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  Corry et al. S1 

substantial change in FRET effi ciency occurs in these 

situations due to the insertion of LPC into the outer 

liposome. 

 Additional confocal fl uorescence images are shown 

in Fig. S3.  

 Measurement of fl uorophore orientations 
 To ascertain that changes in FRET effi ciency before and 

after the addition of LPC represent underlying struc-

tural changes of the protein rather than changes in the 

orientation of the fl uorophores, we measured the B fac-

tor relating to the average orientation and mobility of 

the fl uorophores, and from this the most likely value of 

the orientation factor ( �  2 ) for energy transfer between 

them, following the procedure developed previously 

( Corry et al., 2006 ). There appears to be no signifi cant 

difference in the value of the orientation factor before 

and after the addition of LPC (Table S1), indicating 

that the changes in FRET effi ciency refl ect underlying 

increases in the distances between fl uorophores at-

 Analysis of FRET data 
 The effi ciency with which the protein is labeled with 

fl uorophores can infl uence the interpretation of the 

FRET data. As seen in Fig. S1, however, provided the la-

beling effi ciency is >90%, the results are indistinguish-

able from 100% labeling.  

 A more detailed analysis of the pixel by pixel FRET 

data are shown in Fig. S2 A, in which the relative fre-

quency of each transfer effi ciency value is shown for two 

example mutants before and after the addition of LPC.  

A small but signifi cant change in the FRET effi ciency 

can be seen for V120C before and after the addition of 

LPC, and a much greater change is visible for M42C. In 

Fig. S2 B, results are shown for a situation in which one 

liposome containing M42C mutant is contained within 

another after the addition of LPC. The distribution of 

effi ciencies for the outer liposome (red), which is ef-

fected by the presence of LPC and in which the chan-

nels will be in their open state, are clearly distinguishable 

from those for the inner liposome (black) in which the 

channels are likely to remain closed. This result forms 

an internal control, and similar results were obtained in 

four other mutants in which unilamellar liposomes 

could be found contained within one another (K5C, 

S2C, A27C, and V33C). This reinforces the claim that a 

 Figure S1. Relationship between FRET effi ciency and MscL pen-
tamer radius, as calculated using the program exiFRET ( Corry et 
al., 2005 ). Plot shows the relationship with equal probability of 
donor and acceptor labeling at each site. The infl uence of label-
ing effi ciency is also shown, with data included assuming 100, 90, 
70, and 50% effi ciency. Note that distance changes are less suscep-
tible to the labeling effi ciency than are absolute measurements, 
and that results with >90% effi ciency will be indistinguishable 
from those with 100%.   

 Figure S2. FRET effi ciency from pixel by pixel analysis. (A) His-
togram showing the relative frequency of each transfer effi ciency 
value, which is indicated for an image of V120C (solid lines) and 
M42C (dashed lines) mutants before (black) and after (red) the 
addition of LPC. (B) Effi ciency histograms obtained for the inner 
(black), outer (red), and total (blue) liposomes of the M42C mu-
tant shown in row 3 of Fig. 1 in the main text, obtained after the 
addition of LPC.   

 S U P P L E M E N TA L  M AT E R I A L 

 Corry et al., http://www.jgp.org/cgi/content/full/jgp.200910376/DC1 



S2  Open structure of MscL from FRET and simulation 

S4. The application of LPC activated A27C channels in 

the absence and presence of 25 mM DTT added to the 

bath with partially as well as fully activated channels in 

 � 25% of patches examined ( n  = 10 and  n  = 12, respec-

tively; Fig. S5 A, bottom panels). In experiments per-

formed with V120C mutant channels, fully and partially 

activated channels were recorded from  � 20% patches 

in the absence of DTT ( n  = 10; Fig. S5 B, top left panel), 

whereas fully open channels were recorded in 53% of 

patches ( n  = 19) in the presence of DTT (Fig. S5 B, top 

right panel). The application of LPC activated V120C 

channels in the absence as well as in the presence of 25 

mM DTT in  � 20% of the patches ( n  = 10 in both cases), 

with channels exhibiting longer openings in the pres-

ence of 25 mM DTT (Fig. S5 B, bottom right panel). 

 Additional simulation data 
 The simulation system used for constrained molecular 

dynamics is shown in Fig. S6. In Fig. S7 A, we indicate 

the evolution of the RMSD of the protein structure from 

the initial closed structure during the simulations.  The 

gradual introduction of restraints yields a gradual 

change in the protein structure, whereas a larger sur-

tached to each of the subunits.  Furthermore, the use of 

a value for the orientation factor ( �  2 ) close to 2/3 ap-

pears to be justifi ed. 

 Additional patch recordings 
 Patch clamp recordings from fl uorophore-labeled chan-

nels obtained under pipette suction are shown in Fig. 

S4.  Traces are not shown for M42C, which has been 

published previously ( Corry et al., 2005 ). Recordings 

from unlabeled channels obtained in the absence or 

presence of 25 mM DTT (fi nal concentration) are 

shown in Fig. S5.  The channel reconstitution into lipo-

somes was done using a sucrose method recently devel-

oped in our laboratory ( Battle et al., 2009 ). The 

unlabeled channels behaved differently compared with 

the labeled channels. In experiments performed with 

A27C mutant, only channels gating at subconducting 

levels were observed in 17% of patches ( n  = 16) in the 

absence of 25 mM DTT (Fig. S5 A, top left panel). In 

contrast, the activity of fully open channels was recorded 

in 17% of patches ( n  = 58) examined in the presence of 

25 mM DTT (Fig. S5 A, top right panel), comparable to 

results obtained with the labeled channels shown in Fig. 

 Figure S3. Additional confocal fl uorescence im-
ages of AF488- and AF568-labeled MscL protein 
reconstituted into liposomes. Images of the do-
nor (AF488) are shown before (left column) and 
after (middle column) acceptor photobleaching. 
Images are colored by intensity according to the 
top scale bar. An image created from pixel by 
pixel analysis of the FRET effi ciency is shown in 
the right column, colored according to the bot-
tom scale bar. The mutant name and conditions 
are noted on the left, and the average FRET effi -
ciency for the image is noted on the right. I, in-
ner liposome; O, outer liposome.   
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 Table S1
Measurements of fl uorophore orientations and mobility 

Mutant B donor pre B donor post B acc pre B acc post  �  2  pre  �  2  post

S2C  � 0.03 (1)  � 0.06 ± 0.02 (2)  � 0.16 ± 0.01 (2)  � 0.11 ± 0.03 (2) 0.66 0.66

M12C  � 0.06 ± 0.01 (5)  � 0.04 ± 0.02 (4)  � 0.19 ± 0.03 (5)  � 0.15 ± 0.02 (4) 0.67 0.66

G14C  � 0.07 (1)  � 0.11 (1)  � 0.12 (1)  � 0.17 (1) 0.67 0.67

A27C  � 0.11 (1)  � 0.06 ± 0.02 (2)  � 0.09 (1)  � 0.05 ± 0.04 (2) 0.66 0.66

V33C  � 0.12 ± 0.03 (2)  � 0.07 ± 0.01 (3)  � 0.21 ± 0.01 (2)  � 0.16 ± 0.03 (3) 0.69 0.67

M42C  � 0.12 ± 0.01 (5)  � 0.14 ± 0.03 (2)  � 0.19 ± 0.03 (4)  � 0.22 ± 0.02 (2) 0.69 0.70

K55C  � 0.08 ± 0.05 (3)  � 0.07 ± 0.03 (4)  � 0.15 ± 0.01 (3)  � 0.17 ± 0.01 (3) 0.67 0.67

I86C  � 0.09 (1)  � 0.06 ± 0.02 (2)  � 0.18 (1)  � 0.15 ± 0.02 (2) 0.67 0.67

M94C  � 0.13 ± 0.01(6)  � 0.12 ± 0.01 (4)  � 0.13 ± 0.01 (4)  � 0.14 ± 0.01 (4) 0.67 0.67

V120C  � 0.11 ± 0.02 (8)  � 0.11 ± 0.05 (2)  � 0.05 ± 0.02 (9)  � 0.18 ± 0.03 (2) 0.66 0.68

The “B factor” related to the average orientation of the fl uorophores relative to the membrane and their mobility ( Corry et al., 2006 ) is shown for the 

donor (AF488) and acceptor (AF568) fl uorophores before and after the addition of LPC. The most likely value of the orientation factor for energy transfer 

is also shown.

face tension on the membrane leads to a larger confor-

mational change from the closed state. Notably, the 

RMSD approaches a stable value toward the end of the 

simulations. 

 The thickness of the membrane plays an important 

role in determining the fi nal structure of the protein in 

our simulations. In Fig. S7 B we plot the bilayer thick-

ness, defi ned as the average separation of the phosphate 

groups in each leafl et. A POPC membrane is expected 

to have a thickness of around 36 Å ( Nagle and Tristram-

Nagle, 2000 ). In a simulation of MscL in the absence of 

experimental restraints, this thickness is found to be 

slightly less, as indicated by the black line. Remarkably, 

when the experimental restraints are applied in the ab-

sence of surface tension, the bilayer thickness increases 

and the position of the head groups becomes more dis-

ordered due to the presence of local curvature, as can 

be seen in Fig. 5 of the main text. As suspected, how-

ever, the inclusion of surface tension thins the mem-

brane. The thickness of the membrane under 5 mN/m 

of surface tension is between 1 and 4 Å thinner than in 

the absence of surface tension, whereas under 60 mN/

m, it is 4–7 Å thinner. 

 To illustrate the nature of the structural changes tak-

ing place during the simulation, we plot the tilt of the 

TM1 and TM2 helices, as well as the average distance 

between residues in adjacent subunits in the region of 

the channel gate (residues 21–25) in Fig. S7 (C–E). The 

tilt on the TM helices is much greater when surface ten-

sion is applied to the membrane, but it can be seen that 

the changes occur smoothly, approaching a stable con-

fi guration toward the end of the simulation. The behav-

ior of the C terminus provides an exception to the 

smooth changes seen elsewhere in the protein, as illus-

trated in Fig. 6 F. 

 A structurally ill-defi ned periplasmic loop connects 

the TM1 and TM2 helices of MscL, which has been pro-

posed to function as a spring resisting the channel 

opening ( Ajouz et al., 2000 ;  Park et al., 2004 ), a view 

supported by a recent molecular dynamics study ( Meyer 

et al., 2006 ). The periplasmic loops are relatively mo-

bile in our simulations, with major differences in their 

position on each of the subunits and in each of the sim-

ulations. Thus, it is diffi cult to infer much about this 

region. 

 The C-terminal domain, which forms an  � -helical 

bundle at the cytoplasmic end of the MscL channel 

( Chang et al., 1998 ), is likely to be the least important 

structural domain for channel gating, as deletions of a 

large portion of the domain do not signifi cantly affect 

mechanosensitivity ( Blount et al., 1996 ;  Sukharev et al., 

2001 ;  Betanzos et al., 2002 ). This domain may function 

as a size-exclusion fi lter preventing loss of cellular me-

tabolites essential for survival of a bacterial cell ( Anish-

kin et al., 2003 ), or participate in gating ( Yoshimura et 

al., 2008 ). Its structural stability, however, is pH depen-

dent ( Kocer et al., 2006 ), suggesting that it may infl u-

ence the channel gating in a pH-dependent manner. 

Large structural changes arise in the C-terminal domain 

in our simulations, with the top of the helical bundle 

moving apart. Our FRET data for V120C suggest disso-

ciation of the bundle at this position, a result which is 

consistent with the recent fi ndings of an MscL electron 

microscopic study showing that MscL opening is accom-

panied by the dissociation of the C-terminal domain 

( Yoshimura et al., 2008 ). Although the function of this 

domain remains unclear, once apart, large osmolytes 

can be expected to move more easily between the heli-

ces of the dissociated C terminus. In Fig. S7 F, we show 

the evolution of the distance between the C �  atoms in 



S4  Open structure of MscL from FRET and simulation 

 Figure S4. Representative recording traces for fl uorophore-labeled channel mutants activated by pipette suction with an applied poten-
tial of  � 30 mV. For each mutant, a longer recording trace and an inset with the enlarged recording trace are shown. Note the different 
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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.   

 

residue V120 in adjacent subunits in the three simula-

tions. These restraints act to force this section of the 

bundle apart, but it is notable that the bundle remains 

intact until quite large experimental restraints are used, 

suggesting that the helical bundle is relatively stable. 

 The radius of the channel structures obtained here is 

compared with the closed-state structures and the open-

state model of  Meyer (2007)  in Fig. S8.  We also plot 

here the current–voltage relationship found using 

Brownian dynamics simulations incorporating our 

open-state model. 

 To assess the stability of our fi nal open-state model, 

we examine the behavior when either the experimental 

restraints or both the restraints and membrane tension 

are removed. To do this, we started from the structure 

found with 60 mN/m of surface tension and ran a fur-

ther 5 ns of simulations for each situation. As can be 

seen in Fig. S9, the pore radius remains relatively con-

stant after the removal of these constraints, and only 

minor rearrangements of the protein are observed.  

When both the experimental restraints and membrane 

tension are both removed, however, the pore begins to 

shrink, as may be expected if it were returning to the 

closed state.  

 In Fig. S10, we show the solvent-accessible surface of 

the resulting protein structure, indicating that the heli-

ces form a channel wall without gaps to the 

membrane.  

 A comparison of our open-channel structure and the 

result of rotating elements of the SaMscL crystal struc-

ture along the lines suggested by  Liu et al. (2009)  to be 

involved in channel opening is shown in Fig. S11.  It can 

be seen that rotating TM1 and TM2 of the adjacent sub-

unit as a rigid block about an axis perpendicular to the 

plane of the membrane and passing through G48 re-

sults in an open-channel structure with the TM helices 

placed in almost identical positions to that seen in our 

open-state model.  
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S6  Open structure of MscL from FRET and simulation 

 Figure S5. Patch clamp record-
ing from purifi ed MscL mutants 
A27C (A) and V120C (B), recon-
stituted into azolectin liposomes 
upon the application of mem-
brane tension or 10 μM LPC in 
the absence or presence of 25 
mM DTT. Each recording shows 
the current (top trace) with or 
without suction applied (bottom 
trace). The records from an ex-
cised patch in the absence of 
DTT (i), the application of 25 
mM DTT (ii), the application of 
10 μM LPC in the absence of 
DTT (iii), and in the presence of 
25 mM DTT after the addition of 
10 μM LPC (iv). Pipette poten-
tial was +30 mV. The asterisk in-
dicates the fully open state. C, S, 
and O indicate closed, subcon-
ducting, and open states, 
respectively.   
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 Figure S6. Simulation system. The protein (yellow) is placed in a 
lipid bilayer (brown) and solvated in a water box containing K +  
(purple) and Cl  �   (cyan).   



S8  Open structure of MscL from FRET and simulation 

 Figure S7. Additional data from 
molecular dynamics simulations. 
For each of the simulations we 
show: (A) the root mean-square 
deviation of the protein back-
bone from the initial closed 
structure; (B) the membrane 
thickness; the tilt in the TM1 (C) 
and TM2 (D) helix relative to 
the membrane; (E) the average 
distance between the fi ve resi-
dues forming the channel gate 
in adjacent subunits (residues 
21–25); and (F) the distance be-
tween residue V120 in adjacent 
subunits. Results are shown with 
surface tension of 0 (green), 5 
(orange), and 60 mN/m (blue). 
Additional data on the mem-
brane thickness in the absence 
of experimental restrains are 
shown by the black line in B. The 
time axis is represented as the 
proportion of the total simula-
tion time, which was 18 ns for 
the 60-mN/m simulation and 13 
ns for 0 and 5 mN/m.   



  Corry et al. S9 

 Figure S8. Pore radii and current found for the closed- and 
open-state models of MscL. (A) Radii are shown for our models 
found under membrane surface tension of 0 (green), 5 (orange), 
and 60 mN/m (blue), as well as for the open-state model of  Meyer 
(2007)  (gray). Note that the C-terminal domain is not included in 
calculating the radii in any of the open-state models. (B) Current-
voltage relationship calculated using Brownian dynamics simula-
tions for the open-state structure found with no surface tension.   

 Figure S9. Pore radii found after releasing the experimental re-
strains (red) or both the restraints and membrane tension (green) 
starting from the fi nal structure found with 60 mN/m of surface 
tension (blue).   

 Figure S10. The solvent-accessible surface of the TM regions of 
the protein is shown to indicate the integrity of the channel wall.   



S10  Open structure of MscL from FRET and simulation 

 Figure S11. Comparison of our open-channel structure (blue) 
to that found by “opening” the intermediate SaMScL structure 
along the lines suggested by  Liu et al. (2009)  (purple), rotating 
TM1 and TM2 of the adjacent subunit as a rigid block about an 
axis perpendicular to the plane of the membrane, and passing 
through G48 results in an open-channel structure with the TM 
helices placed in almost identical positions to that seen in our 
open-state model. The position of TM1 in the closed-state struc-
ture is shown in gray for comparison.   

  

 Video 1. Brownian dynamics simulation of ion permeation through the proposed open structure of MscL un-
der 100 mV of driving potential with 300 mM KCl. K +  is shown in yellow and Cl  �   in green, apart from one K +  that 
is shown in red and one Cl  �   shown in pink to more clearly see the motion of these ions through the pore.   
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