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ABSTRACT: The mechanosensitive channel of large conductance MscL from Escherichia coli has been
reconstituted into sealed vesicles, and the effects of lipid structure on the flux of the fluorescent molecule
calcein through the open channel have been studied. The channel was opened by reaction of the G22C
mutant of MscL with the reagent [2-(triethylammonium)ethyl]methanethiosulfonate (MTSET) which
introduces five positive charges within the pore constriction. Flux through the channel was small when
the lipid was phosphatidylcholine, but addition of the anionic lipids phosphatidylglycerol, phosphatidic
acid, or cardiolipin up to 50 mol % resulted in increases in the amplitudes and rates of release of calcein.
Similar effects were seen when either wild-type MscL or the G22C mutant was opened by osmotic pressure
difference; rates of release of calcein were very slow in the absence of anionic lipid but increased with
increasing concentrations of phosphatidylglycerol to 50 mol %. The observed partial release of trapped
calcein following activation of MscL was attributed to the formation of a long-lived subconductance state
of MscL following channel opening. Effects of anionic lipid were attributed to an increase in the rate of
the transition from closed to fully open state and to a decrease in the rate of the transition from the fully
open state to the subconductance state. Higher concentrations of anionic lipid led to a decrease in the rate
and amplitude of release of calcein, possibly due to a decreased rate of flux through the open channel. In
mixtures with anionic lipids, phosphatidylethanolamine resulted in lower rates and amplitude of release
than phosphatidylcholine.

The bacterial mechanosensitive channel of large conduc-
tance MscL,1 reconstituted into simple lipid bilayers, opens
when membrane tension is increased, showing that the only
interactions important for channel opening are those between
the channel and the surrounding lipid molecules (1–3). These
interactions are likely to be dependent on the headgroup
structure of the lipid molecules, hydrogen-bonding interac-
tions, for example, being important for interactions with
zwitterionic lipids such as phosphatidylcholines and phos-
phatidylethanolamines, with charge interactions being more
important for anionic lipids such as phosphatidic acid,
phosphatidylglycerol, and cardiolipin (4, 5). Interactions
between anionic lipids and a membrane protein might be
expected to be particularly strong if the protein contained
clusters of positively charged residues, and indeed, MscL
from Mycobacterium tuberculosis contains a cluster of three
positively charged residues, Arg-98, Lys-99, and Lys-100,
that act as a hot spot for binding anionic lipid (6). The
functional importance of interactions with lipid headgroups

is suggested by the fact that loss of function mutants in MscL
are concentrated on either side of the transmembrane domain,
in regions that could interact with the lipid headgroups (7).
Despite these expectations, Moe and Blount (8) found that
the tension required to open the MscL channel was not
affected by the addition of anionic lipids. However, channel
opening is a complex event involving a number of subcon-
ductance states (1, 9), and it is possible that lipid composition
could affect properties of the channel other than the tension
required for channel opening.

Studies of the effects of lipid structure on MscL function
are best performed in reconstituted systems where the lipid
composition can be varied at will and where the lipid
composition is fully defined. Studies of MscL function in
reconstituted membranes using patch clamping techniques
are, however, technically difficult and require the determi-
nation of the curvature of the membrane patch to allow the
calculation of membrane tension from the applied pressure
(8). An alternative fluorescence technique for studying
function has been introduced by Kocer et al. (10, 11) in
which the fluorescent dye calcein is trapped at high concen-
trations within the lumen of reconstituted vesicles containing
MscL; at high concentrations, the intensity of calcein
fluorescence is reduced by concentration quenching. Opening
of the MscL channel leads to the release of calcein into the
external medium with a large increase in fluorescence
intensity. In these experiments, Escherichia coli MscL was
activated using a mutant in which a Cys residue (G22C) was
introduced within the pore constriction (12); labeling with
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[2-(triethylammonium)ethyl]methanethiosulfonate bromide
(MTSET) introduced five positively charged choline groups
at the constriction site, forcing the channel into an open
state (13–15). This technique has the advantage that no
tension needs to be applied to open the channel. Here, we
use this approach to show that the rate and level of efflux of
calcein through the MscL channel when activated by
introduction of charge is affected very markedly by the lipid
composition of the membrane.

MATERIALS AND METHODS

Calcein and N-(1-pyrenyl)maleimide were obtained from
Sigma, and [2-(trimethylammonium)ethyl]methanethiosulfonate
bromide (MTSET) and sodium (2-sulfonatoethyl)methaneth-
iosulfonate (MTSES) were obtained from Toronto Research
Chemicals. The detergents octyl �-D-glucoside (OG) and
octa(ethylene glycol) n-dodecyl ether (C12E8) were obtained
from Anatrace and Calbiochem, respectively. Dioleoylphos-
phatidylcholine (DOPC), dioleoylphosphatidylethanolamine
(DOPE), dioleoylphosphatidic acid (DOPA), dioleoylphos-
phatidylglycerol (DOPG), tetraoleoylcardiolipin (CL), and
azolectin (soybean total lipid extract) were obtained from
Avanti Polar Lipids. DOPC and DOPG were brominated to
give di(9,10-dibromostearoyl)phosphatidylcholine (BrPC)
and di(9,10-dibromostearoyl)phosphatidylglycerol (BrPG), as
described in East and Lee (16).

E. coli strain BL21(λDE3)pLysS and plasmid pET-28a
were obtained from Novagen. The E. coli mscL gene,
EcmscL, with a poly-His epitope at the N-terminus was the
generous gift of Professor B. Martinac. The E. coli mscL
gene with a poly-His epitope at the C-terminus was generated
by cloning the gene into plasmid pET-28a, using restriction
sites HindIII and NcoI.

Mutation and Expression. Site-directed mutagenesis was
performed using the QuikChange protocol from Stratagene.
E. coli BL21(λDE3)pLysS transformants carrying the pET-
28a plasmid (Novagen) with the G22C-EcmscL-6×His gene
were generally grown in 6 L of Luria broth to midlog phase
(OD600 ) 0.6) and then induced for 3 h in the presence of
isopropyl �-D-thiogalactopyranoside (IPTG; 1 mM). MscL
was purified as described by Powl et al. (17) and stored at
-80 °C until use. The presence of any endogenous nonmu-
tated MscL is assumed to have no significant effect because
of the large excess of the mutated channel produced
following induction.

Reconstitution into Sealed Vesicles. Lipid (6.7 µmol) was
dried down from solution in chloroform onto the walls of a
thin glass vial. Buffer (1 mL; 20 mM Hepes, 100 mM KCl,
40 mM OG, 50 mM calcein, pH 7.2) was added. The sample
was sonicated to optical clarity in a bath sonicator. MscL
(67 nmol of monomer) was then added to the sonicated
suspension to give a 500:1 molar ratio of lipid:MscL
pentamer, unless otherwise stated. Detergent was removed
by the addition of 200 mg of washed SM2 Bio-Beads (mesh
size 20–50; Bio-Rad) followed after 1 h by a second addition
of 200 mg of Bio-Beads. After a further hour the sample of
reconstituted vesicles was removed from the Bio-Beads.
Unencapsulated dye was then removed by passage through
two G-50 Sephadex columns (100–300 µm), washed and
eluted in buffer (20 mM Hepes, 100 mM KCl, 0.5 M sucrose,
pH 7.2); the eluted sample was kept on ice until use. The

same procedure was used for reconstituting vesicles in the
absence of calcein, except that the column step was not
required.

Vesicle diameters were determined using a Coulter N4
Plus particle sizer that measures particle size by light
scattering.

Calcein Efflux Assay. A 50 µL aliquot of the reconstituted
vesicles was diluted into 2.95 mL of buffer (20 mM Hepes,
100 mM KCl, 0.5 M sucrose, pH 7.2) in a stirred fluores-
cence cuvette at 25 °C, unless otherwise stated. A baseline
was recorded for 50 s, followed by the addition of 1 mM
MTSET from a freshly prepared stock solution of 300 mM
MTSET in buffer (20 mM Hepes, 100 mM KCl, pH 7.2),
after which the fluorescence was monitored for up to 30 min.
Vesicles were finally burst by the addition of 200 µM C12E8

to determine the fluorescence intensity when all of the
trapped calcein had been released. Fluorescence was recorded
at 520 nm on an SLM 8100C fluorometer (Urbana, IL) with
excitation at 490 nm. Traces from single experiments are
shown in the following figures, but results are reproducible
between samples.

Extent of Labeling by MTSET. Samples of vesicles
reconstituted as above were reacted with MTSET for about
1 min and then diluted and rapidly frozen. The samples were
then freeze-dried and extracted with a chloroform/methanol
mixture to remove most of the lipid. Samples were analyzed
by nanoelectrospray mass spectrometry (LCT orthogonal
acceleration-TOF instrument; Micromass) and confirmed a
1:1 molar ratio of labeling of MscL by MTSET under these
conditions.

Fluorescence Quenching by Brominated Phospholipids.
A mutant of E. coli MscL containing a Trp residue at position
93 (F93W) was reconstituted into lipid bilayers by the
dilution method by mixing lipid and MscL in cholate at a
100:1 molar ratio of lipid to MscL monomer, followed by
dilution into buffer to decrease the concentration of cholate
below its critical micelle concentration, as described (17).
F93W was also reconstituted into sealed vesicles using the
Bio-Beads protocol described above. Trp fluorescence in-
tensities were measured at 325 nm with excitation at 280
nm, for 0.98 µM MscL in buffer (20 mM Hepes, 200 mM
KCl, 1 mM EGTA, pH 7.2) at 25 °C, using an SLM 8100
fluorometer. Intensities were corrected for light scatter by
subtraction of a blank consisting of lipid alone in buffer.

Sidedness of Reconstituted MscL. The sidedness of MscL
in the reconstituted vesicles was determined by measuring
the rate of labeling of Cys-containing mutants of MscL by
N-(1-pyrenyl)maleimide, making use of the fact that N-(1-
pyrenyl)maleimide is nonfluorescent before reaction with a
Cys residue. M. tuberculosis MscL mutants L69C and Y94C
containing Cys residues on the periplasmic and cytoplasmic
sides of the protein, respectively, were used in these
experiments. L69C and Y94C were reconstituted into sealed
vesicles as described above, and 50 µL aliquots of the
reconstituted vesicles were diluted into 2.95 mL of buffer
(20 mM Hepes, 100 mM KCl, pH 7.2) at 25 °C. A 5-fold
molar excess of N-(1-pyrenyl)maleimide was then added (7
µM), and the fluorescence intensity was recorded at 392 nm
with excitation at 343 nm. After a steady signal had been
achieved, 200 µM C12E8 was added to burst the vesicles and
allow the N-(1-pyrenyl)maleimide to label those Cys residues
previously sequestered in the internal space of the vesicles.
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Labeling of the Cys residues was complete as shown by the
observation that addition of further N-(1-pyrenyl)maleimide
had no affect.

Data Analysis. Vesicles reconstituted as described above
have diameters of ca. 100 nm. The mass of lipid in one
vesicle is given by 4πF[(ri + δ)3 - ri

3]/3, where F is the
density of the lipid, assumed to be 1 g/mL, ri is the internal
radius of the vesicle, and δ is the thickness of the bilayer,
taken to be 4 nm. A vesicle of external diameter 100 nm
will then contain ca. 9.3 × 104 lipid molecules and at a lipid:
MscL channel molar ratio of 500:1, ca. 190 channels. The
internal volume of such a vesicle will be ca. 4.1 × 10-19 L,
and if the calcein concentration within the vesicles is 50 mM,
the vesicle will contain 1.2 × 104 molecules of calcein.

Calcein fluorescence data were fitted to single exponentials
using the nonlinear least-squares routine in the SigmaPlot
package (SPSS, Chicago, IL). Simulations of calcein release
were performed using the program FACSIMILE (UKEA).

RESULTS

Details of the Method of Reconstitution. As discussed by
van den Bogaart et al. (12), electrophysiological recordings
from reconstituted MscL generally show much lower num-
bers of active channels than expected from the amount of
protein used in the reconstitution. One possible explanation
for such observations could be that the reconstitutions were
of low efficiency, much of the MscL not incorporating into
the reconstituted membranes. In these electrophysiological
studies, the method of reconstitution was generally to add
MscL in the presence or absence of detergent to preformed
lipid vesicles (8, 12, 18). An alternative approach, more likely
to result in complete mixing of lipid and protein, is to mix
the lipid and protein while both are in suspension in detergent
and then to remove the detergent to re-form membranes. One
method for removing detergent is to dilute the detergent
mixture into buffer, dropping the concentration of detergent
below its critical micelle concentration, leading to membrane
re-formation. This approach has been shown to result in
highly efficient reconstitution of a wide variety of membrane
proteins (19–22), including MscL (17, 23). The simple di-
lution approach is, however, not applicable here, since the
membranes produced by dilution are generally not in the
form of sealed vesicles. Sealed vesicles can, however, be
produced starting from lipid and protein mixed in detergent,
usingabsorbentBio-Beads toslowlyremovedetergent (24,25).
This is the procedure used here.

The efficiency of reconstitution of MscL into the vesicles
was determined using a fluorescence quenching assay. A
short distance between a Trp residue and a bromine atom
results in quenching of the fluorescence of the Trp residue,
the level of quenching depending on the distance between
the Trp residue and the bromine atoms (17). Reconstitution
of a mutant MscL containing a Trp residue in the trans-
membrane domain, into bilayers of phospholipids containing
brominated fatty acyl chains, by the dilution method resulted
in quenching of the fluorescence of the Trp residue, the data
being consistent with a very high efficiency of reconstitution
of MscL into the membranes (17, 26). As shown in Table 1,
reconstitution of MscL containing a Trp residue at position
93 into bilayers of BrPC or BrPG by the Bio-Beads method
results in levels of fluorescence quenching comparable to

those observed on reconstituting by the dilution method. We
conclude that the efficiency of reconstitution of MscL is high
under the conditions used here. This is also consistent with
the results of the experiments labeling Cys mutants of MscL
with pyrene maleimide as described below. We note that
studies of the open and closed structures of MscL in sealed
vesicles using EPR spectroscopic methods by Perozo et al.
(27) also rely on the efficiency of reconstitution being high.

Details of the Calcein-Release Assay. E. coli MscL
containing a C-terminal 6-His tag and a G22C mutation was
reconstituted into sealed vesicles containing 50 mM calcein
by mixing MscL and lipid in detergent solution containing
calcein, followed by removal of detergent with Bio-Beads;
calcein not trapped within the vesicles was removed on a
Sephadex column. A very low fluorescence intensity was
recorded when calcein-containing lipid vesicles composed
of a 1:1 molar ratio of DOPG:DOPC, in the absence of
MscL, were diluted into buffer (Figure 1A, trace a). However,
a large increase in fluorescence intensity was seen when the
vesicles were made leaky by the addition of 200 µM C12E8,
due to the decrease in the concentration of calcein as it leaked
out of the vesicles into the external medium, where it was
no longer subject to concentration quenching of fluorescence.
Addition of lipid vesicles or detergent to a solution of calcein
in buffer had no observable effect on fluorescence intensity.

Similar experiments were performed with reconstituted
vesicles containing MscL. It is important in these experiments
to minimize any osmotic imbalance across the membranes
of the vesicles, since a large osmotic pressure difference
across the membrane could lead to opening of the MscL
channel and loss of the trapped calcein. The concentration
of calcein trapped in the vesicles was 50 mM, but the
osmolarity will be much higher than this since calcein
contains five ionizable carboxyl groups. As described in more
detail below, leak of calcein from the vesicles was prevented
by the addition of 0.5 M sucrose to the buffer used on the
Sephadex columns and by addition of 0.5 M sucrose to the
buffer into which the reconstituted vesicles were diluted for
the fluorescence assays. Under these conditions, only a small
increase in fluorescence intensity was observed when an
aliquot of reconstituted vesicles containing MscL at a molar
ratio of lipid:channel of 250:1 was diluted into buffer (Figure
1A). However, addition of 1 mM MTSET to the MscL-
containing vesicles led to a marked increase in fluorescence
intensity, corresponding to release of essentially all the
trapped calcein, since the subsequent addition of 0.2 mM
C12E8 resulted in no further increase in fluorescence intensity,
and the final fluorescence intensity was the same as that seen
when lipid vesicles in the absence of MscL were made leaky
by addition of C12E8 (Figure 1A). Both the extent and rate
of the fluorescence change following addition of MTSET
decreased with increasing molar ratio of lipid to MscL

Table 1: Fluorescence Quenching and Method of Reconstitutiona

fluorescence quenching, F/F0

brominated lipid dilution method Bio-Beads method

BrPC 0.34 ( 0.02 0.29 ( 0.02
BrPG 0.24 ( 0.02 0.28 ( 0.02

a The F93W mutant of E. coli MscL was reconstituted into lipid
bilayers either by dilution or using Bio-Beads as described in the
Materials and Methods section. F0 and F are fluorescence intensities in
nonbrominated and brominated lipid, respectively.
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channel so that at a molar ratio of lipid:MscL channel of
2500:1 no significant change in fluorescence intensity was
observed on addition of MTSET, although a large increase
in intensity was observed on the subsequent addition of C12E8

to burst the vesicles (Figure 1A).
To account for differences in fluorescence intensity before

addition of MTSET and for small differences in the recovery
of sealed vesicles from the Sephadex column, it is convenient
to express the fluorescence signal following addition of
MTSET as a fraction of the total fluorescence change seen
following the addition of both MTSET and C12E8 (Figure
1B). Because the total amount of calcein in the sample is
constant in these experiments, the observed fractional change
in fluorescence is equal to the fractional release of calcein.
The observed changes in fluorescence intensity all fit to single
exponential processes (Figure 1B). The rate of release of
calcein observed at a molar ratio of lipid:MscL channel of
250:1 is too fast to fit accurately in these experiments, but,
as shown in Figure 2, the rates and amplitudes of calcein
release over the lipid:MscL channel molar ratio from 500:1
to 2500:1 depend on the mole fraction of MscL in the
membrane in a close to linear manner.

The unexpected result shown in Figure 1B is that vesicles
containing a molar ratio of MscL channel:lipid of less than
1:250 show only partial release of the trapped calcein, even
though they are calculated to contain a large number of

channels. As described below, these reconstituted vesicles
have a diameter of ca. 100 nm, and a lipid vesicle of diameter
100 nm will contain, on average, ca. 380 MscL channels at
a lipid:channel molar ratio of 250:1 and ca. 40 MscL
channels at a lipid:channel molar ratio of 2500:1. One
possible explanation for the partial release of calcein
observed here (Figure 1) is that the MscL is largely
denatured, either during purification or during reconstitution,
so that the number of active channels per vesicle is much
smaller than expected. As described later, it is likely that
the presence of a single open channel in a vesicle would be
sufficient to result in complete loss of the trapped calcein
within a few minutes, and thus partial release of calcein
would imply the presence of some vesicles containing no
active channels. This possibility can be put on a more
quantitative basis. Since reconstitution starts from a mixed
dispersion of lipid and MscL in detergent, the simplest
assumption to make is that the distribution of active channels
between the vesicles will be random, describable by the
Poisson distribution:

P(n)) exp(-λ)λn/n! (1)

where P(n) is the fraction of vesicles containing n active
channels and λ is the average number of active channels per
vesicle. The number P(0) of vesicles with no active channels
is

P(0)) exp(-λ) (2)

The data in Figure 1 show that the fraction of calcein released
is ca. 50% at a molar ratio of lipid:total MscL channels of
1000:1. If this were to mean that 50% of these vesicles lacked
active channels, eq 2 would give an average number of active
channels per vesicle of 0.7, compared to an average total
number of MscL channels per vesicle of ca. 95, implying
that only ca. 0.7% of the MscL present was active. With
such a very high proportion of the total MscL being
denatured during purification or reconstitution, the amount
of active MscL remaining would be expected to be highly
variable between preparations and between reconstitutions.
This is not the case; the levels of release of calcein seen in
the experiments reported here are highly reproducible, as
shown by the examples in Table 2.

The argument can be taken further. With 0.7% of the total
MscL being functional, as required to fit the data at a molar
ratio of lipid:total MscL channels of 1000:1, eq 2 gives a
proportion of vesicles containing no active channels of 25%

FIGURE 1: Effect of channel concentration on the efflux of calcein
from reconstituted vesicles. The G22C mutant of E. coli MscL was
reconstituted into calcein-containing vesicles containing a 1:1 molar
ratio of DOPG:DOPC at the given molar ratios of total lipid to
MscL. Samples were diluted into buffer, and a fluorescence baseline
was recorded for 50 s, followed by the addition of 1 mM MTSET.
Finally, 200 µM C12E8 was added to burst the vesicles and establish
a value for the fluorescence intensity when all of the trapped calcein
had been released. The amount of lipid was kept constant at 6.7
µmol. The trace labeled a shows an experiment for vesicles
containing a 1:1 molar ratio of DOPG:DOPC in the absence of
MscL. In (A), results are expressed as changes in absolute
fluorescence intensities. In (B), results are expressed as a fraction
of the observed change in fluorescence intensity between the initial
value and that observed in the presence of 200 µM C12E8. The
broken lines in (B) show best fits to a single exponential process.

FIGURE 2: Rates (O) and amplitudes (4) of the fluorescence response
following reaction with MTSET for MscL reconstituted in vesicles
of a 1:1 molar ratio of DOPG:DOPC. The data were obtained by
fitting the data in Figure 1 to single exponentials. The line shows
a best fit of the rate data (O) to a straight line.
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at a molar ratio of lipid:total MscL channels of 500:1, but
only about 10% of the calcein is observed experimentally
to be retained at this molar ratio of lipid:MscL channels
(Figure 1). Further, an explanation for partial release of
calcein in terms of a Poissonian distribution of a small
number of active channels between vesicles would predict
that changing the molar ratio of lipid:total MscL channels
from 1000:1 to 500:1 would have only a small effect on the
rate of release. This is because the major effect of decreasing
the molar ratio of lipid:total MscL channels would be to
decrease the number of vesicles containing no active chan-
nels, with only a small increase in the number of vesicles
containing more than one active channel. The rate of release
of calcein from the vesicles containing active channels would
increase linearly with the number of active channels in the
vesicle. Using eq 1 to calculate the fraction of vesicles
containing 1, 2, 3 etc. active channels when only 0.7% of
the total MscL is active shows that the rate of release of
calcein at a molar ratio of lipid:total MscL channels of 500:1
would be 1.3 times that at a molar ratio of 1000:1. In fact,
the observed rate is about double, the rate of release
increasing roughly linearly with increasing mole fraction of
MscL in the membrane (Figure 2). Similar problems arise
in trying to fit the data at other molar ratios of lipid:MscL
channels. Thus the results shown in Figure 1 do not fit well
with the suggestion that a very large proportion of the MscL
present in the reconstituted membranes is present in a
denatured form. We note that the studies of the open and
closed structures of MscL in sealed vesicles using EPR
spectroscopic methods by Perozo et al. (27) imply that the
MscL is present largely in a native, nondenatured form.

If, therefore, the efficiency of reconstitution of MscL is
high and if the MscL is present largely in a native,
nondenatured form, the partial release of calcein seen in these
experiments following addition of MTSET would imply that,
after an initial period of activity following reaction with
MTSET, the MscL channels transform into a form unable
to allow the flux of calcein out of the vesicles. Although the
possibility of inactivation of MscL has been little discussed
in the literature, Hase et al. (18) have shown that, in patches
of reconstituted MscL where the number of active channels
is low, MscL activity occurs in bursts, followed by long
inactive periods and that, following this inactivation, channels
cannot be recovered either by changing voltage or by
application of pressure.

Effect of Anionic Lipid on the Rate and Amplitude of
Calcein Release. MscL was reconstituted into vesicles
containing mixtures of DOPC and anionic lipid, at a fixed

molar ratio of lipid:MscL channel of 500:1. In vesicles
containing just DOPC and MscL, there was no detectable
release of calcein following addition of MTSET (Figure 3A).
However, with increasing DOPG content up to 50 mol %
both the rate and amplitude of release increased, but both
decreased with further increases in DOPG content to 100%
(Figure 3A). Similar effects were seen in mixtures of DOPC
and DOPA (Figure 3B) or DOPC and CL (Figure 3C). For
DOPA, as for DOPG, maximum rates and amplitudes of
release were observed at ca. 50 mol % of anionic lipid. In
experiments with CL, the mole fraction of CL was calculated
on a fatty acyl chain basis, to account for the fact that CL
contains four chains whereas DOPC contains two. The
maximum rates and amplitude of release in mixtures with
CL were also observed at 50 mol %, when calculated on a
chain basis. In all cases the data fitted to a single exponential
process; rates and amplitudes of release are plotted as a
function of mole fraction of anionic lipid in the Supporting

Table 2: Reproducibility of Levels of Calcein Releasea

magnitude of calcein release

lipid mean (%) standard deviation n

DOPG:DOPC, 1:1 92.2 (3.6 6
DOPA:DOPC, 1:4 32.7 (4.6 3
DOPA:DOPC, 1:1 92.0 (5.9 4
DOPA 12.5 (2.5 3
a Percentage levels of calcein release after reaction of the G22C

mutant of MscL with MTSET were calculated as illustrated in
Figure 1B for MscL reconstituted at a molar ratio of lipid:MscL channel
of 500:1 for the lipid compositions shown. The table shows the mean
values and standard deviations obtained from the given number n of
independent reconstitutions.

FIGURE 3: Effect of anionic lipid on calcein flux through MscL.
The G22C mutant of E. coli MscL was reconstituted into lipid
vesicles containing DOPC and the given mole percent anionic lipid:
(A) DOPG, (B) DOPA, and (C) CL. After 50 s, 1 mM MTSET
was added, followed finally by 200 µM C12E8 to burst the vesicles.
The broken lines show best fits to a single exponential process. In
(C), mole fractions of CL are calculated on a fatty acyl chain basis
to account for the fact that CL contains four chains whereas DOPC
contains two.
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Information. Maximal rates of release in bilayers containing
DOPA were less than in bilayers containing DOPG or CL,
and higher concentrations of DOPA had a larger inhibitory
effect on the amplitude of release than observed with either
DOPG or CL.

A variety of experiments showed that labeling with
MTSET was fast and complete under these conditions.
Samples of MscL reconstituted in vesicles of DOPC, of
DOPG, or of a 1:1 molar ratio of DOPG:DOPC were allowed
to react with MTSET for about 1 min and then analyzed by
mass spectrometry; no unlabeled MscL was observed, as
shown in Figure 4 for MscL in vesicles of DOPC. Yoshimura
et al. (14) deduced from electrophysiological experiments
that the Cys residue in the G22C mutant was accessible to
MTSET from the periplasmic side in both the open and
closed states but accessible to MTSET from the cytoplasmic
side only when the channel was open. As described below,
MscL is present in the reconstituted vesicles with a random
orientation. Efficient labeling of MscL in the reconstituted
vesicles could therefore involve initial labeling of those MscL
molecules with their “periplasmic” sides exposed to the
external medium, this labeling leading to opening of these
channels, allowing access of the MTSET to the inside of
the vesicles and the labeling of the remaining MscL
molecules. Alternatively, any osmotic pressure differences
across the vesicle membrane might result in sufficient
opening of the MscL molecules with their “cytoplasmic”
faces externally exposed for reaction with MTSET to occur.

Fast labeling by MTSET under the experimental conditions
used here is also suggested by the observation that increasing
or decreasing the concentration of MTSET from 1 to 2 or
0.5 mM, respectively, had no effect on the observed rate or
amplitude of release (data not shown): if the rate of reaction
of MTSET with MscL was affecting the rate of the observed
increase in fluorescence intensity, changing the concentration
of MTSET would have changed this observed rate. Finally,
addition of a second aliquot of MTSET following the initial
addition led to no further change in fluorescence intensity.

The same effects of anionic lipid on efflux through the

MscL channel were observed when MscL was labeled with
MTSET in detergent suspension before reconstitution into
the lipid vesicles. Thus when MscL was prelabeled with
MTSET and then reconstituted into vesicles of DOPC, large
quantities of calcein were retained that could be released by
addition of C12E8 to burst the vesicles (Figure 5, trace b). In
contrast, when prelabeled MscL was reconstituted into
vesicles of a 1:1 molar ratio of DOPG:DOPC, the vesicles
retained very little calcein (Figure 5, trace d), mirroring the
effects of anionic lipid seen when unlabeled MscL was
labeled within the vesicle by addition of MTSET.

Effect of Phosphatidylethanolamine on the Rate and
Amplitude of Calcein Release. The rate and extent of calcein
release were markedly depressed when DOPC in mixtures
with anionic lipid was replaced by DOPE (Figure 6). This
effect of DOPE was observed in mixtures with DOPG,

FIGURE 4: Analysis of MTSET labeling of MscL by electrospray
mass spectrometry. The G22C mutant of E. coli MscL was
reconstituted into lipid vesicles containing DOPC and reacted with
MTSET as described under Materials and Methods. (A) and (B)
show electrospray mass spectra for MscL unreacted (A) and after
reaction with MTSET (B). In (A) the peaks at molecular masses
16492 and 16361 correspond to MscL and MscL lacking the
N-terminal Met residue, respectively. In (B) the peaks at molecular
masses 16611 and 16480 correspond to labeled MscL and labeled
MscL lacking the N-terminal Met residue, respectively, and the
peaks at 16627 and 16496 correspond to single Met oxidations of
MscL (MscL is Met-rich). No unlabeled MscL is observed in
spectrum B.

FIGURE 5: Effect of labeling MTSET before reconstitution. MscL
was labeled with MTSET either before or after reconstitution into
lipid vesicles. (a) DOPC vesicles were reconstituted with unlabeled
MscL. Addition of 1 mM MTSET after 50 s had little effect, so
that addition of 200 µM C12E8 after 400 s resulted in a large release
of calcein. (b) MscL was labeled with 1 mM MTSET in OG
micelles prior to reconstitution and then reconstituted with DOPC.
As shown by the large release of calcein observed on addition of
C12E8 after 350 s, the vesicles retained a large concentration of
calcein. The experiments were repeated for vesicles containing a
1:1 molar ratio of DOPG:DOPC (c, d). When unlabeled MscL was
reconstituted into a 1:1 mixture of DOPG:DOPC, addition of
MTSET after 50 s resulted in a large release of calcein, so that
subsequent addition of C12E8 resulted in only a small release (c).
When labeled MscL was reconstituted into vesicles containing a
1:1 molar ratio of DOPG:DOPC, the vesicles retained only a small
amount of calcein, as shown by the small response on addition of
C12E8 after 100 s (d).

FIGURE 6: Effect of phosphatidylethanolamine on calcein flux
through MscL. The G22C mutant of E. coli MscL was reconstituted
into lipid vesicles containing 1:1 molar ratios of the following lipids:
(a) DOPC:DOPA, (b) DOPE:DOPA, (c) DOPC:DOPG, (d) DOPE:
DOPG, (e) DOPC:CL, and (f) DOPE:CL. After 50 s, 1 mM MTSET
was added, followed finally by 200 µM C12E8 to burst the vesicles.
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DOPA, or CL. The native E. coli membrane contains a
mixture of phosphatidylethanolamine, phosphatidylglycerol,
and cardiolipin. Reconstitution of MscL into a mixture of
DOPE, DOPG, and CL, representing the native composition,
resulted in a low amplitude and rate of release (Figure 7,
trace b), but replacing the DOPE in the mixture with DOPC
resulted in an increase in both amplitude and rate of release
(Figure 7, trace a). The amplitude and rate of release in
azolectin, a mixture of lipids from soybean, were also low
(Figure 7, trace c).

Effects of Labeling with the NegatiVely Charged Label
MTSES. To show that the effects of anionic lipid on calcein
release observed here with MTSET were not related in some
way to the positive charge on MTSET, we also studied
calcein release induced by reaction of the G22C mutant of
MscL with the negatively charged reagent MTSES. Release
of calcein following reaction with 1 mM MTSES is slower
than that observed following reaction with 1 mM MTSET,
but the effects of anionic lipid were the same (Figure 8). In
vesicles of DOPC containing 25 mol % DOPG, reaction of
MscL with MTSES led to a very low level of release of
calcein, the level of release increasing when the level
of DOPG was increased to 50 mol %, the rate of release of
calcein then decreasing at higher mole fractions of DOPG
(Figure 8). Increasing the concentration of MTSES to 5 mM
had no significant effect on the rate or amplitude of calcein
release (data not shown) so that the slow release of calcein
following reaction with MTSES is unlikely to be the result

of a slower reaction with MTSES. It is possible that the
slower release of calcein following reaction with MTSES
than with MTSET is related to the introduction of negative
charge into the channel by labeling with MTSES.

Diameters of Reconstituted Vesicles. Vesicle diameters
were determined by light scatter. As shown in Table 3,
reconstitution of MscL into DOPC resulted in a preparation
in which 70% of the vesicles had diameters of 87 ( 13 nm,
with 30% having diameters of 180 ( 30 nm. Reconstitution
of MscL into a 1:1 mixture of DOPC and DOPG resulted in
a preparation in which all of the vesicles had diameters of
101 ( 18 nm. Similar results were obtained for vesicles in
the absence of MscL (Table 3), and vesicle sizes were found
to be independent of the anionic lipid employed (data not
shown). Reconstitution of Ca2+-ATPase into sealed vesicles
using the procedure employed here has been reported
similarly to give vesicles of diameter 100 nm (28) or 120 (
30 nm, with no significant effect of anionic lipid on vesicle
diameters (25).

Sidedness of MscL in the Reconstituted Vesicles. Recon-
stitution of a variety of membrane proteins by mixing lipid
and protein in detergent followed by removal of detergent
with Bio-Beads has been shown to result in a random
orientation of the protein in the membrane with half of the
protein molecules having a “right-side-out” orientation and
half having a “wrong-side-out” orientation (24, 25). To
confirm that this was the case with MscL, we made use of
two mutants of M. tuberculosis MscL, L69C and Y94C
available from previous studies (26), containing single Cys
residues on the periplasmic and cytoplasmic sides of the
protein, respectively. N-(1-Pyrenyl)maleimide is nonfluo-
rescent but becomes fluorescent on reaction with a Cys
residue. Addition of N-(1-pyrenyl)maleimide to reconstituted
vesicles resulted in a rapid increase in fluorescence intensity
which about doubled on addition of C12E8 to burst the
vesicles, for both L69C and Y94C, in vesicles of DOPC or
in vesicles of a 1:1 molar ratio of DOPG:DOPC (Figure 9).
We conclude therefore that insertion of MscL in the
reconstituted vesicles is close to random and is unaffected
by the presence of anionic lipid. We note that these
experiments are also consistent with a high efficiency for
reconstitution of MscL under the conditions employed here,
since the presence of a large proportion of unreconstituted
MscL would have resulted in a ratio of fluorescence labeling
in the presence and absence of detergent very different to
1:1.

Effects of Osmotic Shock. The osmotic pressure difference
∆P across a membrane due to solute A is given by

∆P) (cA
in - cA

out)RT

where cA
in and cA

out are the concentrations of the solute on
the two sides of the membrane. With a value for R of 0.08206

FIGURE 7: Effect of lipid mixtures on calcein flux through MscL.
The G22C mutant of E. coli MscL was reconstituted into lipid
vesicles containing the following lipid mixtures: (a) DOPC:DOPG:
CL (70:25:5 mol %), (b) DOPE:DOPG:CL (70:25:5 mol %), and
(c) azolectin. After 50 s, 1 mM MTSET was added, followed finally
by 200 µM C12E8 to burst the vesicles.

FIGURE 8: Calcein flux following reaction of MscL with MTSES.
The G22C mutant of E. coli MscL was reconstituted into lipid
vesicles containing DOPC and the given mole percent DOPG. After
50 s, 1 mM MTSES was added, followed finally by 200 µM C12E8
to burst the vesicles.

Table 3: Diameters of Reconstituted Vesiclesa

diameter (nm)

lipid composition -MscL +MscL

DOPC 60%, 56 ( 9 70%, 87 ( 13
40%, 329 ( 50 30%, 182 ( 30

DOPG:DOPC 1:1 76 ( 28 101 ( 18
a Vesicle diameters were determined by light scatter. For vesicles

containing MscL the molar ratio of lipid:MscL channel was 500:1.
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L · atm ·mol-1 K-1, a difference in concentration of 100 mM
corresponds to a pressure difference of 2.4 atm. Large
unilamellar lipid vesicles can maintain a concentration
gradient of solute up to about 200 mOsm without leaking,
but at higher gradients transient pores form, leading to a leak
of some of the vesicle content, until the osmotic pressure
across the vesicle membrane has fallen sufficiently for the
vesicles to reseal (29, 30). The pressure difference across
the membrane is related to tension by Laplace’s law [tension
) (pressure × radius)/2]. For a vesicle of radius 50 nm, 1
atm of pressure difference corresponds to a tension of 2.5
dyn/cm. The membrane tension required to open the wild-
type E. coli MscL channel is ca. 7–12 dyn/cm, depending
on lipid composition (1, 8), suggesting that the MscL channel
could open under achievable osmotic pressure differences
in reconstituted vesicles.

To test the ability of lipid vesicles to resist the osmotic
pressure arising from trapped calcein, vesicles of 1:1 DOPA:
DOPC containing 50 mM calcein were reconstituted from
detergent solution using Bio-Beads as described under
Materials and Methods but in the absence of MscL. On
dilution into buffer containing either 100 mM KCl or 100
mM KCl plus 0.5 M sucrose, the same low fluorescence
intensity was observed; addition of C12E8 to burst the vesicles
resulted in a large increase in fluorescence intensity (Figure
10A). The same experiment was repeated for vesicles
containing the G22C mutant of MscL. Dilution into buffer
containing 100 mM KCl plus 0.5 M sucrose resulted in a
low fluorescence intensity that was stable for up to 800 s
(Figure 10B, trace a); addition of MTSET resulted in a large
increase in fluorescence intensity (Figure 10B, trace c).
However, dilution of the vesicles into buffer containing just
100 mM KCl resulted in a higher initial fluorescence that

was stable for at least 400 s, with a smaller change on
addition of MTSET, so that the overall fluorescence change
was comparable to that seen in buffer in the presence of
sucrose (Figure 10B, trace b). We conclude that, in the
absence of sucrose in the external buffer, the osmotic pressure
effect of the trapped calcein is sufficient to open the MscL
channel, releasing calcein into the external medium, until
the concentration of trapped calcein has dropped to a level
where the osmotic pressure is not sufficient to hold open
the MscL channel when release of calcein stops.

Figure 11 shows the response of MscL reconstituted in a
1:1 mixture of DOPA:DOPC to osmotic gradient. Whereas
dilution of vesicles containing 50 mM calcein into buffer
containing 100 mM KCl and 0.5 M sucrose results in no
release of calcein, as described above, dilution into buffer
containing 100 mM KCl and 0.45 M sucrose does lead to
calcein release, the extent of release not changing when the
concentration of sucrose was dropped to 0.2 M, although
some further release was observed when the sucrose was
removed entirely. A drop in sucrose concentration from 0.5
to 0.45 M corresponds to a change in osmotic pressure of
1.2 atm or to a change in membrane tension of 3 dyn/m for
a vesicle of radius 50 nm. The tension required for half-
maximal opening of wild-type MscL in phosphatidylcholine-
containing vesicles has been reported by Moe and Blount
(8) to be ca. 7 dyn/cm, the results of Yoshimura et al. (31)
suggesting that the tension required for half-maximal opening
of the G22C mutant of MscL will be ca. 10 dyn/cm.

FIGURE 9: Sidedness of MscL reconstituted into lipid vesicles. L69C-
TbMscL (A) and Y94C-TbMscL (B) with Cys residues located on
the periplasmic and cytoplasmic sides of the channel, respectively,
were reconstituted into vesicles of DOPC (solid line) or DOPG:
DOPC (molar ratio, 1:1; dashed line). Cys residues were then
reacted with 7 µM N-(1-pyrenyl)maleimide. Vesicles were burst
by the addition of 200 µM C12E8.

FIGURE 10: Effect of osmotic pressure on release of calcein. (A)
Vesicles of a 1:1 mixture of DOPA:DOPC containing 50 mM
calcein were diluted into buffer containing 100 mM KCl (a) or
100 mM KCl plus 0.5 M sucrose (b). At the time shown by the
arrows the vesicles were burst by the addition of 200 µM C12E8.
(B) Vesicles of a 1:1 mixture of DOPA:DOPC with the G22C
mutant of MscL containing 50 mM calcein were diluted into buffer
containing 100 mM KCl plus 0.5 M sucrose and either burst with
200 µM C12E8 at 800 s (a) or first reacted with MTSET at 50 s and
then burst with 200 µM C12E8 at 800 s (c). The same preparation
of vesicles was also diluted into buffer containing 100 mM KCl
and no sucrose, followed by addition of MTSET after 400 s, and
then burst with 200 µM C12E8 at 800 s (b).
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Figure 12A shows the effect of anionic lipid content on
the osmotic sensitivity of vesicles containing the G22C
mutant of MscL. As shown, the higher the DOPG content
of the reconstituted vesicles, the higher the initial fluores-
cence intensity and the smaller the effect seen on subsequent
addition of MTSET; the final fluorescence intensity is similar
in all the experiments. Figure 12B shows the corresponding
experiments with wild-type MscL. Again, the initial fluo-
rescence intensity observed after osmotic shock is low when
the vesicles contain DOPC as the only lipid, with the initial
fluorescence intensity increasing with increasing DOPG
content.

These experiments in which the MscL channel is opened
by the osmotic pressure difference across the membrane are
more complex than those in which the mutant channel is
opened by reaction with MTSET, in that the osmotic pressure
difference that is keeping the channel open will decrease with
time, as a result of the release of calcein through the open
channels. Thus the final fluorescence intensity level observed
following the osmotic shock could reflect the point at which
the osmotic pressure difference is no longer sufficient to keep
the channel open or could reflect transformation of the
channel into a subconductance state. Nevertheless, the
important result is that anionic lipid has comparable effects
on release through the MscL channel whether the wild-type
channel is opened by osmotic shock or the mutant channel
is opened by reaction with MTSET. In both cases the extent
of release of calcein is very low in the absence of anionic
lipid.

DISCUSSION

The MscL channel opens when the tension in the sur-
rounding membrane increases, and because MscL is fully
functional in lipid bilayers in the absence of any other
proteins, membrane tension must be transduced directly from
the lipid bilayer to the protein (1, 2). It might therefore be
expected that MscL function would be dependent on the
structure of the surrounding lipid molecules. Indeed, Moe
and Blount (8) found using patch clamp techniques that
replacing phosphatidylcholine by phosphatidylethanolamine
in the surrounding bilayer increased the tension required to
open the channel. However, Moe and Blount (8) found no
effect of anionic phospholipids on the tension required to
open the MscL channel. In contrast, we report here that the
presence of anionic lipid is essential for flux of the fluorescent
dye calcein through the MscL channel. We suggest that the
effects we observe could arise from effects of anionic lipid
on the rate of the transition from the closed to the fully open
state and on the rate of the transition from the fully open
state to a subconductance state unable to pass calcein.

A convenient method for activating the MscL channel
makes use of the G22C mutant of MscL, where the Cys
residue is located within the pore constriction; reaction with
MTSET introduces five positive charges into the pore
constriction, forcing the channel into an open state (13–15).
Channel opening is detected by release of calcein, trapped
at high concentration in the lumen of reconstituted vesicles
containing MscL; release of calcein results in a large increase
in calcein fluorescence due to the relief of concentration
quenching. Unexpectedly, although addition of MTSET to
vesicles containing MscL reconstituted in bilayers containing
anionic lipid does result in the release of calcein, the release
is only partial, a large proportion of the calcein being
retained, depending on the MscL concentration in the
membrane (Figure 1).

At a molar ratio of MscL channel to lipid of 1:2500, an
average vesicle is expected to contain ca. 40 channels and
1.2 × 104 molecules of calcein when the lumenal concentra-
tion of calcein is 50 mM. The rate of flux of a solute through
a simple channel is proportional to the cross-sectional area
of the pore and so to the square of the radius of the pore
(32). An open pore diameter of ca. 25–30 Å has been
suggested for MscL (33, 34). The equations given by Hille

FIGURE 11: The osmotic pressure difference required to open MscL.
The G22C mutant of E. coli MscL was reconstituted into vesicles
of a 1:1 mixture of DOPA:DOPC containing 50 mM calcein and
diluted into buffer containing 100 mM KCl and the following
concentrations of sucrose: (a) 0.5 M; (b) 0.45 M; (c) 0.4 M; (d)
0.2 M; (e) 0 M. After 150–250 s, 200 µM C12E8 was added to
burst the vesicles.

FIGURE 12: Effect of anionic lipid on osmotic sensitivity. The G22C
mutant of E. coli MscL (A) or wild-type E. coli MscL (B) was
reconstituted into vesicles containing mixtures of DOPG and DOPC
with 50 mM calcein and diluted into buffer containing 100 mM
KCl. In (A), 1 mM MTSET was added after 200 s, followed by
200 µM C12E8 to burst the vesicles at about 500 s. In (B), 200 µM
C12E8 was added to burst the vesicles after about 300 s. The mole
percent of DOPG in the vesicles was as follows: (a) 0; (b) 20%;
(c) 30%; (d) 40%; (e) 50%.
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(32) suggest a rate of unidirectional flux for a monovalent
ion through such a pore of ca. 108 ions/s, in close agreement
with the estimate of Steinbacher et al. (35) for the rate of
water flux through MscL of ca. 2 × 108 molecules/s.
Diffusion coefficients of solutes are inversely related to the
diameter of the solute. The diameter of the calcein molecule
is ca. 12 Å, based on the crystal structure of the related dye
fluorescein (36). This is ca. 6 times that of a water molecule,
so that the rate of diffusion of a calcein molecule through
the pore would be ca. 3 × 107 molecules/s. Thus one open
channel per vesicle would be expected to lead to release of
all the trapped calcein molecules within 1 s. For the reasons
discussed in the Results section, we believe that the efficiency
of reconstitution of MscL into the vesicles is high and that
the MscL will be present in a largely native form. The partial
release of calcein shown in Figure 1 therefore suggests that
over a time period of several hundreds of seconds following
reaction with MTSET, the initially open channels transform
into a state with a lifetime of many hundreds of seconds,
which is unable to allow the passage of calcein. The
possibility of inactivation of MscL has been discussed by
Hase et al. (18), who showed that, in patches of reconstituted
MscL where the number of active channels was low, MscL
activity occurred in bursts followed by long inactive periods
and that, following this inactivation, channels could not be
recovered either by changing voltage or by application of
pressure.

Effect of Phosphatidylethanolamine. Substitution of DOPC
by DOPE in mixtures with anionic lipid results in a decrease
in both the rate and amplitude of release (Figure 6). Moe
and Blount (8) have reported that substitution of DOPC by
DOPE results in an increase in the membrane tension
required to open the MscL channel. Molecular dynamics
simulations have suggested that differences in hydrogen
bonding between MscL and the phosphatidylcholine and
phosphatidylethanolamine lipid headgroups could result in
significant changes in MscL structure (37, 38). These results
are, perhaps, surprising given that the native E. coli
membrane contains phosphatidylethanolamine as its zwitte-
rionic lipid rather than phosphatidylcholine. MscL activity
was also low in a mixture of 70% DOPE, 25% DOPG, 5%
CL (Figure 7) that mimics the composition of the native E.
coli membrane (39, 40).

Calcein Flux and Subconductance States of MscL. The
results of the calcein flux experiments can be compared to
the results of electrophysiological studies of MscL following
reaction with MTSET. Labeling G22C with MTSET, or
mutation of Gly-22 to a charged residue, results in a channel
that opens at low or zero tension but which lingers most of
the time in a subconductance state with about one-tenth
of the full unitary conductance, similar to the conductance
of the first substate for the wild-type channel (14, 31). Since
flux through a pore is related to the square of the radius of
the pore (32), a 10-fold decrease in conductance would
correspond to a 3-fold or more decrease in radius. If the
diameter of the fully open state is 25–30 Å (33, 34), then
that of the subconductance state would be ca. 8–10 Å, too
small to allow the free passage of a calcein molecule of
diameter ca. 12 Å. Thus transformation of MscL from the
fully open state to this subconductance state would stop efflux
of calcein from the reconstituted vesicles.

A variety of subconducting states have been observed for
MscL, and it has been suggested that the subconductance
state seen on introduction of a charge at position 22 in MscL
could correspond to the first subconductance state of the
native protein (9, 14, 31). The modified channel exists largely
in the subconductance state at zero tension but some at least
of the modified channels open to a fully conducting state
resembling the normal open state at high tension (9). Thus
it is possible that the effect of introducing charge is to
stabilize the normal first subconductance state of MscL
relative to the closed state. The alternative possibility is,
however, that the subconductance state is a new partially
opened state of the channel, created as a result of the
introduction of charge.

Anionic Lipid Stabilizes the Fully Open State. In bilayers
of DOPC, reaction of the G22C mutant of MscL with
MTSET resulted in no detectable release of calcein, but
release increased in amplitude and rate with increasing
anionic lipid content up to 50 mol %, beyond which the rates
and amplitudes of release again decreased (Figure 3). The
effects of anionic lipid are not related to direct effects on
the rate or extent of reaction with MTSET: reaction with
MTSET is fast on the time scale of calcein release, as shown
by the fact that the rate of calcein release did not change
with changes in the concentration of MTSET, and the extent
of labeling was 100% as shown by mass spectrometric
analysis of MscL in the presence or absence of anionic lipid
(Figure 4). Further, the same results were observed if MscL
was first labeled with MTSET in detergent solution and then
reconstituted into lipid vesicles; vesicles of DOPC recon-
stituted with labeled MTSET were able to retain calcein
whereas vesicles containing anionic lipid and labeled MTSET
were not (Figure 5).

The effects of anionic lipid are not related in any way to
differences in the sidedness of MscL in the reconstituted
vesicles. The reconstitution procedure adopted here results
in a random orientation of MscL molecules in the membrane,
in either the presence or absence of anionic lipid (Figure 9).
Effects of anionic lipid also cannot be related to changes in
vesicle size. For example, as shown in Table 3, 70% of
vesicles reconstituted with DOPC have diameters similar to
those for vesicles reconstituted with a 1:1 mixture of DOPC:
DOPG. Even if the 30% of larger vesicles seen with DOPC
(Table 3) released calcein more slowly than the smaller
vesicles, this would not explain the essentially total lack of
calcein release observed for the DOPC vesicles (Figure 3).
Finally, the effect of anionic lipid on calcein release is not
related to the fact that the MTSET label introduces a positive
charge into the channel, since comparable effects of anionic
lipid are seen on calcein release induced by reaction with
the negatively charged MTSES (Figure 8).

As shown in Supporting Information, the effects of anionic
lipid observed here can be simulated in terms of the following
three-state model, in which the channel is in one of the three
states, C, O, or S, corresponding to closed, fully open, and
substate, respectively:

C/Of S

The observed increase in rate of flux with increasing anionic
lipid content up to 50 mol % is consistent with an increase in
the rate of the C to O transition in the presence of anionic lipid,
and the observed increase in amplitude of release with increasing
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anionic lipid content up to 50 mol % is consistent with a
decrease in the rate of the O to S transition in the presence of
anionic lipid. The decrease in rate and amplitude of release
observed at concentrations of anionic lipid above 50 mol %
can be simulated in terms of a decrease in the rate of flux
through the open channel at high anionic lipid content. This
could be a direct effect on the channel or an indirect effect of
the high negative charge on the bilayer at high anionic lipid
content.

Importantly, the results observed in experiments where
release of calcein was induced by reaction with MTSET
agree with experiments in which release was induced by
osmotic pressure. As shown in Figure 12, the osmotic
pressure effect of 50 mM calcein is sufficient to open both
the G22C mutant of MscL and wild-type MscL and allow
release of calcein, unless balanced by the presence of
sufficient sucrose in the external medium (Figure 11). For
both the G22C mutant and wild-type MscL, the higher the
DOPG content of the reconstituted vesicles, the greater the
level of release of calcein (Figure 12). The very similar
results obtained for the G22C mutant of MscL and for wild-
type MscL are consistent with the observation that although
the pressure required to open the G22C mutant is higher than
that required to open the wild-type protein, the behavior of
the G22C mutant once opened is normal (14, 31). The
observation that anionic lipid has comparable effects on
release through the MscL channel whether the wild-type
channel is opened by osmotic shock or the mutant channel
is opened by reaction with MTSET argues that the effects
of anionic lipid reported here are not unique to a channel
modified within the pore constriction by introduction of
charged residues. Rather, limited flux mediated by MscL in
the absence of anionic lipid seems to be a general phenom-
enon, independent of how the channel is opened. This could
then provide an alternative explanation for the observation
that electrophysiological recordings for reconstituted MscL
generally show much lower numbers of active channels than
expected from the amount of protein used in the reconstitu-
tion (12); it is possible that, rather than reflecting a low
efficiency of reconstitution, this could follow from an effect
of lipid composition on the balance between open and
subconductance or inactivated states of the channel.

The effects of anionic lipid on flux through the MscL
channel could follow from effects of lipid composition on
some general physical property of the membrane or could
follow from direct interaction between anionic lipid and the
channel. The observation that effects of anionic lipid depend
on lipid headgroup structure (Figure 3) would argue for the
importance of direct interaction with the channel. We have
shown that anionic lipids bind strongly to a cluster of three
positively charged residues on the cytoplasmic side of MscL
(6). If effects of anionic lipid binding on channel function
required binding to more than one of these clusters in the
homopentameric channel, effects of anionic lipid content on
function would be cooperative, as suggested by the data
shown in Figure 1 in the Supporting Information.
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