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I N T R O D U C T I O N

Mechanosensitive channels in bacteria form safety valves 
that protect cells from hypoosmotic shock, opening a 
wide pore under membrane tension to relieve excessive 
turgor pressure within the cell (Martinac, 2001; Strop 
et al., 2003; Perozo, 2006; Booth et al., 2007). The mecha-
nosensitive channel of large conductance (MscL) is one 
of the best characterized membrane channels in both 
structural and functional terms. MscL channels respond 
to membrane tension (10–12 mN/m) (Berrier et al., 
1996; Blount et al., 1996; Sukharev et al., 1999) and 
have a very high nonselective conductance (3 nS) 
(Sukharev et al., 1993; Cruickshank et al., 1997) so as to 
act as the last in a series of mechanisms designed to save 
osmotically challenged bacterial cells. A 3-D structure of 
the MscL homologue from Mycobacterium tuberculosis in 
a closed state shows the protein to be a homopentameric 
channel (Chang et al., 1998), with each subunit contain-
ing two membrane-spanning  helices (TM1 and TM2). 
The pore itself is lined by the TM1 helices and the ex-
ternal end of TM2, and it contains a tight constriction 
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surrounded by hydrophobic residues known to be con-
served across members of the MscL family (Oakley et al., 
1999). An MscL homologue from Staphylococcus aureus 
was recently found to form functional tetrameric chan-
nels and was crystallized in a hypothesized intermediate 
open state with TM1 and TM2 tilted toward the plane of 
the membrane, but with a narrow constriction remaining 
in the pore (Liu et al., 2009).

A question of particular interest is how mechano-
sensitive channels sense mechanical force and how this 
is used to open the pore. Bacterial mechanosensitive 
channels directly sense membrane tension developed 
in the lipid bilayer alone (Martinac et al., 1990; Markin 
and Martinac, 1991; Moe and Blount, 2005), preserving 
their mechanosensitivity after reconstitution into artifi-
cial liposomes (Delcour et al., 1989; Häse et al., 1995; 
Berrier et al., 1996; Perozo et al., 2002b). This fact is 
underlined by the response of the channel to various 
amphipaths. In thin bilayers, the channel activates at lower 
pressures and intermediate states are stabilized. Inser-
tion of the single-tailed lysophosphatidylcholine (LPC), on 
the other hand, greatly increases the open-channel prob-
ability for prolonged periods (Perozo et al., 2002a,b). 
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484 Open structure of MscL from FRET and simulation

liposomes, we have determined the structural rearrange-
ments taking place at several regions within the protein. 
These data, along with existing SDSL EPR information, 
are used in computer simulations to quantify the con-
formational changes involved in channel opening. 
The demonstration of a successful application of site- 
directed fluorophore labeling FRET microscopy and sim-
ulation for obtaining structural information achieved here 
opens a new avenue for studying membrane proteins. An 
advantage of this technique is that measurements can 
be made in the same conditions as electrophysiological 
studies, and we are able to pick suitable sections of the 
sample (i.e., clearly unilamellar liposomes) rather than 
averaging over the entire sample. The resulting model 
yields information about the size and nature of confor-
mational changes that lead to the open state, and shows 
how a highly conductive channel can be obtained with 
much more limited motion than previously suggested. 
Importantly, we are also able to clarify the role of the  
N-terminal domain, showing that it could either directly 
sense membrane tension and transfer this to the pore-
lining helices or serve as an anchor that guides the TM1 
to a greater tilt during MscL opening by maintaining its 
position along the membrane–cytoplasm interface, as 
suggested by Iscla et al. (2008).

M AT E R I A L S  A N D  M E T H O D S

Expression, labeling, and reconstitution of MscL protein
The wild-type MscL protein contains no cysteine residues. Hence, 
site-directed mutagenesis (Agilent Technologies) was used to in-
troduce cysteine at individual sites of interest in MscL that were 
subsequently labeled with Alexa Fluor maleimide dye (Invitro-
gen) specifically binding to cysteine. The MscL mutants were 
each cloned into pQE32 vector and expressed in Escherichia coli, 
followed by solubilization and purification via Ni-NTA affinity col-
umn, as described previously (Perozo et al., 2001, 2002b). The 
MscL protein mutant was then labeled according to the manufac-
turer’s instructions with equimolar concentrations of both Alexa 
Fluor 488 (AF488) and Alexa Fluor 568 (AF568) with a protein to 
each dye molar ratio of 1:5. Consequently, each of the five sub-
units had one label with the equal probability of any site being oc-
cupied by either AF488 or AF568, the functional protein having 
five fluorophores attached. For FRET analysis, the labeled pro-
tein was reconstituted into azolectin liposomes at a protein to 
lipid molar ratio of 1:250 (Corry et al., 2005b) and for patch 
clamp analysis with a protein to lipid ratio of 1:500 by weight 
(Häse et al., 1995).

Patch clamp analysis
Fluorophore-labeled channel mutants were tested for function in 
patch clamp analysis. Activity of the individual MscL mutants was re-
corded from single bilayer blisters in symmetrical solution (200 mM 
KCl, 40 mM MgCl2, and 5 mM HEPES buffer, pH 7.2/KOH), as 
reported previously (Häse et al., 1995). In control experiments, 
recording solution also contained 1 mM dithiothreitol (DTT) to 
prevent formation of disulfide bonds between cysteine residues, 
which would inhibit channel opening if fluorophores became de-
tached. Gating and full channel openings were recorded as a result 
of membrane tension applied via negative hydrostatic pressure to 
the patch pipette. We also confirmed via patch clamp recordings 

Despite this knowledge, it is not clear which portions of 
the protein are used to sense membrane tension and 
how this is transferred to the pore, issues that an open-
state structure may help to resolve. Given the large cur-
rent known to pass through the pore in the open state, 
and the size of molecules that pass through the pore 
(Cruickshank et al., 1997), a significant conformation 
change must take place upon channel activation to cre-
ate a large pore. Although a closed-state structure has 
been obtained from x-ray crystallography, it appears dif-
ficult to capture the open state of MscL obtained under 
membrane tension during crystallization. Furthermore, 
crystallization requires membrane proteins to be removed 
from their native environment, which may affect struc-
ture. Ideally, we would like to gain structural informa-
tion under physiological conditions. In this direction, 
experiments using site-directed spin labeling (SDSL) 
electron paramagnetic resonance (EPR) spectroscopy 
of MscL reconstituted into artificial liposomes have 
been performed, indicating an open pore of >25 Å di-
ameter (Perozo et al., 2002a). However, specific inter-
subunit distances could not be measured in the open 
state, as they are greater than the 15 Å that can be mea-
sured with the continuous wave (CW) EPR technique. 
Fluorescence resonance energy transfer (FRET) provides 
an alternative method of measuring inter-site distances 
over longer ranges (Wu and Brand, 1994; Gustiananda 
et al., 2004). Previous experiments using fluorescent labels 
on just one site of the protein have indicated that the 
diameter of the protein increased by 16 Å upon channel 
activation (Corry et al., 2005b).

The incomplete nature of the existing structural in-
formation means that questions remain as to the likely 
nature of the open state. Initially, it was suggested that 
the transmembrane helices end up side by side so that 
both TM1 and TM2 helices line the pore to accommo-
date the size of the open channel (Cruickshank et al., 
1997; Chang et al., 1998; Batiza et al., 1999; Spencer  
et al., 1999; Yoshimura et al., 1999). SDSL CW EPR spec-
troscopy (Perozo et al., 2002a) and computational 
(Gullingsrud et al., 2001; Sukharev et al., 2001a,b) ex-
periments, however, suggest that the open state may be 
lined mostly by TM1 helices, a feat that can only be 
achieved by a large tilting of the helices and a thinning 
of the protein in the plane of the membrane. The short 
N-terminal domain is known to be important to the 
function of the protein, as amino acid deletion or sub-
stitution in this region severely affects MscL function 
(Blount et al., 1996; Häse et al., 1997). It has been pro-
posed that this domain functions as a second gate 
(Sukharev et al., 2001a,b; Betanzos et al., 2002; Anishkin 
et al., 2005); however, this is not supported by a recent 
study that used cysteine trapping of N-terminal mutant 
channels (Iscla et al., 2007). By conducting single cysteine 
mutations, site-directed fluorophore labeling, and FRET 
imaging of unilammelar bilayers formed by reconstituted 
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around spherical liposomes can be related to the so called “B factor” 
that comprises the average orientation of the fluorophores and 
their orientational mobility. Making such measurements on both 
donor and acceptor fluorophores allows the most likely orienta-
tion factor for transfer between them to be determined. This 
analysis method requires clean spherical liposomes, so only some 
of our images could be used.

Although the relationship between the fluorophore separation 
and transfer efficiency is well known for single donor–acceptor 
pairs, the situation is more complicated in our case, as each pro-
tein contains a random mix of five fluorophores. We use a Monte-
Carlo scheme (using the program “exiFRET”) (Corry et al., 2005a) 
to relate the efficiency of energy transfer to the radius of the 

that channel activity could be induced in the absence of suction 
by adding LPC to the bath solution (leading to insertion into the 
outer bilayer leaflet) at final concentrations between 2 and 3 µM. 
Typically, spontaneous channel gating occurred within 10 min after 
the addition of LPC, as reported previously (Perozo et al., 2002b). 
Additional control experiments were also performed with unla-
beled mutants (supplemental material).

Fluorescence imaging and analysis
Liposomes containing reconstituted and labeled protein were im-
aged on a UV laser-scanning confocal microscope (MRC1000/1024; 
Bio-Rad Laboratories) using a water immersion objective lens 
(60×; NA1.2; Nikon) and the same recording solution as for the 
patch clamp studies. AF488 was excited at 488 nm with an argon 
laser and detected through a 522/535-nm bandpass filter, whereas 
AF568 was excited at 561 nm using a yellow laser and detected 
through a 585-nm long-pass filter.

FRET efficiencies were determined for individual liposomes using 
acceptor photobleaching before and after the addition of LPC. 
FRET data were analyzed using two methods. The first was a pixel 
by pixel analysis conducted using a modified version of a plug-in 
written by David Stepensky developed in ImageJ (Abramoff et al., 
2004). In this, images of the donor and acceptor before and after 
acceptor bleaching were first aligned, and then background values 
obtained from a region away from the liposome in each image 
were subtracted before the resulting images were smoothed using 
a 3 × 3 mean filter. Regions of interest were then automatically se-
lected using both donor and acceptor threshold values and at 
least 70% acceptor bleaching. Images were taken using acceptor 
excitation and emission channels before and after every bleach-
ing cycle to monitor the degree of acceptor bleaching achieved. 
Corrections were then made to the intensity values of the donor 
after acceptor bleaching at each pixel to account for incomplete 
acceptor bleaching and bleaching of the donor during imaging:

 D D C D C D
A

A A
a a a b

a

b a
’ ( )( ),= + −

−
 

in which Da ’ is the corrected value of the donor after acceptor 
bleaching, Db  and Da are the uncorrected donor values before 
and after acceptor bleaching, Ab and Aa are the acceptor values 
before and after acceptor bleaching, and C  is a factor accounting 
for any undesired bleaching of the donor calculated for each lipo-
some as described below. FRET efficiencies (E) were then calcu-
lated for each pixel in the region of interest using

 E
D D

D

a b

a= −’

’ .  

The pixel by pixel analysis method is particularly sensitive to 
movement of the liposomes during imaging and could only be 
applied to a small proportion of the images collected. Thus, a 
more robust averaging method was also used in which regions of 
interest were specified manually, and background subtraction, 
donor correction, and FRET efficiency values were determined 
using the mean intensities in the region of interest, rather than 
for each pixel. For every liposome, an additional round of bleaching 
and imaging was performed after the acceptor was fully bleached 
to determine how the imaging and bleaching influenced the 
donor intensities. As every liposome bleached slightly differently 
depending primarily on its size, the donor bleaching correction 
for every liposome, C, could then be determined by comparing 
the donor intensity before and after the additional bleach.

An analysis of the orientations of the fluorophores relative to 
the membrane was performed with a method described previously 
(Corry, 2006). Using the fact that the exciting laser light was linearly 
polarized, the variation in emitted intensity of each fluorophore 

Figure 1. Confocal fluorescence images of AF488- and AF568-
labeled MscL protein reconstituted into liposomes. Images of the 
donor (AF488) are shown before (left column) and after (middle 
column) acceptor photobleaching. Images are colored by inten-
sity according to the top scale bar. An image created from pixel by 
pixel analysis of the FRET efficiency is shown in the right column, 
colored according to the bottom scale bar. The mutant name 
and conditions are noted on the left, and the average FRET 
efficiency for the image is noted on the right. I, inner liposome; 
O, outer liposome.
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486 Open structure of MscL from FRET and simulation

Three separate simulations were conducted with membrane 
tensions of 0, 5, and 60 mN/m, each lasting either 13 ns (0 and  
5 mN/m) or 18 ns (60 mN/m), using NAMD (Phillips et al., 
2005) with the CHARMM27 all-atom force field (MacKerell et al., 
1998) under a pressure of 1 atm and temperature of 298 K with  
a 1-fs time step. Pore radii were calculated with the program 
HOLE (Smart et al., 1993), and graphics were produced using 
VMD (Humphrey et al., 1996).

The conductance of the resulting open-channel structures was 
calculated using Brownian dynamics simulations (Li et al., 1998; 
Corry et al., 2002) in which the protein is taken as a rigid struc-
ture and the motion of individual ions is traced explicitly. Such 
simulations have been shown to produce accurate currents in a 
range of ion channels (Corry et al., 2001, 2002, 2004). Here, we 
use symmetric 300 mM KCl solution, and dielectric constants of 
80 for the interior of the pore and baths and 2 for the protein 
were used when calculating the electrostatic forces on ions using 
Poisson’s equation. A 2-fs time step was used for ions inside the 
pore and 100 fs for ions in the baths.

Online supplemental material
The online supplemental material contains additional results and 
figures, including an examination of the importance of the la-
beling efficiency of the protein, more fluorescence images and 
analysis of the FRET data arising from them, and the orientations 
of the fluorophores. There are also patch recordings of each of 
the labeled mutants under hydrostatic pressure and additional 
simulation data, including the evolution of the protein and mem-
brane structure during the simulations. An animation of ion con-
ductance from Brownian dynamics simulations is also included. 
The online supplemental material is available at http://www.jgp 
.org/cgi/content/full/jgp.200910376/DC1.

R E S U LT S  A N D  D I S C U S S I O N

FRET and patch clamp recordings
Fluorescence images of liposomes containing MscL la-
beled at different sites before and after the addition of 

fluorophore pentamers, as shown in Fig. S1. Results for mutant 
M42C are taken from our previous publication (Corry et al., 2005b) 
and have been shown again here, as this illustrates one of the 
clearest examples of FRET.

Molecular and Brownian dynamics simulations
A model of the closed-state MscL channel from E. coli (Meyer, 
2007) based on the crystal structure of the homologue from  
M. tuberculosis (Protein Data Bank accession no. 2OAR) was in-
serted into a POPC lipid bilayer and solvated in a 120 × 120 × 130–Å 
water box with 150 mM KCl (total of 155,000 atoms). Initially, 
the protein atoms were fixed while the lipid and water were mini-
mized for 1,000 steps and then equilibrated for 50 ps. A harmonic 
constraint of 2 kcal/mol/Å was then placed on the protein  carbon, 
and equilibration proceeded for 20 ps before reducing the con-
straint to 1 kcal/mol/Å for a further 500 ps.

After equilibration, experimentally derived distances from 
FRET and EPR studies were enforced by including distance re-
straints between the C atoms on the associated residues. Because 
of the pentameric nature of the protein, each measurement yields 
10 distance constraints: 5 to neighboring subunits and 5 to next 
nearest neighbors. In total, this yields 80 FRET-derived distance 
constraints and 640 EPR constraints. Distance constraints result-
ing from our FRET data were included as harmonic distance re-
straints with final force constants calculated as five times the 
inverse of the uncertainty in the FRET-derived distance data (thus 
force constants ranged from 0.2 to 2.9 kcal/mol/Å2). As the CW 
EPR measurements only provided lower bounds on the distance 
between residues within the subunits in the open state (Perozo et al., 
2002a), these were included as lower bound constraints with force 
harmonic constants of 4.0 kcal/mol/Å2 when the distance be-
tween subunits was <18 and 0 when it was above. Both FRET and 
EPR restraints were slowly introduced during the simulations by 
gradually increasing the force constant over nine steps starting 
from one thousandth of the final value. We note that only dis-
tance changes between the closed and open states of the channel 
were used to minimize uncertainty arising from the orientation or 
size of the fluorophores. As noted above, we explicitly measure 
the orientation of the fluorophores to show that neither of these 
effects influences the distance changes seen in our data.

TA B L E  I

FRET efficiency values are indicated for liposomes imaged before and after the addition of LPC

Mutant FRET pre-LPC FRET post-LPC  Diameter FRET  Diameter simulation

Å Å

S2Ca 0.22 ± 0.02 (24) 0.11 ± 0.02 (30) 22 ± 6 18.7

K5Ca 0.23 ± 0.01 (25) 0.14 ± 0.02 (25) 16 ± 4 17.5

M12C 0.45 ± 0.01 (30) 0.46 ± 0.01 (36) 1 ± 1 17.4

G14C 0.38 ± 0.02 (11) 0.40 ± 0.02 (12) 2 ± 3 22.9

I25C 0.16 ± 0.02 (20) 0.15 ± 0.02 (34) 2 ± 6 24.6

A27Ca 0.23 ± 0.01 (23) 0.09 ± 0.01 (19) 29 ± 4 25.9

V33Ca 0.19 ± 0.01 (21) 0.12 ± 0.01 (26) 14 ± 3 17.4

M42Ca 0.61 ± 0.01 (8) 0.44 ± 0.01 (9) 16 ± 2 15.1

K55C 0.06 ± 0.02 (18) 0.03 ± 0.01 (16) 23 ± 15 20.1

Q65C 0.09 ± 0.03 (25) 0.05 ± 0.03 (17) 18 ± 18 14.3

M73C 0.17 ± 0.02 (39) 0.17 ± 0.02 (35) 0 ± 5 14.1

I86Ca 0.21 ± 0.02 (46) 0.14 ± 0.02 (34) 12 ± 5 17.5

M94Ca 0.14 ± 0.01 (51) 0.08 ± 0.01 (65) 16 ± 5 20.1

V120Ca 0.78 ± 0.01 (28) 0.66 ± 0.02 (49) 14 ± 2 12.7

The number of liposomes used in the analysis is indicated in brackets in each case. The corresponding change in diameter at the location of the 
fluorophores calculated from the FRET data and that seen in the simulations (60 mN/m) are also indicated.
aResidues used as restraints in the MD simulations.
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still functional, as shown in Fig. 3. We confirmed that 
the fluorophore-labeled MscL mutants were functional 
by the application of negative hydrostatic pressure to 
the patch pipette (Fig. S4), finding that channels are 
active for all labeled mutants except G14C. Similarly, all 
mutants investigated in this study except G14C can be 
activated by the addition of LPC to the excised liposome 
patch (Fig. 3). Activation by pressure and LPC of the 
mutant M42C has been confirmed previously (Corry  
et al., 2005b). For comparison, we have also tested unla-
beled A27C and V120C mutants by negative pressure and 
LPC (Fig. S5). In contrast to the fluorophore-labeled 
mutant channels, only channels gating at subconducting 
levels were observed in recordings obtained from unla-
beled A27C channels in the absence of DTT, whereas 
activity of fully open channels could be recorded upon the 
addition of 25 mM DTT to the bath solution (Fig. S5 A). 
Similarly, a majority of the patches containing unla-
beled V120C channels exhibited activity of fully open 
channels in the presence of DTT, and only a few patches 
exhibited such activity in the absence of DTT (Fig. S5 B). 
Similar to labeled channels the unlabeled channels 
could be activated by LPC with or without DTT being 
present (Fig. S5).

The lack of change in FRET efficiency for the mu-
tants M12C, G14C, I25C, and M73C could be explained 
by many factors. The low open probabilities of the chan-
nel upon the addition of LPC witnessed in the patch 
clamp studies for M12C, G14C, and M73C would limit 
the associated FRET changes. It is possible that there is 
little structural change in the protein when moving be-
tween the closed and open states at these positions, but 
this is unlikely, particularly for I25C that sits at the nar-
rowest part of the pore in the closed state and has been 
shown in SDSL EPR experiments to undergo significant 
motion during the channel activation (Perozo et al., 
2002a). Therefore, it may be that either the fluorophores 
are confined within the pore when attached to this site 
and thus cannot accurately report on the structural 
change of the protein, or that the open probability of the 
channel is low for these cases when FRET measurements 
are made.

An important consideration for these experiments is 
to ensure that we have very high open probabilities 
when making our post-LPC FRET measurements. Seven 
lines of evidence support the conclusion that high open 
probabilities are being achieved: (1) FRET data were 
collected at several different LPC concentrations, and 
results were only used for the open state once the effi-
ciency showed no change upon increasing LPC concen-
tration, as shown for four mutants in Fig. 4. This ensures 
that we obtain the maximum open probability possible 
using LPC. (2) We note that the FRET measurements 
are not made under the same LPC concentrations as 
the patch clamp recording shown in Fig. 3. LPC con-
centration in patch clamp experiments had to be lower, 

LPC are shown in Fig. 1, and the increase in donor in-
tensity after acceptor bleaching is a clear indication of 
the presence of FRET. Transfer efficiency values were 
determined by two methods (pixel by pixel and lipo-
some average intensities), with the average difference 
between the two being <3%. A more detailed analysis of 
the pixel by pixel results is given in the supplemental 
material. A summary of the FRET results obtained is 
given in Table I, showing the large range of FRET effi-
ciencies observed, whereas the locations of all the mu-
tants studied is given in Fig. 2. The large FRET value for 
V120C is not unreasonable given the proximity of these 
sites in the cytoplasmic helices seen in the Tb-MscL crys-
tal structure (nearest neighbors are only 13.5 Å apart). 
It is notable that although most of the mutants studied 
show a large change in FRET efficiency before and after 
the addition of LPC, this is not the case for the mutants 
M12C, G14C, I25C, and M73C, even at LPC concentra-
tions as high as 13 µM (see Fig. 4). A similar lack of 
change between the closed and open states of M73C is 
seen in EPR data (unpublished data).

To help understand these results, patch clamp record-
ings were undertaken to see whether the mutants are 

Figure 2. Location of mutants used to gain FRET data. Out of 
the 20 mutants selected, the 8 that gave the best FRET results 
(shown as blue side chains on the channel monomer) together 
with the location of each residue for which EPR data were used in 
the restrained simulation to create the open-state model (green 
spheres) are shown.
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488 Open structure of MscL from FRET and simulation

small to detect. The considerations of open probability 
in the present study are the same as those in recent EPR 
experiments (Perozo et al., 2002a,b; Vásquez et al., 
2008). (4) There is electrophysiological evidence for 
continuous long opening of MscL in the presence of 
low concentration of LPC after membrane stretch was 
released (Fig. 4 a in Perozo et al., 2002a). (5) The diam-
eter changes measured using FRET are large and con-
sistent with changes expected for an open state, in 
agreement with the results from molecular modeling, 
SDSL EPR, and electrophysiological studies (Cruickshank 
et al., 1997; Sukharev et al., 2001a,b; Perozo et al., 
2002a). Our model indicates an 18-nm2 in-plane pro-
tein expansion, which agrees well with experimental 
measurements of 20.4 ± 4.8 nm2 (Chiang et al., 2004). 
In addition, the size of the pore found in our proposed 
open-channel models described below and the likely 
conductance of these (determined from Brownian dy-
namics simulation) are consistent with measured values 
for the fully open channel. Although the presence of 

corresponding to lower channel open probability, be-
cause during the patch clamp experiments, liposome 
patches are under residual stress due to the gigaohm 
seal formation, which causes the bilayer to break easier 
in the presence of LPC. An advantage of the FRET mea-
surement in liposomes is that the bilayer is not stressed 
and can tolerate high LPC concentrations (>25% LPC 
molar ratio with PC (Perozo et al., 2002b). The open 
probability during FRET measurements is, therefore, 
larger than that seen in the patch recording of Fig. 3, as 
the EPR data show an increasing open probability with 
increasing LPC insertion in the liposomes. (3) Perhaps 
most conclusively, EPR experiments conducted under 
similar conditions indicate that spin coupling between 
labeled residues (including those in the most constricted 
portions of the channel) are eliminated at these high 
LPC concentrations (Perozo et al., 2002b). As spin cou-
pling is clearly observed under resting conditions, the 
lack of coupling observed after the addition of LPC is 
only possible if the closed-channel probability is too 

Figure 3. Representative recording 
traces for fluorophore-labeled chan-
nel mutants activated with LPC in the 
absence of pressure. For each mutant, 
a longer recording trace and an inset 
with the enlarged recording trace is 
shown. Note the different scale bars for  
the initial traces and for the inset.  
C, the closed state of one MscL channel;  
O, the open state of one MscL channel.
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(Liu et al., 2009) is consistent with the MscL open-channel 
structure presented in this study as discussed below.

The changes in FRET efficiency seen in the remain-
ing cases upon adding LPC most likely represent under-
lying structural changes of the MscL protein resulting 
in the fluorophores on each subunit moving farther 
from one another when the channel is opened. Although 
it is possible that the changes could (at least in part) be 
caused by alteration in the relative orientations of the 
fluorophores or a change in the position of the dye 
head group relative to the site of attachment, this can 
be excluded by analyzing the observed orientation of 
the fluorophore transition moments following the proce-
dure developed previously (Corry et al., 2006) (see supple-
mental material). As the measured orientations of the 
dyes are almost identical before and after the addition 
of LPC, this data also shows that the use of a value for 
the orientation factor (2) close to 2/3 is well justified. 
The measured FRET efficiencies can be related to dis-
tances within the protein, provided that the pentameric 
nature of the protein and labeling probabilities are 
taken into account (Corry et al., 2005a). The change of 
radius or diameter upon channel activation is less likely 
to be influenced by any systematic errors in the FRET 
measurements and is less sensitive to the value of the 2 
(and R0) than is the absolute radius of the channel. This 
change in diameter is shown for each mutant in Table I.

Constrained molecular dynamics
Apart from the four mutants described above, the re-
maining results suggest a consistent diameter change of 
>14 Å for all parts of the protein studied. To determine 
how these structural changes are likely to influence the 
overall structure of the protein, they were incorporated 
into molecular dynamics simulations. An initial model 
of the pore based on the crystal structure of Tb-MscL 
(Meyer, 2007) has a very small minimum radius, as 
shown in Fig. 5 (and see supplemental material). How-
ever, when the results of our FRET measurements and 
previous SDSL EPR data are included as 720 individual 
distance restraints in the simulation, very large confor-
mational changes take place, creating a wide pore in 
each of the conditions tested. It should be noted that 
the experimental restraints are not aimed at reproduc-
ing forces experienced by the protein during activation, 
but rather act as a structure-refinement tool to make 
the protein adopt a conformation consistent with the 
experimental data. The resulting structures obtained 
with 0, 5, and 60 mN/m of tension on the membrane 
are indicated in Fig. 5, along with the initial closed state 
of the channel. In all cases the TM1 and TM2 helices 
are seen to move outward to reveal a 28-Å diameter pore. 
Note that an open-channel pore >25 Å is indicated by 
SDSL EPR experiments (Perozo et al., 2002a). Molec-
ular modeling suggests a pore of 30–37 Å (Sukharev 
et al., 2001a,b), whereas electrophysiological experiments 

closed channels during our FRET measurements could 
mean that we underestimate the structural changes in-
volved in activation, if our FRET values involved a sig-
nificant proportion of closed channels we would expect 
to see less structural change. (6) Occasionally, results 
were obtained with a proteoliposome within another 
proteoliposome. After the addition of LPC, the distribu-
tion of FRET efficiencies for outer and inner liposome 
has clearly been distinguishable, such that the outer li-
posome is affected by the presence of LPC (i.e., the 
channels are in their open state), whereas the inner li-
posome remains unaffected by LPC (i.e., the channels 
remain closed; e.g., M42C mutant in Fig. 1). These re-
sults strongly indicate that a substantial change in FRET 
efficiency occurs in these situations due to the insertion 
of LPC into the outer liposome (see supplemental ma-
terial). (7) Finally, a 3-D x-ray structure of SaMscL show-
ing a tetrameric channel in an intermediate open state 

Figure 4. FRET efficiency versus LPC concentration. (A) For mu-
tant M12C, the measured FRET efficiency shows no change upon 
the addition of LPC. (B) For mutants A27C, V33C, and L86C, 
the FRET efficiency decreases upon the addition of LPC, but it 
does not decrease further when LPC concentration is >6 µM. The 
average post-LPC FRET values and associated uncertainties (as re-
ported in Table II) are represented by the solid and dashed lines 
on the right-hand side of the figure.
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constant. If the tension is removed in addition to the 
experimental restraints, however, the channel begins 
to shrink, as seen in Fig. S9).

The structural change taking place between the closed 
state of the pore and our open-channel models found 
under tension is significant, as can be seen in Fig. 6. 
The TM1 and TM2 helices maintain their relationship 
to one another, but both move outward in a radial  
direction, which is consistent with the results of Betanzos 
et al. (2002), who showed that cross-linking TM1 to 
TM2 did not abolish MscL opening. The result of this is 
that the full length of TM1 lines the pore along with the 
extracellular half of TM2, yielding a configuration con-
sistent with lipid and water accessibility data from SDSL 
EPR, but without substantial rotation of TM1. This con-
formational arrangement is somewhat different to re-
cent hypotheses that suggest the open state of the pore 
to be lined principally by TM1 (Gullingsrud et al., 2001; 
Sukharev et al., 2001a,b; Perozo et al., 2002a; Meyer, 
2007). To illustrate this difference, we superimpose our 
open-state model on previous models in Fig. 6 (C and D). 
All open-state models have a similar pore radius, and all 
show TM1 and TM2 tilting toward the plane of the mem-
brane by around 20°. But, in our case the TM2 helix lies 
closer to the pore than in previous suggestions, which 
can also be seen by plotting the radial position of each 
residue as in Fig. 7, a configuration supported by our 
FRET data. The 18-nm2 in-plane protein expansion in 
our model obtained under 60 mN/m of tension agrees 
well with experimental measurements of 20.4 ± 4.8 nm2 
(Chiang et al., 2004).

It is also interesting to compare our open-state 
model with the recent SaMscL crystal structure that is  

gave an estimate of a diameter of the pore of 30 Å  
(Cruickshank et al., 1997). Collectively, these results indi-
cate that FRET experiments in this study yielded a pore of 
a fully open channel. The current–voltage relationship 
calculated on each of the structures using Brownian dy-
namics simulations gives a conductance of between 3.0 
and 3.5 nS (see supplemental material), similar to the 
currents measured in patch clamp studies, suggesting 
also that the pore is wide enough to represent the open 
state of the channel (Häse et al., 1995, 1997).

The introduction of tension does have a significant 
effect on the final structure of the protein found in the 
simulations. As described in the supplemental material, 
the application of tension decreases the thickness of the 
membrane, which favors a greater tilting of the trans-
membrane helices. Notably, in the absence of mem-
brane tension, some unraveling of the intracellular end 
of the TM1 helix is seen during the simulations. This is 
most likely an artifact created by forcing the protein to 
adopt a new conformation in a limited time frame. 
When a tension of 60 mN/m is applied to the mem-
brane, this unraveling is mostly eliminated. This sug-
gests that transition to the open state is more favorable 
under tension with a slightly thinner membrane, consis-
tent with experimental data showing increased activation 
by membrane stretch in bilayers formed from shorter 
lipids (Martinac and Hamill, 2002; Perozo et al., 2002b). 
To check if the protein remains in the same open state 
in the absence of the experimental restraints, we removed 
the restraints and continued the simulations for an 
additional 5 ns. As described in the supplemental mate-
rial, no significant change in the structure is seen in 
this time, and the radius of the pore remains relatively 

Figure 5. Simulation studies incorporating EPR and FRET data. (A) The closed state (yellow) and model open states of the protein 
obtained under membrane tension of 0 (green), 5 (orange), and 60 mN/m (blue), respectively, viewed in the plane of the membrane. 
The location of the lipid phosphate head groups is indicated by the gray balls to give an indication of the position of the membrane. 
(B) The structure of a single subunit of each structure is indicated.
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adjacent subunit as a rigid block by 20° about an axis 
perpendicular to the membrane passing through Gly48 
places the TM helices in almost exactly the same posi-
tion seen in our open-state model as shown in the sup-
plemental material. In support of our model, such a 
rotation of the SaMscL structure places TM2 closer to 
the pore than in previous suggestions.

All our open-state models involve a much smaller 
conformational change from the closed state than ei-
ther of the previous models. To illustrate this, we align 
both one subunit and the complete pentamer of each 
model with the closed state and calculate the magni-
tude of the structural changes required to open each. 
Although the presence of membrane tension creates a 
greater tilting of the TM helices and thus a greater 
structural change upon activation, this is less than seen 
in the previous models as shown in Table II. Because 
our simulations start from the closed state of the pore, 
this may bias the results toward open conformations 
that are similar to the closed state of the pore. Previous 
restraint-driven simulations (Perozo et al., 2002a) sam-
ple a greater range of possible structures, but they do 
not evaluate the energy of all atomic interactions within 
the protein and environment as done here. Although 
certainly not conclusive, the fact that a stable and wide 
pore can be achieved with more limited structural 
changes than that seen in some previous models lends 
credence to the open-channel structure presented here. 
Further simulations that can combine all the atomic in-
teractions used here with greater conformational sampling 
and experimental data may yield the most conclusive 
model of the open state.

A recent study using electrostatic interactions and di-
sulfide cross-linking to probe the channel suggests that 
specific residue pairs that do not interact in the closed 
state of the pore do interact in the open state (G26/I92 
and V23/I96), something that requires a rotation of the 
TM1 helix relative to TM2 (Li et al., 2009). The inter-
pretation of these experiments is complicated due to 
the competition of electrostatic interactions between 
the charged sites within the TM1 helix and interactions 
between TM1 and TM2, as well as to whether the addi-
tion of charged groups in proximal locations assists ro-
tation. Similar rotations have been suggested in the 
models based on EPR studies (Perozo et al., 2002a) and 
MTS accessibility data (Bartlett et al., 2004), as well as 
data based on intragenic suppression of the V23A and 
G26S mutations (Li et al., 2004). Further support for 
such TM1 helix rotation has been provided by a study 
using metal-binding sites generated in the channel pore 
(Iscla et al., 2004). In contrast, an open-channel model 
supported by disulfide cross-linking has been proposed 
that does not involve TM1 rotation (Betanzos et al., 
2002), and no such rotation is seen in the recent S. aureus 
crystal structure (Liu et al., 2009). Our FRET data are 
in agreement with the open diameter of the channel  

hypothesized to represent an intermediate open state 
of the channel (Liu et al., 2009). TM1 is tilted at a simi-
lar angle to the membrane in both structures, but  
although the intracellular end of the helix forms a con-
striction to the pore in the SaMscL structure, in our 
case it is farther from the channel axis, resulting in a 
much wider pore (Fig. 6 E). TM2 also sits farther from 
the pore axis in our structure, as required to accommo-
date the new position of TM1 (Fig. 6 F). Our model is 
consistent with the suggestion of Liu et al. (2009) that 
opening the pore from the intermediate state involves a 
rotation of the TM helices. Starting from the SaMscL 
structure and pivoting the TM1 and TM2 helices of the 

Figure 6. Open-channel structure. The symmetrized open-channel 
model obtained from the simulations conducted with 60 mN/m of 
tension are shown, viewed from in the plane of the membrane (A) 
and just the TM helices from above the membrane (B), with one 
subunit highlighted for clarity. The location of TM1 in the closed-
state crystal structure is shown in gray. Comparisons with previous  
open-channel models are shown viewed from in (C) and above (D) 
the plane of the membrane. In these, TM1 and TM2 of just one 
subunit of the closed structure (gray), our open-state model (blue),  
and the models of Meyer (2007) (green) and Sukharev et al. 
(2001b) (red) are shown. The location of the pore axis is marked 
by the black line. Comparisons of the positions of TM1 (E) and 
TM2 (F) in our open-state model and the hypothesized interme-
diate SaMscL structure (purple). TM1 of all five subunits of the 
closed structure is shown in D–F for clarity.
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from mutant V120C indicate a widening of the C-terminal 
-helical bundle; however, there is a large degree of 
scatter in the FRET data at this position, suggesting vari-
ability in the conformation of this domain, which has 
also been implied to participate in the channel gating 
(Yoshimura et al., 2008). In all our simulations, this 
comes apart at the top to create a larger entrance to the 
pore, but the lower end of the bundle remains intact 
and may help to prevent very large solutes entering the 
pore, as suggested previously (Anishkin et al., 2003).

The method of combining data from FRET confocal 
microscopy obtained in liposomes with simulations has 
enabled us to determine a likely open-state structure of 
MscL in a natural lipid environment. Broad similarities 
of our structures with previous experiments (Cruickshank 
et al., 1997; Sukharev et al., 2001a,b; Perozo et al., 
2002b; Anishkin et al., 2003; Anishkin and Sukharev, 
2004; Iscla et al., 2008; Yoshimura et al., 2008), and close 
agreement with the hypotheses based on the recently  

estimated from EPR studies (69 Å compared with 70 Å) 
as well as that of the channel pore estimated from EPR 
and molecular sieving experiments (28 Å compared 
with >25 Å). Our models, however, show little rotation 
of TM1 relative to TM2. Rather, the pairs of TM1–TM2 
helices appear to rotate as a rigid body about an axis 
perpendicular to the membrane.

The N terminus remains in a stable helical configura-
tion along the membrane water interface in all our sim-
ulations, with a nonpolar face of the helix pointing into 
the membrane and a polar face pointing out as can be 
seen in Fig. 5, consistent with the estimated distances 
and recently refined MscL crystal structure (Steinbacher 
et al., 2007; Iscla et al., 2008). This result helps resolve 
contention about the role of this domain, as in this posi-
tion it could not function as a second gate but may act 
to anchor the protein to the surface of the lipid bilayer. 
More interestingly, this interaction of the N terminus 
with the membrane could serve a role in sensing mem-
brane tension and pressure gradients. The direct con-
nection between this region and the intracellular end 
of the pore-lining TM1 means that a radial force on the 
N terminus may directly be transferred into an increased 
tilt in the TM1 helix relative to the membrane by con-
ferring to the N terminus a role of an anchor that guides 
the TM1 to a greater tilt, especially upon membrane 
thinning (Iscla et al., 2008). A thinning of the protein 
in the plane of the membrane and pore widening is ap-
parent in Fig. 5. The reduced hydrophobic thickness of 
the protein, possibly in conjunction with strain in the 
TM1 helix seen to some extent in our simulations, may 
act as a spring to return the pore to a resting state once 
tension on the N terminus is removed. This hypothe-
sized role is consistent with the increased pressure re-
quired to open N-terminal deletion mutants (Blount  
et al., 1996; Häse et al., 1997) that would reduce the 
transduction of membrane tension to TM1. FRET data 

Figure 7. Comparisons of open-channel models. 
The radius of the protein at the position of the 
-carbon atom of each residue is shown for the 
closed-state model of the protein (Chang et al., 
1998) (black), the open-state model developed here 
(blue), the previously proposed open-state models 
(gray) of Meyer (2007) and (red) Sukharev et al. 
(2001b), and the SaMscL crystal structure (green) 
(Liu et al., 2009). The location of the EPR lower 
bound distance restraints included in the simula-
tions is shown by the horizontal lines.

TA B L E  I I

The tilt in the TM helices is shown for each of the open-state models as 
well as the magnitude of structural change required to move from the 

closed state to each open state

Model Tilt TM1 Tilt TM2 RMSD in 
subunit

RMSD in 
pentamer

Å Å

Closed 37.2 34.4

0 dyn/cm 52.5 39.0 8.1 11.5

5 dyn/cm 56.3 42.4 9.9 12.0

60 dyn/cm 59.8 47.0 8.9 12.7

Meyer (32) 51.2 54.5 12.6 17.7

Sukharev (27) 71.5 56.3 9.5 33.2

The structural change is determined by aligning either a single subunit 
to a subunit in the closed structure, or the whole pentamer to the closed 
pentameric structure, and presented as a root mean-square deviation 
(RMSD).
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reported SaMscL structure (Liu et al., 2009), support 
the applicability of this method, but the ability to mea-
sure inter-site separations over longer distances than in 
previous studies has allowed us to suggest different loca-
tions for some parts of the protein. A similar method 
has been used to study the conformational distributions 
in flexible prion peptides (Gustiananda et al., 2004); 
however, the use of FRET to gain detailed structural in-
formation for multimeric membrane proteins has re-
quired different approaches to protein labeling, control 
of the protein state, and careful analysis of the orienta-
tions, geometries, and number of fluorescent probes. 
We believe that the methodology demonstrated here 
provides an excellent tool for studying the structures of 
membrane proteins in natural environments.
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