ml lipid stock solution in chloroform were dried under 

a continuous stream of nitrogen and re-dissolved in 200 µl D/R buffer (5 mM HEPES/KOH pH 7.2, 

200 mM NaCl). Subsequently, the solution was vortexed and sonicated for 15 min at 100 % to form a 

liposome suspension. The purified protein was added in a ratio of 1:1000-1:50 and incubated for 

several minutes. After adding 800 µl of D/R buffer, the lipid-protein mixture was transferred into a 

15 ml falcon tube, to which additional 2 ml of D/R buffer were added. The mixture was incubated for 

1 h at RT followed by an optional incubation at 4 °C for 30 min. The detergent was removed by 

adding Bio-BeadsTM SM-2 Resin (Bio-Rad), gently rocking for 3 h at RT. Then, the mixture was 

centrifuged at 40,000 rpm for 30 min (rotor Ti50.2). The resulting proteoliposome pellet was 
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resuspended in 60 µl D/R buffer and spotted with 3 x 20 µl on a glass slide. The spots were dried at 

vacuum o/N. The spots could be stored several weeks in the fridge. For patch clamp experiments, the 

spots were re-hydrated by adding 30 µl D/R buffer and incubating for 3 h at 4 °C. 

4.2 Patch clamp recordings of proteoliposomes 

Patch clamp recordings were performed at RT according to Hamill et al., 1981. Pipettes for 

micromanipulation were made from borosilicate glass (Drummond Scientific Co.) using a vertical 

Micropipette puller (PP-83, Narishige). The pipette diameter was determined by measuring the pipette 

bubble number. A bubble number of approximately 6-7 corresponded to an average resistance of 1-

2.5 MΩ in a recording solution containing 5 mM HEPES/KOH (pH 7.2), 200 mM KCl, and 40 mM 

MgCl2 (bath solution). The pipettes were filled with recording solution free from any air bubbles. The 

proteoliposome sample was diluted 1:1000 in bath solution in the recording chamber and incubated for 

5-30 min (in exceptional cases up to 3 h) to allow unilamellar blisters to be formed. These blisters 

were used to establish a giga-Ω-seal (GΩ) between micropipette and membrane. Here, an inside-out-

patch was already obtained by just contacting the membrane with the pipette. A piezoelectric pressure 

manometer (World Precision Instruments) measured negative pressure in mmHg (suction) that was 

applied to the patch-clamp pipette. Currents were filtered at 1 kHz, digitized at 5 kHz, and analyzed 

using AXONTM pCLAMPTM 10 electrophysiology data acquisition and analysis software (Molecular 

Devices). 

4.3 Preparation of E. coli spheroplasts 

Additionally to patch clamp recordings in proteoliposomes, the MscS-like channel Neq198 was 

investigated in E. coli spheroplasts according to Martinac et al., 1987. For this purpose, the protein 

with and without N-terminal 6x histidine tag was cloned in pBAD24 and transformed in E. coli 

MJF461 Δ7 strain, which lacks all seven encoded mechanosensitive channels. As positive control 

E. coli MscL was used. 40 ml LB media supplemented with 100 µg/ml ampicillin was inoculated 

1:100 with an overnight culture and incubated at 37 °C and 140 rpm up to exponential phase with an 

OD of 0.4-0.5. This culture was diluted 1:10 in 54 ml fresh LB media supplemented with ampicillin in 

a 200 ml flask. The addition of cephalexin (final concentration 60 µg/ml) inhibited the septation of 

growing E. coli cells and resulted in elongation of the cells to snakes (Figure 11). At low rpm the 

elongation growth was checked regularly. After elongation growth for either 1 h 15 min, 1 h 30 min or 
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1 h 45 min, the protein expression was induced with 0.02 % (w/v) arabinose for 1 h 20 min or 3 h at 

37 °C. Optionally, the elongated E. coli cells were stored for 5 h at 4 °C and subsequently induced 

with 0.01 % (w/v) arabinose o/N at 20 °C. Then, the expression culture was evenly transferred in 2 x 

50 ml falcon tubes, centrifuged for 5 min at 3,500 rpm and the resulting supernatant was discarded 

completely. Each pellet was resuspended in 5 ml 0.8 M sucrose by swirling, centrifuged and the 

supernatant was discarded again. Finally, the pellets were resuspended in 2.5 ml 0.8 M sucrose each 

by swirling. For spheroplast formation, the following solutions were added in the prescribed order: 

1. 150 µl 1 M Tris, pH 7.2 

2. 120 µl 5 mg/ml lysozyme 

3. 50 µl 5 mg/ml DNase I 

4. 150 µl 0.125 M EDTA (final concentration 6.3 mM) 

 

Figure 11: Formation of E. coli spheroplasts. 
(A) Schematic view of normal growing E. coli cells, 
scale bar: 2 µm; (B) live imaged E. coli Δ7 cells 
containing the plasmid with encoded Neq198 after 
treatment with cephalexin. Cephalexin prevents the 
cells from dividing completely. This causes bacteria 
to form long “snakes” (up to 100 µm in length) that 
share a single membrane and cytoplasm; (C) 
schematic view of spheroplast formation: treatment 
with lysozyme and EDTA weakens the outer 
membrane, permitting rupture of this membrane by 
the differential between internal and external 
pressure, the cell walls of the "snakes" are digested, 
and the bacteria collapse into very large spheres (up 
to 10 µm in diameter) surrounded by a single lipid 
bilayer; (D) patch clamping of spheroplasts, scale 
bar: 10 µm (modified from Perozo, 2006). 

The time after the addition of EDTA is critical. Therefore, the spheroplasts formation was 

continuously observed under the microscope. Usually, the spheroplast formation was stopped at two 

different time points (2-3 min + 5-7 min) to assure obtaining patchable spheroplasts. Thereto, 1 ml of 

stop solution (700 mM sucrose, 20 mM MgCl2, 10 mM Tris pH 7.2) was added, swirled immediately 

and stored on ice. Followed by dilution in 7 ml cushion solution (700 mM sucrose, 10 mM MgCl2, 

10 mM Tris pH 7.2), the spheroplasts were aliquoted in 100 µl and stored at -20 °C until further usage. 
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4.4 Patch clamp recordings of E. coli spheroplasts 

The patch clamp recordings in spheroplast were performed analogously to those described in II4.2. 

Pipettes for patch clamping exhibited a slightly smaller pipette bubble number of 3.4-4.2, i.e. smaller 

diameter. This corresponded to an average resistance of 4-5 MΩ. As bath solution 5 mM 

HEPES/KOH (pH 7.2), 200 mM KCl, 90 mM MgCl2, and 300 mM sucrose was used. The spheroplast 

sample was diluted 1:1000 in bath solution in the recording chamber. The pipette solution instead 

contained 5 mM HEPES/KOH (pH 7.2), 200 mM KCl, and 300 mM sucrose. To establish a GΩ-seal, 

suction was applied slowly, constantly and with care. As soon as a GΩ-seal was established, the 

pipette was carefully flipped with the finger to remove the spheroplast from the pipette resulting in an 

excised patch (inside-out) for recording.  

4.5 Hypoosmotic down-shock assay 

The survival rate after hypoosmotic shock was examined using a method based on that of Levina et 

al., 1999. MJF465 cells, which lack the mscL, mscS and mscK gene, were used for expression of the 

MscS-like channels Neq198. Additionally, E. coli MscL served as positive control, whereas the 

MJF465 cells without any plasmid corresponded to the negative control. The expression was tightly 

regulated with the araBAD promoter. Cells were grown aerobically in citrate-phosphate defined 

medium (CP medium, II1.9.5) at 37 °C and 180 rpm. For o/N culture CP medium was supplemented 

with 0.2 % (w/v) glucose and the corresponding antibiotics for selection and inoculated with cells 

from a fresh transformation plate. The following morning the culture was supplemented with another 

0.2 % (w/v) glucose for additional 1 h. CP medium supplemented with 0.5 M NaCl, 0.2 % (w/v) 

glucose and the corresponding antibiotics was inoculated to OD600 of 0.02 for expression. The culture 

was incubated to OD600 0.14, which was followed by induction with 0.05 % (w/v) arabinose for 1 h. 

Subsequently, the culture was diluted to OD600 0.006 in pre-warmed identical CP medium 

supplemented with (control) and without 5 M NaCl (down-shock) and incubated for 5 min. To 

determine cell viability, the cultures were serial diluted and 15 µl plated in triplicate on agar plates 

containing the corresponding antibiotics and 0.05 % (w/v) arabinose. After o/N incubation the survival 

rate (ndown/ncontrol) was calculated by counting the number of colony forming units (cfu) of cells that 

experienced the osmotic down-shock (ndown) compared to those that did not experience the down-shock 

(ncontrol). The down-shock experiment was repeated three times. 
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5 Biophysical methods 

5.1 Negative stain electron microscopy 

Negative staining was mainly used as quality control of freshly purified protein samples. Especially 

the evaluation with respect to protein heterogeneity, aggregates and protein concentration was of high 

interest. 

5.1.1 Preparation of carbon coated copper grids 

For analysis and quality control of protein samples with electron microscopy, carbon coated copper 

grids were prepared in-house. The carbon film was generated using a High Vacuum Carbon Coater 

208carbon (Cressington Scientific Instruments), by which carbon is evaporated under vacuum as a 10-

15 nm thin, fine-grained film over freshly cleaved mica plates. The carbon covered mica plates were 

settled for 24 h. Subsequently, glow-discharged copper grids (400 mesh) were placed on a filter paper 

under water and the carbon film was floated off the mica plates on the water surface. By lowering the 

water level, the copper grids were covered with the carbon film. Coated grids were dried o/N at 

120 °C and stored at RT until usage. 

5.1.2 Negative staining and electron microscopy 

For negative staining 3 µl of protein (protein concentration: 10-20 mAU after SEC, corresponding to 

~0.01 mg/ml) were applied to a glow-discharged carbon coated copper grid (400 mesh) for 60 s. The 

grid was blotted with Whatman filter paper, washed once with 2 % (w/v) uranyl acetate (pH 4.5) 

(UAc) followed by staining for 30 s with 2 % (w/v) UAc. For quality control, negative-stained grids 

were imaged on a Philips CM12 operated at 120 kV. Images were recorded at a nominal magnification 

of 6,300x, 13,000x or 22,000x using a 1k x 1k digital camera (TVIPS, Gauting).  

For single particle analysis, negative-stained grids were imaged on a JEOL 2100F electron microscope 

operated at 200 kV. Images were recorded at a nominal magnification of 30,000x using a 4k x 4k 

F416 camera with CMOS chip/detector (TVIPS, Gauting), corresponding to a pixel size of 3.7 Å on 

the specimen.  

Electron microscopy images were recorded in collaboration with Veronika Heinz (Institute of 

Biophysics and Physical Biochemistry, University of Regensburg). 
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5.2 Cryo electron microscopy (cryo-EM) 

Protein samples and freezing conditions were screened on a JEOL-2100F TEM operated at 200 kV; 

additional screening was conducted on a Tecnai F30 Polara (FEI), operated at 300 kV and equipped 

with a Gatan K2 summit direct electron detector. 3 µl aliquots of purified protein (protein 

concentration: ~200 mAU after SEC, corresponding to ~0.1 mg/ml) were applied to a glow-discharged 

Quantifoil holey carbon grid (R2/4, 400 mesh). Grids were blotted with Whatman No. 1 filter paper 

for 1.2 - 4.5 s at ~88 % humidity and RT (pre-blotting for 15 s, post-blotting for 1 s), and plunge-

frozen in liquid ethane using an EM Grid Plunger (Leica). Cryo-EM data were recorded on a Tecnai 

F30 Polara electron microscope (FEI) at the VBCF in Vienna under supervision of Thomas Heuser. 

Data were collected at a nominal magnification of 31,000x, corresponding to a physical pixel size of 

1.273 Å on the specimen. Images were recorded with the automated EM data acquisition software 

SerialEM with a defocus range of -2.5 to -3.0 µm. A total exposure of 10 s was used with 0.2 s per 

sublimes (50 frames) to give a total dose of 70.89 electrons per Å2 (1.4178 electrons per Å2 per sub-

frame). The experimental set-up of major data sets can be found in the appendix (VI3). 

Cryo-electron microscopy images were recorded in collaboration with Veronika Heinz (Institute of 

Biophysics and Physical Biochemistry, University of Regensburg) and Thomas Heuser (VBCF, 

Vienna). 

5.3 Image-processing and single particle analysis 

Electron beam-induced sample motion in cryo-EM images was corrected with MotionCor2 (Zheng et 

al., 2017). If possible, motion-corrected sums without dose-weighting were used for CTF correction 

using CTFFIND3 (Mindell and Grigorieff, 2003) or CTFFIND4 (Rohou and Grigorieff, 2015). 

Motion-corrected sums with dose-weighting were used for all other image processing in RELION 1.4 

or 2.1beta. RELION (REgularized LIkelihood OptimizatioN) is an open-source computer program for 

the refinement of macromolecular structures by single-particle analysis (Scheres, 2012b). Data were 

processed up to 3D refinement and further analyzed (II5.4). 

5.4 Map visualization and analysis 

Negative stain and cryo-EM volumes were visualized and atomic models were fitted into the densities 

using Chimera 1.12 (Pettersen et al., 2004). The homology model of Neq198 missing the two 
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additional TM helices served as starting point for fitting. The cytoplasmic domain was fitted 

separately into the cryo-EM volume using the segmentation option in Chimera (Pettersen et al., 2004) 

and MD simulation using FlexEM (Topf et al., 2008). Single segments were combined and the 

membrane domain was fitted manually into the cryo-EM density using Coot (Emsley et al., 2010). 

The two additional TM helices were predicted with ROSETTA (https://www.rosettacommons.org). 

The best scoring models were fitted into the density; the best fitting model was evaluated visually and 

finally linked manually to the rest of the model. 

6 Bioinformatical analyses 

6.1 Sequence alignments 

Protein sequence alignments were generated with the server with Clustal O (1.2.4) (Larkin et al., 

2007) and further processed with ESPript3.0 (Robert and Gouet, 2014). The archaeal protein 

sequences were taken from the UCSC Archaeal Genome Browser (http://archaea.ucsc.edu). 

Alignments can be found in the appendix (VI1.4). 

6.2 Topology prediction 

For prediciton of the topology of the MscS-like channels from N. equitans the following servers have 

been used: TMHMM2.0 (Krogh et al., 2001; http://www.cbs.dtu.dk/services/TMHMM/), TOPCONS 

(Tsirigos et al., 2015; http://topcons.cbr.su.se/pred/), OCTOPUS (Viklund and Elofsson, 2008; 

http://octopus.cbr.su.se/index.php), TMPred (Hoffmann and Stoffel, 1993; https://embnet.vital-

it.ch/software/TMPRED_form.html) and PSIPRED (Jones, 1999; Buchan et al., 2013; 

http://bioinf.cs.ucl.ac.uk/psipred/). 

6.3 Homology modeling 

The homology model of Neq198 was provided by Dr. M. Gregor Madej (Institute of Biophysics and 

Physical Biochemistry, University of Regensburg).  

The Neq198 model was generated based on the X-ray structure of E. coli MscS (2oau.pdb, Bass et al., 

2002; Steinbacher et al., 2007) as template using a standard ‘automodel’ class of MODELLER-v9-14 

(Šali and Blundell, 1993). Evaluation was performed using Z-DOPE, a normalized atomic distance-
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dependent statistical potential based on known protein structures. The finite model was selected based 

on the assessed scoring functions. 
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III  RESULTS 

1 Biochemical analysis of Neq198 and Neq531 

1.1 Heterologous expression and purification 

In previous experiments, the Neq531 gene encoding for one of the two MscS-like channels from 

N. equitans was codon optimized and fused with a C-terminal 6x histidine tag for the heterologous 

expression in E. coli. Conditions for expression and initial purification have already been screened 

(Wiegmann, 2014). After up scaling immobilized metal affinity chromatography (IMAC), immediate 

and complete precipitation of Neq531 was observed. Inappropriate purification conditions, e.g. 

unsuitable buffer compositions, are well-known reasons for protein instability. In literature several 

suggestions with respect to stabilizing additives can be found (e.g. Bondos and Bicknell, 2003; 

Lebendiker and Danieli, 2014). Buffers at various pH values ranging from pH 5.0-10.0 were tested. 

Moreover, different salts like NaCl, KCl and monopotassium glutamate were tested in various 

concentrations and combinations. Stabilizing additives such as sucrose and glycerol in changing 

concentrations were examined as well. None of these variations led to stable protein preparation. 

Furthermore, different column materials for IMAC were screened: TALON Metal Affinity Resin 

(Clontech), HiTrap Chelating HP column (QIAGEN), Ni-NTA Agarose (QIAGEN), Ni-NTA Agarose 

(Sigma). Since nickel ions have already been observed to leak off IMAC columns, protein was eluted 

into EDTA-containing buffer in order to chelate those ions. The effect of detergents (DDM, Fos14, 

LMNG, LDAO) on stability during purification was also screened, but did not have a positive effect. 

The quality control of negative stained samples shows a high extent of unfolded channel protein on 
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electron micrographs (Figure 12). Therefore, the histidine tag for detection and purification was 

exchanged from C-terminus to N-terminus to overcome channel instability issues.  

 

Figure 12: Negative stain transmission 
electron micrograph of Neq531. 
Neq531 with C-terminal 6x histidine tag was 
solubilized in 2 % (w/v) Fos14, followed by 
detergent exchange to 0.1 % (w/v) LMNG 
during IMAC in 50 mM Tris, 300 mM NaCl, 
10 % (v/v) glycerol, 0.1 % (w/v) LMNG; 
protein sample after IMAC showed unfolded 
protein; negative stain with 2.5 % PTA, 
magnification 50,000x; bar corresponds to 
90 nm. 

The genes for Neq198 and Neq531 that exhibited an N-terminal 6x histidine tag for detection were 

both codon-optimized for the expression in E. coli. Functional mechanosensitive channels form homo-

heptamers (Bass et al., 2002). The Neq198 monomer has a predicted molecular weight of 38.596 kDa 

that corresponds to 270 kDa for a heptamer. The Neq531 monomer has a predicted molecular weight 

of 37.245 kDa that corresponds to 260 kDa for a heptamer. Other specifications of both proteins can 

be found in the appendix (VI1.1). The protein expression was tested in different E. coli strains like 

BL21 (DE3), BL21 StarTM (DE3), RosettaTM 2 (DE3) and C43 (DE3) ΔAcrB. The latter has at least 

one non-characterized mutation that prevents cell death upon expression of numerous recombinant and 

toxic proteins. It is especially preferred for the expression of membrane proteins (Miroux and Walker, 

1996; Dumon-Seignovert et al., 2004) and was therefore favored for the expression of both MscS-like 

channels. Moreover, the expression and its conditions in LB media, 2YT media and TB media were 

compared. The expression in TB media at low temperatures (20 °C) overnight shows sufficient 

quantity and quality of channel protein for structural and functional studies. Expression in 6 L TB 

media results in ~55 ml membranes with a total membrane protein concentration of 30 mg/ml for 

Neq198 expressing E. coli, and 70 ml membranes with a total membrane protein concentration of 

38 mg/ml for Neq531. A western blot of homogenized membranes against the N-terminal histidine tag 

using a polyclonal antibody (Figure 13) detects a distinct band at approximately 35 kDa for Neq531 

(A) and Neq198 (B).  
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For Neq531 multiple bands below the signal of interest are observed and a single band at 50 and 

70 kDa. Besides the signal around 35 kDa, multiple faint signals are detected above for Neq198. 

Neq531 shows approximately two times higher expression yield compared to Neq198 in membranes.  

The detergents CYMAL-5, CYMAL-6, DDM, DM, Fos12, 

Fos14, LDAO, LMNG, NG, OG, UDM were screened for 

solubilization of Neq531 and Neq198. Neq198 is successfully 

solubilized within a range of detergents (Figure 14). A western 

blot with antibodies against the N-terminal histidine tag detects 

bands around 30-35 kDa as expected. Additionally, for all 

detergents more or less intense signals for higher oligomers 

above 130 kDa are visible. For NG, OG and CYMAL-5 the 

solubilization efficiency is lower compared to other detergents. 

In addition, the channel is not stable in NG and OG, which 

resulted in progressing precipitation. The maltosides DM, 

DDM, UDM, CYMAL-6 and LMNG show a solubilization 

efficiency of around 50 %. LDAO and the Fos-Cholines show 

efficiencies higher than 50 %. Based on recent test for Neq531 

(Wiegmann, 2014) and literature (Bass et al., 2002; Wang et 

al., 2008; Petrov et al., 2013), Fos14 is favored for structural 

analyses and DDM for functional analyses for both channels. 

 

 

Figure 13: Western blot analysis 
of homogenized membranes. 
Membrane blot, 10 µg of total 
membrane proteins were applied to 
SDS-Page, protein expressed in TB 
media, (A) Neq531, (B) Neq198; semi-
dry western blot with antibodies 
against N-terminal 6x histidine tag. 

 

Figure 14: Solubilization test of Neq198. 
Solubilization of homogenized membranes with 1.67 % (w/v) detergent, Mem membranes, diluted 1:10 in solubilization 
buffer, S solubilizate, P pellet after ultra-centrifugation; western blot with antibodies against N-terminal 6x histidine tag. 
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For solubilization and purification NaPi buffer is favored over Tris buffer. The latter results in 

contaminations with E. coli host cell proteins (Figure 15). Using NaPi buffer for solubilization and 

purification results in a less contaminated elution peak 

(Figure 15A and B). The solubilization with DDM and 

purification with Tris buffer results in massive 

contamination with the cytochrome o ubiquinol oxidase 

from E. coli (Figure 15C) that cannot be eliminated during 

purification procedure. Similar results are obtained if the 

buffer is exchanged from NaPi to Tris during IMAC. 

Therefore, solubilization and the first purification step in 

IMAC were carried out with 50 mM NaPi, pH 7.5 

supplemented with 300 mM NaCl. Neq531 requires 

additionally 10 % (v/v) glycerol for stabilization.  

Different column materials have been tested for optimized 

binding: TALON Metal Affinity Resin (Clontech), Ni-

NTA Agarose (QIAGEN), and Ni-NTA Agarose (Sigma) 

and HiTrap Chelating HP column (GE Healthcare); the 

latter showing best binding behavior (Figure 16A and 

Figure 17A). The solubilizate, supplemented with 10 mM 

imidazole to prevent unspecific binding, is loaded onto a 

HiTrap Chelating HP column using a ÄKTA pure/purifier system (I). Subsequently, in a first washing 

step with 20 mM imidazole (II), loosely bound protein was removed followed by a washing step with 

150 mM imidazole (III) that removes most of the contaminants. Finally, the channel was eluted with 

600 mM imidazole in a monodispersed peak (IV) (Figure 16A and Figure 17A). The optimal 

concentration of imidazole for washing and elution was determined in a previous step-gradient 

experiment. The elution peak was pooled, applied to SDS-Page, and analyzed further. Neq198 elutes 

in a relatively small peak with maximal ~1,900 mAU. In SDS-Page a distinct band around 30-35 kDa 

(monomer) and multiple bands above 130-170 kDa (higher oligomers) are detected (Figure 16B). 

Neq531 elutes in a comparable broader peak with up to 2,800 mAU. In SDS-Page a dominant band 

around 35 kDa (monomer), a faint band around 70 kDa (dimer) as well as a band above 170 kDa 

(higher oligomers) are detected (Figure 17B). 

 

Figure 15: Buffer conditions for 
IMAC purification. 
SDS-Page of elution peak after IMAC 
purification using different buffer-
detergent combinations; (A) buffer: NaPi, 
solubilization + purification: Fos14; (B) 
buffer: NaPi, solubilization + purification: 
DDM; (C) buffer: Tris, solubilization + 
purification: DDM; 1 - Neq198; 2 - E. coli 
cytochrome o ubiquinol oxidase, subunit II, 
3 - E. coli cytochrome o ubiquinol oxidase, 
subunit I. 
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Figure 16: Immobilized metal affinity chromatography (IMAC) of Neq198.  
Neq198 was solubilized with 2 % (w/v) Fos14 for 1 h at RT, 50 mM NaPi, 300 mM NaCl, pH 7.5; (A) IMAC 
chromatogram, HiTrap Chelating HP column, (I) loading with 10 mM imidazole, (II) wash 1 with 20 mM imidazole, (III) 
wash 2 with 150 mM imidazole, (IV) elution with 600 mM imidazole; (B) SDS-Page of elution peak (IV), Coomassie stain. 

 

 

Figure 17: Immobilized metal affinity chromatography (IMAC) of Neq531.  
Neq531 was solubilized with 1.5 % (w/v) Fos14 for 1 h at RT, 50 mM NaPi, 300 mM NaCl, 10 % (v/v) glycerol, pH 7.5; 
(A) IMAC chromatogram, HiTrap Chelating HP column (5 ml), (I) loading with 10 mM imidazole, (II) wash 1 with 20 mM 
imidazole, (III) wash 2 with 150 mM imidazole, (IV) elution with 600 mM imidazole; (B) SDS-Page of elution peak (IV), 
Coomassie stain. 
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SDS-Page confirms that both protein samples are of relatively high purity with only few 

contaminations after the first purification step and are not degraded. A single IMAC purification of 

Neq198 results in a total protein amount of 0.7-1 mg target protein whereas that of Neq531 results in 

1.5-2.0 mg. This corresponds to an extrapolated protein quantity of ~7 mg for Neq198 and the three-

fold quantity of ~24 mg for Neq531 from 6 L expression culture.  

In a second purification step the channel was analyzed regarding its homogeneity by size exclusion 

chromatography. Neq198, solubilized and purified with Fos14, elutes at approximately 13.3 ml in a 

monodispersed peak that results in a distinct signal around 390 kDa in Blue Native Page (Figure 18). 

In size exclusion chromatography only a small aggregation peak (v0) is observed. 

The purity and homogeneity (further denominated as quality control) of Neq198 solubilized and 

purified with Fos14/ NaPi was performed by the visualization of negative-stained channel protein in 

the electron microscope. As NaPi interacts with stains such as uranyl acetate or PTA resulting in 

aggregation of the channel on the grid, the buffer was exchanged to Tris (III1.2). Neq531 is less stable 

in Fos14 than Neq198 and suffers constant degradation. Therefore, Neq531 was solubilized in Fos14, 

while the final purification was carried out in amphipols (III1.2). 

 

 

 

 

Figure 18: Homogeneity and oligomeric 
state of Neq198 in Fos14. 
(A) Size exclusion chromatography of Neq198 in 
Fos14, Superose 6 GL 10/300, 50 mM NaPi, 
300 mM NaCl, 0.02 % (w/v) Fos14, pH 7.5; (B) 
Blue Native Page, Coomassie stain, arrow indicates 
the band of interest. 
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1.2 Reconstitution into membrane-mimicking environments 

For stabilization after solubilization and first purification steps both channels were either reconstituted 

into amphipols (Tribet et al., 1996; Popot et al., 2003) or lipid nanodiscs (Bayburt et al., 2002). The 

extraction of membrane proteins with detergents leads to the loss of the native lipid environment 

(Figure 19A). Consequently, the protein might be destabilized since important interactions with lipids 

or other proteins are missing. In contrast to lipid bilayers, detergent micelles exhibit very different 

physicochemical properties. Besides others, the lateral pressure profile differs significantly, which 

might be of special interest for membrane proteins in general and mechanosensitive channels in 

particular. Amphipols represent a promising alternative (II3.7.2; Figure 19B). A8-35 has a 

polyacrylate backbone that is modified with varying octylamine and isopropylamine groups (Tribet et 

al., 1996). In contrast to detergents, those amphipathic polymers have a higher affinity to the surface 

of the protein resulting in low exchange rates of protein-bound amphipols and free molecules in 

solution (http://www.ibpc.fr/amphipol/). Lipid nanodiscs represent a reconstitution system that mimics 

the native membrane better than detergents and amphipols (II3.7; Figure 19C). Here, the membrane 

protein is reconstituted into small lipid bilayer patches, stabilized by the encircling amphipathic helical 

proteins derived from the human apolipoprotein A-1 (membrane scaffold protein) (Bayburt et al., 

2002). The scaffold protein shields the hydrophobic lipid acyl groups and thereby increases the 

solubility of the lipid nanodiscs. The lateral pressure provided by amphipols and lipid nanodiscs might 

have positive and stabilizing effects on the mechanosensitive channels.  

 

Figure 19: Membrane-mimicking sytems for membrane protein stabilization. 
Simplified representation of (A) a membrane protein in detergent (red) micelle, (B) in amphipol (orange), and 
stabilized in (C) lipid nanodisc by MSP (purple); the protein is indicated in blue, lipids in green (modified 
from Dörr et al., 2016) 

The mass ratio of membrane protein (MP):amphipol (APol) was optimized for each channel 

individually. The ratio depends on the size of the transmembrane region. Furthermore, the propensity 

of the protein to self-associate, and the ability of the amphipol to prevent the oligomerization should 
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be taken into account (Zoonens and Popot, 2014a). The optimized mass ratio is determined to at least 

1:5 for Neq198 in small scale in previous experiments according to Zoonens et al., 2014b. However, 

due to insufficient protein amount, the optimal ratio was estimated visually only by SDS-Page instead 

of size exclusion chromatography (Figure 20).  

 

Figure 20: Determination of the optimal MP:APol 
ratio for Neq198. 
Several MP:APol ratios have been tested, Neq198 was 
incubated for 20 min at RT with APols; after detergent removal 
by the absorption onto hydrophobic beads for 2 h at RT, the 
samples were centrifuged for 30 min at 70,000 rpm; protein 
samples before and after centrifugation were compared in SDS-
Page; + positive control = protein sample without APol and 
biobeads, - negative control = without APol but biobeads were 
added; arrow indicates the optimal MP:APol ratio. 

A heat shock of the protein sample for 20 min at 60 °C before applying to size exclusion 

chromatography is found to be beneficial. This step can successfully eliminate protein contaminants 

form the E. coli host. Moreover, higher temperatures might help the channel to oligomerize correctly 

considering its origin from a hyperthermophilic organism. An ultra-centrifugation step removes 

successfully aggregated protein prior to sample application to size exclusion chromatography. The size 

exclusion chromatogram shows a main peak containing the reconstituted channels (Neq198) with a 

preceding shoulder. The main peak elutes at approximately 13.6 ml. SDS-Page confirms that the 

shoulder also consists of target protein (Figure 21A and B).  

Negative staining and electron microscopy was extensively used to monitor the quality of the purified 

channels. In negative stain, proteins are absorbed to a continuous carbon support and embedded in a 

thin layer of heavy metal stain that results in high-contrast images. This approach allows quickly 

accessing the protein sample’s quality with respect to e.g. shape, size, oligomeric state, the presence 

and degree of contaminants, aggregation, and heterogeneity. Still, there are several drawbacks. 

Negative staining might introduce artifacts such as specimen flattening and the resolution is limited to 

~20 Å (Ohi et al., 2004; Cheng et al., 2015). Buffer compositions and the type of detergent are crucial 

for the MscS-like channels from N. equitans. Furthermore, it is not recommended to use some of the 

popular buffers like phosphate buffer for negative staining. Uranyl salts, in particular, form crystalline 

precipitates with phosphate ions and obscure the particles. This contamination with salt residues needs 

to be washed off after staining, which in turn results in a loss of contrast. Moreover, some detergents 

might be incompatible with negative staining solutions. Therefore, a genuine quality control in 

negative stain of Neq531 (and later also of Neq198), solubilized with Fos14 in sodium-phosphate 
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buffer, was not possible. Neither with uranyl acetate nor with PTA a satisfying grid preparation was 

achieved. With PTA the channels aggregate on the grid. Due to detergent and phosphate buffer 

incompatibility, the channels are therefore stabilized in Tris buffer with amphipols or lipid nanodiscs. 

In general, it is recommended to establish a library of detergent and buffers for background effects in 

negative stain. This allows the visualization of the background with different detergents for an 

evaluation of the protein sample and its improvement. Especially in single particle analysis, signals 

that result from detergents might be mistaken for protein particles (false-positive particles) 

(Rubinstein, 2007). Micrographs of negative-stained Neq198 reconstituted into amphipols display 

separated particles in different orientations (Figure 21C), which were analyzed further in single 

particle analysis (III2.3.1). Smaller particles of at least one third in size are observed in the 

background of negative stain electron micrographs that are probably induced by buffer composition or 

excess of APol aggregates (Figure 21C). In Blue Native Page a broad signal above 440 kDa and a faint 

signal above 669 kDa is detected (Figure 21D). Compared to protein in Fos14 the signal is shifted to 

higher molecular mass (Figure 18B).  

Neq531 reconstituted into amphipols shows slightly different results. In size exclusion 

chromatography, a main peak shows two preceding shoulders (Figure 22A). The main peak elutes at 

 

Figure 21: Reconstitution of Neq198 into amphipol A8-35.  
(A) Size exclusion chromatography, Superose 6 Increase 10/300 GL, 20 mM Tris pH 7.5, 100 mM NaCl, v0 – void volume, 
1 - shoulder, 2 - main peak; (B) SDS-Page of shoulder (1) and main peak (2), Coomassie stain; (C) negative stain with 2 % 
(w/v) UAc, magnification 22,000x, bar corresponds to 90 nm, representative particles are encircled in red, red arrows 
indicate buffer-induced background; (D) Blue Native Page of main peak (2), Coomassie stain, arrows indicate bands of 
interest. 
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approximately 14.1 ml. Approximately 10 % of the total protein elutes in the void volume, although 

the protein sample was subjected to ultra-centrifugation prior to sample application. SDS-Page 

confirms that the shoulder consists of target protein too: a strong signal at 35 kDa is detected. 

Additionally, there is a signal around 70 kDa as well as above 170 kDa and some minor degradation 

(Figure 22A and B). In negative stain with uranyl acetate nicely separated particles are visualized, but 

compared to Neq198 the sample seems to be more heterogeneous with respect to shape and size of the 

particles. Moreover, aggregation is observed (Figure 22C). The particles were analyzed further in 

single particle analysis (III2.3.2). The sample heterogeneity is also reflected in Blue Native Page: a 

broad strong band at approximately 380 kDa, a weaker band around 580 kDa and a third faint band 

above 669 kDa are detected. Examining the shoulder fraction (1) in Blue Native Page the ratio is 

shifted to the signals above 580 kDa (data not shown). These observations are in line with those for 

Neq98 reconstituted into amphipols. 

For the reconstitution into nanodiscs, the membrane scaffold protein MSP1E3D1, which forms 

nanodiscs with a diameter of about 12 nm, was used. The optimal ratio of protein:lipid:MSP was 

determined in previous reconstitution experiments. For empty nanodiscs a ratio of 1:75 (MSP:POPC) 

shows the best reconstitution. The size exclusion chromatogram identifies a peak at a retention volume 

of ~11.25 ml (Figure 23A).  

 

Figure 22: Reconstitution of Neq531 into amphipol A8-35.  
(A) Size exclusion chromatography, Superose 6 Increase 10/300 GL, 20 mM Tris pH 7.5, 100 mM NaCl, v0 – void volume, 
1 - shoulder, 2 - main peak; (B) SDS-Page of shoulder (1) and main peak (2), Coomassie stain; (C) negative stain with 2 % 
(w/v) UAc, magnification 22,000x, bar corresponds to 90 nm, representative particles are encircled in red; (D) Blue Native 
Page of main peak (2), Coomassie stain, arrows indicate bands of interest. 
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Figure 23: Reconstitution of Neq198 into nanodiscs.  
(A) Size exclusion chromatography, channels reconstituted with POPC in MSP1E3D1; ratio protein:lipid:MSP = 0.1:45:1, 
buffer: 20 mM Tris, 100 mM NaCl, pH 7.4; Superdex 200 10/300 GL; v0 - void volume; ★ - Neq198 incorporated into 
nanodiscs; w - empty nanodiscs (1:75 = MSP:POPC); � - MSP protein/ empty nanodiscs; (B) SDS-Page of main peak, ★ - 
fraction of (A) showed a band for MSP and a band for lower and higher oligomers of Neq198. 

 

Figure 24: Quality control of Neq198 reconstituted into nanodiscs. 
Negative stain with 2 % (w/v) UAc, magnification 22,000x, bar corresponds to 90 nm, representative particles are encircled 
in red, (A) empty nanodiscs MSP:POPC 1:75, (B) Neq198 incorporated into nanodiscs Neq198:MSP:POPC 0.1:1:45; (C) 
Blue Native Page, showing empty nanodiscs (NDw/o) compared to nanodiscs with incorporated Neq198 (ND). 
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A control with empty nanodiscs is necessary for the final evaluation of the reconstitution by 

comparison of size exclusion chromatography, SDS-Page, Blue Native Page, and negative stain 

(Figure 23A; Figure 24A and C). For Neq198 a ratio of 0.1:1:45 (protein:MSP:POPC) results in a 

reasonable amount of reconstituted channels, although more than half of the protein is lost during 

reconstitution procedure due to aggregation upon removal of the detergent. The size exclusion 

chromatogram shows a peak fraction with a retention volume at approximately 10 ml that contains the 

channels incorporated into nanodiscs as judged from SDS-Page (Figure 23). MSP protein either 

isolated or from empty nanodiscs elutes in a second peak with a retention volume of 12.5 ml. 

Moreover, when comparing empty nanodiscs (retention volume 11.25 ml) with protein-loaded 

nanodiscs (retention volume 10 ml) a shift of the main peak is observed, indicating an increase in size 

and therefore the proper incorporation of Neq198 into nanodiscs (Figure 23A). 

In negative stain the nanodisc sample shows separated particles in different orientations with only few 

aggregates (Figure 24B). Reconstituted channels were analyzed further by electron microscopy single 

particle analysis both negative stained (III2.3.3) and cryo-preserved (III2.4). In Blue Native Page a 

weak signal is detected at approximately 580 kDa for nanodiscs with incorporated channels (Figure 

24C), while empty nanodiscs show a signal at around 310 kDa. The shift in size indicates a proper 

reconstitution as well. 

Since Neq531 is susceptible with respect to protein stability, a direct reconstitution into nanodiscs 

without previous solubilization and purification (Shirzad-Wasei et al., 2015) was tested. So far, this 

procedure was not successful and requires further optimization. Due to the high amount of detergent 

needed, the method was not pursued. Either an optimized direct reconstitution into nanodiscs or 

purification in the presence of lipids might help to stabilize Neq531.  
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1.3 Lipid analysis by thin layer chromatography 

Lipids have strong impact on the stability of membrane proteins and can be added during purification. 

Thin layer chromatography (TLC) identifies lipids from the expression host that are bound to purified 

Neq198 and Neq531. Consequentely, promising candidates can be determined that might improve the 

channel’s stability during purification. 

In a 1D TLC, lipids extracted from purified Neq198 and Neq531 were loaded together with lipid 

standards and references (Figure 25). Lipids from Neq198 and Neq531 were either extracted from 

protein samples that have been solubilized and purified with Fos14 or from protein samples that have 

been stabilized in amphipols after solubilization and purification. As references amphipols, Fos14 and 

DDM were used. For the lipid standard, EPL were either solved in chloroform or in DM. The lipid 

pattern for EPL differs significantely depending on the used solvent. EPL solved in chloroform is 

considered to be more reliable. Here, two distinct spots are identified: a lower spot that represents PG 

and CL, which run at the same height, and another spot that runs above representing PE (Figure 25). 

Interestingly, for Neq198 and Neq531 a different lipid pattern is observed. The spots near the baseline 

correspond to the detergent and/or the amphipol used for purification. The large middle spots 

correspond either to PG/CL or to the detergent as well, since the lipids were solved in DM after 

extration. For the extracted lipids from purifed Neq531 an additional signal is identified. The lipid 

spots could not be assigned unambigiously after staining with iodine vapour. However, 1D TLC 

indicates that purified Neq198 and Neq531 have bound a different set of lipids (Figure 25). 

Also 2D TLC was not successful in identifying the nature of the channel associated lipids. Different 

migration patterns of single lipids compared to those of EPL are even contradictory. For Neq198 and 

Neq531 only the different lipid pattern as observed in 1D is confirmed in 2D as well (Figure 26), so 

far. 2D TLC requires further optimization. 
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Figure 25: 1D thin layer chromatograms. 
Lipid spots were originally stained with iodine vapor, for better visualization the chromatograms were colorized in 
black/white, visible spots are marked; (1) EPL solved in chloroform, (2) 100 µg/µl amphipols, (3) 10 % (w/v) Fos14, (4) 
10 % (w/v) DDM, (5) extracted lipids from Neq198 reconstituted into amphipols, (6) extracted lipids from Neq531 
reconstituted into amphipols, (7) extracted lipids from Neq198 purified in Fos14, (8) extracted lipids from Neq531 purified in 
Fos14. 

 

 
Figure 26: 2D thin layer chromatograms. 
Lipid spots were originally stained with iodine vapor, for better visualization the chromatograms were colorized in 
black/white, visible spots are marked; first and second migration directions are indicated; (A) Neq198 solubilized and 
purified in Fos14, lipids extracted and solved in 1 % (w/v) DM, (B) Neq531 solubilized and purified in Fos14, lipids 
extracted and solved in 1 % (w/v) DM. 
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2 Structural analysis of the MscS-like channels from N. equitans 

2.1 Sequence analysis  

The proteins Neq198 and Neq531 consist of 337 and 323 amino acids, respectively. According to their 

size, they rank between EcMscS (283 aa, 3 TM helices) and YnaI (343 aa, 5 TM helices) from E. coli 

(cf. I1.2.1). Compared to EcMscS, both channels are predicted to exhibit two additional TM helices at 

the N-terminus resulting in a total of five TM helices (Figure 27, Figure 28). Both channels are 

predicted to have β-strands at the C-terminus. For Neq531 an additional helix downstream of the β-

strand is predicted (Figure 28A). For the topology prediction several servers have been used. The 

program TMHMM2.0 predicts the orientation of the channels in the membrane and displays the N best 

prediction at the top of the plot (between 1 and 1.2) (Figure 27B, Figure 28B). The plot is obtained by 

calculating the total probability for a residue to reside inside or outside in the helix, respectively, 

summed over all possible paths through the model. Plot and predictions are sometimes contradictory 

(Figure 28B). Whereas the plot shows probabilities for each residue, the prediction is the over-all most 

probable structure. Therefore, the plot should be considered as a complementary source of 

information. One of the most common mistakes generated by the program is to reverse the direction of 

proteins with one TM segment (Sonnhammer et al., 1998). According to the prediction, Neq531 

exhibits an Nin-Cout topology in contrast to the expected Nout-Cin topology predicted for Neq198. The 

total probability that the N-terminus is located on the cytoplasmic side of the membrane (Nin-Cout) was 

calculated to only 0.19357 for Neq531. This value stands in contrast to the plot of posterior 

probabilities of inside/outside/TM helix (Figure 28B) highlighting that predictions require careful 

interpretation. Servers such as TOPCONS, OCTOPUS and TMPred (II6.2) predicted an Nout-Cin 

topology for Neq531 as well. Therefore, the reverse incorporation of Neq531 in the membrane, i.e Nin-

Cout orientation, can be disregarded. According to the pairwise alignment with Clustal O (1.2.4) 

(Goujon et al., 2010; Sievers et al., 2011), Neq198 and Neq531 share a sequence identity of 28.73 % 

and 23.30 %, respectively, to the homologous EcMscS. The highest sequence identity is found in the 

pore-lining helices TM3 (Figure 29). Moreover, both channels share a sequence identity of 30.43 %.  

Additional sequence alignments (VI1.4) and further protein characteristics with respect to e.g. amino 

acid composition (VI1.1) are shown in the appendix. 
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Figure 27: Prediction of TM helices of Neq198. 
(A) Protein sequence of Neq198, with highlighted structural features; secondary structure depiction: LOOP, HELIX, 
STRAND predicted with PSIPRED v3.3 (Jones, 1999; Buchan et al., 2013); TM helices highlighted in grey, predicted with 
TMHMM2.0 (Krogh et al., 2001); (B) plot of posterior probabilities of inside/outside/TM helix, created with TMHMM2.0. 

 

 

Figure 28: Prediction of TM helices of Neq531. 
(A) Protein sequence of Neq531, with highlighted structural features; secondary structure depiction: LOOP, HELIX, 
STRAND predicted with PSIPRED v3.3 (Jones, 1999; Buchan et al., 2013); TM helices highlighted in grey, predicted with 
TMHMM2.0 (Krogh et al., 2001); (B) plot of posterior probabilities of inside/outside/TM helix, created with TMHMM2.0. 
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Figure 29: Sequence alignment of EcMscS, Neq198 and Neq531. 
Sequence alignment performed with Clustal O (1.2.4); secondary structure elements displayed above sequence blocks refer 
to EcMscS (2oau.pdb); a column is framed in blue if more than 70 % of its residues are similar according to physico-
chemical properties, identical residues are marked red; residues that have been identified to result in GOF (▲) or LOF (▲) 
(Miller et al., 2003) are marked.  
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2.2 Single particle analysis 

For structural analysis by single particle analysis different view orientations are required to construct a 

3D model of the target protein. For the identification of the channel’s envelope seen in different 

orientations, the protein surface of the E. coli MscS (2oau.pdb) is shown in tilted views from side to 

top and bottom view (Figure 30). Distinct structural features from different view angles helped to 

further analyze the individual data sets. 

 

Figure 30: Protein surface of EcMscS in different orientations. 
2oau.pdb, EcMscS shown in different orientations, side views, tilted views and top and bottom view, generated with Chimera 
1.12 (Pettersen et al., 2004). 

2.3 Negative stain single particle analysis 

2.3.1 Neq198 reconstituted into amphipol A8-35 

In amphipol reconstituted Neq198 was negative-stained and the micrographs were recorded on a JEOL 

F2100 transmission electron microscope equipped with a 4k x 4k F416 camera with CMOS 

chip/detector, TVIPS.  

The CTF was estimated using CTFFIND3 (Mindell and Grigorieff, 2003). Micrographs, for which the 

CTF estimation showed astigmatism or the thon rings of the model did not converge, were deleted 

from the data set. For Neq198 in total 38,237 particles were picked from 153 images using the 

autopicking option of RELION-1.4 (Scheres, 2012b). For the autopicking procedure a picking 

threshold of 0.3 and a minimum inter-particle distance of 210 Å were chosen. Here, a picking 

threshold of 0 results in large numbers of selected particles, whereas a picking threshold of 1 leads to 

the selection of only few particles. Before starting with 2D classification, the autopicked and extracted 

particles were visually controlled and the number was reduced to 32,374 particles. About 85 % of all 

autopicked particles served as input for 2D classification. Following the RELION-2.1 workflow 

(Scheres, 2012b) the data set was successively cleaned from corrupted particles during 2D 

classification. The cleaning results in a data set predominantly consisting of side views in 2D class- 

averages (Figure 31). Only few of them represent putative top views or slightly tilted views. The 
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“mushroom-like” head of the particles corresponds to the membrane domain of the channel, while the 

“mushroom-like” foot represents the cytoplasmic domain. Within the cytoplasmic domain, dark black 

areas are identified, indicating compartments where uranyl acetate penetrates the protein. This 

observation, as expected for the cytoplasmic domain, is consistent with the presence of a hollow 

compartment of the channel (cf. Figure 32). 

The membrane part appears blurry due to the non-ordered and varying number of bound amphipol 

molecules. 2D class-averages of negative-stained particles already visualized the approximate 

organization of the channel’s membrane and cytoplasmic domain. Particles of minor quality are 

identified by their irregular shape and are excluded from further processing (Figure 31, red boxes). In 

total 18,900 particles, i.e. only about 49 % of all autopicked particles, served as input for 3D 

classification and were further processed (Figure 33). An initial model was generated de novo from the 

data set using the Stochastic Gradient Descent (SGD) algorithm on a subset of 3,200 particles with 

applied C7 symmetry. The best 2D class-averages, which represented different views of the particles, 

served as input for the initial model. Subsequently, the initial reference map was low-pass filtered to 

40 Å to avoid bias. Here, the generation of a reliable initial model strongly relied on the chosen 2D 

class-averages, the total number of particles, and the particle mask diameter. For 3D classification, C1 

symmetry was applied on the data set. It was found useful to start the classification with a higher 

degree in angular sampling for 10-25 iterations (15 degree angular sampling) followed by successively 

decreasing it (7.5-3.7 degree angular sampling). Various conditions for processing in 3D have been 

tested. The tests included for example different numbers of classes in each run or varying the 

combinations of 3D class-averages selected for the next run. Two consecutive 3D classifications with 

six classes each led to the best achieved result. For each run the best classes were selected after 

 

Figure 31: Representative 2D class-averages in negative stain of Neq198 reconstituted into APol. 
Negative stain micrographs with a pixel size of 2.1 Å, particle mask diameter 300 Å, 2D class-averages ordered from higher 
to lower classes, showing different orientations of particles, predominantly side views, red marked boxes: channels of 
questionable quality. 



  III Results 

 
 75 

evaluating each 3D volume in Chimera, arriving at 9,724 particles for refinement (Figure 33C). 

Moreover, those particles were classified in two classes in 3D again and subjected to 3D refinement 

(Figure 33A and B). In 3D refinement the C7 symmetry was applied that resulted in a final resolution 

(without masking) of 26.25 Å for 3D volume A and 24.71 Å for 3D volume B and C.  

Taken together, an increasing number of particles does not necessarily implicate an increase in 

resolution. This data set is limited to a resolution of 24.71 Å, which represents a decent resolution of 

such a small particle in negative stain. The final 3D volumes do not show high level of details. Fitting 

the model from EcMscS into a final volume confirms the assumed domain organization (Figure 32). 

Only one orientation provides enough space for two additional TM helices and bound amphipol 

molecules. Moreover, the domain organization is supported by the putative cytoplasmic cavity that is 

also observed (Figure 32).  

 

Figure 32: Putative domain organization of Neq198. 
Fitting of the model from EcMscS (2oau.pdb) into the final 3D refinement volume A, surface representation as mesh. Two 
different possible orientations are displayed: (A) incorrect orientation, (B) correct orientation, (C) comparison to YnaI from 
E. coli, surface representations, slice along the central long axis of the side view with fitted EcMscS (2oau.pdb) (left), side 
view (right), green areas highlight the likely position of the detergent micelle, scale bar represents 7.5 nm and highlights the 
length of the membrane part of YnaI, arrow indicates the major contact site in aggregates (modified from Böttcher et al., 
2015). 
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Figure 33: RELION-2.1 workflow overview of Neq198 reconstituted into APol in negative stain. 
During 3D classification C1 symmetry, for refinement C7 symmetry was applied. 3D negative stain volumes were visualized 
with Chimera 1.12 (Pettersen et al., 2004); final 3D refinements are represented as side and bottom views; final resolution 
(without masking): A - 26.25 Å; B - 24.71 Å; C - 24.71 Å. 
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2.3.2 Neq531 reconstituted into amphipol A8-35 

In amphipol reconstituted Neq531 was negative-stained and the micrographs were recorded on a JEOL 

F2100 transmission electron microscope equipped with a 4k x 4k F416 camera with CMOS 

chip/detector, TVIPS.  

From 60 micrographs 27,453 particles were manually picked, extracted, successively cleaned during 

2D classification, and further processed in 3D following the RELION-2.1 workflow (Scheres, 2012b). 

Compared to other negative stain data sets, the Neq531 protein sample displays a much higher level of 

heterogeneity. This is either caused by the channel’s significantly lower stability as it was already 

observed during purification (III1.1), thus the data may represent channels in various oligomeric states 

or aggregates, or an excess of amphipol molecules might be mistaken for channel particles. A relative 

high amount of aggregates is observed. Yet, during 2D classification good class-averages are easily 

identified. Most 2D class-averages represent side views of the channel (Figure 34). Moreover, 

aggregates or channels of different oligomeric state are isolated by 2D classification (Figure 34, red 

boxes) and subsequently excluded from further processing. The cytoplasmic domain and the 

membrane part of the channels are differentiated analogous to Neq198, as “mushroom-like” foot and 

head. Additionally, dark areas that correlate with the negative stain entered into cavities confirm the 

cytoplasmic vestibule. In several 2D class-averages a structural feature at the bottom of the 

cytoplasmic domain is observed (Figure 34, red arrows). This feature may represent the cytoplasmic 

β-barrel that is also found for EcMscS (Figure 30). Moreover, an additional helix downstream of the 

β-strand is predicted for Neq531 (Figure 28A) explaining why this structural feature is more 

pronounced and is not observed for Neq198. The membrane domain of the channel appears blurry, 

which is in line with results obtained from the Neq198-APol data. 
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Figure 34: Representative 2D class-averages of Neq531 reconstituted into APol. 
Negative stain micrographs with a pixel size of 3.7 Å, particle mask diameter 240 Å, 2D class-averages ordered from higher 
to lower classes, showing different orientations of particles, predominantly side views, red arrows: β-barrel of cytoplasmic 
domain; red marked boxes: channels of questionable quality or aggregates. 

Only ~32.5 % of all picked particles served as input for 3D classification (Figure 35). Again, an initial 

model was generated de novo from the data set on a subset of 3,296 particles with applied C7 

symmetry. The initial model was subsequently low-pass filtered to 40 Å. The reliability of the initial 

model was dependent on the selected 2D class-averages, the total number of particles, and especially 

the particle mask diameter also in this case. A mask diameter of 240 Å was used to avoid a too small 

mask. 

The Neq531-APol data was processed similar to the Neq198-APol data. For 3D classification C1 

symmetry was applied and the number of particles was further reduced by one run of 3D classification 

with four classes followed by a second run with only two classes. For the second 3D classification the 

best classes that also exhibited the structural feature at the bottom of the cytoplasmic domain (β-

barrel) were selected after evaluating the densities in Chimera, arriving at 7,155 particles. These 

particles were processed in two classes, serving as input for 3D refinement. In 3D refinement the C7 

symmetry was applied that resulted in a final resolution (without masking) of 21.53 Å for density C 

and D (Figure 35). In a second approach, only one 3D classification with two classes was performed. 

Each class served as input for 3D refinement and resulted in a final resolution (without masking) of 

22.55 Å for volume A and 21.53 Å for volume B (Figure 35). This data is limited to a resolution of 

21.53 Å highlighting that the resolution limit in negative stain of 20 Å (Ohi et al., 2004; Cheng et al., 

2015) is already achieved with only few particles.  
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Figure 35: RELION-2.1 workflow overview of Neq531 reconstituted into APol in negative stain. 
During 3D classification C1 symmetry, for refinement C7 symmetry was applied. 3D negative stain volumes were 
visualized with Chimera 1.12 (Pettersen et al., 2004); final 3D refinements are represented as side and top views; final 
resolution (without masking): A - 22.55 Å; B, C and D - 21.53 Å. 
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The membrane part and therefore the amphipol bound part as well as the cytoplasmic domain are 

easily identified. The 3D volumes A and B suggest the location of single helices in the membrane 

domain as well as in the cytoplasmic domain. Moreover, distinctive structural extensions at the bottom 

of the cytoplasmic domain indicate the presence of the β-barrel. However, the β-barrel is better 

resolved in density A and D (Figure 35). Furthermore, the question arises whether two different 

conformations of the channel are isolated since the volumes A/D or B/C (Figure 35) differ 

significantly with respect to their overall dimensions and the shape of the β-barrel (Figure 36A). The 

3D volumes reveal cavities in the transmembrane as well as in the cytoplasmic domain (Figure 36). 

 

Figure 36: Surface representation of Neq531 reconstituted into APol. 
3D refinement of volume A visualized in different orientations, surface representation: (A) top view, (B) side view, (C) 
bottom view, (D) slice along the central long axis through the side view, capped surface is visualized in blue; red arrow 
indicates the distinctive β-barrel at the C-terminal cytoplasmic domain; the transmembrane region is enclosed by dashed 
lines; volumes were visualized in Chimera 1.12 (Pettersen et al., 2004). 

The comparison of the Neq198-APol data set with the Neq531-APol data set, reveals an intriguing 

detail, at the position of the putative β-barrel, already observed in 2D classification: assuming that it 

represents a structural feature, it is much more pronounced in Neq531 than in Neq198. The 

heterogeneity of the protein sample as already noticed during purification is also observed in single 

particle analysis. However, the degree of heterogeneity can be handled and controlled in 2D 

classification and further processing. 

2.3.3 Neq198 reconstituted into nanodiscs 

Neq198 reconstituted into nanodiscs was negative-stained and the micrographs were recorded on a 

JEOL F2100 transmission electron microscope equipped with a 4k x 4k F416 camera with CMOS 

chip/detector, TVIPS.  

In total 8,923 particles were manually picked from 37 micrographs, extracted, successively cleaned 

during 2D classification, and further processed in 3D following the RELION-2.1 workflow (Scheres, 
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2012b). Particles of different orientations are classified in 2D. The 2D class-averages represent 

predominantly tilted views and only few side views. A distinct top or bottom view is difficult to 

identify (Figure 37). Again, the “mushroom-like” head of the particles corresponds to the membrane 

domain of the channel, while the “mushroom-like” foot represents the cytoplasmic domain. Moreover, 

dark areas containing the negative stain identify a hollow part of the channel similar to the previously 

described results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In contrast to the amphipol samples, the cytoplasmic domain already provides relatively detailed 

information; even single subunits in the cytoplasmic domain are identified (Figure 37, close-up). 

However, the membrane part enclosed by the nanodiscs appears comparatively blurry.  

Approximately 10 % of the manually picked particles are represented by empty nanodiscs or 

nanodiscs with incorporated channels that exhibited top or bottom views (Figure 37, red dashed 

boxes). Since these two categories are not distinguishable, those classes are handled as empty 

nanodiscs. Another roughly 10 % is identified as nanodiscs with incorporated channels of minor 

quality either not properly folded or missing one or more promoters (Figure 37, red boxes). Here, the 

membrane part looks irregular compared to other 2D class-averages. Those particles are excluded 

from further processing.  

Figure 37: Representative 2D class-averages of Neq198 
reconstituted into nanodiscs in negative stain. 
Negative stain micrographs with a pixel size of 3.7 Å, particle 
mask diameter 380 Å, 2D class-averages ordered from higher to 
lower classes, red marked 2D class-averages representing empty 
nanodiscs or nanodiscs with channels of questionable quality, 
red arrows mark structural features of interest; close-up of 
representative 2D class-average illustrates the heptameric 
organization of the channel: red circles indicate seven single 
subunits that are visible in the cytoplasmic domain. 
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Figure 38: RELION-2.1 workflow overview of Neq198 reconstituted into nanodiscs in negative stain. 
During 3D classification C1 symmetry, for refinement C7 symmetry was applied. 3D negative stain volumes were 
visualized with Chimera 1.12 (Pettersen et al., 2004); final 3D refinements are represented as side and top views; final 
resolution (without masking): A + B - 23.68 Å; C - 24.93 Å. 
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In total, about 42 % of all particles, representing the best 2D class-averages, were used for 3D 

classification and further processing (Figure 38). The particles were classified twice with four classes 

in 3D, which was followed by another 3D classification with only two classes. The final refined 3D 

volumes originate only from approximately 12-17 % of the total number of particles. Compared to 

both amphipol data sets (III2.3.1 and III2.3.2), the nanodiscs data provides structural features of the 

membrane domain. The increase of the nanodisc size appears to be beneficial. 

 

Figure 39: Surface representation of Neq198 reconstituted into nanodiscs. 
3D refinement volume B (grey) and C (yellow) shown in different orientations, surface representation: (A) top view, (B) 
side view and (C) bottom view, (D) perpendicular cross-section through reconstructed 3D density; red boxes indicate 
representative densities that possibly originated from the nanodisc; dashed box identifies the cytoplasmic domain cavity, 
arrows indicate the β-barrel; the transmembrane region is enclosed by dashed lines; volumes were visualized in Chimera 
1.12 (Pettersen et al., 2004). 

The refined 3D volume B and C with only approximately 1,000 particles and 1,400 particles 

respectively, provide basic insights into the transmembrane domain (Figure 39). Here, the volumes 

likely indicate the approximate arrangement and localization of single transmembrane helices. The 

refined 3D volume C (Figure 39, yellow) shows structural extensions in the transmembrane domain 

(Figure 39, red boxes), which may be also attributed to the nanodiscs themselves. The expected cavity 

of the cytoplasmic domain is visualized. However, for the β-barrel only a broad and featureless 

density appears at the bottom of the cytoplasmic domain (Figure 39, red arrows). This stands in 

contrast to the well-defined C-terminal structural element seen for the Neq531-APol data (Figure 36, 

III2.3.2). With final resolutions of ~23-25 Å (without masking), the resolution limit is almost 

achieved, although with only very few particles (~1,000-1,500) contributing to the final 3D volumes. 
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2.4 Single particle analysis of a cryo-EM data set 

In nanodiscs reconstituted Neq198 was plunge-frozen in liquid ethane using a Leica EM Grid Plunger. 

Cryo-EM micrographs were recorded on a FEI Tecnai F30 Polara transmission electron microscope 

operated at 300 kV and equipped with a Gatan K2 summit direct electron detector.  

A number of data sets were collected differing in grid preparation with respect to protein concentration 

and blotting time. For the two main data sets, grids were blotted for 1.2 s, 1.5 s, 1.7 s, 1.9 s, and 2.2 s 

as well as for 2.5 s, 3.0 s, 3.5 s, 4.0 s, and 4.5 s. By this, a reasonable screening was possible. The 

experimental set-up of these data sets (“Feb2017” and “Jun2017”) is stated in the appendix (VI2). 

Electron beam-induced sample motion in cryo-EM images was corrected with MotionCor2 (Zheng et 

al., 2017). If sample motion was not satisfactorily corrected, micrographs were excluded from the data 

set. The CTF was estimated using CTFFIND3 (Mindell and Grigorieff, 2003) or CTFFIND4 (Rohou 

and Grigorieff, 2015). Micrographs, for which the CTF estimation showed astigmatism or the thon 

rings of the model did not converge, were removed from the data set. Moreover, micrographs that 

were contaminated with crystalline or hexagonal ice were also excluded. 

In the first large data set (data set “Feb2017”), micrographs were recorded from grids that have been 

blotted for 1.2s, 1.5s, 1.7s, 1.9s, and 2.2s. The micrographs exhibit low contrast and the particles are 

hardly identified (low signal to noise ratio, SNR) (Figure 40A and B). To obtain micrographs with 

higher contrast (high SNR) and to increase the number of side views, micrographs were recorded from 

grids that have been blotted for 3.5 s or 4.0 s in a second data set (data set “Jun2017”). Moreover, the 

total electron dose was increased to 70 e-/Å2 over 50 frames. Compared to the first large data set, here 

the signal-noise contrast is higher and particles can easily be identified (Figure 40C and D). 

For the data set “Feb2017” 122,464 particles were picked from 229 micrographs using the autopicking 

option in RELION-1.4 (Scheres, 2012b). The picking threshold was set to 0.3 (0 = pick everything to 

1 = pick very few particles) and the minimum inter-particle distance was optimized to 120 Å. After 

control and revision of all autopicked particles, only 96,521 particles were finally extracted. The 

particle number was further reduced to 73,286 and served as input for 2D classification. In 2D 

classification the particles collapse into only few classes and do not exploit the total given number of 

classes (Figure 41A). Collapsed classes are featureless and occurr continuously upon processing 

although the number of particles was constantly decreasing. The collapsed classes contain all 

variations of particles that are not properly aligned (Figure 41A and B). 



  III Results 

 
 85 

 

Figure 40: Cryo-EM micrographs of Neq198 reconstituted into nanodiscs. 
Data were recorded on a FEI Tecnai F30 Polara (300 kV), K2 summit, 31,000x, 1.273 Å/px; (A) representative micrograph 
section from data set “Feb2017”: blotting time 1.2 s, 40 frames with a total electron dose of 33.59 e-/Å2; (B) motion-corrected 
sums (MotionCor2, Zheng et al., 2017) with dose-weighting were used for CTF correction using CTFFIND3 (Mindell and 
Grigorieff, 2003), CTF estimation 2D power spectrum of (A); (C) representative micrograph section from data set 
“Jun2017”: blotting time 4 s, 50 frames with a total electron dose of 70.89 e-/Å2; (D) motion-corrected sums (MotionCor2, 
Zheng et al., 2017) with dose-weighting were used for CTF correction using CTFFIND3 (Mindell and Grigorieff, 2003), CTF 
estimation 2D power spectrum of (C); white triangles mark putative ice and ethane contaminations; red circles highlight 
single particles in each micrograph. 

By successive 2D classifications, other 2D class-averages with potential top views are identified 

(Figure 41B). Those 2D class-averages already provide first insights in secondary structure features. 

Though, no acceptable side views are detected. Besides collapsed classes, several classes that 



III Results 

 86 

represent potential top views of the channel show stalks, a well-known phenomen arising from over-

fitting. 

 

Figure 41: Comparison of different data sets during 2D classification in RELION-2.1. 
Representative 2D class-averages of the first 2D classification run of different data sets, showing the first ten classes, ordered 
from larger (containing more particles) to smaller (containing less particles) classes, particle mask diameter 240 Å, classes 
that collapsed are boxed in red; (A) data set „Feb2017“, input: 73,286 particles, 200 classes, 12 degree angular sampling, 25 
iterations, almost all classes are collapsed; (B) data set „Jun2017“, input: 169,657 particles, 200 classes, 12 degree angular 
sampling, 25 iterations, only few classes are collapsed, potential side views can be identified (class 3, 6, 8); (C) data set 
„Jun2017“, input: 169,657 particles, 200 classes, 12 degree angular sampling, 25 iterations, ignoring CTF until first peak 
(CTF tab), using subsets for initial updates (optimization tab), no classes collapsed, classes with neighboring particles 
dominated the first 10 classes. 

These observations lead to the conclusion that the channel does not adopt random orientation but 

prefered orientation to top views, which is directly influenced by the thickness of the vitreous ice. In 

order to reduce the ice thickness, the grids were blotted longer to generate the second main data set. 

For the data set “Jun2017” 169,657 particles were manually picked from 524 micrographs, extracted 

and further processed in RELION-2.1 (Scheres, 2012b). Since the grids are contaminated with ice and 

probably ethane (Figure 40, cf. Thompson et al., 2016), auto-picking did not succeed. Based on the 

experience gained by processing the first data set, particles were manually picked. 2D class collapses 

was less severe (Figure 41B). Numerous classes are identified that already show a high degree of 

details and potential side and top views in different orientations. 

By variation of different parameters that are provided during the RELION-2.1 workflow, the output of 

2D and 3D classification was optimized. 2D classification is significantly improved when the CTF is 

ignored until the first peak (CTF tab) and subsets are used (optimization tab). To prevent overfitting, 

the option “Limit resolution E-step” is set to 12 Å, optionally. The particle mask diameter is adjusted 

to 240 Å. During 2D classification the 169,657 manually picked particles were reduced to 42,758 

particles. Finally, only ~25 % of the originally picked particles served as input for 3D classification. 

The particles were successfully cleaned from “defective” particles: neighboring particles that 
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interfered with alignment, empty nanodiscs, and putative top views that exhibited lower oligomers 

were excluded (Figure 42). 

 

Figure 42: Representative 2D class-averages showing “defective” 
particles. 
2D class-averages show different types of particles that were subsequently excluded 
from the data set: (A) particles with neighboring particles, (B) particles of different 
oligomeric state of the channel, red heptagon indicates the heptameric fold of Neq198 
(C) potential empty nanodiscs. 

An initial de novo model was generated from the data set with 2,772 particles of the best 2D class-

averages of side and tilted views of the particles. For the generation of the initial model, C7 symmetry 

was applied, because the C1 model did not provide satisfying feature degree. To prevent that the data 

was biased the initial model was always low pass filtered to 60 Å. For the following 3D classifications 

no symmetry operators were used, whereas for 3D refinements the C7 symmetry was applied. 2D 

class-averages that served as input for 3D classification comprise to high proportions of the putative 

top views (Figure 43). These putative top views provide already detailed secondary structure elements. 

Tilted and side views show details, which allow the membrane domain of the channel and the 

cytoplasmic domain to be clearly identified. The membrane domain appears blurry. Moreover, some 

side view 2D class-averages contain particles that probably miss single subunits (last class, Figure 43). 

In contrast, the cytoplasmic domain provides more detail. The large cavity inside the cytoplasmic 

domain and the β-barrel are easily identified (Figure 43). In a first attempt 42,748 particles were 

subjected to a first 3D classification with 10 classes. After evaluation of each resulting 3D volume in 

Chimera, the best 3D classes (class 2, 3, 5, 9) were merged resulting in 11,305 particles. These 

particles were subjected to another 2D classification with 50 classes. This step helps to identify classes 

that induce poor 3D volumes. Particularly 2D class-averages of putative top views are excluded from 
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the data set in this first 3D classification (Figure 43, boxed 2D class-averages). Those top view 2D 

class-averages result in spherical 3D volumes suggesting that only parts of the channel are 

represented. The 3D classification reduced the initial 42,758 particles to 11,305 particles indicating 

that the putative top views contributed by ~74 % (Figure 43). 

 

Figure 43: Representative 2D class-averages. 
Representative 2D class-averages ordered from higher (containing more particles) to lower (containing less particles) classes 
that served as input for 3D classification; upper line shows classes of putative top views of the particles, lower lines show 
side views or tilted views of the particles; red arrows indicate the β-barrel of the cytoplasmic domain, white arrow indicates 
putative membrane pore in membrane domain; classes that do not contribute to the final cryo-EM density and are excluded 
from the data set during 3D classification are highlighted by a red dashed line. 

Only the best 2D classes were selected from the following 2D classification resulting in 10,852 

particles. Subsequentely, the particles were classified in 6 classes in 3D. After evaluation of each 3D 

volume, the classes 1, 2, 3, 5 and 6 were merged resulting in 10,252 particles and subjected to another 

2D classification with 25 classes. Again, the best 2D class-averages were selected for further 

processing. 9,767 particles served as input for a 3D refinement with a single class resulting in a 

reliable 3D volume. Processing was repeated in order to prevent anisotropy. 2D class-averages show 

that putative top views are highly over-represented in the data. Moreover, the cytoplasmic domain and 

the membrane domain in side or tilted views exhibit different SNR. The focus is set on the 

cytoplasmic domain. Therefore, it is beneficial if all classes contribute equally to the final volume. 

This minimizes the over-interpretation of the channel feature. Therefore, 2D class-averages were 

limited by setting an upper limit of contributing particles of each class. Here, the number of particles 

of the smallest class selected determines the maximum number of particles for each class. The refined 
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3D volume that was generated previously served as reference model and was low-pass filtered to 

60 Å. The data were re-processed in different ways: 

(A) 43 2D class-averages of the final 2D classification were selected for further processing. Those 2D 

class-averages were limited to 160 particles per class resulting in 6,880 particles, which served as 

input for the 3D classification with two classes. Both 3D classes were further processed in 3D 

refinement, but only 3D class 2 with 3,935 particles resulted in a reliable 3D volume (Figure 44A). (B) 

Only the best 2D class-averages of the final 2D classification were further processed. 36 2D class-

averages were limited to 264 particles per class resulting in 9,375 particles. Processing these particles 

as a single class in 3D classification and refinement generated a corrupt 3D volume. Therefore, the 

particles were processed in 3D classification with two classes and each served as input for 3D 

refinement. Only 3D class 2 comprising 4,920 particles resulted in a resonable 3D volume (Figure 

44B). (C) The final 2D classification was followed by a 3D classification with 10 classes. After 

evaluating each 3D volume, the best 3D volumes were merged and subjected to another 2D 

classification with 50 classes (as mentioned before). Subsequently, 17 2D class-averages were selected 

and limited to 255 particles per class resulting in 4,335 particles. The 3D classification was repeated 

with these particles. The 3D classification and refinement with a single class resulted in a reliable 3D 

volume (Figure 44C). (D) Following a 3D classification with two classes (cf. C), only 3D class 1 with 

2,945 particles resulted in a reliable 3D volume in refinement (Figure 44D). (E) The first 3D 

classification with 10 classes and subsequent 2D classification was followed by 3D classification with 

six classes and subsequent 2D classification with 25 classes (as mentioned before). 13 2D class-

averages were selected and limited to 262 particles per class resulting in 3,406 particles. These 

particles were processed with a single class in 3D classification and refinement resulting in a reliable 

3D volume. The 3D classification with two classes led to corrupted 3D volumes (Figure 44E). If the 

angular accuracy was less than 10 degree in 3D refinement, the particles were not aligned and resulted 

in corrupted 3D volumes. This was observed either when too few particles served as input for 3D 

refinement or when putative top views contributed a portion of input particles. After 3D refinement, 

particles that contributed to a refined 3D volume were re-classified in 2D. This step allowed for the 

final volumes to be additionally compared and evaluated. The 3D volumes basically look the same. 

The changes of the cytoplasmic domain are marginable for each volume but slight differences for the 

transmembrane domain are identified. Since the 3D volume B with 4,920 particles containes the 

highest number of particles and additionally the best 2D class-averages, this 3D volume is favored for 

further analysis.  
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Figure 44: Representative final 3D volumes. 
Comparison of final 3D volumes with respect to the number of particles and 2D class-averages that contributed to the final 
volume and the overall shape. 3D volumes were visualized with Chimera 1.12 (Pettersen et al., 2004), showing side view 
(left), perpendicular cut through the side view (middle) and top (right top panel) and bottom (right lower panel) view. 2D 
class-averages are ordered from higher (containing more particles) to lower (containing less particles) classes. 

In summary, the cryo-EM data set of Neq198 comprised several challenges, which had to be overcome 

during processing:  

(1) Particle picking: The grids were contaminated with ice and/or ethane. Due to these contaminations 

the parameters for autopicking are difficult to define. The revision of FOM (figure of merit) maps 

highlights that on one hand the contaminations as well as the carbon film are likely to be picked due to 

their high SNR. On the other hand, clearly separated and distinct particles are not picked. Revision of 

all autopicked particles in addition with re-picking is evaluated to be more time comsuming than 

manual picking. Manual picking provides more high quality particles.  

(2) Mask diameter: A suitable mask diameter is difficult to define, since the particle’s dimensions 

must be considered. The particle mask diameter should be as small as possible to minimize the noise 

around the particle but as large as necessary in order to no real signal to be cut off. The overall length 

of the particle (side view) is at least twice as large as the diameter of the particle (top view). Therefore, 

a mask diameter of 240 Å is choosen. Smaller particle mask diameters result in signal loss for the 

membrane domain of the particles with side or tilted views.  

(3) Neighboring particles: Upon processing various degrees of neighboring particles cause problems 

since they are difficult to separate (Figure 42A). Moreover, the background signal is strongly 

impaired. If convergence is not slowed down in 2D classification, neighboring particles are aligned 

and partially misinterpreted as putative channel side views. In that case, they still appear in 3D 

classification and therefore complicate the cleaning procedure of the data set. 
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(4) Heterogeneity/polydispersity: The data contains a certain degree of heterogeneity. During 2D 

classification empty nanodiscs and particles missing one or two subunits can easily be identified 

(Figure 42B and C). Moreover, 3D classification emphasizes that putative top views result in spherical 

3D volumes. Therefore, those 2D class-averages describe damaged channels, which exhibit only one 

domain, either membrane or cytoplasmic, of the channels.  

(5) Empty nanodiscs: A relatively small percentage of empty nanodiscs is identified. In 2D 

classification three distinct classes with 1,560 particles are separated, corresponding to ~1 % of the 

total manually picked particles. They are successfully excluded from the data set during 2D 

classification (Figure 42C). The absolute percentage of empty nanodiscs is difficult to estimate but it 

might be in the order of 1-10 %. 

(6) Preferred orientation and dominating types of particles: The picked particles exhibit a preferred 

orientation. Most particles represent putative top views of the channel, only few represent tilted views 

or side views. 2D and 3D classification highlight that only 10-20 % of all picked particles are side 

views and tilted views (Figure 43).  

(7) Low SNR of the particle’s membrane domain: The particles exhibit different signal intensities. 

Whereas the cytoplasmic domain displays a high SNR, the transmembrane domain exhibits a low 

SNR. Therefore the particles are centered on the basis of the high SNR of the cytoplasmic domain 

instead of the center of channel (Figure 43). This in turn influences the choice of the mask diameter 

and the degree of background noise. 

In total, only 1.7-2.9 % of all manually picked particles (169,657 particles) contribute to final 3D 

volumes (Figure 44). 

2.5 Neq198: Fitting of atomic coordinates into cryo-EM density 

The atomic coordinates of Neq198 were fitted into the finite cryo-EM density (Volume B, Figure 44) 

in collaboration with Dr. M. Gregor Madej (Institute of Biophysics and Physical Biochemistry, 

Univesity of Regensburg). For this purpose a homology model based on the crystal structure of the 

MscS from E. coli (2oau.pdb, Bass et al., 2002) was generated and served as an initial model for 

fitting. This model missed the two additional helices that are predicted for Neq198. Those helices were 

modelled independently using ROSETTA (https://www.rosettacommons.org) and fitted manually into 

the cryo-EM density. By combining the two approaches a final model for Neq198 was generated.  

The 3D volume of vitrified Neq198 shows distinct densities above the membrane domain that are not 

covered by the EcMscS homology model (Figure 45A). Although during processing no masking was 
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applied, the finite map of Neq198 is free of excessive background noise. This indicates that densities 

that are seen represent structural features of the vitrified protein. In general, the helices of the 

membrane domain are not resolved to high resolution in the cryo-EM density, which makes it difficult 

to allocate single helices. There is not enough density to assume that the helices are similarly stagged 

and tilted as in EcMscS. The density on top of the membrane domain more likely indicates the 

additional helices to be located there. This channel organization, representing the final model for 

Neq198, accounts for almost all of the observed cryo-EM density (Figure 45A, B, C and D).  

Although the periplasmic densities do not provide detailed information, the approximate localization 

of the additional helices is recognized. However, there is not enough density to fit two continuous 

helices. The helices build a cap-like structure on top of the transmembrane domain reaching into the 

periplasm (Figure 45A and B, slice 1). The nanodisc cannot be explicitly assigned. In proximity to the 

transmembrane domain additional density is available, which is not accounted by the model of 

Neq198 (Figure 45A and B, slice 2). This space is more likely to be filled with lipids and surrounded 

by the membrane scaffold protein of the nanodisc. This leads to the hypothesis that the MSP tightly 

encircels the channel and thus can not be clearly identified in the cryo-EM density. The approximate 

localization of the nanodisc can be compared with the channel embedded into a model bilayer (Figure 

45E). The helices TM1, TM2 and TM3a are tightly packed, which results in a large pore through the 

channel also observed for EcMscS (Figure 45B, slice 2). The location of the TM3b helix, which is 

located proximal to the cytoplasmic membrane surface is confirmed. The kink in helix TM3 marks the 

membrane boundary (Figure 45B, slice 3). Particularly, the cytoplasmic domain fits very well. The 

pore through the β-barrel is clearly identified (Figure 45B, slice 4). Back projections (Figure 45F and 

G) evaluate the model and the final cryo-EM density of Neq198, respectively. They can be compared 

to 2D class-averages (Figure 43). The back projections confirm the heptameric fold of the channel that 

is already observed in 2D classification. Thus, the applied C7 symmetry in 3D refinement does not 

introduce artefacts. 
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Figure 45: Surface representation of cryo-EM density with fitted atomic model of Neq198. 
(A) Side view of the channel, ribbon diagram of Neq198 is fitted into EM density of vitrified Neq198, surface representation 
as mesh, (B) slices through the channel, approximate positions of the slices are indicated in (A), TM = transmembrane helix, 
(C) top view of the channel, (D) bottom view of the channel, (E) side view of the channel embedded in a model membrane, 
TMD = transmembrane domain, (F) back projection of the Neq198 model in Chimera 1.12 (Pettersen et al., 2004), (G) 
representative back projections of the final refined 3D volume of vitrified Neq198 using the relion_project command in 
RELION-2.1 (Scheres, 2012b) with random orientation. 

The ion permeation pathway through the channel was analyzed using the HOLE script (Smart et al., 

1996) (Figure 46). Compared to the closed and open conformation of the EcMscS, the channel 

Neq198 from N. equitans more likely adopts an open conformation. In E. coli the ion pathway is 
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constricted to ~2.4 Å in the membrane domain in the closed conformation (2oau.pdb; Bass et al., 

2002), in contrast to ~6 Å in the open conformation (2vv5.pdb; Wang et al., 2008). The ion pathway 

in Neq198 is only constricted to ~6.8 Å (Figure 46B), resulting in a membrane pore that is even larger 

than that of an open EcMscS. A second constriction site is created by the C-terminal β-barrel and 

ranges from ~1.75 Å to ~2.19 Å in closed and open conformation in EcMscS, respectively (Bass et al., 

2002; Wang et al., 2008). Regardless of the conformation, the cytoplasmic domain for EcMscS 

remains essentially unchanged (Figure 46B). Unlike in EcMscS, for Neq198 a constriction to only 

~6 Å for the β-barrel is predicted (Figure 46B). Lateral portals are not assessed in the analysis by 

HOLE. The overall dimension of Neq198 parallel to the sevenfold axis can be assigned to ~160 Å 

(Figure 46B). 

 

Figure 46: Profile of ion permeation pathway. 
(A) Ribbon diagram of Neq198 superposed on probe spheres (blue) outlining the ion permeation pathway, the channel is 
shown normal to the sevenfold axis, pore profile generated by the HOLE script (Smart et al., 1996); (B) comparison of the 
pore radii along the pore axis for Neq198 (red) with the crystal structures of EcMscS in closed (green) conformation 
(2oau.pdb; Bass et al., 2002) and open (blue) conformation (2vv5.pdb; Wang et al., 2008). 
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3 Functional analysis of Neq198 and Neq531 

3.1 Hypoosmotic down-shock assay 

To evaluate whether the purified mechanosensitive channels exhibit functionality, a hypoosmotic 

down-shock assay was performed. These experiments were carried out in cells lacking endogenous 

MscL as well as MscS. The mscS gene alone has shown to rescue bacteria from hypoosmotic down-

shock (Levina et al., 1999). The MJF465 E. coli cells (MscL-, MscS-, MscK-) containing the MscL 

gene (positive control), the Neq198 gene and no gene (negative control), were grown under 

hyperosmotic conditions for 9-10 h. After induction the cells were transferred to hypoosmotic media 

(shock). Roughly 97 % of the cells containing the mscL gene survive the hypoosmotic shock, whereas 

less than 2 % of the MJF465 cells lacking the mscL, mscS and mscK genes survive (Figure 47). 

Approximately 8 % of cells expressing the MscS-like channel Neq198 from N. equitans survive the 

hypoosmotic down-shock. The efficiency of MscS-like channel of N. equitans in E. coli is about 12-

fold lower compared to the MscL from E. coli.  

 

Figure 47: Hypoosmotic down-shock assay of 
Neq198 in MJF465 E. coli cells.  
The survival rate (ndown/ncontrol) was calculated by 
counting the number of colony forming units (cfu) of 
cells that experienced the osmotic down-shock (ndown) 
compared to those that did not experience the down-
shock (ncontrol); MscL represented the positive control, 
the MJF465 cells without any plasmid represented the 
negative control; n = number of mean values ± 
standard deviation. 

  
Taken together, Neq198 rescues cells from hypoosmotic down-shock to some significant degree. 

Although not yet tested for both MscS-like channels from N. equitans, the results for Neq198 already 

indicate that the channel is functional.  
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3.2 Patch clamp analysis 

For the patch clamp analysis the DDM-solubilized and -purified protein (Neq198 and Neq531) was 

reconstituted into liposomes. Protein solubilized with and purified in Fos14 was also tested and it 

exhibits channel activity. Since negative effects of Fos14 on the channel activity can not be excluded, 

protein in DDM is prefered. Optionally, the N-terminal histidine tag was cleaved off with thrombin 

during purification to test wether the tag has an effect on channel activity. Neq198 was reconstituted 

without histidine tag. In contrast, Neq531 was reconstituted with and without histidine tag. In a 

standard procedure (Delcour et al., 1989; Häse et al., 1995) azolectin was used for reconstitution. 

Azolectin is a crude mixture of phospholipids and neutral lipids that comprises to ~25 % of 

phosphatidylcholine (Letters, 1964). In addition, various lipids in different combinations were tested 

like PC, PC-20, PE, PG. Moreover, cholesterol was optionally added. The channels were reconstituted 

in protein-lipid ratios ranging from 1:200-1:1000 (Table III.1).  

In summary, a protein concentration of 1:1000 is favored for both channels. A negative effect of the 

histidine tag on channel activity is not confirmed - channels with and without histidine tag show 

spontaneous channel activity. During patch clamping both channels are constitutively active, i.e. 

spontaneous opening and closing events are observed, although no pressure is applied. Constitutive 

channel activity is observed for Neq198 reconstituted into azolectin liposomes and azolectin:PC20 

(50:50) liposomes. Opening and closing events are observed with Neq531 reconstituted into azolectin 

and azolectin:cholesteol (80:20) liposomes. Moreover, Neq531 shows channel activity in the lipid 

composition of PE:PC20 (70:30) (Table III.1). For other lipid compositions either blisters (unilamellar 

liposomes budding from multilamellar proteoliposomes) are not formed, a seal is not established or no 

channel activity is observed at all. These observation need carefull interpretation. The lipid 

composition directly influences the formation of blisters. In case that the blisters are not formed either 

the lipid composititon hampers the formation of the blisters (e.g. PE:PC:cholesterol) or the incubation 

time in the bath solution is not sufficient for the blisters to be formed. Incubation time differs 

significantely from few (100% Azolectin) to more than 90 minutes (100 % PC20). No channel activity 

is contributed to the fact that in these cases the blister formation might be influenced negatively or a 

tight seal can not be established. The question is whether under these conditions enough channels are 

reconstituted and subsequentely can be detected in patch clamping. The lipid composition influences 

the seals to be established. In particular, blisters consisting of pure PC20 or a percentage of cholesterol 

are more difficult to patch. In general, the seals are weak due to the constitutive activity of the 

channels. Strong seals are obtained when constitutive channel activity is (mostly) missing.  
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Table III.1: Liposome preparations 
Protein  Protein-lipid ratio Lipid composition  Observations 

Neq198  
w/o his-tag 

1:1000 
1:500 Azolectin 

 Many blisters  
Channel activity 

1:1000 
1:500 

50:50  
Azolectin:PC20 

 
 

Blisters,  
Channel activity 
Block with gadolinium (slow) 

1:1000 80:20  
Azolectin:Cholesterol 

 Blisters 
No channel activity 

1:1000 50:30:20  
Azolectin:PC20:Cholesterol 

 Many blisters  
No channel activity 

Neq531  
w/ his-tag 

1:1000 
1:200 Azolectin 

 Many blisters 
Channel activity 

1:1000 
1:200 

80:20  
Azolectin:Cholesterol 

 Few blisters  
Channel activity (rarely) 

1:1000 
1:200 

60:20:20  
PE:PC:Cholesterol 

 
No blisters 

1:200 
1:50 

70:20:10 
PE:PC:PG  

 Few blisters 
No channel activity 

1:50 85:15  
Azolectin:Cholesterol 

 Blisters 
No channel activity 

Neq531  
w/o his-tag 

1:1000 
1:500 PC20 

 Blisters 
No channel activity 

1:1000 
1:500 

70:30  
PE:PC20 

 Blisters 
Channel activity 
Block with gadolinium (fast) 

 

As several parameters such as the lipid composition of the liposomes were modified, the constitutive 

activity should be hampered and the channels should be forced into a closed conformation. Only 

closed channels that can be activated by applying pressure guarantee a correct characterization with 

respect to mechanosensitivity, conductance, activation threshold, and selectivity. The tested lipid 

compositions do not prevent the constitutive channel activity. Therefore, the channels were 

additionally treated with gadolinium - a known and widely used blocker for mechanosensitive 

channels (Ermakov et al., 2010). Gadolinium (Gd3+) is known to block mechanosensitive channels by 

reducing their capability to sense mechanical stimuli (Oliet and Bourque, 1996). The mechanisms 

itself is not fully understood. It is assumed that Gd3+ intercalates into lipid membranes and therefore 

alters the packing and lateral pressure of anionic lipids (Ermakov et al., 2010). Ermakov et al., 2010 

demonstrated that Gd3+ effectively blocked the MscL from E. coli only when the channel was 

reconstituted into liposomes composed of negatively charged lipids. It was concluded that Gd3+ binds 
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with high affinity to anionic lipids in such a way that the lateral pressure is increased as tens of mN/m. 

As a consequence, the channel is compressed and forced into a closed conformation. High 

concentrations of gadolinium (500 mM) resulted in blocking of both channels. However, the channels 

could not be reactivated. Hence, gandolinium was titrated in order to find the optimal concentration 

that blocks the channel but allows a reactivation by pressure application and therefore indicates 

mechanosensitivity. Re-hydrated liposomes were incubated in bath solution to allow unilamellar 

blisters to be formed. These blisters were used to establish a giga-Ω-seal between micropipette and 

membrane. Here, an inside-out-patch was already obtained by just contacting the membrane with the 

pipette. After a seal was established, gadolinium was added step-wise with increasing concentrations 

directly into the bath solution. Pipetting directly into the bath solution disturbed the system and 

frequently resulted in a loss of the seal. Therefore a genuine titration was not achieved. It was 

concluded that the lipid environment was not favorable for both MscS-like channels from N. equitans 

in patch clamp experiments. 

Carefull analysis of the data obtained with azolectin liposomes indicates that both channels are 

constitutively active. If channel activity is observed, it occurs spontaneously while the channels mostly 

adopt an open conformation with only rare closing events. Moreover, both channels exhibit a degree 

of voltage dependence. For Neq198 more opening and closing events at applied negative voltages are 

observed. Yet, at applied positive voltages numerous gating events occurr. In general long opening 

and closing events are noticed. Moreover, the channel probably shows modest inactivating behaviour 

(Figure 48). In contrast, Neq531 preferably shows gating events at applied positive voltages. At 

applied negative voltages only very few events are noticed. Gating events for Neq531 or closing of the 

channel occurr rarely. Here, more likely a partial closing to sub-conducting states is observed 

frequently at higher voltages (Figure 49). In general it is problematic to identify full closing and 

opening events for both channels. Probably, openings to 2/3 conductance are abundant as it was 

already observed for EcMscS (Booth et al., 2007). Due to these issues a detailed characterization with 

respect to single channel conductances was not possible. Here, a genuine reconstitution sytem is 

needed for the characterization of distinct single channel events. 
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Figure 48: Patch clamp currents of Neq198 reconstituted into azolectin liposomes. 
Currents at applied positive and negative voltages; O – open conformation, C – closed conformation of channels at positive 
and negative voltages. 

 

Figure 49: Patch clamp currents of Neq531 reconstituted into azolectin liposomes. 
Currents at applied positive and negative voltages; O – open conformation, C – closed conformation of channels at positive 
and negative voltages. 
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As alternative to the artificial system of liposomes, a more native-like enviroment was tested with the 

reconstitution into E. coli spheroplasts. Although various conditions for the expression in E. coli 

spheroplasts were tested, no channel activity is observed in patch clamp experiments (Table III.2). 

However, this can be attributed to a failure of the spheroplast reconstitution. After induction with 

arabinose the cells were regularly checked visually in the microscope. It was noticed that the filaments 

degraded to some extent. They got transparent and exhibited dark inclusions. This was mainly 

observed when the channel without histidine tag was expressed. For the expression of Neq198 with 

histidine tag the filamentous E. coli looked healthier although few transparent filaments were also 

observed. Six different conditions were finally tested in patch clamp experiment. The formed 

spheroplasts turned out to be hardly patchable. Only for spheroplasts from two conditions, stable seals 

were obtained but no channel activity was observed. As positive control MscL from E. coli was 

expressed. The formation of spheroplasts for 2:00 min and 5:30 min results in patchable spheroplasts 

where channel activity is observed. Patch clamping of E. coli spheroplasts was only tested for Neq198. 

Due to the aforementioned challenges this system is not further considered. 

 
Table III.2: Reconstitution of Neq198 into E. coli spheroplast  

# Expression conditions Formation of 
spheroplasts [min] Patch clamping 

1 w/o 6his 
elongation for ~1:45 h 
1:20 h induction with 0.02 % arabinose, 37 °C 

3:00 Not tested 

2 4:50 Not tested 

3 w/o 6his 
elongation for ~1:45 h 
3 h induction with 0.02 % arabinose, 37 °C 

5:00 Seals, channel activity? 

4 7:30 No seals 

5 w/ 6his 
elongation for ~1:45 h 
3 h induction with 0.02 % arabinose, 37 °C 

3:00 Not tested 

6 6:00 Not tested 

7 w/ 6his 
elongation for ~1:30 h, stored at 4°C for 4-5 h 
induction o/N with 0.01 % arabinose, 20 °C (15-16 h) 

4:20 No seals 

8 7:30 Not tested 

9 w/ 6his 
elongation for ~1:15 h 
1 h induction with 0.02 % arabinose, 37 °C 

3:00 Seals, no channel activity 

10 6:00 No seals 
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IV  DISCUSSION 

1 Heterologous expression and purification of MscS-like 

channels from N. equitans 

The heterologous expression of MscS-like channels from the symbiotic archaeon N. equitans in the 

mesophilic E. coli was very successful resulting in a relatively high quantity of target protein when 

expression was carried out in TB media overnight and at low temperatures. The high expression yield 

was somewhat surprising as previous attempts to express membrane proteins from the host 

I. hospitalis in E. coli had all failed and Pichia pastoris was used as an expression system (Wiegmann, 

2014; Daxer, 2016). Ma and co-workers already reported expression and purification of archaeal 

membrane transport proteins in E. coli. They presented an efficient strategy for small-scale screening 

testing 15 integral membrane transport proteins. 13 transporters from MFS and LeuT superfamilies 

were successfully expressed, seven could be purified and six of those resulted in quantities suitable for 

functional and structural studies (Ma et al., 2013). Moreover, the archaeal mechanosensitive channels 

T1 and T2 from Thermoplasma volcanium have been successfully expressed in E. coli and purified as 

well (Löw et al., 2013). Surprisingly, chemical crosslinking experiments proposed a pentameric fold 

for T1 and T2 in contrast to the heptameric arrangement of E. coli MscS. T2 served as a target for 

nanobody mediated crystallization (Löw et al., 2013) and as model protein for the reconstitution in a 

saposin-lipoprotein nanoparticle system (Salipro) (IV3.2) (Frauenfeld et al., 2016).  

Interestingly, the location of the histidine tag was most crucial. The entire cytoplasmic domain of 

MscS-like channels is important for oligomerization and stabilization. Deletion experiments have 
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shown that a loss of the β-barrel did not influence channel assembly or gating mechanisms but 

severely impaired stability (Schumann et al., 2004; Rasmussen et al., 2007). Most probably, the C-

terminal location of the histidine tag caused destabilization of the homo-heptameric complex and led 

to aggregation as it was observed for Neq531, initially. This is further supported by observations made 

for the mechanosensitive channels from T. volcanium: high expression levels and homogeneous 

protein samples after purification were only obtained using a N-terminally tagged construct. Although 

T1 and T2 lack the C-terminal beta strand that forms a seven stranded β-barrel in the heptameric 

complex, these observations implicated that C-terminal tags might interfere with correct folding and 

oligomeric assembly of the channels (Löw et al., 2013). In literature, examples for successfully 

expressed and purified MscS with N-terminal and C-terminal tags can be found: MscS from 

T. tengcongensis and E. coli were tagged N-terminally (Zhang et al., 2012; Wang et al., 2008), MscS 

from H. pylori was tagged with a N-terminal histidine tag in addition to a C-terminal FLAG tag 

(Wang et al., 2008), whereas the YnaI from E. coli contained a C-terminal histidine tag (Böttcher et 

al., 2015). Switching the C-terminal histidine tag to N-terminal considerably influenced channel 

stability for Neq531. Single particle analysis of negative-stained Neq531 highlighted a pronounced β-

barrel or C-terminal structural feature that was not observed for Neq198 so far.  

In general, Neq531 was much more difficult to purify and stabilize than Neq198. Solubilization with 

detergent destabilized Neq531 most likely due to the lack of bulk lipids or the loss of specific lipids 

that may be essential for stability and/or activity of the protein. Although Neq531 could be stabilized 

to some extent by the reconstitution into amphipols, the protein sample was very heterogeneous as 

judged from negative stain micrographs. For Neq531 a direct reconstitution into nanodiscs without 

previous solubilization and purification (Shirzad-Wasei et al., 2015) was tested. So far, this procedure 

was not successful and requires further optimization. Direct reconstitution into nanodiscs or 

purification in the presence of lipids might help to stabilize the protein Neq531. The specific lipid 

requirements of membrane proteins have proven to present a putative bottleneck in heterologous 

expression (Opekarová and Tanner, 2003). TLC highlighted that Neq198 and Neq531 have bound a 

different set of lipids that likewise supports the hypothesis Neq531 might be stabilized by the addition 

of lipids during purification. Lipid content and compositions represent important parameters, that 

require control during membrane protein preparations to optimize activity and stability (Hunte, 2005; 

Hunte and Richers, 2008). For example, structure determination of wild-type LacY was only obtained 

by the addition of polar phospholipid extracts from E. coli to de-lipidated LacY before crystallization 

(Guan et al., 2006; Guan et al., 2007).  
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A reconstitution into nanodiscs according to the previously used protocol (Bayburt and Sligar, 2003; 

Denisov et al., 2004) might pose some challenges for Neq531. So far, Neq531 requires 10 % (v/v) 

glycerol during purification. However, high glycerol concentrations in the buffer should be avoided, 

since concentrations above 4 % interfere with the reconstitution process (Ritchie et al., 2009). The 

self-assembly of nanodiscs is initiated by the addition of hydrophobic beads, which have been shown 

to absorb lipids along with the detergent (Lévy et al., 1999). Therefore, care should be taken that not 

too excessive amounts of Bio-beads are used, considering also the potential positive effect of lipids on 

the channel’s stability. 

Negative stain and Blue Native Page represented valuable tools for quality control of the protein 

samples. By Blue Native Page the reconstitution into stabilizing environments was evaluated. 

Comparing the protein in detergent, reconstituted into amphipols, and into nanodiscs or empty 

nanodiscs, respectively, the shift in size of the protein sample indicated a proper reconstitution. This 

size shift was also observed in size exclusion chromatography. Moreover, the degree of higher 

oligomers or aggregates was checked. It has been shown that mechanosensitive channels tend to 

dimerize (Edwards et al., 2012). Dimerization of MscS-like channels was observed in size exclusion 

chromatography as well as Blue Native Page (Edwards et al., 2012) and is most likely triggered by de-

lipidation during purification due to high detergent concentrations. For the channels Neq198 and 

Neq531, solubilized in detergent or stabilized in amphipols, dimerization was observed in Blue Native 

Page and size exclusion chromatography as well. In size exclusion chromatography a shoulder in front 

of the main peak indicated dimerization. Concerning the stabilization in amphipols, higher oligomers 

might be additionally triggered by the amphipol particles itself. A8-35 particles might aggregate due to 

their negative charges or their protonation or complexation of carboxylate groups, which makes them 

less hydrophilic. Moreover, multivalent cations can bridge particles leading to non-physiological 

oligomerization or even to precipitation (Zoonens et al., 2014b). Here, bridging by multivalent cations 

can be neglected since the buffer comprised only of monovalent cations. Still, this fact elucidates the 

sensitivity of amphipol reconstitution to buffer conditions. For single particle analyses, dimerization or 

aggregation of the particles was tolerated to some extent, because those particles can be filtered out in 

the classification step during processing. In summary, negative staining allows to judge the 

heterogeneity of protein samples under optimal conditions with respect to protein concentration and 

staining procedure and under taking into account that buffer compositions and added detergents might 

influence the quality of the negative stain considerably. 
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2 The role of lipids in mechanosensation 

Recent high resolution structures have revealed that protein-lipid interactions for MscS channels are 

important for tension sensing (I1.2.3). Pliotas and co-workers proposed an universal model for tension 

sensing, in which cavities in the protein’s surface are reversibly filled with lipids (lipid interdigitation) 

and therefore enable the direct interaction with the surrounding bulk lipid bilayer. The lipid 

interdigitation affects the open-close-transition of the channel; upon opening the number of lipids in 

the voids decreases (Pliotas et al., 2015; Pliotas and Naismith, 2017). Mechanosensitive channels in 

archaea and their lipid-protein interactions have been extensively discussed in Balleza, 2011. 

2.1  Bacteria and archaea: membranes and lipids 

Lipids in archael membranes differ significantely from bacterial ones (Figure 50). Lipids of bacteria 

and eukarya bind fatty acids via ester bonds to the glycerol backbone (1,2-sn position). In archaea, the 

hydophobic side chains are connected via ether bonds at the 2,3-sn position to the glycerol instead. 

The hydrophobic side chains are 

comprised of repetitive isoprenyl 

subunits (Kates, 1992; Valentine, 

2007; Albers and Meyer, 2011). The 

archaeal core lipids are 

glyceroldiether (phytanyl) and 

glyceroltetraether (diphytanyl); also 

termed as archaeol and caldarchaerol. 

Archaeols represent archaea’s 

homolog of diacylglycerol (DAG). 

Glyceroldiethers result in lipid 

bilayers, whereas glyceroltetraether 

form lipid monolayers. These 

monolayers are considered to be 

more stable and are found in 

hyperthermophilic archaea and other 

prokaryotes that grow at high 

 

Figure 50: Comparison of archaeal and bacterial lipids and 
membranes. 
The basic archaeal (left) and bacterial (right) membrane lipids are 
shown (modified from Valentine, 2007). 
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temperatures (Figure 50) (Valentine, 2007; van de Vossenberg et al., 1998). 

Most archaea comprise an additional cell envelope that is located just on top the cell membrane 

consisting of a pseudo-crystalline proteinaceous layer, the so-called S-layer (surface layer) (Kandler 

and Konig, 1993; Albers and Meyer, 2011; Klingl, 2014). Archaeal S-layers are composed mostly of a 

single (glyco)protein species with an apparent relative molecular mass of 40-200 kDa (Albers and 

Meyer, 2011). They are associated by stalk like structures with the cytoplasmic membrane creating a 

quasi-periplasmic space (Klingl, 2014). The potential functions of S-layer proteins were thouroughly 

discussed (e.g. Beveridge and Graham, 1991; Messner and Sleytr, 1992; Beveridge et al., 1997; Sleytr 

et al., 1993) and range from protection against high temperatures, salinity (osmoprotection), and low 

pH to maintenance of cell shape as an exoskeleton. Moreover, S-layers may contribute to interactions 

with the environment as e.g. ion trap, metal binding, protein immobilization, specific contacts, and 

adhesion to surfaces (Engelhardt, 2007a; Engelhardt, 2007b). 

The role of S-layers is particularly intriguing in the context of mechanosensitivity affecting the 

internal pressure on the lipid membrane. For cells without any cell wall component high internal 

pressure (ΔP), as a result of hydophobic down-shock, stretches the cell membrane evenly. Thus, the 

cell radius increases and the membrane curvature decreases, accordingly (Figure 51). In contrast, for 

cells that are covered by an S-layer, the S-layer anchors define smaller membrane patches, where the 

interacting membrane lipids are hold in place. When the intracellular pressure increases, membrane 

bulges between the anchors are created. Thus, the membrane curvature increases locally (Engelhardt, 

2007b). 

 

Figure 51: Effect of internal pressure on the lipid 
membrane. 
Model cells without any additional cell wall component 
(left) and covered with an S-layer (right). (A) Cell models, 
(B) cell membrane (CM) section and the anchoring S-layer 
(SL) at low internal pressure, (C) high internal pressure 
(ΔP) dilates the cell membrane of the uncovered cell, 
increases the cell radius and decreases the membrane 
curvature globally. The S-layer anchors holds interacting 
membrane lipids in place. Increasing internal pressure result 
the membrane to bulge between the anchors so that the 
membrane curvature is increased locally (Engelhardt, 
2007b).  
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Comparing the native membrane of N. equitans with that in the model system E. coli, differences 

become evident. The question arises, whether E. coli is suitable for functional assays of archaeal 

membrane proteins, e.g. the mechanosensitive channels from N. equitans. The differences of 

N. equitans to E. coli with respect to membrane and lipids will without any doubt affect 

mechanosensitivity. Analyses of N. equitans membranes revealed qualitatively and quantitatively 

identical lipid compositions to I. hospitalis as they were obtained for the inner membrane of 

I. hospitalis cells; i.e archaeol and caldarchaeol (Jahn et al., 2004). Moreover, N. equitans exhibits an 

S-layer with sixfold symmetry and a lattice constant of 15 nm creating a periplasmic space of 20 nm 

(Huber et al., 2002; Huber et al., 2003). In E. coli the cytoplasmic membrane is composed of 

phosphatidylethanolamine (∼74-79 %), phosphatidylglycerol (∼18 %) and cardiolipin (∼4-8 %) 

(Dowhan, 1997; Romantsov et al., 2009). The lipid composition is relatively invariant under a broad 

spectrum of growth conditions. When cells enter the stationary phase, CL levels rise at the expense of 

PG (Hiraoka et al., 1993). Furthermore, the optimal growth temperatures of both organisms differ 

significantly. Whereas the mesophilic E. coli grows optimally at 37 °C (Doyle and Schoeni, 1984), 

N. equitans exclusively grows in co-culture with I. hospitalis, which exhibits optimal growing 

temperatures of ~90 °C (Huber et al., 2002).  

On a first glance, the characteristic structure of archaeal lipids seems to have an impact via altered 

protein-lipid interactions on the tension sensing mechanism suggesting that it will be very different to 

the one reported for EcMscS. The established model for tension sensing is based on the reversible 

lipid interdigitation into hydrophobic cavities on the protein’s surface (Pliotas et al., 2015; Pliotas and 

Naismith, 2017), which would not be possible when the channels are expressed in the potentially 

ocurring lipid monolayers in N. equitans. Assuming that the channels of N. equitans cluster in areas of 

archaeols that form lipid bilayers, the S-layer on top might still affect channel activity and thereby the 

tension sensing mechanism. However, other archaeal mechanosensitive channels of organisms that 

exhibit S-layers (M. jannashii and H. volcanii) have been successfully characterized using patch clamp 

technique (Le Dain et al., 1998; Kloda and Martinac, 2001c; Kloda and Martinac, 2001d). These 

observations seem to emasculate the role of the S-layer in proper channel function, but the final impact 

of the S-layer is still open for debate.  

In summary, the functional characterization of MscS-like channels is affected by the chosen cellular or 

in vitro reconstitution system. The MS channel of H. volcanii, for instance, showed a higher activation 

threshold in native membranes compared to azolectin liposomes (Le Dain et al., 1998). 
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2.2 Towards a functional understanding of Neq198 and Neq531 

The functional analysis by patch clamp and hyperosmotic down-shock assay highlighted the 

importance of lipid-protein interactions for both channels from N. equitans. Although down-shock 

assays indicated that Neq198 shows characteristics of mechanosensitivity in a non-archaeal membrane 

environment, the E. coli cells were rescued only to a small percentage. 

Archaeal MS channels have already been successfully reconstituted into azolectin liposomes and 

subsequentely characterized electrophysigically, e.g. MscMJ and MscMJLR from M. janashii (Kloda 

and Martinac, 2001b; Kloda and Martinac, 2001d), MscTA from T. acidophilum (Kloda and Martinac, 

2001a), MscA1 and MscA2 from H. volcanii (Le Dain et al., 1998). Patch clamp experiments of 

Neq198 and Neq531 reconstituted into azolectin liposomes also demonstrated that both channels were 

constitutively active, although an electrophysiological characterization of the activation threshold and 

conductance was inconclusive. Inconclusive results in channel characterization are not unusual and 

apparently a problem for MS channel functional assays in general. The MscTV from T. volcanium was 

previously reported as mechanosensitive channel due to channel-characteristic electrophysiological 

properties (Kloda and Martinac, 2001a). Upon structural analysis, however, this hypothetical channel 

was identified as a MarR-like protein (multiple antibiotic resistance regulator family). The protein 

turned out to be water soluble and moreover failed in functional assays to rescue the triple knockout 

(mscL−, mscS−, and mscK−) of E. coli from hypoosmotic down-shock (Liu et al., 2010).  

Interestingly, in patch clamp experiments of MscCG from C. glutamicum a similar behavior as for 

Neq198 was observed. MscCGΔ110, a truncated construct missing 110 aa downstream the helix TM4 

(Nakamura et al., 2007), exhibited spontaneous channel activity although no membrane pressure was 

applied. Here, only few low giga-Ω-seals were obtained. The addition of Gd3+ resulted in a 

stabilization of the membrane patch and therefore prevented spontaneous channel activity. Compared 

to the full-length channel Gd3+ did not influence the conductance of the truncated construct (Becker, 

2013). However, a stabilization of the membrane patch by the addition of Gd3+ for Neq198 and 

Neq531 was not obtained. A genuine titration of gadolinium failed. Nevertheless, an inhibitory effect 

of high concentrations of Gd3+ on both channels from N. equitans was observed. 

In another approach, cholesterol was added to the reconstitution mixture. Cholesterol changes the 

physical properties of the lipid bilayer by (1) reducing the bilayer fluidity and thus increasing the 

membrane stiffness (Cooper, 1978), (2) decreasing the membrane permeability that goes along with 

increasing the acyl-chain orientational order of phospholipids and thus affecting bilayer thickness 

(Ipsen et al., 1990), and (3) affecting the transbilayer pressure profile (Cantor, 1999). Cholesterol have 
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been shown to influence the activity of numerous membrane proteins including ion channels (Levitan 

et al., 2010). The activation threshold of MscS/MscL from E. coli was dramatically decreased when 

co-reconstituted into cholesterol-containing liposomes (Nomura et al., 2012). Here, cholesterol 

concentrations up to 30 % were used. Channels could not be activated anymore at cholesterol 

concentrations above 30 %. For the MscS-like channels from N. equitans 20 % cholesterol have been 

tested. Spontaneous activity was still detected for Neq531. For Neq198 applying pressure did not lead 

to activation in a stabilized membrane patch. These observations implicate that the channels might 

have slight different sensitivities with respect to cholesterol concentrations and membrane stiffness 

suggesting different activation thresholds. Nevertheless, further optimization and fine-tuning of 

cholesterol concentrations in the liposomes will be required to draw a conclusive picture. 

Single channel events could not be identified in patch clamp experiments for both N. equitans 

channels. It was questionable whether channel events represented fully openings/closings or only 

openings/closings to subconducting states. MscS channels exhibit up to eight subconducting states 

considering their heptameric fold. Upon patch clamp analysis various possible subconducting states 

could be observed, particularly eye-catching when the channels were flickering (between two 

subconducting states). Furthermore, the effect of cooperative gating might play an important role 

(Ursell et al., 2007). It was elusive whether only one channel or multiple channels contributed 

simultaneously to an opening/closing event. Bilayer thickness and by this the hydrophobic mismatch 

play an additional role on channel activity. Hydrophobic mismatch arises from the fact that the 

membrane-spanning part of integral membrane proteins and the hydrophobic part of the lipid bilayer 

differ in thickness (Killian et al., 1998). Most models assume that lipids in close proximity adjust their 

acyl chain length to match the hydrophobic thickness of the protein, while the protein moves as rigid 

body in the membrane to adjust (Fattal and Ben-Shaul, 1993; Lee, 2004). If a distortion of the 

surrounding lipids does not provide full hydrophobic match, proteins might oligomerize or aggregate 

in order to minimize the exposed hydrophobic area. Often the structure of the protein is altered by the 

hydrophobic thickness of the lipid bilayer. Such structural adaptions might include changes in the tilt 

and the packing of transmembrane helices as well as backbone conformational changes (Killian, 1998; 

Lee, 2004). Consequences of hydrophobic mismatch were demonstrated e.g. for the model ion channel 

Gramicidin A (Martinac and Hamill, 2002; Kim et al., 2012) and the Ca2+-activated K+ channels (BK) 

(Yuan et al., 2004; Yuan et al., 2007). Small changes in phospholipid acyl chain length converted 

Gramicidin A from a stretch-activated to a stretch-inactivated channel highlighting its sensitivity to 

bilayer thickness (Martinac and Hamill, 2002). The presence of brain sphingomyelin, which is known 
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to increase bilayer thickness, significantly reduced the conductance of the BK channel (Yuan et al., 

2004). Other examples how hydrophobic mismatch influenced the activity of membrane proteins are 

e.g. Ca2+ Mg2+ ATPase (Caffrey and Feigenson, 1981; East and Lee, 1982), human erythrocyte hexose 

transporter (Carruthers and Melchior, 1984), rhodopsin (Baldwin and Hubbell, 1985), melibiose 

permease MelB from E. coli (Dumas et al., 2000), diacylglycerol kinase from E. coli (Pilot et al., 

2001), and Na+ K+ ATPase (Cornelius et al., 2003). 

Besides the effect of lipids, bilayer thickness and cooperative gating, the experimental procedure itself 

bears several challenges that should be kept in mind. Ideally, one would expect a planar bilayer that is 

uniformly stretched and in which the tension is evenly distributed between the two monolayers. In 

practice, a stretched membrane in a glass pipette as for patch clamping does not provide this 

uniformity. In patch clamp experiments a tight giga-Ohm (GΩ) seal between a membrane and a patch 

pipette is established. Those tight seals reduce background noise and enable the recording of single 

channel events. In this context, the patch adhesion to the glass pipette is significant and the resulting 

lipid bilayer mechanics have been extensively studied (Suchyna et al., 2009; Ursell et al., 2011; 

Slavchov et al., 2014; Nakayama et al., 2016). The resting tension of the patch, i.e. in the absence of 

transmembrane pressure when the patch is flat, ranges from ~1 to 5 mN/m (Opsahl and Webb, 1994). 

The lytic tension of a bilayer is determined to ~10 mN/m (Kwok and Evans, 1981). Thus, patch 

experiments are conducted under substantial and permanent resting tension that may alter channel 

kinetics (Suchyna et al., 2009; Ursell et al., 2011). The resting tension of the patch might be sufficient 

to activate the channels suggesting them to be extremely sensitive to membrane tension. Thus, Neq198 

and Neq531 may exhibit a relatively small activation threshold compared to the E. coli MscS.  

Furthermore, the transmembrane pressure gradient (Δp) causes the patch to bulge and the tension T 

increases according to Young-Laplace’s law: T=(Δp × r) ⁄ 2. Still, the radius of curvature (r) is rarely 

known (Ursell et al., 2011). In addition an adhesion-driven creep of the patch is observed in glass 

pipettes that can not be neglegted. Moving of the patch upwards the pipette changes the patch 

curvature radius, which directly incluences the activation threshold (Slavchov et al., 2014; Nakayama 

et al., 2016). Therefore, activation thresholds should always be investigated in direct comparison to 

other MS channels. For example, MscSP from S. pomeroyi was characterized to exhibit an activation 

threshold that is between MscS and MscL of E. coli (Petrov et al., 2013). 
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3 Single particle analysis using RELION 

The MscS-like channels from N. equitans turned out to be difficult targets for processing using 

RELION. Both proteins are relatively small with sizes of 260-270 kDa. RELION - REgularised 

LIkelihood OptimisatioN - was developed by Sjors Scheres (Scheres, 2012a; Scheres, 2012b). It was 

written for and tested on well-defined data sets of macromolecular complexes, i.e. a rotavirus (VP7 

recoated particle 7RP, ~60 MDa, Chen et al., 2009), a hepatitis-B capsid (human Hepatitis B virus 

(HBV) capsid T=4, ~4.8 MDa, Böttcher et al., 1997), a ribosome (70 S ribosome from E. coli with 

~2.3 MDa, Scheres et al., 2007), a groEL (798 kDa, Stagg et al., 2006), and a β-galactosidase 

(450 kDa, Scheres and Chen, 2012). Therefore, data sets that provide e.g. preferred orientations or low 

signal to noise ratio (SNR) might not be dealt with optimally.  

3.1 Protein quality and sample preparation challenges 

The MscS-like channels have been purified in the detergent Fos14 and reconstituted into amphipols or 

lipid nanodiscs. Besides stability aspects of the protein in a more native environment like lipid 

nanodiscs, buffer compositions considerably influence grid preparation and quality in negative stain 

and cryo-EM. Sample preparation methods are considered as one of the most significant limitations in 

cryo-EM (Glaeser, 2015). For cryo-EM single particle analysis the specimen is embedded in a thin 

layer of amorphous ice (Dubochet et al., 1982; Dubochet et al., 1988). Several reagents are 

incompatible with cryo-EM. For example, high concentrations of glycerol (≤ 10 % (v/v)) that are often 

used to stabilize proteins prevent the acquisition of high-quality images. Glycerol would immediately 

bubble in the electron beam and therefore reduce contrast. Contrast in cryo-EM images relies on the 

density differences between the vitrified buffer (~0.93 g/cm3 for vitrified water) and the protein 

(~1.36 g/cm3) (Rubinstein, 2007). It is recommended to keep the buffer as simple as possible to avoid 

increasing the density of the buffer and by this decreasing the contrast. These effects are particularly 

problematic for small proteins (Rubinstein, 2007; Cheng et al., 2015). Here, buffer composition of 

only 20 mM Tris and 100 mM NaCl were favored, which was only enabled by the reconstitution into 

nanodiscs (or amphipols). Neq531 needed to be stabilized with 10 % (v/v) glycerol so far. To avoid 

sample preparation issues with Neq531 in cryo-EM, a stabilizing environment like lipid nanodiscs and 

different buffer compositions are required. Moreover, detergents must be used at levels above their 

critical micelle concentration to prevent protein precipitation and/or aggregation and to ensure that the 
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protein remains in solution in a mono-disperse state. Such high detergent concentrations might 

interfere with cyro-EM sample preparation. Detergents reduce the surface tension of water so that the 

ice thickness is difficult to control, which in turn results in a loss of contrast. Moreover, detergent 

micelles might be mistaken for protein particles (Rubinstein, 2007; Schmidt-Krey and Rubinstein, 

2011). Still, high resolution structures can be obtained in detergent, e.g. for the rabbit ryanodine 

receptor RyR1 in Tween20 (Yan et al., 2015) or for the rotary H+-ATPase/synthase from Thermus 

thermophilus in LMNG (Nakanishi et al., 2018). Alternative approaches such as amphipols and 

nanodiscs avoid these problems. 

As a key requirement, particles must adopt random orientations to finally generate a 3D reconstruction 

of the protein. Moreover, sufficient image contrast is necessary. Image quality, i.e. image contrast, is 

critical to prevent model-induced bias. Low-dose images are extremely noisy. Especially for smaller 

particles it is difficult to validate the results since small molecules might not contain sufficient 

structural information for image alignment (Henderson, 2013). 

The freezing conditions and consequently the ice thickness turned out to be essential for the analysis 

of Neq198. Reducing the ice thickness by longer blotting times in combination with an increased total 

electron dose resulted in higher signal to noise ratios. Moreover, side views of the particle were 

visualized and quantitatively detected during data processing. However, the thinnest ice does not 

necessarily imply that those are preferred conditions for the protein. In this context, the protein must 

be protected from the air-water interface. Brownian motion causes the protein to collide multiple times 

with the air-water interface between blotting and freezing. Some proteins are prone to stick to the air-

water interface. Others may be partially or completely denatured (Glaeser, 2015, Cheng et al., 2015). 

Data processing indicated that a high percentage of particles represented only one domain of the 

protein - either only the cytoplasmic domain or the membrane domain. The protein has fallen apart. It 

was assumed that the domains were sheared off during grid preparation as a result of reducing the ice 

thickness. Additionally, the protein might be already destabilized during protein purification. There 

are several approaches to stabilize proteins and prevent them to interact with the air-water interface. 

One trick is to add detergent in low concentrations to the buffer just before freezing. 

Data processing revealed that the grids were contaminated with ice or crystalline ethane (Thompson et 

al., 2016). Due to these contaminations manual picking was highly favored over auto-picking. For this 

MscS project automated picking was more model-based and prone to model-induced bias (“Einstein-

from-noise”) (Henderson, 2013).  
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3.2 Nanodiscs versus amphipol reconstitution  

Since the use of buffer compositions and detergents comprises challenges in negative stain and cryo-

EM sample preparation (IV3.1), a reconstitution into amphipols and lipid nanodiscs was favored. 

Especially Neq198 was sucessfully stabilized in amphipols and nanodiscs. Neq531 could only be 

reconstituted into amphipols due to a lack of time and amphipol stabilized Neq531 still exhibited 

severe stability issues. Comparing the negative stain data for amphipols (Neq198 and Neq531) and 

nanodiscs (Neq198), it was noticed that the amphipol data showed less detail. The channels 

reconstituted into amphipols offered a general idea of the channel’s overall structure and the 

cytoplasmic and membrane domain could be distinguished. Exclusively the lipid nanodiscs allowed to 

identify single subunits and confirmed the heptameric fold of Neq198 in negative stain and cryo-EM. 

The results obtained from nanodiscs in negative stain and cryo-EM will be discussed in more detail. 

The reconstitution into amphipols (Popot et al., 2003; Popot et al., 2011) is relatively straightforward 

compared to that in nanodiscs. Moreover, the optimization is less laborious. But one of the major 

disadvantages of detergents and amphipols is that these systems do not provide additional lipids. The 

use of hydrophobic biobeads for the removal of detergents during the reconstitution procedure can 

even results in an additional loss of lipids due to their likewise interaction with the beads (Lévy et al., 

1999). This aspect might play an important role for Neq531, in particular. Its partially insufficient 

stabilization might be explained with a simultaneous loss of lipids, which compensates the positive 

stabilizing effect of the reconstitution into amphipols. It was already speculated that a purification in 

the presence of lipids might solve this problem. Additionally, a reconstitution into nanodiscs is 

favored here. Nanodiscs represent a more native environment than detergent micelles, bicelles, and 

amphipols. Currently, lipid nanodiscs describe the best-characterized and best-understood method 

(Efremov et al., 2017). For nanodiscs, screening of the optimal reconstitution ratios of 

lipid:MSP:protein requires large amounts of protein and a considerable quantity of protein is lost 

during the reconstitution procedure. Whether a reconstitution was successfull is sometimes difficult to 

evaluate for some proteins. 

In literature, successfully solved structures in amphipols and nanodiscs are reported. High-resolution 

structures of TRPV1 (Liao et al., 2013) and γ-secretase (Bai et al., 2015) reconstituted into amphipols 

have been solved to resolutions of 3.4 Å. Furthermore, the human TRPA1 (Paulsen et al., 2015) and 

the human sodium-bicarbonate cotransporter NBCe1 (Huynh et al., 2018) reconstituted into amphipol 

PMAL-C8 were solved to ~4 Å and 3.9 Å by cryo-EM, respectively. But particularly nanodiscs gained 
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popularity in the last couple of years and were used to solve several medium- to high-resolution 

structures in cryo-EM (Table IV.1).  

 
Table IV.1: Representative membrane proteins that have been reconsitituted into nanodiscs for structure 
determination in cryo-EM  

Protein Protein size MSP 
construct Lipids Resolution 

(Å) Reference/EMDB 

Vascular ATPase 
Vo proton channel 
S. cerevisiae 

~320 kDa MSP1E3D1 EPL 3.5 Roh et al., 2018 
n/a 

TRPM4 
Homo sapiens 540 kDa MSP2N2 Soy-PL 3.1 Autzen et al., 2018 

7132 

TRPML1 
Mus musculus 260 kDa MSP1 POPC:POPG:POPE 

(3:1:1) 3.59 Chen et al., 2017 
8883 

NOMPC 
Drosophila 
melanogaster 

~760 kDa MSP2N2 Soy-PC 3.55 Jin et al., 2017 
8702 

MsbA 
E. coli  ~130 kDa MSP1D1 E. coli PL 4.2 Mi et al., 2017 

8469 

TRPV1 
Rattus norvegicus 330 kDa MSP1E3, 

MSP2N2 Soy-PL 3.28 Gao et al., 2016 
8118 

CorA 
Thermotoga maritima ~200 kDa MSP1D1 POPC 

POPG 3.8 Matthies et al., 2016 
6551 

PKD2 
Homo sapiens 340 kDa MSP2N2 Soy-PL 3.0 Shen et al., 2016 

8354 

RyR1 
Oryctolagus cuniculus 2.3 MDa MSPD1E3 POPC 6.1 Efremov et al., 2015 

2751 

Ribosome- 
SecYE complex 
E. coli 

SecYEG 
74 kDa, 
bound to 

E. coli 70S 
ribosome 

(2.4 MDa) 

MSP1D1 E. coli total lipids 
extract 7.1 

Frauenfeld et al., 
2011 
1858 

If several structures for a protein are deposited in EMDB, only one representative accession number is provided. The 
structure of  the vascular ATPase Vo proton channel was not deposited yet in EMDB (n/a). 

Since the negative stain data of Neq198 reconstituted into nanodiscs already provided relatiely 

detailed information about the protein, nanodiscs as a stabilizing native-like enviroment are highly 

favored over amphipols. Moreover, recent publications highlight the extensive use and broad 

application of nanodiscs in structure analysis.  
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Nanodiscs were first discribed by Sligar and co-workers (Bayburt et al., 1998; Bayburt et al., 2002). 

Initially, the lipid nanodisc system aimed at functional studies of membrane proteins but then emerged 

as a valuable tool for stabilizing membrane proteins for structure analysis. For single particle analysis 

of nanodiscs a large extra-membrane domain is favored; otherwise the alignment is prone to errors. 

With their large cytoplasmic domain, MscS-like channels reconstituted into nanodiscs constitute 

excellent targets for single particle analysis in cryo-EM. As mentioned before, the nanodisc data set 

comprised much more detail than the one with protein reconstituted into amphipol. Examining the data 

set for negative stain, in 2D class-averages seven single subunits were identified in the cytoplasmic 

domain of the protein. However, the membrane domain did not provide much detail. Especially in 

cryo-EM, the membrane domain showed low signal-to-noise ratios. Surprisingly, additional density of 

lipids from the nanodiscs were never clearly visible for 

Neq198 in single particle analysis. Neither the negative 

data nor the cryo-EM data showed a density as it would 

have been expected. The size of the nanodisc is 

essentiell for a successful reconstitution. Many different 

MSP constructs are available that result in different disc 

sizes (Table IV.2). The MSP construct should be 

choosen adequate for the incorporated protein. The MSP 

construct used for the reconstitution into nanodiscs of 

Neq198 froms discs with a size of ~12 nm in diameter. 

The channel fits in this size but might be encirceled by 

the MSP belt too tight that causes the protein to be 

embedded in only few lipids. This might explain why 

the lipid belt around the channel in nanodiscs was never 

observed in single particle analysis. A similar 

observation was made by Cheng and co-workers, who determined the TRPV1 structure in lipid 

nanodiscs to a resolution of 3.28 Å (Table IV.1) (Gao et al., 2016). Two different MSP constructs 

were tested: MSP1E3 and MSP2N2, resulting in nanodiscs with ~12 nm and ~15-16.5 nm in diameter, 

respectively. Finally, the smaller nanodiscs were dropped since the encirceling MSP belt could not be 

clearly identified in 2D classification. Therefore, structure analysis was focused on the MSP2N2 

construct (Gao et al., 2016). The protein might be exposed to structural contraints and might be forced 

into non-native conformations if the membrane scaffold protein encirceles the embedded membrane 

MSP construct Disc size in nm 

MSP1 9.7a/9.8b 

MSP1D1 9.5a/ 9.7b 

MSP1E1D1 10.5a 

MSP1E2D1 11.1a 

MSP1E3D1 12.1a 

MSP2N2 15.0a/16.5b 

MSP2N3 15.2a/17.0b 

Table IV.2: Commonly used membrane 
scaffold protein constructs (Ritchie et 
al., 2009) 

 
a Stokes hydrodynamic diameter, determined 
by SEC; b diameter determined by SAXS 
(Denisov et al., 2004) 
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protein too tight. The nanodiscs should be just large enough to accommodate the incorporated protein, 

but keep at least two layers of lipids between the encirceling MSP and the protein. By this, unwanted 

interactions with the MSP are avoided (Efremov et al., 2017). Molecular dynamics simulations have 

shown that the lipid bilayer that is in direct contact with the encirceling MSP is pertubed due to 

hydophobic mismatches between MSP and lipids. However, two layers of lipid molecules between 

MSP and incorporated protein (15-20 Å) are sufficient to ensure lipid properties similar to those in 

lipid bilayers (Shih et al., 2005; Schuler et al., 2013). How nanodisc size considerably influences the 

incorporated protein, was shown e.g. for the ABC transporter MsbA, whose activity is higher in larger 

nanodiscs containing more lipids (Kawai et al., 2011). Recently, other scaffold systems for the 

stabilization of membrane proteins in lipid environments were published: (1) a styrene maleic acid co-

polymer (SMA) lipid particle system, referred to as SMALPs (Knowles et al., 2009) and (2) a saposin-

lipoprotein nanoparticle system, namely Salipro (Frauenfeld et al., 2016). The latter was successfully 

used for the reconstitution of various membrane proteins. Their application for structure determination 

has been demonstrated (Frauenfeld et al., 2016; Lyons et al., 2017). Amongst others, the archaeal 

mechanosensitive channel T2 from Thermoplasma volcanium (Löw et al., 2013) was successfully 

reconstituted as a model protein. The channel adopted random orientation in negative stain. In 2D 

class-averages the membrane and cytoplasmic domain were identified (Frauenfeld et al., 2016). These 

results were similar to those found for Neq198, here. Saposin A demonstrates its advantage over 

nanodiscs by its ability to adopt to the size of the membrane proteins. Therefore, it is applicable to a 

wide range of membrane proteins without the need to screen for various membrane scaffold protein 

constructs. However, saposin A indicated a preference for certain lipids. Saposin A incubated with 

phosphatidylethanolamine and E. coli total lipids extract did not result in the formation of soluble 

saposin-lipoprotein particles (Frauenfeld et al., 2016). On the other hand, SMALPs hold great 

potential since this system allows the detergent-free isolation of membrane proteins, while the local 

lipid environment is preserved (Lee et al., 2016). Their application to structure analysis has been 

proven for the multidrug efflux pump subunit AcrB from E. coli. Here, SMALPs were successfully 

used for structure studies in negative stain electron microscopy (Postis et al., 2015) and structure 

determination to 8.8 Å in cryo-EM (Parmar et al., 2018). So far, nanodiscs seems to be preferred for 

structure determination of membrane proteins but SMALPs and Salipros represent valuable 

alternatives. 
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3.3 Preferred orientation and neighbouring particles 

Upon processing the cryo-EM data, it was noticed that most of the particles showed a preferred 

orientation. Most of the particles represented top views and only very few of them side views or tilted 

views. The orientation was profoundly influenced by the ice thickness. For the first data sets, the grids 

were blotted for only 1.2-2.2 s resulting in ice that was too thick. The resulting micrographs exhibited 

a low signal to noise ratio and particles could hardly be identified. Increasing the blotting time resulted 

in micrographs with a higher signal to noise ratio and resulted in a detecable portion of different side 

and tilted views. 

Besides ice thickness, different orientations of the particles can be triggered by additives 

supplemented to sample preparation buffers before plunge freezing. Especially the addition of 

detergents in low concentrations is favored here. For example, Zhao et al., 2015 screened multiple 

detergents to change the preferred orientation of the 20S supercomplex. The addition of Noidet P-40 

successfully resulted in more side views, although these buffer conditions dramatically reduced the 

particle densities in the vitreous ice (Zhao et al., 2015). 

Another issue was caused by neighbouring particles. The negative effect of neighbouring particles on 

structure analysis was shown for YnaI from E. coli. Here, contact sides between particles became 

evident from 2D classification to final 3D refinement and resulted in extra densities in the final 3D 

reconstruction (Böttcher et al., 2015). Unless the 2D classification was not slowed down, it was almost 

impossible to separate neighbouring particles from the data set. They infered with the alignment. If 

particles were too close or overlapping, they were even misinterpreted as side views of the protein. 

Neighbouring particles still popped up in 3D classification and had to be removed manually from the 

data set. Analysis highlighted that a large amount of particles represented neighbouring particles that 

were not eligible for structure analysis. This can been seen as another indication that more time should 

be spend on optimization of sample preparation. Nevertheless, neighbouring particles were sucessfully 

controlled by modifying processing parameters.  

During processing of the different data sets “Feb2017” and “Jun2017” it could be observed that the 

particles collapsed into only few classes during 2D classification. This was manifested by the fact that 

not all of the given classes were filled. Instead only half of the given classes or in extreme cases only 

three out of 100 classes were filled. Collapsed classes were undefined lacking any details and showed 

spikes. This well-known problem is also described as the “attraction problem”. Classification depends 

on the similarity to the reference class. If the data consists of dominating types of particles, the 

similarity is mostly driven by noise rather than the signal itself (Sorzano et al., 2010). Classification 
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relies on (1) differentiation and (2) accumulation. Classes need to first become as different as possible, 

and then data needs to be accumulated in significant enough proportions for the class to be recognized. 

2D classification can tend to miss out on the differentiation step, simply because the convergence is 

too fast. This results in detection of only the most dominating type of data. To avoid this, convergence 

needs to be slowed down. There are a few ways during the RELION workflow to deal with this issue: 

(1) ignoring CTFs until first peak (CTF tab), (2) setting up an additional argument in the running tab 

of 2D classification with --maxsig 5, (3) using small subsets with ~100 particles per class (10,000 

particles input/100 classes) in the optimization tab. If 2D class-averages look too similar, one has to 

re-pick the data in an objective way.  

The cryo-EM data of Neq198 showed a preferred orientation of particles. Top views that dominated 

the data set caused the aforementioned RELION processing issues. To actively influence that the 

particles are picked in a more objective way, manual picking was - besides other reasons - preferred 

over auto-picking. Following the aforementioned suggestions, collapsing of classes was avoided. As a 

positive side effect, classes showing neighboring particles could be continuously and effectively 

separated from the data set. 

3.4 Heterogeneity within a data set  

Both channel protein preparations exhibited a certain degree of heterogeneity. Neq531 was difficult to 

purifiy and its propensity to aggregate or degrade was also reproduced and confirmed in negative stain 

single particle analysis. Heterogeneity to a minor degree can be tolerated since during data processing 

“defective” particles can be excluded. How heterogeneity was successfully dealt with was shown e.g. 

for U4/U6.U5 tri-snRNP, a sustanital part of the spliceosome from S. cerevisiae, that was solved to 

3.7 Å (Nguyen et al., 2016; Scheres, 2016). In the case of Neq531 in negative stain only ~32 % of all 

picked particles served as input for 3D classification. These particles were further reduced prior to 

refinement to ~15 %. Compared to the negative stain data set of Neq198, the data set quality of 

Neq531 was therefore relatively poor. Particle picking and cleaning the data set from “defective” 

particles is one of the most time-consuming steps in data processing. Moreover, it is not always 

obvious how the cryo-preservation influenced protein quality. Cryo-EM sample preparations have 

already been shown to introduce artefacts and impair protein quality. Since the channel Neq531 

already revealed stability and aggregation issues, in cryo-EM these would possibly get even worse. To 

improve resolution it is often better to invest all efforts in an optimization of protein quality, instead of 

re-picking and cleaning the data set. The experience with the Neq198 cryo-EM data set has shown that 
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heterogeneity to a minor degree can be tolerated. Particularly for Neq198, top view particles missing 

one or two subunits were easily identified during 2D classification and were excluded from further 

processing. Particles that showed irregularities in the membrane domain due to missing subunits or 

preparation artefacts were tolerated since missing subunits are averaged out due to the applied 

sevenfold symmetrie in 3D classification. Particles that showed major preparation artefacts were 

excluded by 3D classification. The ability to identify and separate heterogenous particle populations 

depends critically on the signal to noise ratio of the images and on the magnitude of differences among 

the populations (Sigworth, 2016). Actually, reconstitution into nanodiscs was shown to result in 

homogenenous, monodisperse and high-yield preparations (Denisov et al., 2004) (Bayburt et al., 

2006). However, obtaining completely homogeneous nanodisc preparations in practice is difficult and 

a certain degree of inhomogeneity has to be taken into account usually (Nasr et al., 2017; Efremov et 

al., 2017). The negative effect of inhomogeneity of nanodiscs was highlighted in the case of CorA, the 

magnesium channel from T. maritima. Here, heterogeneity interfered with particle alignment and 

therefore hindered a high-resolution 3D reconstruction (Matthies et al., 2016).  

Serious consequences for data processing were brought up by the putative top views of Neq198. 3D 

classification identified those particles to result in spherical 3D reconstructions suggesting that only 

one domain of the protein was represented. The protein domains were probably sheared off upon 

sample preparation for cryo-EM (IV3.1). If about 75 % of the particles that serve as input for 3D 

classification are represented by protein that only consists of one domain while the second domain is 

missing, sample preparation should be seriously revisited. Those particles did not interfere with final 

3D volumes or were successfully isolated, but consumed work load and were missleading as they were 

assumed to represent top views of the protein. 

4 Structure of the first archaeal MscS-like channel 

Single particle analysis in cryo-EM led to a first structure of Neq198. Neq198 exhibits a similar 

sevenfold symmetric organization as it was observed for other members of the MscS family in E. coli, 

H. pylori and T. tencongensis (Bass et al., 2002; Wang et al., 2008; Zhang et al., 2012; Lai et al., 

2013). The cytoplasmic domain, especially the lateral portals and the C-terminal opening through the 

β-barrel are almost identical to that in EcMscS. The cytoplasmic vestibule was shown to provide 



IV Discussion  

 120 

stability (Schumann et al., 2004; Rasmussen et al., 2007) and selectivity (Zhang et al., 2012; Maksaev 

and Haswell, 2013; Cox et al., 2014).  

Interestingly, single particle analysis of negative-stained Neq198 and Neq531 revealed minor 

structural differences between both MscS-like channels. Sequence analysis already indicated 

differences in the cytoplasmic domain, which is slightly larger for Neq531. Besides the C-terminal β-

strand that forms a β-barrel in the heptameric complex, an additional short helix following the β-

strand is predicted. In negative stain evident differences with respect to the β-barrel could be observed. 

Whereas the β-barrel can hardly be identified in 2D class-averages of Neq198, it represents an eye-

catching structural feature for Neq531. In addition to structure prediction, single particle analysis 

confirmed that the β-barrel constitutes a larger and important structural feature for Neq531. A larger 

β-barrel or the additional C-terminal helices of Neq531 might indicate a different selectivity 

mechanism in contrast to Neq198 and EcMscS as well. 

The N-terminal extension of Neq198 resulted in a significantely larger channel that protrudes into the 

periplasm and builds a cap-like structure. The central pore in Neq198 agrees with the pore diameter in 

an open EcMscS. The overall dimension of Neq198 with ~160 Å parallel to the sevenfold axis of the 

channel exceeds the dimensions of EcMscS that is 120 Å in length (Bass et al., 2002). Comparing 

EcMscS in closed (2oau.pdb; Bass et al., 2002) and open (2vv5.pdb; Wang et al., 2008) conformation 

with the structure model of Neq198, the cytoplasmic vestibule and helix TM3 remain essentially 

unchanged. However, there are major changes for the membrane domain. The helices TM1 and TM2 

move as a rigid paddle and increase their tilt with respect to the sevenfold axis of the channel (Figure 

52). The paddle moves in the opposite direction than for the opening of EcMscS (2vv5.pdb) (cf. 

I1.2.2). The movement of the paddle for Neq198 should be evaluated with care, since structural 

constraints due to the tight membrane scaffold protein from the lipid nanodiscs can not be excluded.  

The cap-like structure on top of the membrane domain of the channel represents a new feature that 

was not yet observed for other mechanosensitive channels. For EcMscS the first N-terminal 26 amino 

acids and the last C-terminal six residues have not been modelled in the crystal structure due to a lack 

of well-defined density corresponding to these sequences (Bass et al., 2002; Vásquez et al., 2008). 

Therefore it remains elusive whether EcMscS exhibits a similar periplasmic extra-domain structure as 

observed for N. equitans. If not, this structure might represent a unique feature of archaeal 

mechanosensitive channels or of organisms that exhibit an S-layer. It possibly enables the fixation in 

and interaction with the S-layer of N. equitans. The role of S-layers in transmitting tension and 

therefore its role in channel function was not investigated for any mechanosensitive channel so far, 



  IV Discussion 

 
 121 

leaving it open for speculation. The E. coli homologues YbiO, YjeP and MscK, which belong to the 

larger topological class of channels, are predicted to exhibit larger periplasmic domains as well 

(I1.2.1). 

 

Figure 52: Structural comparison of Neq198 and EcMscS. 
Neq198 is superposed on EcMscS in two different conformations; one protomer is highlighted: Neq198 (red), EcMscS in 
open (blue) (2oau.pdb, Bass et al., 2002) and closed (green) (2vv5.pdb, Wang et al., 2008) conformation. The heptamer of 
Neq198 is shown in white; PD – periplasmic domain, TMD - transmembrane domain, CD - cytoplasmic domain. 

EcMscS exhibits a slight preference for anions over cations (PCl/PK ~1.2-3.0) (Martinac et al., 1987; 

Sukharev et al., 1993). According to a proposed selectivity mechanism, negatively charged regions at 

the bottom of the cytoplasmic vestibule trap cations that enter through the lateral portals, resulting in 

an easier transit of anions (I1.2.2; Cox et al., 2014). Neq198 shows regions of high electronegativity at 

the bottom of the cytoplasmic vestibule (Figure 53A). Moreover, the β-barrel is negatively charged in 

Neq198 in contrast to the positively charged β-barrel in EcMscS (Figure 53B). This might result in 

higher anion selectivity in Neq198. Higher anion selectivity in contrast to EcMscS was already 

observed for TtMscS. Here, the β-barrel region mainly confers the anion selectivity since the lateral 

portals are significantly smaller in TtMscS than EcMscS (Zhang et al., 2012; Song et al., 2017). In 

Neq198 the β-barrel is likely to contribute to anion selectivity as well. How the aforementioned 

additional C-terminal helical bundle of Neq531 influences the selectivity mechanism, is open for 

speculation and will be addressed in future analyses. 
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The periplasmic domain of Neq198 is mostly uncharged. Only the very top of the cap-like structure 

exhibits highly positive charges, which possibly aims at an interaction with the surrounding S-layer of 

N. equitans.  

 

Figure 53: Electrostatic potential surface of Neq198 and EcMscS. 
Comparison of the electrostatic potential surface in Neq198 (left) and EcMscS (right) (2oau.pdb, Bass et al., 2002); the 
channel is shown normal to the sevenfold axis, slice along the central long axis through the side view, capped surface is 
visualized in grey; the lateral portals, through which ions enter the cytoplasmic vestibule, are indicated; PD - periplasmic 
domain, TMD - transmembrane domain, CD - cytoplasmic domain. 

5 Conclusions and future directions 

Two MscS-like channels from N. equitans, Neq198 and Neq531, have been structurally and 

functionally analyzed. Isolated Neq198 was much more stable compared to Neq531 due to a different 

set of associated lipids. Purification in the presence of lipids and immediate reconstitution into lipid 

nanodiscs is recommended for future high-resolution structural and more conclusive functional work 

with Neq531. A direct reconstitution into nanodiscs (Shirzad-Wasei et al., 2015) might be beneficial 

as well. Our knowledge on cryo-preservation and data processing of Neq198 will be beneficial for the 

further analysis of Neq531. One future aim will be to compare both channels structurally at resolutions 

better than 5 Å. 
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At the present resolution the membrane domain of Neq198 was only poorly resolved. Still, 2D class-

averages provided structural information that would have been expected to result in more details in the 

final 3D reconstruction of the protein. Loss in detail is attributed to too tight MSP interactions and 

shortcomings in data processing. Since the cytoplasmic domain was dominant, particle alignment was 

highly focussed on this domain rather than the center of the protein. Here, masking of the membrane 

domain might be constructive. As discussed, the size of the encirceling membrane scaffold protein is 

highly relevant for a structural analysis (IV3.2). Since negative effects with respect to structural 

contraints in nanodiscs, which are too small, are not conceivable, a larger MSP for reconstitution is 

favored. A new preparation in larger MSP2N2 (Denisov et al., 2004; Ritchie et al., 2009) followed by 

single particle analysis in cryo-EM addresses this issue.  

In general, RELION might not optimally deal with small particles. Therefore, data processing with 

alternative programs or a complementary use might be beneficial for this project. Up to date, there are 

various different softwares available for cryo-EM data processing such as EMAN2 (Ludtke et al., 

1999; Tang et al., 2007), FREALIGN (Grigorieff, 2007), IMAGIC (van Heel et al., 1996), 

cryoSPARC (Punjani et al., 2017), SPARX (Hohn et al., 2007) or SPHIRE (SParx for HIgh 

Resolution Electron Microscopy) (Moriya et al., 2017), and SPIDER (System for Processing Image 

Data from Electron microscopy and Related fields) (Frank et al., 1996; Shaikh et al., 2008).  

Particle picking is assumed as a bottleneck in cryo-EM data processing. Manual picking of cryo-EM 

particles of Neq198 turned out to be tedious and time-consuming. This approach was favored over the 

auto-picking option implemented in RELION. Particularly contaminations and the carbon areas 

complicated optimizing of the parameters (inter-particle distance and picking threshold) and the 

picking procedure. Of course, auto-picking is appealing because of suspected time saving. Nontheless, 

the final output can be doubted when thouroughly rivising is necessary. Thus, an alternative to the 

auto-picking in RELION should be evaluated. The program Gautomatch was developed by Dr. K. 

Zhang at MRC Laboratory of Molecular Biology and provides an accurate, fast, flexible, and fully 

automatic particle picking from cryo‐EM micrographs with or without templates (http://www.mrc-

lmb.cam.ac.uk/kzhang/). It is compatible with RELION and EMAN. Especially the implemented 

feature of automatically detecting non-particle areas such as ice and carbon and rejecting them, 

addresses the aforementioned issues. Recently, Gautomatch was used in various studies relating e.g. 

ryanodine receptors (Wei et al., 2016), haemoglobin (Khoshouei et al., 2017), triheteromeric NMDA 

receptor (Lü et al., 2017), human cytoplasmic dynein (Zhang et al., 2017), and the human SLC4A4 

Na+-coupled acid-base transporter NBCe1 (Huynh et al., 2018). 
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With respect to channel functionality several questions need to be addressed in future. To test whether 

Neq531 also exhibits characteristics of mechanosensitivity, a hypoosmotic down shock assay should 

be performed as well. Although the test system in E. coli might not be ideal, the results offer 

indications with respect to mechanosensitivity at least. If the hypoosmotic down-shock assay for 

Neq198 had been negative, the capability of the channels to react to mechanical stimuli would have 

been seriously doubted, as well as in context with observed difficulties in patch clamp experiments.  

The test systems in liposomes and E. coli spheroplasts created several challenges in patch clamp 

analysis. Therefore, native lipids of N. equitans should be extracted for a reconstitution of both 

channels into liposomes comprised of archaeal lipids (archaeosomes). Probably, an 

electrophysiological characterization by patch clamp technique is rendered possible by this approach. 

The structure in hand of Neq198 in combination with a homology model of Neq531 might allow 

assumptions with respect to ion selectivity. For this, the cytoplasmic domain and in particular the 

electrostatic potential surface in close proximity to the lateral portals and at the bottom of the 

cytoplasmic domain is compared to other MscS such as EcMscS and TtMscS. For example, Cox et al., 

2013 provided a ranking of several MscS channels with respect to cation and anion selectivity. Finally, 

a proper characterization with respect to activation threshold, inactivation and ion selectivity is sought. 

By this, it might be partially explained why N. equitans possesses two MscS-like channels although its 

genome is highly reduced and only a limited set of transporters and channels is available. 

Furthermore, the physiological role of the MscS-like channels might be of interest for the intimate 

association with I. hospitalis as well. Previous studies concerning the interaction of both organisms 

have shown that a direct transport of e.g. amino acids and lipids must take place (Jahn et al., 2004). 

Moreover, a fusion of both cell membranes and a partial degradation of the S-layer from N. equitans at 

the contact site were observed (Heimerl et al., 2017). MscS-like channels might have crucial roles in 

regulating and fine-tuning intracellular ion concentrations resulting from the direct contact to the 

I. hospitalis cell and transport activities. A localization of the channels in the cell membrane of 

N. equitans would elucidate their distribution. The generation of antibodies against the purified 

proteins followed by TEM immunogold labelling addresses these considerations.  

With high-resolution structures in hand and in combination with a localization of both channels in the 

host-symbiont association of N. equitans with I. hospitalis, important questions on additional functions 

of archaeal MS channels can be answered in future.  
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VI APPENDIX 

1 Protein characteristics 

1.1 General characteristics of Neq198 and Neq531 

Characteristics Neq198 Neq531 

Length (aa) 337 323 

Molecular weight (kDa) 38.596 (monomer) 
270 (heptamer) 

37.245 (monomer) 
260 (heptamer) 

pI (isoelectric point) 6.23 8.79 

Signal peptides (length) No No 

Predicted TM helices 5 5 

Number of Cys residues 0 0 

Number of Met residues 3 3 

Number of Trp residues 3 6 

Number of Tyr residues 16 12 

Number of Phe residues 23 24 

Extinction coefficient (M-1 cm-1) 40,340 50,880 

Homologs in PDB 9 9 
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1.2 Protein sequences of relevant MS channels 

Protein Sequence in fasta-format 

N. equitans Neq198 

>tr|Q74MQ0|Q74MQ0_NANEQ NEQ198 OS=Nanoarchaeum equitans (strain 
Kin4-M) GN=NEQ198 PE=4 SV=1 
MKSLIAFIAFIITGFLATKILSYFLEGIIKKLVIDSNTKIDDIIYNSLRLPLLLIVFL
IFLYIGILLAPIQIDINFVNNVFKFVSILVGTYAIVNFVDGIFEYYIIPWAEKTET
KLDEHLIKPLRKLIRLLIIVFGLLTALSSVGYDITTILAGLGIGGLAFALAMQD
TIKNFIAGVLILIDKPFTIGDWIRVGDLEGIIEEVGIRSTRIRTFDQSLITVANSY
LLERPIENFSERTKRRVLINIGITYETPVEKIEKAKQIIKEILSSNPMVVGPIRVH
FYSFGDWSLNIRVEYYVKNTNFDEFLDTVDYINKEIKRRFDLEGIEFAYPTYT
IYQK 

N. equitans Neq531 

>tr|Q74M35|Q74M35_NANEQ NEQ531 OS=Nanoarchaeum equitans (strain Kin4-
M) GN=NEQ531 PE=4 SV=1 
MLEIWEKLIIPIIVSFAIIILLDKFFFKDDKAFILLRKNLYLGFFIGTIYAVLYFFN
LKILGDLVAIIYAAKLLDNIIVIYIRRIVGEFFKTKETEFAIILIARTFLWLTAVH
MVLSSFGIDIAPLLTSLGIGSIVIGLALQSTLSNFFSGMAIASEGILKEGDIIELP
ELGIRGTIIDITWRGVHIKTISDTIAIIPFNYINNNIIINKTKHWPWYWGRINFGI
SYYSDLDKAKQLIRTILKEKGLEGDVRFTNFGDNNIEGVIFFKVYNILDELKY
KDELIREIKRRFDREGIEISFPNRNIYLRPEGLDKVLDIIKRGLQ 

H. pylori MscS 

>tr|E8QGV2|E8QGV2_HELP7 Mechanosensitive channel MscS OS=Helicobacter 
pylori (strain India7) OX=907238 GN=HPIN_05000 PE=1 SV=1 
MDEIKTLLVDFFPQAKHFGIILIKAVIVFCIGFYFSFFLRNKTMKLLSKKDEIL
ANFVAQVTFILILIITTIIALSTLGVQTTSIITVLGTVGIAVALALKDYLSSIAGGI
ILIILHPFKKGDIIEISGLEGKVEALNFFNTSLRLHDGRLAVLPNRSVANSNIIN
SNNTACRRIEWVCGVGYGSDIELVHKTIKDVIDAMDKIDKNMPTFIGITDFGS
SSLNFTIRVWAKIEDGIFNVR SELIERIKNALDANHIEIPFNKLDIAIKNQDSSK 

M. jannashii 
MJ0170 = MscMJ 

>sp|Q57634|MSMJS_METJA Small-conductance mechanosensitive channel MscMJ 
OS=Methanocaldococcus jannaschii (strain ATCC 43067 / DSM 2661 / JAL-1 / 
JCM 10045 / NBRC 100440) GN=MJ0170 PE=1 SV=1 
MNMEIFGNSISNILIFVVITLLGIFIGKIVDKIVRNYLKKIIDKTKTKFDDIILESI
DLPIIVLVVTLFFYFGLRFLILPDYILKLIDEAVKVVVILSATYFAVKFIDGIFE
HYLIPLTEKTETELDEHIIKPLKKVVKILTILLGILTALSSVGYDITALLAGLGV
GGLALALAMQDTIKNFIAGILILIDKPFSLGHWVKVKGAEGIVEEIGIRSTRIR
TFDYTLITIPNSELLDSAIENLTVRDRRRVLMTIGLTYNTPVEKIKRAKEIIKEI
VENHPATLPPYRVHFREYGDWSLNLRVEYFVRNMGFDYYLNAVDEINLKIK
EEFEKEGIEMAFPTYTVYLEKDN 

M. jannashii 
MJ1143 = MscMJLR 
(MscL) 

>sp|Q58543|MSMJL_METJA Large-conductance mechanosensitive channel 
MscMJLROS=Methanocaldococcus jannaschii (strain ATCC 43067 / DSM 2661 / 
JAL-1 / JCM 10045 / NBRC 100440) GN=MJ1143 PE=1 SV=1 
MTITQMISEILMHNTVYNYILSLISIILFIVIGKYANALIERLADKLHKKSGIEL
DELLIRALSLPVAIAIILSGFYFGVNFLYLLPSLKTAVNEGILTAFILCVVVFFD
RFLNELVERYLALTISKKTKKDVDDQIVVLTKKLVRLVVWVVGLLLILSNLG
YDIKTLLAGLGIGGLAVALASQNLVSNLIAGLIILTDKPFKIGNWITFSGGSGI
VEDIGIRSTKIRATDNSIIVVPNSKLIDEIIQNVPSKNKWKVSTTIGVTYNTPVE
KIRKAEEIIKNILLEHPNVEDEPITVYFKEFGDWSLNIQVVYYIKNSRYNGYQ
KYISTINEVNLKIKEEFDRKGIEFAFPTYTLYLKRDD 
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E. coli MscS 

>sp|P0C0S1|MSCS_ECOLI Small-conductance mechanosensitive channel 
OS=Escherichia coli (strain K12) GN=mscS PE=1 SV=1 
MEDLNVVDSINGAGSWLVANQALLLSYAVNIVAALAIIIVGLIIARMISNAVN
RLMISRKIDATVADFLSALVRYGIIAFTLIAALGRVGVQTASVIAVLGAAGLA
VGLALQGSLSNLAAGVLLVMFRPFRAGEYVDLGGVAGTVLSVQIFSTTMRT
ADGKIIVIPNGKIIAGNIINFSREPVRRNEFIIGVAYDSDIDQVKQILTNIIQSED
RILKDREMTVRLNELGASSINFVVRVWSNSGDLQNVYWDVLERIKREFDAA
GISFPYPQMDVNFKRVKEDKAA 

E. coli YnaI 

>sp|P0AEB5|YNAI_ECOLI Low conductance mechanosensitive channel YnaI 
OS=Escherichia coli (strain K12) OX=83333 GN=ynaI PE=1 SV=1 
MIAELFTNNALNLVIIFGSCAALILMSFWFRRGNRKRKGFLFHAVQFLIYTIIIS
AVGSIINYVIENYKLKFITPGVIDFICTSLIAVILTIKLFLLINQFEKQQIKKGRDI
TSARIMSRIIKITIIVVLVLLYGEHFGMSLSGLLTFGGIGGLAVGMAGKDILSN
FFSGIMLYFDRPFSIGDWIRSPDRNIEGTVAEIGWRITKITTFDNRPLYVPNSLF
SSISVENPGRMTNRRITTTIGLRYEDAAKVGVIVEAVREMLKNHPAIDQRQT
LLVYFNQFADSSLNIMVYCFTKTTVWAEWLAAQQDVYLKIIDIVQSHGADF
AFPSQTLYMDNITPPEQGR 

T. tengcongensis MscS 

>sp|Q8R6L9|MSCS_CALS4 Small-conductance mechanosensitive channel 
OS=Caldanaerobacter subterraneus subsp. tengcongensis (strain DSM 15242 / JCM 
11007 / NBRC 100824 / MB4) OX=273068 GN=mscS PE=1 SV=1 
MWADIYHKLVEIYDIKAVKFLLDVLKILIIAFIGIKFADFLIYRFYKLYSKSKIQ
LPQRKIDTLTSLTKNAVRYIIYFLAGASILKLFNIDMTSLLAVAGIGSLAIGFG
AQNLVKDMISGFFIIFEDQFSVGDYVTINGISGTVEEIGLRVTKIRGFSDGLHII
PNGEIKMVTNLTKDSMMAVVNIAFPIDEDVDKIIEGLQEICEEVKKSRDDLIE
GPTVLGITDMQDSKLVIMVYAKT 
QPMQKWAVERDIRYRVKKMFDQKNISFPYPRTTVILSEKKTN 
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1.3 Accession numbers of relevant MS channels 

Protein NCBI Uniprot PDB/EMDB 

E. coli MscS NP_417399.1 P0C0S1 2vv5, 2oau, 3agf, 4age, 5aji 

E. coli YnaI NP_415846.1 P0AEB5 EMD-3035 

H. pylori MscS WP_000343461.1 E8QGV2 4hwa, 4hw9 

N. equitans Neq198 AAR39052.1 Q74MQ0 - 

N. equitans Neq531 AAR39371.1 Q74M35 - 

M. jannashii MJ1143 = MscMJLR (MscL) WP_010870654.1 Q58543 - 

M. jannashii MJ0170 = MscMJ WP_064496414.1 Q57634 - 

T. tengcongensis MscS AAM25887.1 Q8R6L9 3udc, 3t9t 
 

1.4 Sequence alignments 

Sequence alignments were performed with Clustal O (1.2.4) (Sievers et al., 2011) and visualized with 

ESPript 3.0 (Robert and Gouet, 2014). A column is framed in blue if more than 70 % of its residues 

are similar according to physico-chemical properties, identical residues are marked red. 

 

 

Neq198-Neq531: sequence identity 30.43 % 
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Neq198-MscMJ: sequence identity 54.6 % 

 
 

 

Neq531-MscMJ: sequence identity 27.72 % 
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Neq198-MscMJLR: sequence identity 43.67 % 

 
 

 

Neq531-MscMJLR: sequence identity 27.30 % 
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Neq198-YnaI: sequence identity 30.19 % 

 
 

 

Neq531-YnaI: sequence identity 21.82 % 
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2 Single particle data sets 

2.1 Negative stain data sets 

§ APol Neq198: 153 micrographs, 38,237 particles (auto-picking) 

§ APol Neq531: 60 micrographs, 27,453 particles (manual picking)  

§ ND Neq198: 37 micrographs, 8,923 particles (manual picking) 

2.2 Cryo-EM data sets 

§ ND Neq198 Sept 2016: 31 micrographs, 1,721 particles (manual picking) 

§ ND Neq198 Feb 2017: 229 micrographs, 122,464 particles (auto-picking) 

§ ND Neq198 Jun 2017: 524 micrographs, 169,657 particles (manual picking) 

§ ND Neq198 Nov 2017: 54 micrographs, 10,615 particles (manual picking) 
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3 Cryo-EM data sets: experimental set-up 

3.1 Experimental set-up for “Feb2016” data set 

Sample preparation 

Sample Neq198 in nanodiscs (MSP1E3D1);  
0.2:1:45 (Neq198:MSP:POPC)  

Concentration ~120 mAU (concentrated) 

Buffer 20 mM Tris, 100 mM NaCl (pH 7.5) 

Freezing conditions 

Grids Quantifoil R2/4, 400 mesh, Cu 

Sample volume 4 µl 

Temperature 25 °C 

Humidity 95 % 

Pre-blotting exp. 15 s 

Blotting time (s) 1.2/1.5/1.7/1.9/2.2 s 

Post blotting exp. (s) - 

Microscope settings 

Microscope (kV) FEI Tecnai F30 Polara Helium (300 kV) 

Magnification 31,000x 

Defocus range -2.0 - -2.5 µm 

Spot size/CA/OA 8/ C2 70 µm 50.57 %/ 100 µm 

Spherical aberration (Cs) 2.0 

Amplitude contrast 0.1 

Acquisition software Serial EM (+ Digital Micrograph) 

Camera settings 

Camera (mode) K2 summit (counting mode, dose fractionating) 

Image pixel size (Å/px) 1.273 

Pixel size on detector (µm) 5 

Number of frames 40 

Exposure time  8 s (total); 0.2 s per frame 

Electron dose  33.59 e-/Å2 (total); 0.84 e-/Å2 per frame 

Data format *.mrc stacks 
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3.2 Experimental set-up for “Jun2016” data set 

Sample preparation 

Sample Neq198 in nanodiscs (MSPE3D1);  
0.1:1:50 (Neq198:MSP:POPC)  

Concentration ~370 mAU (not concentrated) 

Buffer 20 mM Tris, 100 mM NaCl (pH 7.5) 

Freezing conditions 

Grids Quantifoil R2/4, 400 mesh, Cu 

Sample volume 3 µl 

Temperature 25 °C 

Humidity 88 % 

Pre-blotting exp. 15 s 

Blotting time (s) 3.5/4.0 s 

Post blotting exp. (s) 1 s 

Microscope settings 

Microscope (kV) FEI Tecnai F30 Polara Helium (300 kV) 

Magnification 31,000x 

Defocus range -2.0 - -2.5 µm 

Spot size/CA/OA 8/ C2 70 µm 50.57 %/ 100 µm 

Spherical aberration (Cs) 2.0 

Amplitude contrast 0.1 

Acquisition software Serial EM (+ Digital Micrograph) 

Camera settings 

Camera (mode) K2 summit (counting mode, dose fractionating) 

Image pixel size (Å/px) 1.273 

Pixel size on detector (µm) 5 

Number of frames 50 

Exposure time  10 s (total); 0.2 s per frame 

Electron dose  70.89 e-/Å2 (total); 1.4178 e-/Å2 per frame 

Data format *.mrc stacks 
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