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Chapter 7  

 

pH-induced switching of a 

protein channel
1
 

 
 

In this chapter the synthesis and study of a semisynthetic pH responsive protein channel 

derived from the Mechanosensitive channel of Large conductance (MscL) is described. 

Several small organic molecules functioning as pH sensitive actuators and capable of 

binding to the mutant channel protein containing cysteine residues were synthesized. The 

most successful were the actuators based on glycine and its N-methylated analogues, 

containing the methanethiosulfonate group that binds selectively to the thiol group of 

cysteine. Channels with bound actuators became sensitive to the pH of their environment. 

At pH 7.4 only a few channel openings were observed using the patch-clamp technique and 

ca. 5% release from channel containing liposomes was observed in a calcein efflux assay. 

However, upon changing the pH to 6.1 the channel was found to open frequently even in 

the absence of tension in the membrane (which is a natural trigger for the opening of MscL) 

and up to 45% of the calcein is released during the calcein efflux assay. 

 

 

                                                 
This chapter has been published in part in: Kocer, A.; Walko, M.; Bulten, E.; Halza, E.; 

Feringa, B. L.; Meijberg, W. Angew. Chem. Int. Ed. 2006, 45, 3126-3130.  
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7.1 A pH sensitive group as an internal trigger 

 
Ligand gated membrane channels are sensitive to the presence of a specific ligand in 

their environment and open as a result of its binding to the channel
1
. Many synthetic host 

systems that recognize and bind certain molecules or ions have been developed and studied, 

however, they are usually of quite considerable size
2
. Since the MscL channel protein is a 

pentamer (see chapter 6), the introduction of five bulky substituents (one in each protein 

unit) would probably interfere with its function. Therefore we have chosen the smallest 

“ligand” available, i.e. the proton as a trigger for channel gating. This choice also allows 

quite convenient study of the modified channel since its opening and closing would be 

dependent on the pH of its environment which is quite easy to control in in vitro 

experiments. 

Another motive for this choice was the intended development of a liposome system 

containing pH responsive MscL channels into a drug delivery device that would release its 

content in response to a change in pH. It is well known that many health conditions 

including cancer, inflammation or ischemic stroke are accompanied by a decrease of the pH 

of the tissue
3
. While the normal extracellular pH is about 7.4, the extracellular pH of cancer 

cells can reach values lower than 7. This is also the reason why we focussed on channels 

that open as a result of a decrease in pH, although actuators opening the channel upon pH 

increase could, probably, be designed as well. 

To achieve the goal of altering the behaviour of the channel a pH sensitive actuator 

fulfilling two important criteria had to be designed and synthesized. It has to be able to bind 

to a proton when in the desired pH range and it should bind to the channel protein. 

7.2 Protein modification 
 

Site-directed mutagenesis is an important tool in the study of proteins in vitro as 

well as in vivo. The method is fully site-specific allowing for the exchange of any amino 

acid in the protein chain for any other α-amino acid. Although widely applied it has one 

major drawback. The number of functionalities incorporated at the desired site is limited to 

the 20 genetically encoded α-amino acids. Recently the introduction of some unnatural α-

amino acids has been reported
4,5

 however, the diversity of the functional group introduced 

in this manner is still rather limited.  

Chemical modification, on the other hand, allows for the introduction of a virtually 

unlimited variety of compounds with different properties and functions. The problem with 

this approach is targeting. The reactive compound usually binds to all amino acid residues 

of a certain type resulting in non-specific and often multiple modifications. 

Using the complementarity of these two approaches allows for combining their 

advantages; the high specificity originating from site-directed mutagenesis and the 

structural diversity granted by chemical modification. In this approach a unique binding site 

is introduced into the protein by site-directed mutagenesis in the form of a natural or non-

natural amino acid, which is subsequently modified chemically
 6

. 
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7.3 Chemical modification of proteins 
 

The most frequently used chemical modifications of proteins are unselective in 

nature. They usually target reactive free amino groups of lysine and arginine or the free 

carboxy groups of aspartic and glutamic acid. The single most widely used modification is 

attachment of poly(ethylene glycol) (PEG) chains which is applied to proteins intended for 

use as biopharmaceuticals
7
. Poly(ethylene glycol) chains reduce immunogenicity and 

protect the protein from degradation
8
. Another method important for the stabilization of 

proteins is crosslinking
9
 using the imino-bond formation between the amino groups of the 

protein and a dialdehyde or diacrylate. 

The site-specific modification is more challenging. It is defined as a “process which 

yields a stoichiometrically altered protein with quantitative and covalent derivatization of a 

single, unique α-amino acid residue without either modification of any other α-amino acid 

residue or conformational change”
10

. Such a process generally requires the presence of a 

site with a special reactivity in the protein that can be addressed in a selective manner. The 

early examples of this approach comprise of modification of histidine
11

 or cysteine
12

 

residues in the active sites of enzymes
13

. The other possibility is when a specific α-amino 

acid appears in the protein only once, or if it appears several times, the side chain of only 

one residue is available for derivatization from the solution while the others are hidden in 

the hydrophobic interior of the protein
14

. 

Cysteine is the most attractive target for site-specific chemical modification of 

proteins
15

. This is mainly due to its nucleophilicity. The thiol group in the side chain of the 

cysteine is the most nucleophilic moiety in the protein thus allowing high selectivities to be 

achieved without concurrent modification of the other α-amino acids with nucleophilic 

functionalities such as lysine or histidine. Also low occurrence of the cysteine and the fact 

that most of the cysteines are unavailable for modification due to the formation of disulfide 

bridges makes it a valuable target. Several types of reagents for cysteine modification have 

been explored ( Figure 7.1). The most common are maleimides 7.1, methanethiosulfonates 

7.2 and α-haloacetates and α-haloamides 7.3.  
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Figure 7.1 Main classes of reagents used for the chemical modification of cysteine. 
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Maleimides are widely used due to their excellent stability, good specificity and 

convenient introduction of desired substituents at the nitrogen
16

. Their reaction is based on 

the nucleophilic addition of the thiol group of cysteine to the double bond of maleimide and 

can be monitored by UV/vis spectroscopy following the decrease of the band around 300 

nm corresponding to the absorption maximum of the maleimide moiety
17

. A range of 

functional labels have been introduced to the proteins using the maleimide as a coupling 

moiety, such as spin-probes
18

, fluorophores
19

 and polarity probes
20

.  

Methanethiosulfonates react with thiols to form a disulfide bond. The reaction is 

selective and quantitative and the attachment is reversible under reducing conditions. The 

reagents are quite easy to synthesize, but are less stable than the maleimides as a result of 

their higher reactivity. Since the first use of the methyl methanethiosulfonate
21

, many 

different substituents have been introduced into proteins using this method
22

. 

Haloacetic acids, their esters and amides are the third most frequently used group of 

cysteine selective modification reagents
23

. The sulfur of the cysteine thiol group replaces 

the halogen via a SN2 mechanism which implies the reactivity of the particular halogen 

derivatives. Iodides and bromides, which differ only slightly in reactivity, are used in most 

cases, whereas chlorides, which react about 100 times slower, are applied less frequently
24

. 

Along with the maleimides, haloacetic acids esters and amides have also been used to 

incorporate various functionalities into proteins, such as fluorescent
25

 and spin labels
26

 or a 

biotin probe
27

. 

 

7.4 Imidazole-containing actuator 

 
Mutagenesis experiments on the MscL protein have shown that conversion of 

glycine-22 located in the hydrophobic constriction region which serves as a gate of the 

channel into a charged (serine, threonine, tyrosine, asparagines, glutamine) or polar (lysine, 

arginine, histidine) amino acid affects the tension sensitivity of the channel
28

. As the 

polarity or hydrophilicity increases, the tension sensitivity of the channel in its natural 

membrane environment is increased and the treshold for channel opening shifts to lower 

membrane tension values (see chapter 6, part 6.2.5). On the other hand, if the 

hydrophobicity in this constriction region of the protein is increased, the channel becomes 

more difficult to activate as evidenced by the need for higher membrane tension to observe 

channel opening. In the same study
28

 Yoshimura et al. also showed the conditional nature 

of this effect by converting glycine-22 into the pH-sensitive α-amino acid histidine. At low 

pH, when the histidine is mainly in the charged form, the channel embedded in giant E. coli 

spheroplasts opened at lower values of applied tension compared to high pH conditions, 

where the histidine is mainly in its neutral form. 

Inspired by those results, the first synthetic pH-activator was designed to contain 

imidazole as a pH sensitive moiety. The most straightforward way to synthesize a 

compound consisting of imidazole and a cysteine selective linker was to substitute the 

amino group of the histidine with halogen. Diazotation of histidine in concentrated aqueous 

HBr gave the desired bromide 7.4 (Scheme 7.1). However, even after 3 days of incubation 

with the cysteine containing mutant MscL protein no reaction was observed. The reason 

might be the low reactivity or high hydrophilicity of the compound that prevents it from 

reaching the thiol functionality of cysteines in the hydrophobic constriction zone of the 

protein. Therefore the compound was modified to become more hydrophobic by protecting 
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the free carboxylic group (that is normally charged at neutral pH) and more reactive by 

exchanging the bromine for the iodine (Scheme 7.1). The compound 7.5 with the methyl 

ester was still unreactive, but compound 7.6, containing a more reactive iodine coupled to 

the MscL mutant, efficiently gave the fully substituted MscL after 48 h of incubation. The 

ESI-MS spectra (see experimental part for the procedure) show a signal corresponding to a 

mass of 15 848 for one of the five channel subunits which corresponds to the expected 

value for the subunit with actuator 7.6 attached. At the same time no signal corresponding 

to mass of 15 694, the mass of unmodified G22C MscL mutant, was observed 
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Scheme 7.1 Synthesis of imidazole containing actuator. 

The expected pKa of the actuator 7.6 is around 6.3
29

 in water. Since the actual pKa of 

the compound within the hydrophobic protein constriction area can be different, the effect 

of the modification on the channel protein was first monitored by the calcein efflux assay 

(see experimental part) at pH 6 and 8; the pH limits of the assay. However, no channel 

activity was observed at either pH indicating that either an insufficient number of the five 

imidazole moieties situated in the constriction zone of the channel are protonated or that the 

protonation does not lead to channel opening. 

 

7.5 Pyridine-based actuators 

 
This negative result obtained with imidazole prompted a redesign of the pH-

activator. Although the pKa of the imidazole is in the desired range it is not easy to tune and 

the reactivity of the iodoacetate group, which was used as a cysteine selective linker, 

caused problems during synthesis and storage of compound 7.6. Therefore, pyridine 

derivatives were chosen as pH-activators. Pyridine itself has a pKa of 5.25
30

 but the large 

number of known derivatives as well as the widely explored chemistry of pyridines, in 

particular substituted pyridines, allows for the tuning of the pKa to a desired value. 

Compound 7.7 was synthesized to examine whether the pyridine can indeed cause 

the pH-responsive gating of the channel. The choice of the compound was based on its 

accessibility. It can be prepared in one step from commercially available precursor (pyridin-

4-yl)methanol by refluxing it in concentrated hydrobromic acid
31

 (Scheme 7.2).  

 



Chapter 7  

 142 

N
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Scheme 7.2 Synthesis of 4-(bromomethyl)pyridine as a pyridine-based actuator. 

Modification of the protein with pyridine derivative 7.7 was easier than with 

imidazole derivative 7.6 and required only 12 h incubation with the cysteine containing 

MscL (see experimental part) to achieve a fully modified channel. The ESI-MS spectra 

again confirmed the modification. The signal corresponding to unmodified G22C MscL 

(15 694) disappeared and a new signal corresponding to the mass of the protein subunit 

with the actuator 7.7 attached was observed at 15 789. After the compound was coupled to 

the protein, the effect of the modification was monitored again by the calcein efflux assay 

at different pHs. However, as in the imidazole case, again no release in response to the pH 

changes between pH 6 and 8 were observed. However, since the expected pKa of this 

actuator is 5.23
32

 this is not a surprising result. Assuming that the local pH around the 

actuator is similar to bulk pH outside the channel, it will be mainly in the neutral form even 

at pH 6, and channel gating is not expected. The putative effect would be observable at 

lower pHs, but the fluorescent dye used in the efflux experiments, calcein, is only stable 

between pH 6 and 8 . In order to access a lower pH-range, the pyridine-modified proteins 

were analyzed at the single molecule level in patch clamp experiments (see experimental 

part for details and Chapter 6 for an introduction to this technique) (Figure 7.2). 

The chemically modified reconstituted channels were patched first at pH 5.2. The 

modified MscL channel opened to low conductance states (0.3- 0.5 nS) even without 

applied tension. In the presence of applied tension (pressure decreased by 40 mm Hg), 

however, channel openings with 3 nS conductance could be observed (Figure 7.2a). When 

the measurements were repeated at pH 7.2, the modified MscL opened only in response to 

membrane tension (pressure decreased by 40 mm Hg), resulting mainly in the observation 

of the 3 nS conductance state of the protein (Figure 7.2b). The channel also exhibited stable 

subconducting states, with a 0.3 nS substate being the most frequently visited one. For 

comparison, similar behavior of pH-dependent tension sensitivity was observed with a 

G22H mutant with histidine at the 22
nd

 position, which can be viewed as the natural analog 

of this modified protein
28

. Encouraged by these results, a derivative of pyridine with a 

higher pKa value, compound 7.12, was synthesized (Scheme 7.3). 
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Figure 7.2 Single molecule level analyses of MscL-G22C modified with compound 7.7 in a 

patch clamp experiment. a) pH 5.2: the channel opens even in the absence of applied 

tension to its subconducting states. Application of tension leads to higher and even fully 

conducting states. b) pH 7.2: the channel needs applied tension to open. Typical channel 

openings in each trace are indicated in an enlarged form in dashed boxes. 
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Scheme 7.3 Synthesis of pyridine-based actuator 7.12. 

Bromination of the commercial 2,4,6-trimethylpyridine with N-bromosuccinimide in 

the mixture of trifluoroacetic and sulfuric acid proceeded in good yield. The resulting 3-

bromo-2,4,6-trimethylpyridine 7.8 was lithiated at low temperature, and after quenching 
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with DMF afforded the aldehyde 7.9. Reduction of this aldehyde to the alcohol 7.10 was 

followed by the exchange of the hydroxyl group with a bromide to produce the 3-

(bromomethyl)-2,4,6-trimethylpyridine 7.11. Although this compound may be considered a 

methylated analogue of the pyridine-based actuator 7.7, the bromomethyl group in the 

meta-position of the pyridine ring is far less reactive than at the para-position. To increase 

its reactivity, compound 7.11 was transformed into its methanethiosulfonate derivative 7.12. 

Compound 7.12 was successfully coupled to the channel protein. The ESI-MS spectra show 

the expected signal at 15 860 corresponding to a modified protein, while a signal at 15 694, 

corresponding to unmodified G22C MscL mutant, was not observed. 

 

Figure 7.3 Activity of MscL-G22C modified with compound 7.12. a) pH-induced release 

in calcein efflux assays. MTSET-induced activity is also shown as a standard for maximum 

protein mediated release b) Patch clamp measurements at pH 5.8 and c) at pH 8. Inset: 

typical channel openings in an enlarged form. While at pH 5.8 channel openings can be 

observed without applied pressure, at pH 8 at least 50 mm Hg pressure is necessary to open 

the channel. 

The estimated pKa of compound 7.12 is 7.1
33

 under aqueous conditions. As shown 

in Figure 7.3a, due to the fact that the pKa of the modulator is now within the pH-interval 

accessible with the efflux assay, the charge-induced channel activity of the modified protein 

could now be monitored as a fluorescence signal. At pH 8, the proteoliposomes released ca. 
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8% of the calcein dye, but at pH 6 release increased to 16%. The control sample, i.e. 

proteoliposomes containing unmodified G22C, was activated by MTSET+, a permanently 

charged compound causing all channels to open after binding, and led to 38% release at 

both pH values. 

Patch clamp analyses indicated that, as in the previous case, the channel retained its 

tension dependence but became more sensitive at lower pH values and finally, opened 

spontaneously without applied tension at pH 5.8 (Figure 7.3b). The observed conductance 

was ca 2.5 nS, but if tension was applied gradually, the channel also gated to its full 

conductance of 3 nS with as little as 15 mmHg applied negative pressure. Conversely, at 

pH 8 spontaneous gating was absent and only the tension-dependent openings were 

observed (Figure 7.3c). At lower tensions (up to -50 mmHg pressure in the patch) the 

channel opened to lower sub-conducting states (1 and 2 nS) whereas at higher levels of 

applied tension full conductance was reached. Further application of tension resulted in the 

opening of more than one channel. 

7.6 Glycine-based actuators 

 
After having shown that MscL, when modified with small molecule modulators, can 

be opened as a result of changes in ambient pH, the system was further optimized to show a 

more pronounced effect, particularly in the calcein efflux assay. It is known that gating 

behavior can be correlated not only to the charges present but also to the hydrophilicity of 

the residues in the constriction pore
28

. From this point of view the pyridine derivatives are 

not ideal modulators since they are quite hydrophobic. In order to address this issue pH-

modulators based on a different structural motif were designed. The design criteria were 

higher hydrophilicity, pKa tunability in the range pH 6 - 8, fast and efficient synthesis, and 

specific and efficient coupling to the protein. 

The designed and synthesized actuators are shown in the Scheme 7.4. A decrease in 

hydrophobicity of the pH actuators was achieved by using less carbon and more 

heteroatoms in the structures, leading to a higher dipole moment. An amino group with a 

decreased pKa due to the presence of a neighboring electron withdrawing carboxyl group 

was used as the protonation site, whereas the methanethiosulfonate (MTS) moiety was used 

for specific and fast coupling to the protein. The latter has the advantage of avoiding 

difficulties that may arise from the presence of an amino group and a reactive iodoacetate 

as a coupling unit in the same molecule, as seen for example in compound 7.6. 
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Scheme 7.4 Synthesis of glycine-based actuators. 
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Commercially available glycine, N-methylglycine and N,N’-dimethylglycine, 

anticipated to be pH-sensitive moieties, were coupled, via esterification, to 2-bromoethanol. 

Due to the possibility of intramolecular substitution of the bromine by the amino-group, 

which would lead to the favourable 6-membered ring, the resulting esters 7.13-7.15 were 

isolated as their hydrochloride salts. The replacement of the bromide by the 

methanethiosulfonate group was carried out by heating these salts with sodium 

methanethiosulfonate in DMF for 4 h. In order to supress the nucleophilicity of the amino 

group, the resulting actuators 7.16-7.18 were isolated, stored and coupled to the mutant 

MscL protein in the form of their hydrochloride salts. The success of the coupling 

procedure was confirmed by the ESI-MS spectra. Instead of the signal at 15 694 

corresponding to unmodified G22C MscL mutant, signals of modified MscL at 15 830 for 

7.16, 15 841 for 7.17 and 15 851 for 7.18 were observed.  

 

Figure 7.4 Activity of MscL-G22C modified with compounds a) 7.16. b) 7.17 and c) 7.18. 

Bar graphs show pH-induced release in calcein efflux assays. MTSET-induced activity is 

also shown as a standard for maximum protein-mediated release. 
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As for the previous examples, the function of the new actuators was first tested in 

the calcein efflux assay. When duplicates of the same proteoliposome sample containing 

MscL-G22C modified with the compounds 7.16, were analyzed in efflux assays at different 

pHs, the channel showed pH-dependent activity, releasing more calcein at lower pHs 

(Figure 7.4a). At pH 8, the net release of calcein was 10.0 ± 1.1%, which increased to 23.0 

± 3.4% at pH 7.3 and was highest at pH 6 (37 ± 3%). In comparison, liposomes without 

MscL were stable at all pHs analyzed and only released 3.1 ± 0.5% of calcein. Control 

experiments with proteoliposomes containing unmodified MscL-G22C resulted in pH-

independent activity of up to 57.0 ± 3% after addition of MTSET+. 

The pKa value of compound 7.16 was further modified through the introduction of 

methyl groups on the nitrogen. Compound 7.17 with one methyl group is expected to have 

a pKa ca. 0.1 higher than 7.16
34

. The pH-induced release profile of the protein modified 

with compound 7.17 is shown in Figure 7.4b. The release was 9.2 ± 1% at pH 7.8, 

approximately the same at pH 7.4, but gradually increased to 31.0 ± 2% at pH 6.1. 

In order to decrease the pKa and observe a more pronounced effect another methyl 

group was added to the nitrogen, resulting in compound 7.18 with an estimated pKa of 

7.35
34

. This pH-modulator induced ca. 5% release at physiological pH (7.4), but at pH 6.1 

this increased to approximately 45% (Figure 7.4c). 

 

Figure 7.5 Activity of MscL-G22C modified with compound 7.16. a) Patch clamp 

measurements at pH 7.45 and b) at pH 6. Inset: typical channel openings in an enlarged 

form. While at pH 7.45 only a few short channel openings can be observed, at pH 6 the 

channel opens more frequently and stays open longer. 
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The pH-dependent opening of the channel proteins modified with compounds 7.16-

7.18, as observed in the efflux assays, was confirmed through patch clamp analysis (Figure 

7.5). In all three cases, the channels opened spontaneously at low pH (6-7). At higher pH 

(7.5-8) however the modified channels still retained their mechanosensitive properties. 

Although these three compounds have similar effects on the gating behaviour of 

MscL protein, the calcein efflux assay revealed some interesting differences. While release 

from the liposomes containing MscL modified with 7.16 and 7.17 increases almost linearly 

with the decrease in pH, the release profile of compound 7.18 shows an non-linear increase 

below pH 7 (Figure 7.6). Also the release at higher pH values differs. While there is no 

release at pH 8 in the case of 7.18, modification of the channel with 7.16 and 7.17 causes 

the liposomes to leak some of their contents. One possible explanation is that the dimethyl 

derivative 7.18 is hydrophobic enough to keep the channel completely closed, while more 

hydrophilic 7.16 and 7.17 cannot keep the hydrophobic constriction zone sealed tightly 

even when they are nonprotonated. . 
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Figure 7.6 Comparison of pH-dependent release profiles of the liposomes containing 

embedded MscL modified with 7.16-7.18. 

7.7 Conclusions 

 
The combination of site-directed mutagenesis with subsequent chemical 

modification allows for incorporation of compounds with various functions at predefined 

positions in the protein. The gating properties of the MscL can be controlled through 

introduction of a proton-sensitive moiety, which adds a change in the pH as a new stimulus 

for channel opening. This new stimulus can function independently of membrane tension, 

which is responsible for gating of the unmodified channel, and can trigger channel opening 

even in the complete absence of membrane tension. The sensitivity and pH interval for 

channel opening can be tuned by varying the hydrophobicity and pKa of the proton 

sensitive moieties. This addition of a new opening trigger to control opening of the MscL 

channel can serve as a valuable tool for the investigations of channel function. Since 
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membrane tension is not necessary for channel gating; a new efficient method for analysing 

MscL activity embedded in liposomes, calcein-release, could be used in addition to the 

traditional patch-clamp technique. 

 

7.8 Experimental part 

 
General information 

For general information on synthesis and characterization of compounds see 

Chapter 2. 2-Bromo-3-(1H-imidazol-4-yl)-propionic acid methyl ester
35

 7.5 and 4-

(bromomethyl)pyridine hydrobromide
31

 7.7 were synthesized as described in the literature.
 

7.8.1 Synthesis of the actuators 
 

2-Iodo-3-(1H-imidazol-4-yl)-propionic acid methyl ester (7.6) 

NaI (165 mg, 1.1 mmol) was added to 2-bromo-3-(1H-imidazol-4-

yl)-propionic acid methyl ester
35

 7.5 (233 mg, 1 mmol) in acetone (2 

ml) and the solution was stirred for 4 h at room temperature. The 

solid precipitate was filtered off and the solvent evaporated. The 

residue was then dissolved in small amount of ethyl acetate (2 ml), 

the solution filtered and the solvent evaporated to give 2-iodo-3-

(1H-imidazol-4-yl)-propionic acid methyl ester 7.6 (280 mg, quantitative) as a colourless 

oil. 
1
H NMR (400 MHz, CDCl3)  3.26 (dd, J =15.0, 6.2 Hz, 1H), 3.45 (dd, J =15.0, 9.2 Hz, 

1H), 3.74 (s, 3H), 4.61 (dd, J =9.2, 6.2 1H), 6.93 (s, 1H), 7.68 (s, 1H), 10.46 (bs, 1H), 
13

C NMR (100.6 MHz, CDCl3)  18.32 (d), 34.19 (t), 53.19 (q), 117.20 (d), 134.96 (s), 

135.27 (d), 172.22 (s) 

MS (EI): 280 [M+]; HRMS calcd. for C7H9N2O2I 279.9709, found 279.9719 

 

3-Bromo-2,4,6-trimethylpyridine
36

 (7.8) 

2,4,6-Trimethylpyridine (5g, 42 mmol) was dissolved in trifluoroacetic acid 

(9 ml) and conc. H2SO4 (12 ml) and N-bromosuccinimide (15 g, 84 mmol) 

were added. The resulting mixture was stirred at room temperature for 48 h 

and then poured onto crushed ice (100 g) and a solution of aq. NaOH (2M) 

was added until the whole solution became alkaline. Extraction of this 

solution with ethyl acetate (3 x 50 ml), followed by drying of the combined organic extracts 

over Na2SO4, filtration and evaporation of the solvent in vacuo provided a crude product. 

Purification by chromatography (silica gel, n-hexane:ethylacetate / 10:1) provided 3-

bromo-2,4,6-trimethylpyridine 7.8 (7.75 g, 93%) as a colourless oil. 
1
H NMR (400 MHz, CDCl3) 2.20 (s, 3H), 2.30 (s, 3H), 2.51 (s, 3H), 6.70 (s, 1H). 

13
C NMR (100.6 MHz, CDCl3)  22.83 (q), 23,46 (q), 25.32 (q), 120.93 (d), 122.85 (s), 

146.93 (s), 155.27 (s), 156.21 (s). 

MS (EI): 199, 201 [M+]; HRMS calcd. for C8H10BrN 198.9997, found 199.0004. 
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2,4,6-Trimethylpyridine-3-carbaldehyde (7.9) 

n-BuLi (10.3 ml of 1.6 M solution in n-hexane, 16.5 mmol) was added at 

-78°C to the solution of 3-bromo-2,4,6-trimethylpyridine 7.8 (3g, 15 

mmol) in the Et2O (50 ml) under nitrogen atmosphere and the mixture 

was stirred at the same temperature for 1 h. Then DMF (1.55 ml, 20 

mmol) was added and reaction mixture allowed to warm to r.t. After 

stirring for 30 min at r.t. water (10 ml) was added, the organic layer separated and the 

aqueous layer extracted with Et2O (3x20 ml). The combined organic extracts were dried 

over Na2SO4, filtered, the solvent evaporated and the crude product purified by 

chromatography (silica gel, n-hexane:ethylacetate / 3:1) to yield 2,4,6-trimethylpyridine-3-

carbaldehyde 7.9 (2.05 g, 91%) as a colourless oil which solidifies upon standing. 
1
H NMR (400 MHz, CDCl3) 2.41 (s, 3H), 2.46 (s, 3H), 2.68 (s, 3H), 6.81 (s, 1H), 10.58 (s, 

1H). 
13

C NMR (100.6 MHz, CDCl3)  20.25 (q), 23,06 (q), 24.62 (q), 124.49 (d), 125.85 (s), 

150.02 (s), 160.57 (s), 161.81 (s), 192.09 (d). 

MS (EI): 149 [M+]; HRMS calcd. for C9H11NO 149.0841, found 149.0854. 

 
(2,4,6-Trimethylpyridin-3-yl)methanol (7.10) 

NaBH4 (0.45 g, 12 mmol) was slowly added to the solution of 2,4,6-

trimethylpyridine-3-carbaldehyde 7.9 (1.5 g, 10 mmol) in methanol (20 

ml) cooled in an ice-bath. After the addition was completed, the 

reaction mixture was stirred for 30 min at r.t. The reaction was 

quenched with water (50 ml), the methanol was removed by 

evaporation and the residue extracted with Et2O (3x50 ml). The combined organic extracts 

were dried over Na2SO4, filtered and the solvent evaporated to give (2,4,6-trimethylpyridin-

3-yl)methanol 7.10 (1.52 g, quantitative) as a colourless oil which solidifies upon standing. 
1
H NMR (400 MHz, CDCl3) 2.33 (s, 3H), 2.38 (s, 3H), 2.46 (s, 3H), 3.46 (bs, 1H), 4.66 (s, 

2H), 6.78 (s, 1H). 
13

C NMR (100.6 MHz, CDCl3)  18.98 (q), 21.87 (q), 23.86 (q), 58.22 (t), 123.28 (d), 

129.53 (s), 147.29 (s), 156.56 (s), 156.74 (s). 

MS (EI): 151 [M+]; HRMS calcd. for C9H13NO 151.0997, found 151.1009. 

 
3-(Bromomethyl)-2,4,6-trimethylpyridine (7.11) 

(2,4,6-Trimethylpyridin-3-yl)methanol 7.10 (457 mg, 3 mmol) was 

dissolved in HBr (10 ml of a 47% aqueous solution) and  the mixture 

was heated at reflux for 8 h. After cooling, the mixture was neutralized, 

while kept in an ice cooling bath, with 10 M aq. NaOH until a precipitate 

appeared and then with sat. aq. NaHCO3 until a pH=7 was reached. The 

resulting mixture was extracted with CH2Cl2, dried over Na2SO4 and the solvent evaporated 

at temperatures below 30°C to give 3-(bromomethyl)-2,4,6-trimethylpyridine 7.11 as a 

white solid (595 mg, 92%) which is unstable and has to be used immediately in the next 

step. 
1
H NMR (400 MHz, CDCl3) 2.31 (s, 3H), 2.41 (s, 3H), 2.55 (s, 3H), 4.48 (s, 2H), 6.80 (s, 

1H) . 
13

C NMR (100.6 MHz, CDCl3)  18.68 (q), 22.00 (q), 24.09 (q), 28.05 (t), 123.33 (d), 

127.09 (s), 146.73 (s), 156.67 (s), 157.40 (s). 
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MS (EI): 213, 215 [M+]; HRMS calcd. for C9H12N
81

Br 215.0133, found 215.0134. 

 

S-(2,4,6-Trimethylpyridin-3-yl)methyl methanesulfothiolate (7.12) 

3-(Bromomethyl)-2,4,6-trimethylpyridine 7.11 (214 mg, 1 mmol) 

was dissolved in DMF (2 ml) and sodium methanethiosulfonate 

(134 mg, 1 mmol)) was added. The mixture was heated at 70°C for 

12 h, cooled down, poured into water (10 ml) and extracted with 

Et2O (3x10 ml). The combined organic extracts were dried over 

Na2SO4, filtered, the solvent evaporated and the residue purified by chromatography (silica 

gel, n-hexane:ethyl acetate / 3:1 and then pure ethyl acetate) to yield S-(2,4,6-

trimethylpyridin-3-yl)methyl methanesulfothiolate 7.12 (200 mg, 81%) as a white solid. 

The product can be stored at -20°C for several weeks, but decomposes at r.t. within a few 

days. 
1
H NMR (200 MHz, CDCl3) 2.37 (s, 3H), 2.44 (s, 3H), 2.60 (s, 3H), 3.31 (s, 3H), 4.44 (s, 

2H), 6.84 (s, 1H). 
13

C NMR (75.4 MHz, CDCl3)  19.28 (q), 22.42 (q), 24.02 (q), 35.82 (t), 50.44 (q), 122.63 

(s), 123.62 (d), 147.41 (s), 156.99 (s), 157.50 (s). 

MS (EI): 245 [M+]; HRMS calcd. for C10H15NO2S2 245.0544, found 245.0546. 

 

General procedure for the synthesis of 2-bromo-ethyl ester of glycine and its N 

alkylated derivatives (7.13-7.15) 

Glycine or its N alkylated derivatives in the form of the free compound or as a HCl salt (20 

mmol) were suspended in 2-bromoethanol (14.3 ml, 200 mmol) and cooled to 0°C. Thionyl 

chloride (1.8 ml, 25 mmol) was added dropwise and reaction mixture was stirred at room 

temperature until a clear solution was obtained. The resulting solution was poured into 200 

ml of ether, the precipitated solid was removed by filtration, washed with ether and dried in 

vacuo. In the case that only oil separates instead of a precipitate, the ether was decanted and 

the oil washed with ether (2 x 100ml) and all the residual solvents were removed in vacuo. 

The oil usually solidifies upon standing overnight at 4°C. The compounds were obtained as 

HCl salts. Yields are over 95%, with purity over 98%. 

 
Amino-acetic acid 2-bromo-ethyl ester; hydrochloride (7.13) 

1
H NMR (300 MHz, D2O)  3.66 (t, J = 5.6 Hz, 2H), 3.97 (s, 

2H), 4.58 (t, J = 5.6 Hz, 2H). 
13

C NMR (100.6 MHz, DMSO)  30.35 (t), 39.58 (t), 65.19 

(t), 167.41 (s). 

MS (EI): 181, 183 [M+]. 

 
Methylamino-acetic acid 2-bromo-ethyl ester; hydrochloride (7.14) 

1
H NMR (300 MHz, D2O)  2.81 (s, 3H), 3.67 (t, J = 5.6 Hz, 

2H), 4.07 (s, 2H), 4.60 (t, J = 5.6 Hz, 2H). 
13

C NMR  (100.6 MHz, DMSO)  30.39 (t), 32.69 (q), 

48.00 (t), 65.29 (t), 166.49 (s). 

MS (EI): 195, 197 [M+]; HRMS calcd. for C5H10NO2
81

Br 196.9874, found 196.9871. 
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Dimethylamino-acetic acid 2-bromo-ethyl ester; hydrochloride (7.15) 

1
H NMR (300 MHz, D2O)  3.00 (s, 6H), 3.67 (t, J = 5.6 Hz, 

2H), 4.21 (s, 2H), 4.60 (t, J = 5.6 Hz, 2H). 
13

C NMR (100.6 MHz, DMSO)  30.13 (t), 42.73 (q), 55.18 

(t), 64.98 (t), 165.27 (s). 

MS (EI): 209, 211 [M+]; HRMS calcd. for C6H12NO2
79

Br 209.0051, found 209.0060. 

 

General procedure for the synthesis of 2-methanesulfonylsulfanyl-ethyl ester of 

glycine or its N alkylated derivative (7.16-7.18) 

The salt of 2-bromo-ethyl ester of glycine or its N alkylated derivatives (10 mmol) were 

dissolved in DMF (10 ml) and sodium methanethiosulfonate (1.47g, 11 mmol) was added. 

The mixture was heated at 70°C for 4 h, the solid precipitate was filtered off and DMF was 

evaporated in vacuo. The residue was dissolved in a small amount of boiling acetonitrile 

(20 ml), filtered and the filtrate evaporated in vacuo. Products (7.16-7.18) were obtained as 

their HCl salts. Yields were 70 – 90%. Compounds may contain small amount <5% NaCl. 

Solid products can be crystallized from acetonitrile-ether or ethanol-ether. All the products 

can be stored at -20°C for several weeks, but decomposes at r.t. within a few days. 

Amino-acetic acid 2-methanesulfonylsulfanyl-ethyl ester; hydrochloride (7.16) 
1
H NMR (300 MHz, D2O)  3.57 (s, 3H), 3.59 (t, J = 

5.9 Hz, 2H), 3.99 (s, 2H), 4.60 (t, J = 5.9 Hz, 2H). 
13

C NMR (100.6 MHz, DMSO)  33.88 (t), 35.77 (t), 

50.10 (q), 63.54 (t), 167.23 (s). 

MS (EI): 213 [M+]. 

 

Methylamino-acetic acid 2-methanesulfonylsulfanyl-ethyl ester; hydrochloride (7.17) 
1
H NMR (300 MHz, D2O)  2.82 (s, 3H), 3.57 (s, 3H), 

3.59 (t, J = 5.9 Hz, 2H), 4.08 (s, 2H), 4.60 (t, J = 5.9 Hz, 

2H). 
13

C NMR (100.6 MHz, DMSO)  32.69 (q), 34.01 (t), 

48.00 (t), 50.24 (q), 63.78 (t), 166.63 (s). 

MS (EI): 227 [M+]; HRMS calcd. for for C6H13NO4S2 227.0286, found 227.0279. 

 
Dimethylamino-acetic acid 2-methanesulfonylsulfanyl-ethyl ester; hydrochloride (7.18) 

1
H NMR (300 MHz, D2O)  3.02 (s, 6H), 3.57 (s, 3H), 

3.59 (t, J = 5.9 Hz, 2H), 4.23 (s, 2H), 4.61 (t, J = 5.9 Hz, 

2H). 
13

C NMR (100.6 MHz, DMSO)  34.05 (t), 43.35 (q), 

50.33 (q), 55.95 (t), 63.96 (t), 165.72 (s). 

MS (EI): 241 [M+]; HRMS calcd. for C7H15NO4S2 241.0442, found 241.0439. 

7.8.2 Protein isolation37 
 

Wild-type
38

 or G22C
28

 MscL with C-terminal 6His-tag was expressed in the mscL-

knockout strain PB104
39

, using the pB10a
38

 expression vector. A 10 l culture was grown in 

Luria-Bertani (LB) medium containing 100 µg/ml ampicillin in a batch fermentor at 37°C. 
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Protein expression was induced at mid-log phase by 1 mM isopropyl-β-D-

thiogalactopyrapyranoside (IPTG) (Sigma) and bacteria were grown for two more hours. 

The cells were passed twice through a French Press at 15,000 psi and membrane fractions 

were isolated by differential centrifugation
39

. Membrane vesicles (25 g wet weight) were 

suspended in 25 mM Tris-Cl, pH 8.0 and stored at -80 °C. For protein isolation, typically, 3 

g wet weight of membrane vesicles were solubilized in 30 ml extraction buffer (10 mM 

Na2HPO4/ NaH2PO4, pH 8.0, 300 mM NaCl, 35 mM imidazole, 2%  (v/v) Anapoe®-X-100 

(oxidant free Triton X-100)(Anatrace). The solubilized fraction was cleared by 

centrifugation (40000 rpm, 45 min, 4 °C) and incubated under gentle rotation (1 h, 4 °C) 

with 4 ml nickel-nitriloacetic acid (Ni-NTA) metal-affinity matrix equilibrated with 

extraction buffer. The matrix was transferred into a 1.5 by 10 cm column and washed with 

25 ml of wash buffer (extraction buffer with 1% Anapoe®-X-100) and 15 ml of histidine 

buffer (10 mM Na2HPO4/ NaH2PO4, 300 mM NaCl, 50 mM histidine and 0.2% Anapoe®-

X-100) with a flow rate of 0.5 ml/min. MscL was eluted with 10 ml elution buffer (histidine 

buffer containing 235 mM histidine). Typical isolations yielded 3.4 mg of MscL protein 

(Bradford assay) which was >98% pure as analyzed by SDS-PAGE and N-terminal 

sequencing. 

7.8.3 Protein modification37 
 

Compounds 7.12 and 7.16-7.18  were dissolved in a buffer composed of 10 mM 

Na-phosphate (pH 8), 150 mM NaCl and 1 mM EDTA. 500 µl detergent solubilized MscL 

(0.3 mg/ml) was mixed with 40 mM final concentration of the desired compound, and 

incubated for 15 min at room temperature. The modified protein was separated from the 

free modulator by passing the mixture through a pD10 desalting column (Amersham 

Biosciences) that was pre-equilibrated with 10 mM Na-phosphate (pH 8), 150 mM NaCl 

and 0.1 % Anapoe®-X-100. 

In the case of compounds 7.6 and 7.7, MscL was modified during the last step of 

the isolation procedure, while the protein was still attached to the Ni-NTA column using 

the following procedure. After the first washing step, the column was washed again with 

extraction buffer without imidazole. A freshly prepared solution of compound 7.6 or 7.7 at 

a final concentration of 1 mg/ml in the same buffer was then added to the matrix and 

incubated at 4 
º
C for 48h or overnight (compounds 7.6 and 7.7, respectively). Finally, the 

excess modulator was removed in another washing step and the protein was eluted as in the 

isolation procedure. Modified proteins were subjected to electrospray ionization mass 

spectrometry (ESI-MS) and a liposomal efflux assay to determine whether modification 

was successful and complete. 

 

7.8.4 Electrospray ionization mass spectrometry (ESI-MS)37 

 
500 μl of protein samples (0.1-0.3 mg/ml) containing either wild-type MscL, 

G22C MscL or  G22C MscL modified with one of the actuators were incubated with 100 

mg wet weight of Bio-Beads SM-2 adsorbents (Bio-Rad) at 40 °C for 45 min to remove the 

detergent. The supernatant was incubated at 60 °C for 30 min to further precipitate the 

protein, cooled on ice and centrifuged at 14,000 rpm for 15 min at 4 °C. The pellet was 
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washed twice with 2 ml of ice-cold sterile water. Finally, the supernatant was removed and 

the pellet was dissolved in 300 μl 50 % formic acid and 50 % acetonitrile shortly prior to 

ESI-MS analysis.  

 

Molecule Calculated mass Observed mass 

MscL G22C  15 694 

MscL G22C + 7.6 15 848 15 848 

MscL G22C + 7.7 15 786 15 789 

MscL G22C + 7.12 15 860 15 860 

MscL G22C + 7.16 15 828 15 830 

MscL G22C + 7.17 15 842 15 841 

MscL G22C + 7.18 15 856 15 855 

Table 7.1 Summarized data of the ESI-MS analysis of MscL G22C mutant protein channel 

modified with various actuator molecules 

7.8.5 Membrane reconstitution37 
 

The protein was incorporated into synthetic lipid membranes consisting of either 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol and 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)2000] (DSPE-PEG-2000) 

in a molar ratio of  70:20:10, respectively, using a detergent-mediated reconstitution 

procedure
40

. Pre-warmed DOPC-Cholesterol_DSPE-PEG-2000 liposomes (20 mg/ml) were 

extruded 11 times through a 400 nm pore size polycarbonate filter (Avestin) and the 

resulting large unilamellar vesicles were titrated at 60 °C with Anapoe®-X-100 until 

saturation. The detergent-destabilized liposomes were then mixed with the modified protein, 

solubilized in the same detergent, at a 1:120 (wt:wt) protein to lipid ratio and incubated at 

60 °C for 45 min. For the efflux experiments, 1 volume of calcein (Na-salt) was added to 

the mixture to a final concentration of 50 mM. For patch clamp experiments, 1 volume of 

10 mM Tris-Cl, pH 8.0, 1 mM EDTA, 150 mM NaCl was added to the lipid-protein 

mixture. Detergent removal was achieved by incubating the mixture with 200 mg wet 

weight of Bio-Beads SM-2 adsorbents (Bio-Rad) at 4 °C for several hours. DOPC 

liposomes were also treated the same way except that all the reactions were carried out at 

room temperature instead of 60 °C. 

7.8.6 Calcein efflux assay37 
 

The calcein-containing liposomal fraction was separated from the free calcein by 

Sephadex G50 size exclusion column chromatography. A 10-15 µl volume of the liposomal 

fraction was placed in 2 ml iso-osmotic buffer (10 mM sodium phosphate, pH 8, 150 mM 

NaCl, 1 mM EDTA), and the activity of the channels in response to pH was followed by 

measuring the increase in fluorescence upon calcein dequenching after release through the 

channel. Fluorescence was monitored at 520 nm (excitation at 490 nm) in an SLM 500 

spectrofluorometer. The percent release through the channels was calculated as 

% Release = ( I-I0 / I100-I0) X 100 
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where, I 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 fluorescence still coming from the liposomal calcein, and I100 is the 

fluorescence intensity from total liposomal calcein, which is obtained from bursting all 

liposomes by the addition of 100 µl Triton X-100 to an 8 mM final concentration. 

The response in calcein efflux experiments to the addition of 1 mM [2-

(trimethylammonium)-ethyl]-methanethiosulfonate) (MTSET+) to preparations of modified 

MscL was used as a method to check the efficiency of the chemical modification in each 

experiment. If modification was complete (as indicated by the mass spectrometry results), 

the addition of MTSET+ did not result in any additional increase of the fluorescence, 

whereas MTSET+ addition led to an increase in fluorescence if the modification was not 

complete. 

7.8.7 Patch clamp37 
 

Giant proteoliposomes
41

 and giant E. coli spheroplasts
42

 for patch clamp 

measurements were prepared as described. Pipettes with a resistance of 2.5-4 MΩ were 

pulled from 100 µl borosilicate capillaries in a Sutter 97/IVFmicropipette puller. Single 

channel traces were recorded at  -20 mV (pipette positive) in a bath-pipette buffer 

composed of 200 mM KCl, 100 mM MgCl2, 10 mM CaCl2, 5 mM HEPES, pH 5.2-7.5. 

Data were amplified and filtered at 10 kHz using an Axopatch 1D amplifier, sampled at 

33kHz in a Digidata 1322A digitizer and analyzed with pCLAMP8 software. 
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