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Lipid-mediated light-activation of a mechanosensitive 
channel of large conductance 
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Engberts and Bert Poolman 
 

A modified version of this chapter was published: (2004) Langmuir 20, 6985-7 
and supplementary information (1) 
 
Abstract 
 This paper describes the reversible activation of a mechanosensitive 
channel via a light-sensitive lipid mimic. For these experiments the, 
mechanosensitive channel protein MscL from  L.lactis or E.coli was 
reconstituted in lipid bilayers composed of  80mol% 1,2-dioleoyl-sn-glycero-3-
phosphocholine and 20mol% of di-(5-{[4-(4-butylphenyl)azo]-phenoxy}-
pentyl)phosphate (4-Azo-5P). Light-induced isomerization of the azobenzene 
moiety of 4-Azo-5P from trans to cis was used to activate MscL. Through a 
second light-induced isomerization of the azobenzene moiety, back to the 
trans conformation, MscL activity was reduced to the initial level. 
 
Introduction 
 The Mechanosensitive channel of Large conductance (MscL) serves as 
pressure relief valve that protects bacteria against severe osmotic downshifts. 
Equivalent systems for mechanosensation are also present in higher 
organisms. The determination of the crystal structure of MscL from 
Mycobacterium tuberculosis (2) and the large amount of biochemical data for 
the homologous protein from Escherichia coli (3) has made MscL the 
paradigm in the research on membrane-mediated mechanosensation. MscL 
opens at membrane tensions close to the lytic limit of the bilayer. Changes in 
the lateral tension in the membrane, asymmetric bending and membrane 
thinning are thought to be the main driving forces for channel opening (4-6). 
Although asymmetric bending can be elicited by applying a pressure across 
the membrane in patch clamp experiments, changing of the other membrane 
parameters requires other approaches of which reconstitution of MscL in 
different lipid mixtures and comparison of the channel properties in separate 
experiments is the easiest and most accurate. Here, we present the 
reconstitution of MscL in lipid bilayers with properties that can be altered via 
light-induced trans-cis isomerization of a lipid mimic (Fig. 1). The trans-to-cis 
and cis-to-trans isomerisations result in a reversible increase and decrease, 
respectively, of activity of the channel protein. 
 To obtain qualitative information on the conformations the 4-Azo-5P 
molecules adopt inside a bilayer in their trans and cis forms, and to get an 
idea of the consequences of trans-cis isomerisation for the gating threshold of 
MscL, molecular dynamics simulations were performed. We tested the 
hypothesis that 4-Azo-5P molecules are more elongated in the trans than in 
the cis form. More elongated molecules would presumably be more 
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compatible with the DOPC bilayer, and this would lead to a larger bilayer 
thickness and a smaller bilayer area. Because of the larger bilayer thickness, 
the open probability of MscL would be reduced. 
 
 

 
Figure 1: 4-Azo-5P structure in the trans (left) and cis (right) conformation. Switching 
between these conformations is elicited by illuminating at 365nm (from trans to cis) or at > 
400nm (from cis to trans). 

 
Materials and Methods 
Formation of proteo-GUVs 
 The MscL proteins from E. coli and Lactococcus lactis were modified 
with a carboxyl-terminal 6-histidine tag and amplified in E. coli PB104, using 
the pB10b expression vector (7). Membranes isolated from the cells were 
solubilized with Triton X-100 and the proteins were purified by nickel affinity 
chromatography. Purified protein was reconstituted, at a 1:20,000 channel to 
lipid molar ratio, into lipid bilayers containing 80mol% of 1,2-dioleoyl-sn-
glycero-3-phosphatidylcholine (DOPC) plus 20mol% of sodium di-(5-{[4-(4-
butylphenyl)azo]-phenoxy}-pentyl)phosphate (4-Azo-5P) (Fig. 1) (8), or 
80mol% of DOPC plus 20mol% 1,2-dioleoyl-sn-glycero-3-phosphatidylserine 
(DOPS). As a control liposomes without MscL were prepared. Subsequently, 
the (proteo)liposomes were dehydrated on glass cover slides coated with 
indium tin oxide (ITO) and then rehydrated in a flow chamber with 400µl of 
0.25mM K-Hepes, pH 7.2, 10mM KCl, 2mM MgCl2 plus 320mM sucrose; the 
sucrose was used to make the rehydration buffer equimosmolar to the buffer 
for patch-clamp analysis (5mM Hepes, pH 7.2, 200mM KCl, 40mM MgCl2). 
The flow chamber was closed with two ITO-coated glass slides, one of which 
contained the dried proteoliposomes. A voltage of 1.2V at 10Hz was applied 
for at least 3h through electrodes sealed on the glass plates (For further 
details see chapter 3 and (9)). The resulting giant unilamellar vesicles 
(GUVs), 5-50µm in diameter, were used in patch clamp experiments. 
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Lipid switching in isolated membrane patches 
 After formation of a giga-ohm seal by suction through a patch clamp 
electrode, the membrane patch was excised from the respective GUV and 
analyzed for the presence of channel activity. If channels were observed, the 
patch was clamped at a negative pressure between –5mmHg and –15mmHg. 
At that point, the light was switched off except for a Hg lamp (Oriel 180W) to 
illuminate the sample using a 365nm mercury line filter with a bandwidth of 
10nm. This resulted in switching of the azobenzene moiety of 4-Azo-5P from 
the trans to the cis conformation (8, 10). Subsequent illumination with the 
same light source, but using a mercury line filter at 436nm (bandwidth 10nm), 
shifted the 4-Azo-5P back to the trans conformation (10). The illumination and 
sampling protocols are schematically depicted in (Fig. 2). 
 

 
Figure 2: (A) Timeline for patch clamp analysis of a sample without lipid switching; the line 
represents the recording of channel activity. The bars A to D over the line indicate the time 
periods analyzed for open probability. (B) Timeline for patch clamp analysis of a sample 
with lipid switching; the line represents the recording of channel activity. The bars A to D 
over the line indicate the time periods analyzed for open probability. 

 
Patch clamp recording and analysis 
 Channel activity was recorded using an Axopatch 200A amplifier 
together with a digital converter and Axoscope software (Axon Instruments, 
Foster City, USA). Data were acquired at a sampling rate of 33kHz and 
filtered at 10kHz. Offline analysis was performed using Pclamp 6.0 software 
(Axon Instruments). During the experiments the position of the patch in the 
pipette was followed with a Nikon DXM CCD camera. For each time period 
(A-D in Fig. 2A and B), 10s of recording was analyzed using Fetchan (Axon 
Instruments). Opening and closing events were evaluated by using half-
maximal conductance (G0.5) of a channel as a cut-off criterium (here, G0.5 = 
1.1nS for the Lactococcus lactis MscL and G0.5 = 2.0nS for the Escherichia 
coli MscL). The resulting event lists were used to determine the mean open 
probabilities for each of the 10s time periods, using the Pstat program. 
Analysis was done on the first ten seconds of each patch (starting within 5s 
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after giga-ohm seal formation) and, for patches not subjected to 4-Azo-5P 
switching, the 30-40s, 130-140s and 190-200s were analyzed (A-D in Fig. 
2A). For patches subjected to light-induced switching, the periods 30-40s and 
130-140s after the start of illumination at 365nm were used; after 140s the 
patch was illuminated at 436nm for at least 50s before another 10s period of 
the recording was used for analysis (A-D in Fig. 2B). 
 The open probabilities in each time period from one patch were 
compared to the open probability of the first ten seconds of the same patch. 
The relative values, obtained from separate patches, were then averaged and 
the standard deviation was calculated. If the relative open probability of a 
given time period differed more than 4 standard deviations from the mean of 
the remaining data, the trace was evaluated more extensively. Some time-
periods were eliminated from the analysis because of suspect disturbances in 
the seal (indicated by a baseline shift), which might have resulted in a change 
in membrane tension. In other cases, a new 10s period of recording around 
the same time point was analyzed for open probability. In all reevaluated 
cases, this resulted in an open probability that was within 2 times the standard 
deviation, indicating that the initially selected dataset was not typical for the 
patch of interest. 
Molecular dynamics simulations 
 Molecular dynamics simulations were performed on a small patch of a 
membrane, containing sixteen DOPC and three 4-Azo-5P molecules (16% 4-
Azo-5P) in each monolayer of the bilayer (full details of the simulations are 
given below). Furthermore, 6 Na+ ions were added to neutralize the charges 
of the phosphate groups of 4-Azo-5P, and the system also contained 39 water 
molecules per lipid. The shape of the 4-Azo-5P molecules was quantified by 
the difference between the largest and the smallest eigenvalues of the tensor 
of inertia. The tensor of inertia of a molecule is defined as: Iαβ = Σ mi (riα – r0α) 
(riβ – r0β) in which mi is the mass of atom i, riα is a Cartesian coordinate (α, β = 
{x, y, z}) of atom i, r0α is a Cartesian coordinate of the center of mass of the 
molecule, and the sum runs over all atoms of the molecule. For a spherical 
molecule, the eigenvalues of the tensor of inertia are equal, and the difference 
between the largest and smallest eigenvalue is zero. For non-spherical 
molecules the difference between the largest and smallest eigenvalues 
increases with increasing anisotropy (in this case, elongation). The difference 
between the largest and smallest eigenvalues of the tensor of inertia will be 
refered to as the anisotropy of the molecule. The values of the anisotropy 
from simulations of 4-Azo-5P molecules in a DOPC bilayer are given in Table 
1, second row. 
Simulation details 
 Simulations were performed using semi-isotropic pressure (P = 1bar) 
conditions. A twin-range cut-off was used. Interactions between particles 
within the short-range cut-off of 1.0nm were updated every step. Interactions 
between particles within the long-range cut-off of 1.4nm were updated every 
10 steps. A time-step of 2.5fs was employed. The cut-off for the Lennard-
Jones interactions was 1.0nm. The cut-off for the electrostatic interactions, 
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evaluated using a reaction-field correction (with ε = 54), was 1.4nm. Periodic 
boundary conditions were employed. For pressure and temperature coupling 
the Berendsen barostat and thermostat were used, respectively. All 
simulations were performed with the GROMACS code (11) version 3.0.5. 
 
Table 1: Properties of 4-Azo-5P molecules in their trans and cis forms while in a bilayer of 
DOPC, and of the bilayer containing 4-Azo-5P molecules 
Property trans cis difference t p 
Anisotropy  0.41 (0.02) 0.29 (0.05) 0.12 3.2 0.004 
Area of patch (nm2) 10.9 (0.10) 11.1 (0.10) -0.2 2.0 0.025 
System repeat distance (nm) 8.58 (0.05) 8.44 (0.06) 0.16 2.5 0.007 
Compressibility of the area (Nm-1) 1.4 1.1    
The average properties for the trans and cis forms are given, together with their standard 
deviations (in brackets). Student’s t-test, t- and p-values (one-sided), for testing the 
hypothesis that the anisotropy is larger for the trans conformation than for the cis 
conformation, are also given. The averages are calculated for 6 molecules of 4-Azo-5P in 
each simulation. Similarly, student’s t-tests were performed for the differences in the area 
of the bilayer and the repeat distance. Averages are obtained over 10ns of simulation. 

 
 The force fields used for DOPC and water are as described in (12). 
The sodium ions were modeled using the GROMACS force field. Force field 
parameters for 4-Azo-5P, entirely compatible with the DOPC force field used, 
were not available in the literature. Standard parameters from the GROMACS 
force field were used for the alkyl, phenyl, and phosphate groups. The azo-
link was modeled by taking bond lengths, bond angles and Lennard-Jones 
parameters from aromatic five- and six-ring N-atoms in GROMACS. Charge 
distributions were chosen to resemble those in similar aromatic systems. All 
these force-field values are tentative but reasonable. The conformation of the 
azo-link was ensured by specifying a torsional potential around the N=N bond 
that strongly favored either the trans or cis form. Spontaneous switches 
between these two forms were not observed for any 4-Azo-5P molecule 
during the simulations. All relevant non-standard force field parameters are 
given in Table 2. 
 The systems simulated contained 16 DOPC lipids in each monolayer of 
the bilayer. The number of 4-Azo-5P molecules in each monolayer was 3 
(16%). Six Na+ ions were added to neutralize the negative charge on the 
phosphate group of 4-Azo-5P. The number of water molecules was 1482 
(corresponding to full hydration, 39 waters per lipid) in all simulations. An 
initial conformation was prepared by taking a snapshot from a pure DOPC 
bilayer simulation. From this, all water molecules, and 20% of DOPC 
molecules were removed. 4-Azo-5P molecules in the cis form were inserted 
by attempting to place conformations from a 4-Azo-5P molecule in vacuo in 
the box. Eight 4-Azo-5P molecules were placed in the box. The system was 
hydrated and 8 Na+ ions were added by replacing 8 water molecules after 
energy minimization and a short equilibration run. During the subsequent MD 
run, 7 of the 8 4-Azo-5P molecules inserted spontaneously into the DOPC 



Chapter 4  

68 

bilayer in the first 15ns. Two 4-Azo-5P molecules were removed to obtain a 
bilayer in which the number of DOPC and 4-Azo-5P molecules was the same 
in each monolayer. After a further 10ns of equilibration, a production run of 
10ns was performed. Starting configurations, containing the trans form of 4-
Azo-5P, were prepared from a configuration of the cis form by changing the 
appropriate torsional potential around the N=N bond. A short (10ps) MD run 
with a small time-step (0.5fs) sufficed to switch all cis molecules to the trans 
form. Subsequent production runs with trans 4-Azo-5P molecules were then 
performed. 
 
 
Table 2: Non-standard force field parameters for the Azo-link region in 4-Azo-5P 
Bonds    
CBN-NAZ b0 = 0.133nm k = 4.184e+05kJmol-1nm2  
NAZ-NAZ b0 = 0.120nm k = 4.184e+05kJmol-1nm2  
    
Angles:    
CR6-CBN-NAZ θ0 = 120degrees k = 418.4kJmol-1rad-2  
CBN-NAZ-NAZ θ0 = 120degrees k = 418.4kJmol-1rad-2  
    
Torsions:    
CBN-NAZ-NAZ-
CBN 

cis: θ max = 180 
degrees 

k = 50kJmol-1 multiplicity: 
1 

CBN-NAZ-NAZ-
CBN 

trans: θ max = 0degrees k = 50kJmol-1 multiplicity: 
1 

    
Charges:    
CBN +0.20 NAZ: -0.20  
CBN:  aromatic carbon bound to Azo N; NAZ: Azo nitrogen; CR6: aromatic carbon in 6-
ring 

 
Results 
 Fig. 3 shows a continuous trace of L. lactis MscL in DOPC:4-Azo-5P 
(4:1 mol/mol) before and after trans to cis and subsequent cis to trans 
switching of 4-Azo-5P. A large increase in channel activity was observed 
when 4-Azo-5P was switched from trans to cis (light of 365nm); the channel 
activity decreased when the patch was subsequently illuminated at 436nm. It 
is also clear from this figure that the response to illumination at 365nm is 
slower than the response to illumination at 436nm. Upon illumination at 
436nm the channel activity did not fully return to the initial value. Details of 
switch-induced changes in channel activity are shown in Fig. 4. At constant 
pipette pressure, illumination at 365nm resulted in 4-Azo-5P lipid switching 
from the trans to the cis conformation and, when channels were present in the 
patch, also an increase in channel openings upon switching was observed 
(Fig. 4A, B). Subsequent illumination with the same light source, but using a 
mercury line filter at 436nm shifting the 4-Azo-5P back to the trans 
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conformation, resulted in a decrease in channel activity as shown in Fig. 4C. 
The channel activities shown in Fig. 4 correspond to several substates (ca. 
0.8nS and 1.5nS) and full openings at ca. 2.2nS, which are typical for MscL 
from L. lactis (13). 
 

 
Figure 3: A continuous trace of MscL activity in a patch composed of DOPC:4Azo5P (4:1 
mol%) with the light off and light on at 365 and 436nm. The patch contains MscL from L. 
lactis. Top bar indicates time scale; the marked periods were used for analysis. No 
illumination and illumination at 365nm and 436nm are indicated inside the timebar. The 
number of channels and pressures are marked on the left of the figure. 

 
 After 90s of illumination at 365nm, 73% of the 4-Azo-5P lipid is in the 
cis conformation (10) and the channel activity was increased about 4 times 
(n=13), (Fig. 5). At the applied pressures (generally around –10mmHg), it was 
not possible to activate all channels in the patch with the light-dependent 
switch of the lipids. The whole cycle of lipid switching and channel activation 
relaxation in a single patch could be repeated at least five times. After 50s of 
illumination at 436nm, when 89% of the cis-4-Azo-5P lipid is back in the trans 
position (10), the channel activity (after one cycle of switching) was about 1.3 
times higher than at the start of the experiment (Fig. 3, Fig. 4A and C; Fig. 5). 
This increase may (partly) be due to the small fraction (11%) of 4-Azo-5P still 
in the cis conformation, but more probably, it is caused by migration of the 
lipid patch inside the pipette (Fig. 6). The observed patch movement was at a 
rate of about 1µm/min away from the tip of the pipette. Because the pipette is 
tapered, the movement towards a larger pipette diameter will stretch the 
membrane. Assuming lipids are not added to the patch, the increase in area 
per lipid will increase the tension in the membrane and shift the open 
probability of the channel, and this would explain why channel activity did not 
return to its initial value upon switching of cis 4-Azo-5P back to the trans 
conformation. Alternatively, one could argue that lipids are added from the tip 
of the pipette to the patch while it is moving. At a given pressure gradient a 
migrating will become less curved and this will also increase the open 
probability of the channel. Although movement of the patch inside the pipette 
has been observed by others (14), in our hands, movement of the patch was 
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not observed for 80 mol% of DOPC in combination with other lipids (20 mol% 
DOPE or DOPS) and it was more characteristic of the presence of 4-Azo-5P. 
 

 

Figure 4: Channel activity of a 
single patch composed of DOPC: 
4-Azo-5P (4:1 mol/mol), containing 
the L. lactis MscL channel. (A) 
before illumination of the sample 
(4-Azo-5P in trans conformation); 
(B) after 30s min of illumination at 
365nm (4-Azo-5P in cis 
conformation); (C) after subsequent 
60s of illumination at 436nm (4-
Azo-5P back in trans 
conformation). (D) and (E), channel 
activity of a patch of DOPC:4-Azo-
5P (4:1 mol/mol), containing the L. 
lactis MscL without illumination (D 
was recorded shortly after seal 
formation, E after 60s) . (F) and 
(G), channel activity of a patch of 
DOPC:DOPS (4:1 mol/mol), 
containing the L. lactis MscL before 
illumination (as soon as the seal 
had formed; F) and after 30s of 
illumination at 365nm (G). (H) and 
(I), activity of a patch of DOPC:4-
Azo-5P (4:1 mol/mol) without 
channels (H was recorded shortly 
after seal formation, I after 30s 
illumination at 365nm). All patches 
were clamped at –20mV and a 
pipette pressure of around –
10mmHg. 
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Figure 5: Quantification of the increase in open probability of MscL upon trans to cis 
isomerization of 4-Azo-5P. The open probability from 0 - 10s was indexed at 1. The bars 
indicate the mean relative open probability in patches without switching (dotted bars) and 
with switching (gray bars); 30 - 40s and 130 - 140s of illumination at 365nm and 
subsequent 50s illumination at 436nm (190 - 200s). Error bars indicate standard error of 
the mean. 

 
 

 
Figure 6: Movement of the lipid patch inside the pipette. (A) the patch immediately after 
formation of a giga-ohm seal; (B) the same patch 10 minutes later (and after one cycle of 
switching from trans to cis and back to trans). The arrows indicate the position of the 
patch inside the pipette. 

 
 A control experiment, in which the channel activity was monitored in 
the dark, with 4-Azo-5P lipids kept in the trans conformation for the duration of 
the experiment (3min), is shown in Fig. 4D, E. In 21 independent experiments 
without lipid switching, a small increase in channel activity was observed 
during the first two minutes (Table 3). In a second control experiment, the 4-
Azo-5P lipid was replaced by DOPS (Fig. 4F, G). In four independent patches 
with DOPC and DOPS as membrane lipids, the channel activity did not 
significantly increase (Table 3). Finally, empty liposomes containing 20mol% 
of 4-Azo-5P showed no change in electrical signal upon illumination at 365nm 
(Fig. 4H, I). 
 
Molecular dynamics simulations 
 Table 1 shows that the shape of the 4-Azo-5P molecules in a DOPC 
bilayer, as measured by the anisotropy of the tensor of inertia, is significantly 
different in the trans and cis forms. In the trans form, the 4-Azo-5P molecules 
are more elongated than in the cis form. This should lead to a smaller area of 
the bilayer and a larger bilayer thickness. The area of the patch and the 
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bilayer repeat distance were observed to differ significantly for the bilayers 
containing the trans and cis forms. It should be noted, however, that the 
confidence from the student’s t-test may be too high, because it is known that 
the area of bilayers may relax very slowly to their equilibrium values (15). The 
10ns of equilibration and 10ns of data collection used here may not have 
been enough. The shortness of the simulation is the reason for not performing 
the student’s t-test for the compressibility of the area (defined as 

2
0 /A B AK k TA σ= ; A0 is the average area and σA is the fluctuation in the area). 

The error in the compressibility of the area can only be estimated roughly as 
~0.5Nm-1, but should improve when performing longer simulations. The 
compressibility of the area is given in Table 1. It is seen to be smaller for the 
bilayer with cis 4-Azo-5P than for the bilayer with trans 4-Azo-5P, but the 
difference may not be significant. 
 
Table 3: Open probabilities of switched and unswitched membrane patches 

Patches with lipid switching Time period (s) 
Open probability s.e.m. n 

0-10 (A) 1.00 n.a. n.a. 
30-40 (B) 4.11 0.45 13 
130-140 (C) 4.15 0.85 5 
190-200 (D) 1.34 0.30 6 

Patches without lipid switching  
Open probability s.e.m. n 

0-10 (A) 1.00 n.a. n.a. 
30-40 (B) 1.18 0.23 21 
130-140 (C) 1.00 0.25 7 
190-200 (D) 0.75 0.23 7 

Patches without switchable lipid  
Open probability s.e.m. n 

0-10 (A) 1.00 n.a. n.a. 
30-40 (B) 1.34 0.12 4 
130-140 (C) 4.15 0.85 5 
190-200 (D) 1.34 0.30 6 
Open probabilities of switched (illuminated at 365nm) and unswitched membrane patches 
(DOPC:4-Azo-5P at 4:1 mol/mol) and of membrane patches without switchable lipid 
(DOPC:DOPS at 4:1 mol/mol) are presented together with the standard error of the mean 
(s.e.m.) and the number of time-periods (n) on which the values are based. All open 
probabilities were indexed to the open probability of the first time-period (A, see also Fig. 
2), which was set at 1. All patches had 4-Azo-5P for 100% in the trans configuration at t = 
0; at 190s and after subsequent illumination at 365 (trans to cis) and 436 nm (cis to trans), 
D in Fig. 2B, a fraction (about 10%) of 4-Azo-5P is still in the cis form (8). At t = 30-40 (B) 
and 130-140s (C), the switched patches had 4-Azo-5P (> 70%) in the cis configuration and 
the unswitched patches had 4-Azo-5P only in the trans configuration. 

 
 An impression of the consequences of the different shapes of the 4-
Azo-5P molecules in their trans and cis forms for the electron distribution 
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across the bilayer is given in Fig. 7. The total electron distribution across the 
system is given (top lines), as well as the contribution from the 4-Azo-5P 
molecules (bottom lines). The total electron distribution across the system is 
similar for the systems containing the trans (dashed lines) or the cis (drawn 
lines) form of 4-Azo-5P. Thus, it appears that the thickness of the bilayer is 
not affected significantly by switching between the two forms of 4-Azo-5P. 
Focusing on the contribution of 4-Azo-5P, however, it can be seen that the 
electron density distribution of the two forms is different, in accordance with 
the difference in their shapes. The distribution is wider and more 
homogeneous for the molecules in the trans than for the molecules in the cis 
form. It is likely that this difference influences the lateral pressure profile, but 
the exact nature of the changes can only be speculated about. 
 
 

Figure 7: Electron density profiles, obtained from molecular dynamics simulations, across 
the simulation box for bilayers containing 32 DOPC, 6 Na+ ions, 1482 water molecules, and 
6 4-Azo-5P molecules. The solid lines represent the system with 4-Azo-5P in the cis form; 
the dashed lines represent the system with 4-Azo-5P in the trans form. The top two curves 
represent the total electron density; the bottom two lines the contribution of the 4-Azo-5P 
molecules only. The profile is not symmetric around the center of the bilayer because of 
limited statistics. 

 
Discussion 
 We have shown that we can reversibly activate MscL by switching the 
4-Azo-5P fraction (20mol%) of the membrane from the trans to the cis 
conformation. During the experiments, the position of the patch in the pipette 
was followed with a Nikon DXM CCD camera (Fig. 6). With the current 
camera set-up it was not possible to take pictures of the patch in the cis 
conformation, as this required light of longer wavelengths which caused 
switching back to the trans conformation. The increase in channel activity 
shown in Figure 4B must be the result from the light-dependent switching of 4-
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Azo-5P from the trans to the cis conformation. Since 4-Azo-5P is present in 
both leaflets of the patch membrane, it is not likely that activation is caused by 
a change in curvature strain (or elastic stress) of one leaflet relative to the 
other as is the case when amphipaths such as 1-Acyl-2-hydroxy-sn-glycero-3-
phosphocholine (LysoPC) or 4-[butylamino]benzoicacid-2-[dimethylamino]-
ethyl-ester (tetracain) are used (4). This means that the channel is activated 
by a more subtle change in the overall lateral pressure profile or by 
membrane thinning.  
 The molecular dynamics simulation showed that the shape of 4-Azo-5P 
molecules in a DOPC bilayer adopt is different for the trans and the cis 
conformations.  The mass distribution across the bilayer due to the 4-Azo-5P 
molecules is wider and more homogeneous for the trans conformation than 
for the cis conformation. Such changes probably affect the lateral pressure 
profile, but are difficult to quantify. More elongated molecules such as trans 4-
Azo-5P are presumably more compatible with the chain packing in the DOPC 
bilayer, leading to a larger bilayer thickness and a smaller bilayer area. This 
could lead to a larger compressibility of the bilayer, that is, it would require 
more energy to stretch the bilayer to the same extent in the presence of trans 
4-Azo-5P than in the presence of cis 4-Azo-5P. Although the differences in 
gating threshold of MscL when switching between trans and cis forms of 4-
Azo-5P correlate with the properties calculated from the simulations, the 
mechanism for MscL opening cannot be elucidated on the basis of these 
simulations. 
 Additional DSC studies on vesicles formed from 75mol% 4-
(dihexadecylmethyl)-1-methylpyridinium chloride and 25mol% 4-Azo-5P 
showed that the main phase transition temperature decreased from 28°C to 
17°C upon trans-cis isomerisation (16). Similarly, deuterium NMR experiments 
on POPC-d2 bilayers upon incorporation of 20 mol% of 4-Azo-5P indicated 
that the acyl chain order decreased when the molecule was switched from the 
trans to cis form (16), these changes correlate with the molecular dynamics 
simulation data. 
 In summary, we have shown that we can reversibly activate MscL from 
both L. lactis and E. coli (not shown) by switching the 4-Azo-5P fraction 
(20mol%) of the membrane from the trans to the cis conformation. Switching 
from trans to cis probably causes a change in the lateral pressure profile, 
resulting from a change in collisional pressure along the acyl chains of the 
lipid, and some thinning of the membrane, but elucidation of the mechanism 
leading to MscL opening requires more extensive molecular dynamics 
simulations. Importantly, the rapid and reversible alteration of the lipid bilayer 
via trans-cis isomerization of lipids allows monitoring of the effect of 
membrane perturbation on the conformational states of membrane proteins. 
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