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Chapter 4 
Redox- and pH-Induced Switching of the 
MscL Channel Protein (multicharged 
chemical actuators) 

 

 

 

 

 

 

 In this chapter, the synthesis of new types of multicharged chemical modulators for 
the MscL channel protein and their use for controlling the channel protein activity is 
described. A bis-thiaxanthylidene switch, which can be controlled by light or 
electrochemically, was attached to the MscL protein and the change in activity was followed 
by fluorescence spectroscopy. Alternatively, a spermine molecule, which contains three 
positive charges, was tested as a pH-responsive unit in the MscL protein and showed 
different activities as a function of pH. 
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Chapter 4 

 

4.1   Introduction 

A cell, the basic building block of all living organisms, is in principle a 
compartment filled with water and other molecules isolated from the external 
environment by the membrane.1 

The membrane is formed by a lipid bilayer which is acting as a barrier for 
certain molecules while allowing the passage of other molecules. Water and nonpolar 
molecules like cholesterol derivatives can move across a membrane easily. But for ions 
and ionic molecules the membrane is highly impermeable.  

For the passage of ionic compounds channels and pumps were developed 
during evolution. Channels allow ion transport in a thermodynamically downhill 
direction, where pumps transport ions and molecules in thermodynamically uphill 
direction by consumption of Gibbs energy using ATP (ATP hydrolysis) or by light 
adsorption.2 The details of ion passage through membranes and different types of 
natural and artificial channels have been discussed in the first chapter.  

An important aspect of every life form is the maintenance of cell turgor which 
provides a mechanical force for expansion of the cell envelope.3 If the cell is facing an 
osmotic stress, two possible situations can happen. If a decreasing activity of water 
outside of the cell appears (osmotic upshift), water molecules are flowing out of the 
cell cytoplasm and plasmolysis is observed. On the other hand, increasing water 
activity outside the cell (osmotic downshift) allows water molecules to enter the 
cytoplasm through the lipid bilayer and the cell turgor is rising. In this situation, if 
there is no dedicated mechanism available, the cell will lyse. To compensate osmotic 
downshift, mechanosensitive channels are present in the lipid membrane. They 
directly respond to osmotic changes by sensing mechanical forces on the membrane 
and opening a pore to release the inner pressure.  

Three major proteins contributing to the turgor control in Escherichia coli 
were identified.4 These are MscL (Mechanosensitive Channel of Large Conductance), 
MscS (Mechanosensitive Channel of Small Conductance) and MscM 
(Mechanosensitive Channel of Mini Conductance) channels. But other ion channels 
associated with mechanosensation were identified in almost all living species and are 
closely bound to mechanosensory transduction in vertebrate auditory hair cells, in the 
“sensing” of an aortic pressure5, in the basis for touch, proprioception as well as 
detection of wind and gravity by plants. In spite of the large diversity and ubiquitous 
presence of mechanosensitive channels in all living organisms only very little is known 
about their mechanism of gating and their role in physiology.  
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Manipulation of the function of the protein with small molecules is a unique 
tool to explore biological systems beyond the limits of genetics. Modulation of the 
MscL channel protein function with externally controlled small molecules6 can lead to 
the development of functional drug delivery system where the release of the drug can 
be controlled on demand. 

Here, the mechanosensitive channel of large conductance will be modified at 
specific position with light- or with pH-responsive molecules in order to create a 
remotely controlled valve for drug delivery systems. 

 
3.1.1 Structure of the MscL channel 
 

 If we compare knowledge about voltage-gated or ligand-gated channels with 
mechanosensitive channels, there is very little known about the structure and function 
of the mechanosensitive channels.  

The first gene encoding a mechanosensitive channel was cloned in 1994 by 
Sukharev et al.4a Subsequent studies of the E.coli MscL channel, based on sequence 
analysis, proposed a homo-oligomeric structure with 136 -amino acids and with a 
monomer mass of about 15kDa. Cross-linking analysis and electron microscopy 
suggested a hexameric structure.7 Both NH2- and COOH-termini are located at the 
cytoplasm side of the cell as alkali phosphatase fusion constructs suggested7 and 
hydropathy analysis suggested the presence of two transmembrane helices.7a  

Fig. 1 The structure of the MscL channel isolated from Mycobacterium tuberculosis revealed by X-
ray structure analysis8, 9 A. The structure of one MscL subunit with TM1 and TM2 membrane-
spanning helices. B. The MscL pentamer viewed from side. C. The top view from periplasmic.
Leu17 and Val21 are in the constriction area of the channel and are shown in black.  
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Great improvement came with the X-ray structure analysis of one of the MscL 
homologs from Mycobacterium tuberculosis.8 In order to obtain decent crystals with 
good diffraction quality for X-ray analysis, thousands of crystallization conditions and 
many MscL homologs were tested. Organic molecules and heavy metals were also 
tested as additives to improve the diffraction quality. Finally a crystal structure (Fig. 
1)9 with 3.5Å resolution revealed a homopentameric organization of the channel with 
two transmembrane helices TM1 and TM2 per subunit connected with an 
extracellular loop and a third one located in the cytoplasm (S3). 
 The M. tuberculosis MscL channel is 85 Å in length and two domains, a 
transmembrane and a cytoplasmic domain of 50 Å and 35 Å, respectively, are present. 
Mostly hydrophobic -amino acid residues Leu 19 – Gly 26 on each TM1 subunit 
form the main restricted area (M1 gate) of the channel. The interior of the channel 
has a funnel-like structure without any ionic filter presence which explains the lack of 
selectivity. On the bottom of the TM1 helices, a cluster of charged -amino acids is 
located and this feature suggests a possible ligand binding side.8 The hydrophobic 
TM2 domains face the lipid membrane.  

Many studies were performed to understand the mechanism of the MscL 
opening, but even until now no clear mechanism was identified. The energy required 
for non-selective, 3 nm wide pore with 3 nS conductance can be gained partially by an 
increase in the dimension in the plane of the membrane10 and partially from 
hydrophobic mismatch that occur when the membrane is stretched thinner than the 
channel.11  

Two mechanisms were proposed based on molecular modeling, side directed 
or random mutagenesis and also on experimental data from disulfide crosslinking.12, 13, 

14 A barrel-like structure (10-helix barrel-stave) was proposed based on modification of 
glycine at the 22nd position of the channel12, 13 with all 19 different -amino acid. 

 This model proposes that the TM1 helix is not interacting with contiguous 
helix and C and N termini of next helices that are far away (Fig. 2). TM1 helices are 
turning and moving out of the centre of the pore till they are almost parallel with the 
TM2 helices. Together they form a wall with a barrel-like structure.  

A second model is based on a TM1 and TM2 disulfide–crosslinking study.14 
Open channels were isolated from osmotically shocked cells where a disulfide bridge 
between C 20 and C 36 on adjacent TM1 helices was created. It is proposed that 
TM1 and TM2 helices rotate out of the centre of the pore creating an iris-like 
structure while the channel becomes more flat (Fig. 2). Water starts to enter the pore 
and the pore reaches a short-lived intermediate open state (subconductive states15). 
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Next a secondary gate formed by the N-terminus S1 helices is opening by pulling 
TM1 and TM2 helices away and the channel fully opens.16  

 
Random or site-directed mutagenesis identified mutants with gain-of-function 

(GOF, gating at low or no tension) or loss-of-function (LOF, gating at higher tension 
or lose of gating) phenotypes.17 Most of these mutations were found between residues 
13 and 30 and especially mutations of valine and three glycines situated on the same 
side of TM1 helix17c were shown to be critical. Among this group, numerous 
mutations were made on the 22nd position of the polypeptide sequence which 
corresponds with a Gly residue highly conserved among bacteria. Gly22 is also present 
in the constriction area of the pore. Side-directed mutagenesis on the 22nd position was 
performed and all 19 common -amino acids were tested. If hydrophobic residues 
replaced Gly22 only an increase in threshold pressure was observed. On the other hand, 
hydrophilic residues decreased the threshold pressure.12 In some cases the channel 
opens spontaneously without external pressure. By destabilization of the hydrophobic 
interior of the pore spontaneous opening could be observed and those phenomena are 
not related with the bulkiness of the substituent but with hydrophobic/hydrophilic 
character of residues. Related to that, covalently attaching charged molecules to the 
cysteine residues in Gly22Cys (G22C) mutant had also a dramatic effect on the 
opening behavior of the channel. If methanethiosulfonate (MTSET, one positive 
charge) was attached to cysteine, spontaneous opening was observed.12 The same 
behavior was detected in the case of negatively-charged molecules after binding to the 
cysteine residue.18 Polar groups but not charged ones (-OH) lower the threshold 
tension by 50%.12  

Fig. 2 Two possible pathways for MscL pore formation. The channel in its close form (middle).
10-Helix barrel-stave structure (left) and 5-tilted helixes pore (right). Adopted from ref 14. 
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 Still a number of questions remain. Previous studies6, 19 resulted in the 
introduction of only one charge per subunit which leads to spontaneous opening of 
the MscL channel. Would it be possible to introduce more than one charge per one 
TM1 subunit and by this modification lower the threshold for channel opening? 
Would it be possible to control this opening by an external stimulus? An answer to 
these questions is the subject of the investigations described in this chapter. 
 
4.1.2. Chemical modification of the proteins 
  

 Site-selective modification is a very powerful way for the modulation of 
protein functions.20 In nature it is done by multiple post-translational modifications of 
the protein. Unfortunately, only few possible ways for post-translation modification in 
nature are available.21 By a genetic manipulation one is able to introduce only 20 
genetically encoded -amino acids or few nonproteogenic -amino acid derivatives22 
but it is also reaching its boundaries. To overcome this problem, chemical 
modification was introduced as a promising and almost unlimited way of protein 
modification. To this end, a number of different approaches were developed in the 
past decades.23 The free amino group of lysine and arginine were very early targets for 
chemical modification as well as the free carboxyl group of aspartic and glutamic acid. 
This approach was widely used in the introduction of polyethylene glycol (PEG) into 
protein to increase the stability and immunogenicity.24 Unfortunately, this method 
lacks the desired selectivity because of the high abundance of free amino and carboxyl 
groups in the proteins. However, combination of site-directed mutagenesis and 
chemical modification allows us to combine the high specificity of mutagenesis and 
the diversity of structures of chemical modification. By site-directed mutagenesis, 
natural or non-natural -amino acids are introduced as unique binding sites and by 
chemical modification these binding sites are specifically modified with molecules that 
have the desired properties. Site-specific modification is defined as a “process which 
yields a stoichiometrically altered protein with quantitative and covalent derivatization 
of a single, unique -amino acid residue without either modification of any other -
amino acid residue or conformational change in the protein”.25 This condition actually 
requires the presence of only one reactive site in the protein or a very specific and 
reactive site in the protein which can be selectively modified. Histidine26 and cysteine27 
are most common examples of specific reactive sites in the protein.  
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 Cysteine with high nucleophilic properties is the most attractive target now.27 
The thiol moiety of the cysteine is the most nucleophilic part in the protein which 
allows highly specific modification of the protein without any other side reaction on 
other nucleophilic residues in the -amino acid sequence. Also, cysteine has a very low 
abundance in the protein chain and disulfide bond bridge formation makes cysteine 
very attractive target for modification. A number of distinct methods for cysteine 
variations were developed in the past decades (Fig. 3). Most commonly used are 
maleimides 4.1 (vinyl sulfones, 4.2), methanethiosulfonates 4.3 and -haloacetates 
(-haloamides, 4.4). 

  

 Maleimides 4.1 are used to a large extend in cysteine modification for their 
good stability and specificity and the desired substituent can be easily introduced at 
the nitrogen atom. Nucleophilic addition of the thiol group from cysteine to the 
double bond of maleimides (Michael acceptor) is a fast reaction28 (within a few 
minutes) and can be monitored by following the decrease of the absorption maximum 
of maleimides moieties around 300 nm with UV/Vis spectroscopy.29 Different 
functional groups have been introduced into the protein by this method.30 Vinyl 
sulfones31 4.2 as Michael acceptors are also used in protein modification, but less 
frequently as maleimides. Conjugation of enzymes to an ubiquitin-like protein was 
successfully effected by this method.32 
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Fig. 3 Reagent used for the chemical modification of cysteine in a protein. Maleimides and vinyl
sulfones (4.1 and 4.2), methanethiosulfonates (4.3) and -haloacetates (-haloamides, 4.4). 
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 Methanethiosulfonate 4.3 derivatives are a different class of molecules based 
on the formation of a disulfide bond with the thiol group of a cysteine residue. The 
reaction is very selective, fast and quantitative. The reaction is reversible by using 
reductive condition, like DTT (dithiothreitol).33 The reagents are easy to prepare by 
reaction of bromo derivatives of the compound with the sodium salt of 
methanethiosulfonate. Unfortunately, the higher reactivity compared with maleimides 
makes these molecules less stable. The disulfide bond can be also formed by other 
methods like air oxidation in the presence of a thiol under basic condition or by 
disulfide exchange. However, long reaction times and limited control over product 
distribution makes these methods less useful. These methods were effectively used in 
conjugation of small molecules. 34,35  

 In biological systems the presence of a disulfide bond can sometimes be 
undesirable because of the reducing environment in the cell and enzymatic 
degradation of such a bond. Harpp and Gleason were the first to develop a new 
method for transformation of a disulfide bond into a thioether moiety by using 
hexamethylphosphonium triamides.36 Davis and co-workers modified the Harpp and 
Gleason method and applied it to form protein bioconjugates with a variety of 
sugars.37 

  Esters and amides of haloacetic acids 4.4 (Fig. 3) are another class of 
frequently used molecules for selective cysteine modification.38 These molecules were 
used as early as 1935, and the first reaction was performed on keratin to study cysteine 
behavior.39 Replacement of sulphur from cysteine moiety by halogen via an SN2 
mechanism offers a method for the creation of a sulphur carbon bond. The reactivity 
highly depends on the nature of the halogen. Iodides and bromides are commonly 
used and differ only slightly in reactivity. On the other hand chlorides are the least 
reactive and are used only sporadically.40 Various spin41 and fluorescent42 labels and a 
biotin probe43 were incorporated into the protein by this method. 

 Methanethiosulfonate derivatives will be used in our current study to attach 
molecules into the specific G22C position of the MscL protein. 
 

4.2. A reversible three-state switch as a chemical actuator. 
4.2.1. The bis-thiaxanthylidene switch 

 
Channels in nature are gated by different stimuli (ligands, voltage, membrane 

tension, temperature).1 External control of the function of the channels in the cell is a 
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major challenge for modern biochemistry. Combination of the properties such as 
reversibility, tunability, target specificity and sensitivity to external stimuli are all 
desired at the same time. Some examples of externally gated channels, based on light as 
an external trigger, were reported in the literature in the past decades.44 But all these 
examples were characterized by applying only one external trigger in time to control 
the function of biological channels. Combination of more than one external stimulus 
(pH – light, light – voltage) seems more appealing. 

A promising example, resulting in the combination of two external stimuli, is 
provided by reversible switch. Overcrowded alkenes45 offer such a possibility. A three-
state luminescence switch 4.5a (Scheme 1) based on bis-thiaxanthylidene can be 
modulated reversibly by light (first stimulus) and chemically, thermally or 
electrochemically (second stimulus).46  

 
The stable anti-folded state (due to overcrowding of the upper and lower 

aromatic rings) of the switch 4.5a is quantitatively converted into the syn-folded form 
4.5b by irradiation with light (UV, exc. = 365 nm). If no other stimulus is applied, the 
syn-folded 4.5b form thermally relaxes to the original anti-folded state, completely 
(within a few minutes47). On the other hand, oxidation (Ep,a 1.10V) of the syn-folded 
form 4.5b provides double cationic species 4.52+ with an orthogonal configuration 
(this form can be created by irreversible oxidation, Ep,a  1.21V of 4.5a as well). The 
oxidation reaction of syn-folded form 4.5b into 4.52+ can be performed 
electrochemically, but the most interesting point involves the possibility to accomplish 
this reaction chemically. The presence of the trifluoroacetic acid in the reaction 

Scheme 1 Changes in the conformational and electronic structure of the bis-thiaxanthylidene 
between 4.5a and 4.5b states. Formation of the dicationic species 4.52+ from 4.5b is followed by a 
change to the orthogonal conformation. Adopted from ref 46. 
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mixture allows oxidation of the syn-folded form 4.5b into the cationic form 4.52+ 
(Scheme 1). Another advantage of this system is the formation of two charges per 
molecule after photochemical and electrochemical transformation. The double 
cationic form 4.12+ can be easily transformed into the original form 4.5a by 
electrochemical reduction of 4.52+ followed by thermal relaxation of the preformed 
4.5b species (Scheme 1).46 

All these changes can be followed by UV/Vis spectroscopy, because every form 
has a distinct UV-Vis absorption and emission spectrum. The anti-folded form 4.5a 
shows blue fluorescence, which after irradiation with UV light becomes non-
fluorescent. After oxidation, cationic species 4.52+ is formed and a red-fluorescence can 
be observed. The separated events of light-induced conformational change and 
chemically-induced charge formation bring a large advantage in addressability of such 
a system. One event can’t be finished without another to produce the cationic form of 
the switch. A major advantage of the formation of cationic species is the possibility to 
attach this molecule to an MscL channel protein and in this way control of the 
function of the protein by external stimuli can be achieved. 

In the present study an MscL channel protein will be modified with a bis-
thiaxanthylidene label (switch) in order to gain control over its activity. Towards this 
goal a bis-thiaxanthylidene switch was made, which contains a unique 
methanethiosulfonate group in order to specifically attach the switch to the cysteine 
residue of MscL protein situated at the 22nd position of the MscL -amino acid 
sequence. 

 
4.2.2. Synthesis of a bis-thiaxanthylidene switch 

 
The synthesis of overcrowded alkenes,48 a class of compounds to which bis-

thiaxanthylidene switch 4.13 belongs, is based on a known thioketone-diazo coupling 
method for the formation of the central double bond (Scheme 2).49 Methoxy-
substituted thioketone 4.10a (lower half) was prepared from ketone 4.9a by reaction 
with P2S5. Ketone 4.9a can be easily prepared by condensation of thiosalicilic acid 4.6 
(2-mercaptobenzoic acid) and p-iodoanisole 4.7 in the presence of copper as a catalyst 
in DMF and subsequent cyclization reaction of 4.8 in concentrated sulfuric acid. 

 
The diazo compound was formed in situ by oxidation of a hydrazone (lower 

half) 4.11 with MnO2 in dry diethyl ether. The diazo compound was immediately 
used in the next step, a Barton-Kellogg reaction49 with a previously prepared 
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thioketone 4.10a. Episulfide 4.12 formed in this reaction was then desulfurized with 
triphenylphosphine in p-xylene affording the bis-thiaxanthylidene switch 4.13 in 34 
% overall yield starting from p-iodoanisole (Scheme 2, for detailed information about 

synthesis and characterization of molecules; see the experimental part).  
  

 To be able to attach the newly prepared switch to the MscL protein in a 
specific manner, a small alkyl chain with a MTS group (methylthiosulfonate) had to 
be attached to the switch. Deprotection of the methoxy group of the switch 4.13 with 
borontribromide gave hydroxy-switch 4.14. Formation of the bromoalkyl-switch 4.15 
was performed by reaction of the hydroxy group with 1,3-dibromopropane under 
basic conditions. The last step required the introduction of an MTS group which was 
accomplished by reaction of the bromo derivative of the switch 4.15 with sodium 
methanethiosulfonate, providing target molecule 4.16. The structure was confirmed 
by NMR and mass spectrometry analysis (calculated mass 546.0608, found 560.1620 
(+Na)). 
 
4.2.3. Switching behavior of the bis-thiaxanthylidene switch 

 
To investigate whether the bis-thiaxanthylidene unit is still switching after the 

attachment of a alkyl chain with a reactive MTS group, UV-Vis measurements were 

Scheme 2 Synthesis of bis-thiaxanthylidene switch 4.16 starting with the reaction of 2-
mercaptobenzoic acid 4.6 and p-iodoanisole 4.7. 
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performed in aqueous phosphate buffer solution (10 mM NaPi, 150 mM NaCl, 1 
mM EDTA, pH=6). It was crucial to investigate the switching behavior of the bis-
thiaxanthylidene switch in a buffer, because the activity of the MscL channel after 
labeling will be measured under controlled conditions in the same aqueous buffer (see 
experimental part).  

 
 In the original buffer solution, the presence of 1mM EDTA 

(ethylenediaminetetraacetic acid) was required. During the first set of measurements 
with switch 4.16, irradiation with UV light (365 nm) in the presence of trifluoroacetic 
acid as the oxidizing agent50 should result in the formation of cationic species 
characterized by the appearance of an absorbance band around 280 nm46, but even 
longer periods of irradiation (more than 15 min.), or higher concentration of acid, 
were used the absorbance band around 280 nm was not detectable (Fig. 4). 
  It is known that EDTA is acting as a reducing agent by preventing an 
electron-hole recombination process51 and subsequently prohibits the formation of 
cationic species. Ascorbic acid has the same effect as a reducing agent. After this 
investigation, EDTA was removed from the buffer and the measurements were 
performed again.  

 The UV-Vis spectra of the switch 4.16 in phosphate buffer without EDTA 
present shows three maxima at 250, 270 and 370 nm (Fig. 5, left, full line). After 
irradiation with 365 nm UV light (10 min.), two absorption maxima at 370 and 250 
nm disappeared and a band at 270 nm slightly increased. This observation is in full 
agreement with a previously studied similar system in our group (Scheme 1).46 On the 
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Fig. 4 The photochemical behavior of the switch 4.16 in the presence of 1mM EDTA and after
irradiation with 365 nm light. Switch 4.16 in anti-folded form (), after 5 min of irradiation (-
--) and after 45 min. of irradiation () in buffer solution (10 mM phosphate buffer, 150 mM
NaCl and 1mM EDTA, pH=6). 
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other hand, if trifluoroacetic acid (TFA) is present as an oxidation reagent in the 
irradiated sample (10 min irradiation time), formation of the double-cationic species 
can be observed.52 Formation of a strong absorption band at 282 nm and a slight 
increase of the absorbance at 540 nm (Fig. 5, right, dashed line) indicated the 
formation of a double-cationic species. This observation is in an agreement with 
previous studies (Scheme 1).46 Further irradiation didn’t result in an increase of the 
absorption intensity at 282 nm. 

 After examination of the switching behavior in phosphate buffer solution and 
confirming that the molecule can indeed be switched between different states, bis-
thiaxanthylidene 4.16 was attached to the MscL channel at the specific 22nd (G22C) 
position of the protein -amino acid sequence (see experimental part). ESI-MS 
measurements confirmed full conversion of G22C MscL (Mw. of 15697) into the 
switch modified protein (Mw. of 16175) after 12h of incubation at 4oC. The newly 
prepared MscL channel protein was incorporated into liposomes (azolectine, 20 
mg/ml, in ratio 1:120) and the activity was determined by a fluorescence dequenching 
efflux assay (see chapter 1) in a sodium phosphate buffer containing as much TFA as 
was needed to form the cationic species but enough to keep the solution buffered at 
pH=6. 
 The first experiments were performed in a short a period of time (20 min) in 
a buffer solution at constant pH=6. From experiments with switch 4.16 in buffer and 
in the presence of TFA and upon UV irradiation, we observed that after 10 min the 
cationic species is formed (Fig. 5, right). Unfortunately, no calcein release through the 
MscL channel protein was observed for proteoliposomes at this time scale. Because five 
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Fig. 5 The photochemical behavior of the switch 4.16a (59.5x10-6 mol/dm3) in phosphate buffer
(10 mM NaPi, 150 mM NaCl, pH=6). Left: formation of syn-folded form 4.16b (---) from
4.16a () after irradiation with 365 nm UV light (10 min). Right: creation of cationic species
4.162+ (---) from 4.16a () after irradiation with 365 nm UV light (20 min.) in the presence of
trifluoroacetic acid (44.8x10-3 mol/dm3). The mechanism is drawn in Scheme 1. 



 

 

96 

 

 

 

 

 

   

Chapter 4 

 

switch molecules 4.16 are situated in the constriction area of the MscL channel, 
different behavior can be expected, hence we decided to perform a calcein efflux assay 
overnight (Fig. 6).  

 
 Liposomes without incorporated protein and proteoliposomes (liposomes 
with incorporated protein) without TFA present and no UV irradiation were used as a 
negative control. The activity of proteoliposomes without TFA and UV irradiation 
(Fig. 6, black triangles) was as expected very low and only leakage of the calcein can be 
observed during the whole period of the measurement. On the other hand, fast release 
of calcein from the liposomes in the presence of TFA and upon UV irradiation was 
found (Fig. 6, stars) which can suggest the disrupting effect of trifluoroacetic acid 
(TFA) on the liposomes. The same behavior was observed for proteoliposomes (Fig. 6, 
squares). Also a quenching effect of the calcein dye was found at the end of the 
measurement where final values of fluorescence are lower (Fig. 6, squares, last sets of 
data at 1000 min) than starting values on the beginning of the measurement (the pH 
values stays constant at pH=6 during whole period of experiment). 
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Fig. 6 Activity of MscL-G22C modified with compound 3.15 in a fluorescence dequenching assay
following the release of the fluorescent calcein dye. The black triangle represents release of the
calcein from proteoliposomes (liposomes + protein) without TFA after UV irradiation. Stars
represent release of the calcein from liposomes in the presence of TFA after UV irradiation. Squares
represent calcein release of proteoliposomes in the presence of TFA after UV light. 
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4.2.4. Conclusions 
 

 The bis-thiaxanthylidene switch can form cationic species 4.162+ in a buffer 
solution (10 mM NaPi, 150 mM NaCl, pH=6, Fig. 5, right), but no activity of the 
MscL channel was observed in a fluorescence dequenching assay. It is known that the 
presence of a strong acid like TFA in buffer can disturb the lipid bilayer of the 
liposomes, and accordingly no activity of the MscL channel could be observed. A low 
pH of the buffer (pH=6 or lower) due to the presence of TFA is also not bio-
compatible. Conditions used for switching of the bis-thiaxanthylidene unit were not 
suitable for detection of the activity of the MscL channel. Also recent findings53 
suggest that the length of the linker (distance between cysteine residue of the protein 
and the charge itself) has dramatic influence on the activity of the MscL channel 
protein.  
 
4.3. Spermine as a multicharged chemical modulator 

 
To overcome the problems of the switching process and the dication 

formation of the bis-thiaxanthylidene switch 4.16, new multicharged molecules had to 
be designed. Spermine molecule 4.17 (Fig. 7) with four nitrogen atoms, which can 
undergo multiple protonation under certain conditions, appeared to be one possible 
option.  

 
 
To be able to attach the spermine into the G22C MscL channel, the structure 

had to be modified and the reactive methanethiosulfonate group had to be introduced. 
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Fig. 7 Structure of the spermine molecule 4.17 and modified structure 4.18 for MscL G22C channel 
modification. MTSET molecule 4.19, containing a permanent positive charge, is used as a standard 
for this type of measurements. 
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After taking all these conditions into account, the final structure 4.18 has been 
designed and synthesized.  

 
4.3.1. Synthesis of the spermine molecule. 

 
Although spermine 4.17 (Fig. 7) is commercially available, molecule 4.18 has 

to be synthesized from a very simple building block in order to introduce all 
important characteristics for successful incorporation into the MscL protein (Scheme 

3).  
 
The synthesis of bromo-spermine analog 4.22 was accomplished according to 

the chemical synthesis performed by von Kiedrowski and Dörwald (Scheme 3).59 The 
key steps in the formation of the nitrogen-carbon framework were successive N-
alkylations of tosylamides. The synthesis starts with simple and commercially available 
1-bromo-3-chloropropane 4.20 and 1,4-diaminobutane 4.21. The following step 
toward the molecule 4.22 included removal of tosyl groups and chloro-bromo 
substitution which was achieved through treatment of the corresponding tosylamide 
with hydrobromic acid (48%) under vigorous conditions (heating at reflux for 7h). 
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Scheme 3 Synthesis of the spermine derivative 4.18, starting with simple building blocks 1-bromo-
3-chloropropane 4.20 and 1.4-butanediamine 4.21.  
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The last step of the synthesis was the incorporation of the methanethiosulfonate group 
and formation of the final product 4.18, which was performed by reaction of the 
bromo spermine derivative 4.22 with the sodium salt of methanethiosulfonic acid in 
very good yield. 
 
4.3.2. MscL activity with multicharged spermine molecule. 

 
Because the high reactivity of the MTS group with free cysteine residues in 

the protein, two different approaches can be used to study the activity of the modified 
MscL channel. The first approach is based on the incorporation of the spermine 
molecule into the protein during protein isolation and subsequent incorporation of 
modified MscL channel into the liposomes monitoring the activity with a fluorescence 
dequenching assay. The second approach is based on reaction of the spermine–MTS 
4.18 with cysteine residues of MscL already incorporated into the liposomes. The 
activity was followed by a fluorescence dequenching assay. Both approaches were 
tested, but the second approach seems to be more reliable in our studies, because it 
gives us better information over the activity of the MscL channel and also affords 
information about kinetics of the reaction. 

The G22C MscL protein modified with spermine-MTS 4.18 (Mw. 15927, 
for the procedure, see experimental part) was incorporated into the liposomes that 
were prepared from azolectine lipids (20 mg/ml) in 1:150 ratio (for procedure, see 
experimental part) containing calcein as a self-quenching dye. The isolation of the 
proteoliposomes containing MscL protein and encapsulated calcein required 
separation by a Sephadex column (gel filtration) in buffer at pH=8 (see experimental 
part). In this way, pure proteoliposomes with encapsulated calcein were separated 
from non-encapsulated calcein. Subsequently, the activity was followed by measuring 
the increase in fluorescence of the released dye at pH 8 and 6. The calculated pKa 
values of the spermine 4.17 are 10.83, 9.95, 8.77 and 7.9,54 but the influence of the 
hydrophobic protein constriction area can dramatically change the actual pKa values of 
spermine-MTS 4.18. To ensure that spermine molecule 4.18 will be protonated, pH 
8 and 6 were chosen to test the activity of the spermine-MTS molecule 4.18. The 
MTSET ((2-(trimethylammonium)ethyl methanethiosulfonate bromide)) molecule 
4.19 (Fig. 7) was used as a standard substance in the measurement of the activity of 
MscL channel with the fluorescence dequenching assay, because of its permanent 
positive charge on the trimethylamine head group. 

The initial experiments performed with the MscL protein containing 
covalently linked spermine molecule 4.18, showed very little activity. Also the amount 
of the calcein encapsulated in the proteoliposomes was very low. After repeating this 
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experiment many times we discovered that the self-quenching calcein dye was released 
from the proteoliposomes during separation of the external calcein from 
proteoliposomes in the size exclusion column, which was equilibrated with phosphate 
buffer (10 mM NaPi, 150 mM NaCl, 1mM EDTA, pH=8, Sephadex G-50 column). 
To avoid this problem, we decided to label the reconstituted MscL protein in 
proteoliposomes by adding the spermine-MTS 4.18 molecule into the buffer solution 
(10 mM NaPi, 150 mM NaCl, 1mM EDTA, pH=8) containing proteoliposomes 
with G22C-MscL protein and encapsulated calcein dye while performing the 
fluorescence dequenching assay. The activity was followed by fluorescence 
spectroscopy. The first experiments performed at pH=6 showed promising result (Fig. 
8, left, compare the activity of MTSET at pH=6 (cross)) and the activity of spermine-
MTS at pH=6 (triangles)). To follow the reaction of spermine-MTS with G22C MscL 
protein, an SDS-PAGE gel was made. High molecular weight substance (PEG-5000-
MTS) was used to distinguish between reacted and non-reacted G22C MscL protein 
(Fig. 8, right) according to the different molecular weight (when PEG-5000-MTS 
reacts with the cysteine of G22C MscL protein, the molecular weight of MscL protein 
should increase about 5000 Da and this molecular weight difference should be visible 
on SDS-PAGE gel). This reaction was followed in time and three time points (2, 4 
and 8 min., Fig. 8, left, grey rectangles) were chosen. SDS-PAGE gel showed 
immediate reaction of the G22C MscL channel with spermine-MTS (Fig. 8, right, 
position 3, 4 and 5). 
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Fig. 8 Left: The activity of G22C MscL protein after activation with spermine-MTS (black 
squares, pH=8, triangle, pH=6), and MTSET (white circle, pH=8, cross, pH=6). Right: SDS-
PAGE gel of G22C MscL protein activated with spermine-MTS molecule after 2, 4 and 8 min. 
The sample was immediately treated with PEG-5000-MTS to determine the distribution of reacted 
and unreacted species (stained with the Coomassie Brilliant Blue). The negative control is G22C
MscL protein partially modified with spiropyran switch. 
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To proof that spermine-MTS has no effect on the liposomes, the activity of 
4.18 was also tested with liposomes without G22C MscL (Fig. 9) and liposomes 
containing wt-MscL (wild type) at different pH’s. To our surprise empty liposomes 
showed a large leakage at pH=8 (Fig. 9) comparable to the activity of liposomes 
containing MscL protein. On the other hand, leakage of liposomes without MscL at 
pH=6 (Fig. 9) is lower compared to the activity of liposomes containing MscL. 

Calcein release from liposomes without MscL protein present after adding the 
spermine-MTS molecule was not expected. It is known from the literature55 that 
spermine 4.17 has potential aggregation abilities on liposomes made from negatively 
charged lipids by forming a positively charged shell around the vesicle surface. But in 
all studies no fusion or disruption of the membrane was observed. 

By modification of the spermine 4.17 into spermine-MTS 4.18, the 
incorporation of the MTS group on one end of the spermine and an additional methyl 
group on the other end was achieved which could have a dramatic influence on the 
properties on the newly prepared compound. The MTS group can act as a head and 
the alkyl chain with nitrogens as a tail of membrane active compounds.56 At pH=8, 
the three nitrogens of spermine-MTS molecule are probably not fully protonated yet, 
and the molecule has membrane active properties (membrane fusion or membrane 
ruption). If the pH is lower (pH=6) some of the nitrogens are protonated and 
repulsion between lipids in liposomes and spermine-MTS can decrease the leakage of 
calcein dye from the liposomes. It is know57, that spermine itself (or polyamines) can 
bind to the acidic phospholipids (PA > PS >PI > cardiolipin; PA – phosphadidic acid, 

MTSET, pH=8 MTSET, pH=6 spermine-MTS, pH=8spermine-MTS, pH=6
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Fig. 9 The activity of G22C MscL channel protein after adding spermine-MTS or MTSET at
different pH’s (dark gray panels). The leakage of the liposomes without G22C MscL protein after
adding spermine-MTS or MTSET (white panels). All data were taken 15 min after each
measurement. 
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PS – phosphoserine, PI – phosphoinositol) and decrease the surface charge density and 
surface potential. As a consequence, fusion/aggregation can take place by reducing the 
electrostatic repulsion between liposomes and an increase of the van der Waals’ 
attractive forces. On the other hand no such a effect was observed for zwitterionic 
lipids like PC (phosphocholines). 

 

4.3.3. Conclusions 
 
A new spermine molecule 4.18, containing an MTS group was synthesized, 

and the activity was measured with proteoliposomes containing the G22C MscL 
channel protein. The fluorescence dequenching experiments were performed by 
measuring the increase in fluorescence upon release of the calcein self-quenching dye 
from the proteoliposomes. The first experiments comparing the activity of spermine 
and MTSET at different pHs were promising. Unfortunately, when leakage 
experiments with liposomes without MscL protein were made, a strong effect of 
spermine-MTS on liposomes leakage was observed which can be caused by insertion 
of compound 4.18 into one of the leaflets of the liposomes and subsequent 
destabilization of the liposomes. The spermine-MTS 4.18 can also cause aggregation 
of the liposomes by interacting with acidic phospholipids and decreasing the 
electrostatic repulsion between the liposomes.57 

 

4.4. Experimental Part 
 

4.4.1. General remarks 

Unless stated otherwise, starting materials for the synthesis were commercially 
available and were used without further purification. For general experimental 
information, see general remarks in the experimental section of Chapter 2. 

 

4.4.2. Synthesis of bis-thiaxanthylidene switch 

2-(4-Methoxyphenylthio)benzoic acid (4.8).58 The 2-mercaptobenzoic acid 4.6 (2.0 
g, 12.9 mmol) was dissolved in dry DMF (50 ml) and dry Na2CO3 
(1.5 g, 14.3 mmol), 4-iodoanisole 4.7 (3.0 g, 12.9 mmol) and Cu 
powder (25 mg, 3.24 mmol) were added at once and the reaction S

OMe

O
OH
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mixture was heated at reflux for 8h. Water was added and resulting solution was 
acidified with conc. HCl at pH=1. The precipitate was filtered off, dissolved in 
EtOAc, washed with saturated aq. NaCl solution and water. The organic layer was 
dried over Na2SO4 and the solvent was evaporated under vacuum. Product 4.8 (1.95 
g, 88%) was obtained as a white solid after purification by column chromatography on 
silica gel (hexane/EtOAc, 4/6) and used for next reaction. 

2-Methoxy-9H-thioxanthen-9-one (4.9a). Acid 4.8 (1.0 g, 3.84 mmol) was added 
slowly (30 min) into a mechanically stirred conc. H2SO4 (10 ml) at 
room temperature. The color of the mixture changed from colorless 
to yellow.  After 45 min the solution was poured onto ice (300 g). 

The precipitated white solid was extracted with CH2Cl2 (3 x 50 ml). The organic 
layers were collected and washed with a saturated aq. NaHCO3 (2 x 50 ml) and a 
saturated aq. NaCl solution (2 x 40 ml). The organic layer was dried over Na2SO4 and 
the solvent was evaporated under vacuum. Pure product 4.9a (750 mg, 77%) was 
obtained as a white solid and no further purification was needed (confirmed by crude 
1H NMR measurement).  

1H NMR (400 MHz, DMSO-d6):  8.63 (d, J= 5.6 Hz, 1H), 8.07 (d, J= 1.8 Hz, 
1H), 7.61 (m, 2H), 7.59 (m, 2H), 7.26 (m, 1H), 3.95 (s, 3H). 

2-Methoxy-9H-thioxanthene-9-thione (4.10a). Under an atmosphere of N2, the 
ketone 4.9a (3.7 g, 15.3 mmol) was dissolved in dry toluene (150 
ml) and P2S5 (13.6 g, 30.5 mmol) was added in one portion. The 
reaction mixture was heated at reflux for 2h. The solid precipitate 

was filtrated off and toluene was evaporated under vacuum. The crude product was 
dissolved in CH2Cl2 (100 ml) and n-hexane (100 ml) was added. The solution was 
cooled down to -15oC and product 4.10a (2.62 g, 66%) was obtained as dark brown 
needles.  
1H NMR (CDCl3): δ 9.08 (d, J= 8Hz, 1H), 8.57 (d, J=2.8 Hz, 1H), 7.6 (m, 2H), 
7.55 (m, 2H), 7.27 (m, 1H), 3.95 (s, 3H) 
13C NMR (CDCl3): δ 209.2, 159.14, 142.28, 134.01, 131.52, 127.49, 127.13, 
127.04, 126.24, 122.77, 114.27, 55.87 

HRMS (EI): calcd. for C14H10OS2, 258.3605, found 258.3589 

 (9H-Thioxanthen-9-ylidene)hydrazone (4.11). Thioketone 4.10b (600 mg, 2.63 
mmol) was dissolved in absolute EtOH (10ml) and NH2NH2.H2O 
(0.64 ml, 13.13 mmol) was added. The reaction mixture was heated at 
reflux for 2h. The solvent was evaporated and product 4.11 (590 mg, 
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99%) was recrystallized from EtOH to yield pure hydrozone as white solid which was 
used immediately in next reaction. 

HRMS (EI): calcd. for C13H10N2S, 226.0670, found 226.0651. 

Dispiro[2-methoxy-9H-thioxanthene-9, 2’-thiirane-3’, 9’-(9’’H)-thioxanthene] 
(4.12). Hydrazone 4.11 (723 mg, 3.2 mmol) was dissolved in dry 
ether and MnO2 (1.4 g, 16 mmol) was added in one portion. The 
reaction mixture was stirred for 20 min and then the solution was 
filtrated through cotton and a small layer of silica. The dark gray 

solution of diazo compound was immediately used for the next reaction. 

Thioketone 4.10a (860 mg, 3.33 mmol) was added to the solution of the diazo 
compound in dry ether and the reaction mixture was stirred for 4h. The solvent was 
evaporated and product 4.12 (850 mg, 67%) was obtained as a yellow solid after fast 
purification by flash column chromatography (n-hexane/EtOAc, 85/15) which was 
used immediately for the next reaction. 

2-Methoxy-9-(9’H-thioxanthene-9’-ylidene)-9H-thioxanthene (4.13). The 
episulfate 4.12 (850 mg, 1.87 mmol) was dissolved in p-xylene (150 ml) and PPh3 (5 

g, 18.7 mmol) was added. The reaction mixture was heated at 
reflux for 4h. The solvent was evaporated and the product 4.13 
(700 mg, 89%) was obtained as a yellow solid after flash 
chromatography on silica gel (n-hexane/EtOAc, 95/15). 

1H NMR (CDCl3): δ 7.57 (m, 3H), 7.44 (d, J=8.8 Hz, 1H), 7.36 (s, 1H), 7.26 – 7.12 
(m, 3H), 7.01 – 6.87 (m, 3H), 6.83 (t, J=8.4 Hz, 1H), 6.75 (dd, J1=8.4 Hz, J2=2.8Hz, 
1H), 6.36 (d, J=3.2 Hz, 1H), 3.37 (s, 3H) 
13C NMR (CDCl3): δ 158.05, 137.28, 136.43, 136.24, 136.13, 135.98, 135.90, 
135.73, 133.99, 133.77, 130.23, 130.09, 130.05, 128.27, 128.21, 127.37, 127.33, 
127.0, 126.08, 125.85, 115.23, 114.21, 114.11, 55.31 

HRMS (EI): calcd. for C27H18OS2, 422.0799, found 422.0817. 

2-Hydroxy-9-(9’H-thioxanthene-9’-ylidene)-9H-thioxanthene (4.14). Compound 
4.13 (300 mg, 0.71 mmol) was dissolved in dry CH2Cl2 under an 
atmosphere of N2 and a 1M solution of BBr3 (3.55 ml, 3.55 mmol) 
was added dropwise at 0oC. After 10 min the solution was allowed 
to warm to room temperature and stirred overnight. Water (20 ml) 

and EtOAc (20 ml) were added and the two layer system was stirred for 15 min. The 
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EtOAc layer was separated and the aqueous layer was extracted with CH2Cl2 (3 x 20 
ml). The organic layers were collected, washed with water, a saturated aq. NaCl 
solution, dried over Na2SO4 and the solvents were evaporated under vacuum. Product 
4.14 (290 mg, quantitative, white solid) was used without further purification in next 
reaction.  
1H NMR (DMSO): δ 9.29 (s, 1H, OH), 7.64-7.59 (m, 4H), 7.41 (d, J=8.4 Hz, 1H), 
7.24-7.16 (m, 2H), 7.05 (t, J=7.6 Hz, 1H), 6.98 – 6.92 (m, 2H), 6.78 (d, J=7.6, 1H), 
6.66 – 6.62 (m, 3H), 6.16 (s, 1H). 
13C NMR (DMSO): δ 158.05, 137.28, 136.43, 136.24, 136.13, 135.98, 135.90, 
135.73, 133.99, 133.77, 130.23, 130.09, 130.05, 128.27, 128.21, 127.37, 127.33, 
127.0, 126.08, 125.85, 115.23, 114.21, 114.11 

HRMS: calc. for C26H16OS2, 409.0705, found 409.0719 

2-(3-Bromopropoxy)-(9’H-thioxanthene-9’-ylidene)-9H-thioxanthene (4.15) 
Alcohol 4.14 (50 mg, 0.122 mmol) was dissolved in DMF (2ml) 
under a N2 atmosphere and 1,3-dibromopropane (62 μl, 0.61 
mmol) dissolved in DMF (2 ml) and dry K2CO3 (18.5 mg, 0.134 
mmol) were added. The reaction mixture was stirred at 80oC 
overnight. Water was added and the precipitate was extracted with 

EtOAc (3 x 10 ml). The organic layers were combined and washed with a saturated 
aq. NaCl solution (3 x 10 ml). The solvent was evaporated and product 4.15 (30 mg, 
50%) was purified by column chromatography (hexane/EtOAc, 85/15) to yield a 
white solid. 

 1H NMR (CDCl3): δ 7.57 (m, 3H), 7.44 (d, J=8.8 Hz, 1H),  7.26 – 7.12 (m, 3H), 
7.01 – 6.87 (m, 4H), 6.83 (t, J=8.4 Hz, 2H), 6.75 (dd, J1=8.4 Hz, J2=2.8Hz, 1H), 
6.36 (d, J=3.2 Hz, 1H), 3.75 (t, J=7.5 Hz, 2H), 3.41 (t, J=7.5 Hz, 2H), 2.03 (m, 
2H). 
13C NMR (DMSO): δ 158.05, 137.28, 136.43, 136.24, 136.13, 135.98, 135.90, 
135.73, 133.99, 133.77, 130.23, 130.09, 130.05, 128.27, 128.21, 127.37, 127.33, 
127.0, 126.08, 125.85, 115.23, 114.21, 114.11, 67.1, 32.9, 29.9 

HRMS (EI): calc. for C29H21OS2Br, 528.0221, found 528.0216 
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(9’H-Thioxanthene-9’-ylidene)-9H-thioxanthene-2-propyl-ethanesulfonothioate 
(4.16). Compound 4.15 (30 mg, 0.056 mmol) was dissolved 
in DMF and sodium methanesulfonothioate (38 mg, 0.28 
mmol) was added at once. The reaction mixture was stirred at 
700C overnight. Water (20 ml) was added and product was 
extracted with EtOAc (3 x 10 ml). The organic layers were 
combined, washed with saturated aq. NaCl solution, dried over 

Na2SO4 and the solvent was evaporated under vacuum. Product 4.16 (10 mg, 35%) 
was obtained as a white solid after purification by column chromatography on silica 
(n-hexane/EtOAc, 8/2). 
1H NMR (CDCl3): δ 7.57 (m, 3H), 7.44 (d, J=8.8 Hz, 1H),  7.26 – 7.12 (m, 3H), 
7.01 – 6.87 (m, 4H), 6.83 (t, J=8.4 Hz, 2H), 6.75 (dd, J1=8.4 Hz, J2=2.8Hz, 1H), 
6.36 (d, J=3.2 Hz, 1H), 3.72 (m, 1H), 3.39 (m, 1H), 3.27 (s, 3H), 3.21 (t, J=7.5 Hz, 
2H), 2.01 (m, 2H). 
13C NMR (DMSO): δ 158.05, 137.28, 136.43, 136.24, 136.13, 135.98, 135.90, 
135.73, 133.99, 133.77, 130.23, 130.09, 130.05, 128.27, 128.21, 127.37, 127.33, 
127.0, 126.08, 125.85, 115.23, 114.21, 114.1, 67.1, 52.4, 32.9, 29.9 

MS (ESI): calc. for C30H24O3S4, 560.0608, found 560.1620. 

 

4.4.2. Synthesis of spermine-MTS 

4, 9, 13-Triazatetradecyl bromide (4.22). This compound was prepared according 
to literature procedure59 starting with 4.20 (25.0 g, 
0.159 mmol) and 4.21(29.5 g, 0.336 mmol). All data 

were in agreement with those reported in the literature.  
1H NMR (D2O):  1.81 (m, 4H), 2.14 (m, 2H), 2.28 (m, 2H), 2.76 (s, 3H), 3.17 
(m, 8H), 3.23 (m, 2H), 3.55 (m, 2H). 

S-3-(4-(3-(Methylamino)propylamino)butylamino)propyl methanethiosulfonate 
(4.18). Compound 4.22 (450 mg, 0.86 mmol) was 
dissolved in DMF (10 ml) and sodium 
methanethiosulphonate (482 mg, 3.61 mmol) was 

added at once. The reaction mixture was stirred for 24h at 80oC. The solvent was 
evaporated under reduce pressure (0.1 Torr, under 70oC) and the resulting solid was 
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dissolved in acetonitrile. The precipitate was filtered and dried. Pure product 4.18 
(200 mg, 48%) was obtained as a white powder. 
1H NMR (DMSO):  1.81 (m, 4H), 2.14 (m, 2H), 2.22 (m, 2H), 2.76 (s, 3H), 3.17 
(m, 8H), 3.23 (m, 2H), 3.33 (m, 2H), 3.56 (s, 3H) 
13C NMR (DMSO):  22.73, 23.28, 26.32, 33.19, 34.08, 44.50, 45.97, 46.72, 51.00 

HRMS (ESI): calc. for C12H30N3O2S2 312.1779, found 312.1780 (M+H). 

 

4.4.3. MscL channel isolation and modification 

The MscL channel was prepared and isolated as described before.60 

4.4.4. Sample for ESI-MS measurement. 

Samples for ESI-MS measurement were prepared as followed: 500 ml of 
labeled MscL protein was placed in a sterile 2 ml microtube and 100 mg wet weight of 
biobeads SM-2 adsorbents was added. Incubation at 40 oC for 45 min was performed 
in order to absorb the detergent. The solution was transferred into a new microtube 
and incubated at 60 oC for 30 min, cooled on ice and centrifuged at 20.800g (14000 
rpm) for 15 min at 4 oC. The white pellet was washed with ice-cold sterile water by 
adding 2 ml of water and centrifuging as before. This procedure was repeated another 
two times. Upon removing water a white pallet of pure MscL protein without 
detergent was prepared. Shortly before the ESI-MS measurement, the pellet has to be 
dissolved in 300 ml of 50% formic acid and 50% acetonitrile. 

 

4.4.5. Samples for the SDS-PAGE gel with MTS-PEG-5000 

Purified G22C-MscL protein labeled with spermine-MTS molecule 4.18 (10 
l) and SDS sample buffer (5x concentrated) without mercaptoethanol (3 l) were 
mixed together.  MTS-PEG-5000 (10 mM, 1 l) and water (1 l) were added and the 
whole sample incubated for 5 min at room temperature and then vortexed and spin 
down for 30s. The sample (15 l final volume) was introduced into SDS-gel and run 
at 100 mV for 30 min and then at 200 mV. 

 

 



 

 

108 

 

 

 

 

 

   

Chapter 4 

 

4.4.6. Fluorescence dequenching experiment. 

A sephadex G50 size-exclusion column was equilibrated with the efflux buffer 
(10 mM NaPi, 150 mM NaCl and 1mM EDTA, pH=8) and free calcein was 
separated from the proteoliposomes by applying 400 ml proteoliposome and calcein 
mixture onto the column.  Elution of the proteoliposomes containing calcein from the 
column with efflux buffer was performed applying the gravity force. The 
proteoliposomes proceed in the column as a discrete dark orange band in the elution 
front. Efflux buffer (3ml) and proteoliposoms (2.5 μl) were placed into a 4 ml cuvette 
and mixed. In the dequenching experiment of proteoliposomes containing unlabeled 
MscL (MscL-G22C), measurement of the fluorescence at 520 nm (excitation at 490 
nm) in a spectrofluorometer was performed. The activity of the MscL channel protein 
was followed for first 3 min and then the lid of the cuvette compartment was opened 
and 25 μl of MTSET was added from a 160 mM stock (dissolved in water) and mixed 
well. The lid of the instrument was closed and the activity of the protein was followed 
again. This experiment gives information on the maximum channel activity one may 
expect from the particular preparation of proteoliposomes. By applying 100 l 
Anapoe-X-100 (final concentration of 8 mM), the burst of all the liposomes in the 
cuvette was achieved. The release of the calcein self-quenching dye is referred as  “% 
release” by applying the equation: % release = (It-I0/I100-I0)x100, where It is the 
measured fluorescence intensity at a given time, I0 is the initial fluorescence intensity, 
which is caused by the initial free calcein in the sample before stimulation of the 
channel and the residual fluorescence resulting from the quenched liposomal calcein, 
and I100 is the fluorescence intensity from the total liposomal calcein, which is 
obtained from bursting all liposomes by the addition of Anapoe-X-100. The same 
procedure was applied for measurement of the activity of bis-thiaxanthylidene-
modified MscL protein and for in situ modification of the MscL channel with 
spermine-MTS. 
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