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Chapter 8  

 

Light-induced switching of a 

protein channel
1
 

 

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

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

Several small organic molecules functioning as light-sensitive actuators and capable of 

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

proof of principle, a simple carboxylate residue protected by a photocleavable 6-

nitroveratryl alcohol was introduced into the channel. Upon light-induced deprotection a 

negatively-charged carboxylate anion was liberated triggering opening of the channel. 

Light sensitivity was then combined with pH sensitivity (described in Chapter 7). The free 

amino group of the pH sensitive actuator was protected by 6-nitroveratryl chloroformate. 

This actuator can be also deprotected by light. However, in this case the channel opens 

only if the pH of its environment is within the appropriate range. Finally a reversible 

photochromic switch from the spiropyran family was used as an actuator allowing the 

channel to open as well as to close in response to irradiation with light of different 

wavelengths. Irradiation of the channel containing the spiropyran actuator with UV light 

induced its opening, while the subsequent irradiation with the visible light resulted in 

closure of the channel. 

 

                                                 
1
 This chapter has been published in part in: (a) Koçer, A.; Walko, M.; Meijberg, W.; 

Feringa, B. L. Science 2005, 309, 755-758. (b) Koçer, A.; Walko, M.; Bulten, E.; Halza, E.; 

Feringa, B. L.; Meijberg, W. Angew. Chem. Int. Ed. 2006, 45, 3126-3130. (c) Koçer, A.; 

Walko, M.; Feringa, B. L. Nat. Protoc. 2007, 2, 1426-1437. 
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8.1 Light as an external trigger 
 

The opening of the MscL protein channel controlled by a change in pH, as described 

in the previous chapter, is ideal under the conditions where immediate response to a change 

in the acidity of the environment is desired. Such an artificial valve operates autonomously 

and is in fact preprogrammed through the choice of the actuator within the desired pH range. 

However, in a complex environment, such as the human body, this simple response may be 

inadequate. The size of this protein channel system is limiting in the programming and 

“intelligence” it can possess. One solution would be the external control over its function. 

Considering various possible stimuli that could be used in an externally controlled 

trigger mechanism for the opening of the channel (electric and magnetic fields, temperature, 

electrical current), we have chosen light. Light, unlike a chemical stimulus (see Chapter 7), 

is noninvasive and the whole process can be easily tuned through the variation of its 

wavelength. Also it is known to act at the single molecule level. Light can be used to 

induce a wide range of photochemical changes
1
, including the redistribution of electrons in 

the molecule, e.g. in the viologens, trigger rearrangements and lead even to cleavage 

reactions.  

 

Figure 8.1 Light-induced channel opening a) using photosensitive protecting groups b) 

using reversible photochromic switching. 
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In this chapter the use of photosensitive compounds as actuators which convert the 

MscL protein channel into a light responsive nano-valve is described. First, the 

photosensitive protecting groups were used as a tool to unmask a polar functional group 

attached to the protein after the photo cleavage (Figure 8.1a). Then, an actuator containing a 

reversible photochromic switch from the spiropyran family was used in order to control the 

opening and closing of the channel in a reversible manner (Figure 8.1b). 

8.2 Photosensitive protecting groups 
 

Photocleavable protecting groups first appeared in the 1960s
2
. Since then many 

different types were reported based on a number of mechanism involving excitation of a 

variety of chromophores (carbonyl, nitro, aryl groups, etc.)
3
. Photocleavable protecting 

groups have been successfully applied in organic synthesis
4

, for the protection of 

carbohydrates
5
, in peptide

6
 and nucleic acid

7
chemistry, solid phase and combinatorial 

synthesis
8
, biochemistry (as “caged compounds”)

9
 and photolithography

10
. Their most 

interesting feature is that they don’t require addition of reagents to be cleaved, just light of a 

specific wavelength is sufficient. This makes them extremely valuable for the protection of 

sensitive compounds, for selective cleavage in the presence of other protecting groups (so 

called “orthogonality”)
3b

, and for studies where in situ deprotection is necessary (e.g. 

biochemical systems)
11

.  

The most popular family of photocleavable protecting groups are o-nitrobenzyl 

alcohol derivatives which undergo a Norrish-type II reaction into o-nitrosobenzaldehyde. 

The most successful compounds in this class are 6-nitroveratryl alcohol for the protection 

of acids and 6-nitroveratroyloxycarbonyl group for the protection of amines and alcohols. 

This protecting group was introduced in 1970 by Patchornik, Amit and Woodward
6
 with 

the objective of optimizing the substituents around the aromatic ring to shift the wavelength 

of the light necessary for deprotection at longer wavelengths. The maximal reactivity for 6-

nitroveratryl group is observed at 350 nm, but light with wavelengths up to 420 nm can be 

used albeit with decreased efficiency. The importance of this feature is that long 

wavelength UV is harmless to sensitive α-aminoacids (tryptophan and tyrosine) and 

therefore these photocleavable protective groups are useful for biochemical applications. 

The mechanism of cleavage, although thoroughly studied
7c, 12

, is still under 

discussion. With the advancement of new time resolved spectroscopic methods deeper 

insight and understanding of the details of this multistep mechanism were obtained. The 

mechanisms shown in scheme 8.1 are based on a recent study
12c

 using picosecond pump-

probe spectroscopy, nanosecond laser flash photolysis and time resolved infrared 

spectroscopy to identify intermediates and rates of their interconversion. After initial 

photoexcitation of the chromophore in 8.1 a highly reactive diradical species 8.2 is formed 

for which the common pathway is to abstract a hydrogen from the position to give 8.3. 

The dearomatization of the benzene core leads to intramolecular annihilation of the 

diradical and results in the aci-nitro intermediate 8.4 which, depending on the conditions 

can be protonated or deprotonated to afford the cation 8.4
+
 or anion 8.4

-
, respectively. 

Although the cation 8.4
+
 requires an external nucleophile for the reaction to proceed, this 

pathway takes place only under strongly acidic conditions (pKa < 0). The neutral and 

anionic aci-nitro intermediates on the other hand undergo intramolecular cyclization to give 

cyclic transients 8.5 and 8.5
-
, which after reopening afford the relatively stable hemiacetal 

8.6. The decomposition of this hemiacetal is generally the rate-determining step of this 
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cascade and yields a free acid (when X is alkyl or aryl) and o-nitrosobenzaldehyde. If the X 

group is attached through oxygen or nitrogen, one more step is involved as the resulting 

carbonic or carbamic acid 8.7 is decomposed to the final alcohol or amine and CO2. 
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Scheme 8.1 Mechanistic pathways for cleavage of the o-nitrobenzyl protecting group by 

light
12c

. 
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8.3 MscL channel opening by photodeprotection of an 
acid 

 
To test the possibility of opening the MscL channel by light, compound 8.11 

(Scheme 8.2) was synthesized. It consists of an iodoacetate as a protein-binding moiety 

containing a carboxylic functional group which under neutral pH is present as a charged 

negative carboxylate anion. This carboxylic group is protected by a 6-nitroveratryl alcohol. 

The protecting group was first coupled to a bromoacetyl bromide providing the 

bromoacetate ester 8.10 which was subsequently transformed into the more reactive 

iodoacetate ester 8.11.  
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Scheme 8.2 Synthesis of a photocleavable actuator that can liberate a free carboxyl group 

through deprotection. 

The mutant MscL protein, engineered to contain a cysteine instead of a glycine at 

the 22
nd

 amino acid position in each of its five subunits, was then modified with the 

photosensitive actuator 8.11. Incubation of the protein with the actuator for 45 min was 

sufficient to obtain fully modified channel protein (see experimental part for the procedure). 

The ESI-MS spectra show the expected signal at 15 950 m/z corresponding to modified 

protein while no signal at 15 694 m/z, corresponding to unmodified G22C MscL mutant, 

was observed. 

Illumination with UV light λ>300 nm resulted in photolysis of the protective 

group, as shown by UV-Vis absorption spectroscopy (Figure 8.2), for both the 8.11 and its 

MscL-bound form 8.12. The disappearance of the absorption band at 346 nm and the 

appearance of the band at 374 nm are typical for the cleavage of the ester of 6-nitroveratryl 

alcohol, producing free acid and 6-nitrosoveratryl aldehyde
4a

. UV photolysis of modified 

MscL 8.12 leaves cysteine-bound acetates, which are negatively charged above pH 4.0, 

inside the channel. Since the channel is a pentamer, after complete photolysis five charged 

residues should destabilize the closed form of the channel, which is then expected to open. 
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Figure 8.2 UV-vis spectra of a) 8.11 in dichloromethane and b) 8.12 in elution buffer 

before (
______

) and after (-----) 5 min. irradiation with the UV light (λ>300 nm). 

The functionality of the resulting photosensitive protein valve was assessed at the 

single molecule level by measuring the ionic current flowing through this modified channel 

in patch clamp experiments. The modified MscL 8.12 was reconstituted in a synthetic lipid 

membrane consisting of 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 and a patch clamp 

experiment was performed with inside-out patches in the presence and absence of UV light. 

No current flows through the channel in the dark, even if negative pressure is applied up to 

the breaking point of the patch (Figure 8.3a). However, when the proteoliposomes are 

exposed to ultraviolet light, with wavelengths longer than 300 nm, the channel opens even 

in the absence of applied pressure (Figure 8.3b). Opening begins a few seconds after 

irradiation. With prolonged exposure (> 1 min) to UV light the opening is more pronounced 

and the channel spends more time in the open state. This is probably caused by gradual 

photolysis of more nitroveratryl protecting groups and accumulation of more charges inside 

the protein channel which then opens more easily. 
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Figure 8.3 Single-molecule level analyses of cysteine containing mutant MscL-G22C 

modified with compound 8.11 in patch clamp experiments. a) the sample kept in the dark 

shows no channel openings even with the applied pressure. b) soon after irradiation with 

UV light (λ>300 nm) started (beginning of the irradiation is indicated by the black triangle) 

the channel shows opening without any pressure applied. 

In order to show the potential of the light-addressable nanovalve in controlling the 

exchange of solutes other than ions across a membrane, the classical efflux experiments 

with a liposomal system containing a self-quenching fluorescent dye, calcein, were 

performed. 

The modified photoactive MscL 8.12 was reconstituted into liposomes with the 

same composition as used in the patch clamp experiment and  the dependence of the 

fluorescence signal, which increases as more calcein is being released from the liposomes, 

was observed. 
 
After irradiation with UV light, the proteoliposomes containing 8.12 

released 43 % of their content, while the duplicate of the same sample kept in the dark 

showed only residual levels of release (Figure 8.4). In control experiments, 

proteoliposomes containing unmodified MscL and liposomes without protein, as expected, 

did not exhibit release of calcein whether illuminated or not. 
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Figure 8.4 Activity of MscL-G22C modified with compound 8.11 in a calcein efflux assay. 

The white squares represent release in the dark, the black squares show an increase in the 

release after irradiation with UV light (λ>300 nm). 

8.4 Coupling of photoactivation with pH sensitivity 

 
The photoactivation of the channel works well using the actuator containing an 

acidic moiety protected by the photocleavable nitroveratryl alcohol 8.11. As shown in 

Scheme 8.1 an amino groups can be protected in the same manner. This allows the function 

of control by light to be added to the pH sensitive actuator described in the Chapter 7. The 

mechanism of action of the pH actuator 7.17 is based on the protonation of the amino group 

when the pH drops below a certain threshold. Protecting the amino group would disable 

this charging mechanism and the channel should stay closed irrespective of the pH. After 

removal of the protecting group, the protein becomes responsive to the pH of the 

environment and the channel can be activated. 

O

O

N SO

O

NO2O

O O

O

HN S
MscL MscL

UV > 300nm

8.14

O

O

H2N S
MscL

pH = 5.7 pH = 7.6

 

Scheme 8.3 Unmasking of the pH sensitive actuator appended to the MscL through 

photochemical deprotection and protonation of the liberated amine moiety. 

 The synthesis of the actuator 8.13 is straightforward (Scheme 8.4). Compound 

7.17, the synthesis of which is described in the preceding chapter, was reacted with 6-

nitroveratryl chloroformate in the presence of pyridine. The resulting carbamate is obtained 
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in a fair yield and the product shows two sets of signals (in its 
1
H and 

13
C NMR spectra) 

due to restricted rotation around the CO-N bond in the carbamate moiety. 

The mutant MscL G22C protein was modified with the photosensitive actuator 

8.13. Incubation of the protein with the actuator for 15 min was sufficient to obtain fully 

modified channel protein. The ESI-MS spectra show the expected signal at 16 080 m/z 

corresponding to the modified protein, while no signal at 15 694 m/z, corresponding to the 

unmodified G22C MscL, was observed. 
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Scheme 8.4 Modification of the pH-sensitive actuator with a photocleavable protecting 

group and its binding to the protein. 

The results of the calcein efflux experiments using proteoliposomes containing 

MscL modified with the actuator 8.13 are summarized in Figure 8.5. At both low pH and 

high pH, the sample containing the protected actuator shows only residual release when 

kept in the dark. After irradiation with the UV light the protecting group is cleaved 

(Scheme 8.3) and the channel becomes pH responsive. The amount of released calcein now 

depends on the pH of its environment. At low pH (pH=5.7), the release of calcein after 

irradiation of the liposomes is high, reaching almost 40% (Figure 8.5). On the other hand, 

irradiation at higher pH (pH=7.6) results in less calcein being released. Both values for the 

calcein release, at high as well as low pH, correspond to the release observed when the 

channel is modified with 7.17, the unprotected version of 8.13. An additional experiment 

showing the reversibility of the pH induced opening was performed. Two identical samples 

of liposomes containing modified protein channel 8.14 were irradiated at pH 5.7. 

Immediately after irradiation the pH in one of them was adjusted to pH 7.6. This increase in 

pH should deprotonate the actuator preventing opening of the channel. Although some of 

the liposome contents was already released during the irradiation, the increase in pH 

stopped the release resulting in 23% percent of the calcein being released compared to 

almost 40% in the sample kept at low pH . 
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Figure 8.5 Activity of the MscL modified with the actuator 8.13 and MscL modified with 

the actuator 7.17 for comparison. 

8.5 Spiropyran photochromic switches 

 
Spiroprans are among the most widely studied classes of organic photochromic 

compounds. Their photochromic behaviour was first described by Fisher and Hirshberg in 

1952
13

. Since then their chemistry and photochromic behaviour has been explored 

extensively
14

. These photoactive compounds proved to be excellent tools in development of 

molecular devices such as sensors
15

, molecular logic components
16

 as well as in the 

regulation of the function of biomaterials
17

. 

The name “spiropyran” refers to the basic structural unit responsible for their 

photochromism which is a 2H-pyran with another ring attached to the C2 in the spiro 

manner. Despite the wide variety of possible structures, only some of them exhibit 

photochromic behaviour. In this respect the most widely applied group of spiropyrans are 

the indolino-benzospiropyrans (Scheme 8.5). 

The photochromism of the spiropyrans is based on the electrocyclization that takes 

place in the pyran ring. Upon irradiation with UV light, electrocyclic ring opening occurs 

(Scheme 8.5). The bond between the oxygen of the pyran ring and the spiro-carbon cleaves, 

and the double bond pattern changes resulting in the dearomatization of the adjacent 

benzene ring. The resulting quinoid form can exist as either cis or trans isomers; the trans 
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being the more stable due to the steric constraints in the cis isomer. The quinoid form is 

stabilized further by the redistribution of electrons to regain the aromaticity of the benzene 

ring. The resulting stable isomer is the zwitterionic, intensively coloured merocyanine form 

8.16 Unlike the spiropyran form 8.15 in which the benzopyran and indoline parts are 

arranged perpendicularly, the merocyanine 8.16 is planar, thus forming an extended -

conjugated system responsible for its colour. Besides the changes in electronic properties, 

the photochromic reaction alters the rigidity of the system also due to opening of the pyran 

ring. The merocyanine form 8.16 is more flexible than the spiro form 8.15. 

N O

N

O
N

O

N O N O

UV

vis or 

8.15

8.16  

Scheme 8.5 Photoreaction of spiropyrans. 

The reverse reaction can be performed by irradiation with visible light or it can 

proceed thermally. This thermal instability of the merocyanine form is the major drawback 

of the spiropyran family of photochromic switches. On the other hand, unlike the 

diarylethenes or azobenzenes, the switching causes not only a change in geometry, but also 

pronounced changes in the polarity of the compound. The slightly polar spiropyran changes 

to the highly polar zwitterionic merocyanine. This property is at the basis of many 

applications of spiropyrans. 

8.6 Reversible light-controlled channel activation 

 
Photosensitive protecting groups can effectively transform MscL into a light 

sensitive release valve. To produce a more advanced model of the valve, reversible opening 

and closing would be desired. Such a reversible valve could find application as a 

component in nanofluidic devices for example. To achieve this, the actuator built into the 

MscL must be capable of reversible function, thus it could be a photochromic switch. Due 

to the large change in polarity upon photoisomerization, switches in the spiropyran family 

are potentially ideal candidates for reversible actuators. 

Since the synthesis of the spiropyrans is well described, our main task was to modify 

the structure with an appropriate linker that would bind to the protein channel. First, a short 

arm with a hydroxyl group available for further modification was appended to the nitrogen 

of the 2,3,3-trimethyl-3H-indole 8.17. The resulting salt 8.18 after treatment with a base 

eliminates HBr. Although in the original reported procedure
18

, structure 8.19 was proposed 

as the product of this elimination, no signals that correspond to the protons of the exocyclic 

double bond were observed in the 
1
H NMR spectrum of the product. Instead three signals 

of methyl groups at 1.11, 1.31 and 1.35 ppm were observed. This means that the methyl 
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group at the C2 carbon was not converted to methylene group and that the two methyl 

groups at C3 became non-equivalent. A further literature search and comparison with 

spectroscopic data
19

 revealed that the actual structure of this product is 8.20, obtained from 

the 8.19 through addition of the hydroxyl group to the exocyclic double bond. It is probable 

that the two structures are in equilibrium, since the addition of the 5-nitrosalicylaldehyde 

typically takes place on the exocyclic double bond that is present only in 8.19. Compound 

8.21 obtained after this addition contains a fully formed spiropyran switching part and a 

free hydroxyl group. Acetylation with bromoacetyl bromide and subsequent exchange of 

the bromide for iodide afforded spiropyran 8.23 with an appended iodoacetate as a protein 

binding moiety. 
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Scheme 8.6 Synthesis of a spiropyran photochromic actuator for the modification of the 

MscL protein. 

The new photosensitive reversible actuator 8.23 was coupled to the G22C MscL 

mutant protein containing cysteine residues. The reaction was efficient taking only 45 min 

at room temperature and was performed while the protein was still attached to the Ni-NTA 

affinity matrix used for the protein isolation. The modified protein was then eluted from the 

matrix and the efficiency of the modification confirmed by mass spectrometry. The ESI-MS 

spectra show the expected signal at 15 950 m/z, corresponding to modified protein 8.24, 

while no signal at 15 694 m/z, corresponding to unmodified G22C MscL mutant, was 

observed. 

The switching ability of the spiropyran moiety was preserved even inside the 

protein channel as can be seen from the Figure 8.6a. After irradiation of the protein-bound 

actuator 8.24 with 366 nm UV light, its spiropyran form was converted to the charged 

zwitterionic merocyanine form (Scheme 8.7) accompanied by the appearance of absorption 

bands in the near UV and visible region at 392 and 552 nm, respectively (Figure 8.6a). The 

reverse reaction takes place upon irradiation with the visible light >460 nm resulting in the 
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restoration of the original spiropyran state and disappearance of the absorption bands 

assigned to the merocyanine form.  

 
 

 

Figure 8.6 UV-vis spectra obtained by following the switching process of the channel 

protein modified with the spiropyran actuator 8.23 a) UV spectra of the spiropyran actuator 

23 before irradiation (full thick line) and after 2 min irradiation at 366 nm (dashed thick 

line) b) UV-vis spectra of the light switchable MscL 8.24 before irradiation (full thick line), 

after 2 min irradiation at 366 nm (dashed thick line) and at 20 s intervals during the 

irradiation c) switching cycles for the modified protein channel 8.24 reconstituted into 

liposomes followed by its absorption at 550 nm under alternating periods of 2 min 

irradiation at 366 nm and at > 460 nm visible light (SP-spiropyran form, MC-merocyanine 

form). 

 The switching cycle can be repeated many times without a noticeable loss of 

photoactivity of the switch in buffer solution. However, the first switching cycle differs 

from the subsequent ones (Figure 8.6b). We believe that there is a change of the 

environment of the spiropyran moiety in the protein after the first cycle. The 

photostationary state between the spiropyran and merocyanine forms depends on polarity, 

the merocyanine being favoured in a polar and the spiropyran form in a nonpolar 

environment. The MscL is modified in its closed form and the bound actuator is limited in 

the space available to accommodate the switch and most probably the switch sticks out 

from the nonpolar constriction zone into the surrounding solvent. After the first channel 

opening it can probably occupy a more thermodynamically favourable spot within the 

channel where it comes into closer contact with the nonpolar residues thus shifting its 

photostationary state more to the spiropyran form in subsequent irradiation cycles. 
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Scheme 8.7 Photochromic switching of the spiropyran actuator bound to MscL. 

Reversible switching on command between open and closed states of the resulting 

modified photoactive protein 8.24 embedded in a lipid membrane was demonstrated in 

patch clamp experiments (Figure 8.7). In 23 recordings of individual samples from five 

separate membrane preparations, channel gating started within two min of irradiation at 366 

nm in the absence of applied tension. The channel opened during this “on” state with a 

conductance of 0.5-1 nS. UV-induced openings of the channels consistently started after a 

lag period. Since the opening of the modified channel depends on the 

polarity/hydrophilicity of the residue at the 22nd position in the protein
20

, this delay in 

activation is in accordance with the absorption spectral data that indicate that the time 

required for the switching of this label from a nonpolar form to a zwitterionic polar form is 

approximately 2 min (Figure 8.6a). Another issue to consider here is the fact that there are 

five photoactive spiropyran residues inside the pentameric protein channel and probably 

several of them should switch to the merocyanine form before the buildup of the charge is 

sufficient to open the channel. Once activated, on the other hand, the channels continue to 

work. If the patch at this moment is irradiated with visible light, the channel activity drops 

significantly within seconds and the channels finally switch off. The quick inactivation as 

compared to the slow activation may indicate the importance of the polarity (the number of 

switches in the zwitterionic merocyanine form) that this homopentamer channel needs in its 

hydrophobic pore in order to start to open. At this moment it is not known how many 

charges are necessary to activate the charge-induced opening of MscL. Irradiation of the 

patch at this stage again with UV light follows the same pattern as in the first cycle and, 

after a lag period, the channel openings start.  Figure 8.7b shows the representative channel 

activity over the last 40 s of each treatment. There are many channel opening events during 

the first UV irradiation period whereas there are no channel openings at the end of the 

visible light irradiation period. The lower number of channel openings over the second UV 

treatment compared with the first correlates with the lower amount of the zwitterionic MC 

form seen in Figure 8.6b after the first cycle of illumination. 
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Figure 8.7 Electrophysiological analysis of reversible functioning of  modified MscL 8.24. 

(a) Single channel recordings were performed at +20 mV without applied tension and 

channel openings are shown as upward increased currents. The patch was sequentially 

illuminated with UV and visible light by alternating the filter in the light source. The 

progress of UV and visible light irradiation during recording is indicated under the patch 

trace. (b) Enlarged view of the channel openings at the end of each UV and visible light 

irradiation period. 

The function of the reversible photoactive channel 8.24 was studied also using a 

calcein efflux assay. Proteoliposomes containing modified MscL show only residual levels 

of release when kept in the dark, while after exposure to 366 nm UV light they release up to 

30 % of their calcein contents (Figure 8.8). The control samples containing 

proteoliposomes with unmodified MscL and liposomes without protein did not exhibit 

release irrespective of irradiation conditions. 

The release is lower than in the case of the MscL-containing photocleavable 

protecting group 8.12 where the release reached 43% (Figure 8.4). Also the irradiation time 

necessary to induce channel opening is longer, which suggests that the merocyanine form 

of 8.24 is not as effective in opening the channel as the acid moiety obtained after photo-

deprotection of 8.12. This is not surprising considering that the channel is sensitive not only 

to charge but also to overall hydrophilicity of the actuator. The bulky spiropyran moiety 

containing two aromatic rings is much less hydrophilic than the small acetate group which 

stays attached to the protein after photolysis of 8.12 and thus its effect is diminished. 
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Figure 8.8 Activity of MscL-G22C modified with compound 8.23  in calcein efflux assay. 

The white squares represent release in the dark, the black squares show the increase in the 

release after irradiation with UV light (λ=366 nm). 

8.7 Conclusions 

 
We have developed a light sensitive protein channel through attachment of 

photosensitive actuators to the MscL protein which was modified genetically to contain 

cysteine residues as binding sites for the actuators. This nanovalve opens in response to 

irradiation with light of specific wavelengths and can be built into liposomes as an 

addressable release mechanism. It is possible to combine this opening stimulus with the pH 

responsivity of the protein channel, as described in the Chapter 7. This allows for a 

nanovalve that is sensitive to both pH change and light and opens only upon irradiation in 

the enviroment of an appropriate pH. The successful demonstration of the control of a 

channel function in a reversible manner through incorporation of the photochromic switch 

offers considerable prospects for future nanodevices. 

8.8 Experimental part 
 

General information 

For general information on synthesis and characterization of the compounds, see Chapter 2. 

For general information on protein isolation, membrane reconstitution, patch clamp 

technique and calcein efflux assay see Chapter 7
21,22

. 
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8.8.1 Synthesis of the actuators 
 

4,5-Dimethoxy-2-nitro-benzyl bromoacetate (8.10) 

Bromoacetylbromide (0.19 ml, 2.2 mmol) was slowly added to 

a solution of 4,5-dimethoxy-2-nitrobenzyl alcohol (0.43 g, 2 

mmol), Et3N (0.56 ml, 4 mmol) and DMAP (24 mg, 0.2 mmol) 

in CHCl3 (5 ml). After stirring at room temperature for 5 h 

CH2Cl2 (20 ml) was added and mixture was washed with aq. 

HCl (1M, 2x10 ml), NaHCO3 (sat., 10 ml) and water (10 ml). The organic phase was dried 

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

CH2Cl2) to yield 4,5-dimethoxy-2-nitro-benzyl bromoacetate 8.10 (368 mg, 55%) as a 

white solid. 

Mp.: 150-151°C; 
1
H NMR (300 MHz, CDCl3) δ 3.94 (s, 2H), 3.95 (s, 3H), 3.99 (s, 3H), 

5.62 (s, 2H), 7.10 (s, 1H), 7.73 (s, 2H); 
13

C NMR (75.4 MHz, CDCl3) δ 25.60 (t), 56.54 (q), 

56.75 (q), 64.63 (t), 108.38 (d), 110.03 (d), 126.54 (s), 139.77 (s), 148.48 (s), 153.85 (s), 

166.61 (s); MS (EI): 333, 335 [M+]; HRMS calcd. for C11H12NO6Br 332.8945, found 

332.9847 

 

4,5-Dimethoxy-2-nitro-benzyl iodoacetate (8.11) 

4,5-Dimethoxy-2-nitro-benzyl bromoacetate 8.10 (100 mg, 0.3 

mmol) was dissolved in acetone (2 ml) and NaI (50 mg, 0.33 

mmol) was added. After stirring for 2 h at room temperature the 

solid precipitate was filtered off and the solvent evaporated and 

the crude product purified by chromatography (silica gel, 

CH2Cl2) to yield 4,5-dimethoxy-2-nitro-benzyl iodoacetate 8.11 (97 mg, 85%) as a white 

solid. 

Mp.: 135-136°C; 
1
H NMR (300 MHz, CDCl3) δ 3.81 (s, 2H), 3.96 (s, 3H), 4.03 (s, 3H), 

5.61 (s, 2H), 7.11 (s, 1H), 7.73 (s, 2H); 
13

C NMR (75.4 MHz, CDCl3) δ -5.87 (t), 56.50 (q), 

56.97 (q), 64.42 (t), 108.31 (d), 109.84 (d), 126.79 (s), 139.74 (s), 148.36 (s), 153.80 (s), 

168.054 (s); MS (EI): 381 [M+]; HRMS was not possible due to overlap of the signal with 

one of the reference signals. 

 

2-Methanesulfonylsulfanyl-ethyl  [(4,5-Dimethoxy-2-nitro-benzyloxycarbonyl)-

methyl-amino]-acetate (8.13) 

2-Methanesulfonylsulfanyl-ethyl 

methylamino-acetate hydrochloride 7.17 (53 

mg, 0.2 mmol) was dissolved in 1 ml of 

DMF. 6-Nitroveratrylchloroformate (61 mg, 

0.22 mmol) and pyridine (0.1 ml) were 

added to this solution. After stirring overnight the mixture was poured into water (1 ml) and 

extracted with ethyl acetate (3x 3 ml). The combined organic phases were evaporated in 

vacuo and the product purified by chromatography (silica gel, n-hexane:ethyl acetate / 1:1). 

Yield 56 mg (60%) of 8.13. 
1
H NMR spectroscopic measurements show that the product is 

a mixture of two isomers due to restricted rotation around CO-N bond in the carbamate 

moiety. Measurements at two different frequencies (300 MHz and 400 MHz) allowed for 

two close signals belonging to different isomers and signals splitted due to spin-spin 

coupling to be distinguished. Variable temperature measurement shows a tendency to 
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coalesce at higher temperatures, however complete coalescence was not achieved even at 

100 °C. 
1
H NMR (300 MHz, CDCl3, 20°C) δ 3.01, 3.09 (2s, 3H), 3.35 (s, 3H), 3.40 (t, J = 6.0 Hz, 

2H), 3.93, 3.94 (2s, 3H), 4.00, 4.01 (2s, 3H), 4.06, 4.08 (2s, 2H), 4.44 (t, J = 6.0 Hz, 2H), 

5.51, 5.56 (2s, 2H), 6.96, 7.01 (2s, 1H), 7.68, 7.71 (2s, 1H) 
13

C NMR (100.6 MHz, CDCl3, 20°C) δ 34.79, 34.88, 35.66, 36.36, 50.53, 50.84, 50.90, 

50.97, 56.52, 56.86, 63.20, 63.26, 64.69, 64.84, 108.25, 109.67, 110.59, 128.12, 128.31, 

139.64, 139.73, 148.13, 148.21, 153.80, 155.61, 156.35, 169.21, 169.32  

MS (EI): 466 [M+]; HRMS calcd. For C16H22N2O10S 466.0715, found 466.0729 

 

1-(2-Hydroxy-ethyl)-2,3,3-trimethyl-3H-indolium bromide (8.18)
18

 

A solution of 2,3,3-trimethyl-3H-indole (3.2 ml, 3.18 g, 20 mmol) and 

2-bromoethanol (1.7 ml, 3.00 g, 24 mmol) in acetonitrile (20 ml) was 

heated to reflux for 24 h. The solvent was then evaporated and the 

solid residue triturated with hexane (30 ml), filtered and dried. If a 

new bottle or freshly distilled 2,3,3-trimethyl-3H-indole is used, the 

product can be used in the following steps without further purification. 

Otherwise it can be recrystallised from chloroform. The crude 1-(2-hydroxy-ethyl)-2,3,3-

trimethyl-3H-indolium bromide 8.18 was  obtained as a purple solid in 5.25 g (92 %) yield. 

 

9,9,9a-Trimethyl-2,3,9,9a-tetrahydro-oxazolo[3,2-a]indole (8.20)
19

 

1-(2-Hydroxy-ethyl)-2,3,3-trimethyl-3H-indolium bromide 8.18 (2.84 g, 

10 mmol) was dissolved in aq. NaOH (10 ml of 2M aqueous solution). 

The solution was stirred for 5 min and then extracted with ether (3 x 20 

ml). Organic extracts were dried over Na2SO4, filtered and the solvent 

evaporated to give 1.83 g (90%) of 9,9,9a-trimethyl-2,3,9,9a-tetrahydro-

oxazolo[3,2-a]indole 8.20 as a yellow oil. 
1
H NMR (300 MHz, CD3CN) δ 1.11 (s, 3H), 1.31 (s, 3H), 1.35 (s, 3H), 3.30-3.40 (m, 1H), 

3.45-3.57 (m, 1H), 3.65-3.81 (m, 2H), 6.76 (d, J = 7.7 Hz, 1H), 6.82-6.90 (m, 1H), 7.03-

7.14 (m, 2H); 
13

C NMR (75.4 MHz, CD3CN) δ 17.68 (q), 20.58 (q),  27.93 (q), 47.43 (t), 

50.64 (s), 63.26 (t), 109.61 (s), 112.58 (d), 122.63 (d), 123.21 (d), 128.72 (d), 140.82 (s), 

152.02 (s);MS (EI): 203 [M+]; HRMS calcd. for C13H17NO 203.1310, found 203.1318. 

 

1’-(2-Hydroxyethyl)-3’,3’-dimethyl-6-nitrospiro[2H-1-benzopyran-2,2’-indoline] 

(8.21)
18

 

A solution of 9,9,9a-trimethyl-2,3,9,9a-tetrahydro-

oxazolo[3,2-a]indole 8.20 (1 g, 5 mmol) and 5-

nitrosalicylaldehyde (1.05 g, 6 mmol) in ethanol (10 ml) was 

heated to reflux for 4 h. The reaction mixture was then 

cooled to room temperature and filtered. The resulting solid 

was recrystallized from a small amount of ethanol to give 

1.37 g ( 78 %) of 1’-(2-hydroxyethyl)-3’,3’-dimethyl-6-

nitrospiro[2H-1-benzopyran-2,2’-indoline] 8.21 as a purple solid. 
1
H NMR (300 MHz, CDCl3) δ 1.18 (s, 3H), 1.28 (s, 3H), 3.32 (dt, J = 5.1, 15.0 Hz, 1H), 

3.45 (dt, J = 6.6, 15.0 Hz, 1H), 3.77 (d, J = 1.1 Hz, 2H), 4.33 (dt, J = 2.2, 6.2 Hz, 2H), 5.93 

(d, J = 10.3 Hz, 1H), 6.67 (d, J = 7.7 Hz, 1H), 6.76 (d, J = 8.4 Hz, 1H), 6.91 (t, J = 6.6 Hz, 

1H), 6.93 (d, J = 10.3 Hz, 1H), 7.10 (d, J = 6.6 Hz, 1H), 7.21 (t, J = 7.7 Hz, 1H), 8.01 (s, 1H) 

8.02 (d, J = 8.1 Hz, 1H); 
13

C NMR (75.4 MHz, CDCl3) δ 19.98 (q), 25.61 (t),  25.98 (q), 

N
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N
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42.33 (t), 52.98 (s), 64.26 (t), 106.61 (s), 106.77 (d), 115.67 (d), 118.54 (s), 120.23 (d), 

121.92 (d), 122.05 (d), 122.90 (d), 126.11 (d), 127.99 (d), 128.54 (d), 135.87 (s), 141.27 (s), 

146.60 (s), 159.41 (s), 167.17 (s);MS (EI): 352 [M+]; HRMS calcd. for C20H20N2O4 

352.1423, found 352.1413. 

 

3’,3’-Dimethyl-1’-(2-bromoacetyloxyethyl)-6-nitrospiro[2H-1-benzopyran-2,2’-

indoline] (8.22) 

1’-(2-Hydroxyethyl)-3’,3’-dimethyl-6-nitrospiro[2H-1-

benzopyran-2,2’-indoline] 8.21 (1 g, 2.8 mmol) mmol was 

dissolved in dry toluene (20 ml). Pyridine (0.35 ml, 4.3 

mmol) and bromoacetylbromide (0.37 ml, 4.3 mmol) were 

added. After stirring overnight at room temperature water 

(10 ml) was added, the organic layer separated and the 

aqueous layer extracted with diethyl ether (3 x 10 ml). The 

combined organic layers were dried over Na2SO4, filtered, 

the solvent evaporated and the residue purified by chromatography (silica gel, n-

hexane:ethyl acetate / 1:1) to yield 3’,3’-dimethyl -1’-(2-bromoacetyloxyethyl)-6-

nitrospiro[2H-1-benzopyran-2,2’-indoline] 8.22 (1.13 g, 84%) as a white solid. 
1
H NMR (300 MHz, CDCl3) δ 1.18 (s, 3H), 1.28 (s, 3H), 3.32 (dt, J = 5.9, 15.0 Hz, 1H), 

3.46 (dt, J = 6.6, 15.0 Hz, 1H), 3.68-3.80 (m, 2H), 5.93 (d, J = 10.3 Hz, 1H), 6.67 (d, J = 7.7 

Hz, 1H), 6.76 (d, J = 8.4 Hz, 1H), 6.91 (t, J = 6.6 Hz, 1H), 6.93 (d, J = 10.3 Hz, 1H), 7.10 (d, 

J = 6.6 Hz, 1H), 7.21 (t, J = 7.7 Hz, 1H), 8.01 (s, 1H) 8.02 (d, J = 8.1 Hz, 1H); 
13

C NMR 

(75.4 MHz, CDCl3) δ 19.98 (q), 25.98 (q), 46.23 (t), 52.98 (s), 60.26 (t), 106.61 (s), 106.77 

(d), 115.67 (d), 118.54 (s), 120.23 (d), 121.92 (d), 122.05 (d), 122.90 (d), 126.11 (d), 

127.99 (d), 128.54 (d), 135.87 (s), 141.27 (s), 146.60 (s), 159.41 (s); MS (EI): 472, 474 

[M+]; HRMS calcd. for C22H21N2O5Br 472.0633, found 472.0639. 

 

3’,3’-Dimethyl-1’-(2-iodoacetyloxyethyl)-6-nitrospiro[2H-1-benzopyran-2,2’-indoline] 

(8.23) 

3’,3’-Dimethyl-1’-(2-bromoacetyloxyethyl)-6-

nitrospiro[2H-1-benzopyran-2,2’-indoline] 8.22 (100 mg, 

0.21 mmol) was dissolved in acetone (2 ml) and NaI (38 

mg, 0.25 mmol) was added. After stirring for 2 h at room 

temperature the solid precipitate was filtered off and the 

solvent evaporated and the product purified by 

chromatography (silica gel, n-hexane:ethyl acetate / 1:1) to 

yield 3’,3’-dimethyl -1’-(2-iodoacetyloxyethyl)-6-

nitrospiro[2H-1-benzopyran-2,2’-indoline] 8.23 (106 mg, 96%) as a white solid. 
1
H NMR (400 MHz, CDCl3) δ 1.18 (s, 3H), 1.28 (s, 3H), 3.43 (dt, J = 5.9, 15.4 Hz, 1H), 

3.54 (dt, J = 6.4, 15.4 Hz, 1H), 3.63 (d, J = 2.9 Hz, 2H), 4.29 (dt, J = 2.6, 6.2 Hz, 2H), 5.94 

(d, J = 10.3 Hz, 1H), 6.68 (d, J = 7.7 Hz, 1H), 6.76 (d, J = 8.8 Hz, 1H), 6.91 (t, J = 7.3 Hz, 

1H), 6.93 (d, J = 10.3 Hz, 1H), 7.10 (d, J = 7.3 Hz, 1H), 7.21 (t, J = 7.3 Hz, 1H), 8.01 (s, 1H) 

8.02 (d, J = 8.8 Hz, 1H); 
13

C NMR (100.6 MHz, CDCl3) δ -5.87 (t), 19.97 (q), 26.00 (q), 

42.23 (t), 52.97 (s), 64.10 (t), 106.61 (s), 106.81 (d), 115.66 (d), 118.53 (s), 120.17 (d), 

121.95 (d), 122.01 (d), 122.89 (d), 126.09 (d), 127.97 (d), 128.51 (d), 135.83 (s), 141.21 (s), 

146.63 (s), 159.44 (s), 168.72 (s); MS (EI): 520 [M+]; HRMS calcd. for C22H21N2O5I 

520.0495, found 520.0511. 
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8.8.2 Protein modification22 

 
Compound 8.13 was dissolved in a buffer composed of 10 mM Na-phosphate (pH 

8), 150 mM aq. NaCl and 1 mM EDTA. 500 µl of detergent solubilized G22C MscL (0.3 

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

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

free 8.13 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 order to covalently link photosensitive compounds 8.11 and 8.23 to the G22C 

MscL protein, they were dissolved in DMSO and added to Ni-NTA matrix-bound MscL at 

a final concentration of 2 mM. After 45 min incubation at room temperature, the protein 

was eluted with 10 ml elution buffer (histidine buffer containing 235 mM histidine). ESI-

MS showed an expected subunit mass to charge ratio increase of 256 for the 8.12 and 393 

for 8.24 relative to the unlabeled mutant channel, whereas incubation of the wild type 

channel with any of the actuators did not lead to a detectable mass difference, illustrating 

the specificity of the conjugation reaction.  
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