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Abstract. In the search for the essential functional do-
mains of the large mechanosensitive ion channel (MscL)
of E. coli, we have cloned several mutants of the mscL
gene into a glutathione S-transferase fusion protein ex-
pression system. The resulting mutated MscL proteins
had either amino acid additions, substitutions or dele-
tions in the amphipathic N-terminal region, and/or dele-
tions in the amphipathic central or hydrophilic C-
terminal regions. Proteolytic digestion of the isolated fu-
sion proteins by thrombin yielded virtually pure
recombinant MscL proteins that were reconstituted into
artificial liposomes and examined for function by the
patch-clamp technique. The addition of amino acid resi-
dues to the N-terminus of the MscL did not affect chan-
nel activity, whereas N-terminal deletions or changes to
the N-terminal amino acid sequence were poorly toler-
ated and resulted in channels exhibiting altered pressure
sensitivity and gating. Deletion of 27 amino acids from
the C-terminus resulted in MscL protein that formed
channels similar to the wild-type, while deletion of 33
C-terminal amino acids extinguished channel activity.
Similarly, deletion of the internal amphipathic region of
the MscL abolished activity. In accordance with a re-
cently proposed spatial model of the MscL, our results
suggest that (i) the N-terminal portion participates in the
channel activation by pressure, and (ii) the essential
channel functions are associated with both, the putative
central amphipathic a-helical portion of the protein and
the six C-terminal residues RKKEEP forming a charge
cluster following the putative M2 membrane spanning
a-helix.
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Introduction

Since their discovery in embryonic chick skeletal muscle
(Guharay & Sachs, 1984) and frog muscle (Brehm, Kull-
berg & Moody-Corbett, 1984), mechanosensitive (MS)
ion channels have been documented electrophysiologi-
cally in various cell types, including microbes (Sachs,
1988; Morris, 1990; Martinac, 1993; Sackin, 1995), with
increasing evidence suggesting important physiological
roles for these channels (Medina & Bregestovski, 1988;
Erxleben, 1989; Zhou et al., 1991; Berner et al., 1992;
Lewis, Ross & Cahalan, 1993; Naruse & Sokabe, 1993;
Oliet & Bourque, 1993; Franco-Obregon & Lansman,
1994). Microbes have been used as model systems to
advance the understanding of basic biological principles
and in the case of MS channels, Escherichia coli was
instrumental in the sequencing and cloning of the first
mechanosensitive ion channel gene, mscL, encoding the
17 kD protein monomer underlying the activity of the
large conductance bacterial MS ion channel (MscL)
(Sukharev et al., 1993; Sukharev et al., 1994a,b; Hamill
and McBride, 1994). Since its discovery, several genes
homologous to mscL have been found in other Gram-
negative (Parra-Lopez et al., 1994; Fleischmann et al.,
1995; Sukharev et al., 1997) and Gram-positive bacteria
(Matsushita, Jung & Okabe, 1995). The amino acid se-
quence of the MscL is unique in that it has no homology
with known voltage- or ligand-gated ion channels. Hy-
dropathy plot analysis has revealed a highly hydrophobic
protein for which a tentative multimeric (homohexamer)
structural model has been recently proposed (Sukharev et
al., 1996; Blount et al., 1996a). The model predicts two
a-helical hydrophobic membrane spanning domains, M1
and M2, and two a-helical amphipathic domains, the
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N-terminal Si and the central S2-S3 domains (Fig. IA).
In the present study, we have generated recombinant
mscL mutants with various alterations to the N-terminus
and deletions in the internal or C-terminal regions of the
MscL, and examined the recombinant mutant proteins in
patch-clamp experiments.

Materials and Methods

MOLECULAR CLONING

The mscL wild-type gene and the two C-terminal deletion mutants
0110 and 0104, generated by PCR (kindly provided by P. Blount,
University of Wisconsin) were subcloned into the plasmid vector
pGEM1lZf(+) (Promega) as a Xhol DNA restriction fragment in the
desired orientation (Hase, Le Dain & Martinac, 1995). The internal
deletion mutant was generated by digesting the plasmid carrying the
wild-type mscL gene with EcoRV followed by religation. The wild-
type and deletion mutant genes were then excised from the vector as
BamHI-EcoRI DNA restriction fragments and ligated into the BamHl-
EcoRI cut plasmid vector pGEX-2T (Pharmacia, LKB Biotechnology,
Uppsala, Sweden). For generation of the N-terminal deletion mutants
NBE, NBE-zEV, and NBE-0110, the pGEX-2T vector was cut with
BamHI and the overhanging DNA ends were then filled in with the
Klenow enzyme followed by digestion with EcoRL The wild-type,
internal, and C-terminal deletion mutant mscL genes were excised from
the pGEMIIZf(+) vector as Nrul-EcoRI DNA restriction fragments
and ligated into the pGEX-2T vector. For generation of the mutant
with 20 additional amino acids (H6), the pGEM1 IZf(+) construct car-
rying the wild-type mscL gene was first cut with HindIII, treated with
Mung Bean nuclease to remove the overhangs, and then digested with
EcoRI. For the mutant with the N-terminal amino acid substitutions
(P6) the wild-type mscL gene was first cloned into a Smal-EcoRI cut
pUC18 as a Nrul-EcoRl fragment and then excised as a PstI (Mung
Bean nuclease-treated)-EcoRI fragment. Both mscL carrying DNA
fragments were then cloned into the pGEX-2T vector cut BamHI(filled
in)-EcoRI. All constructs were subjected to DNA sequence analysis
using [35S]dATP labeling with the Sequenase DNA Sequencing Kit
(USB, Amersham Life Science) and pGEX-specific primers (Pharma-
cia) according to the manufacturer's instructions.

PROTEIN RECONSTITUTION

Recombinant MscL proteins were reconstituted in artificial liposomes
using a method similar to that described previously (Hase et al., 1995).
Azolectin liposomes composed of soya-bean phosphatidylcholine
(Sigma) and 10% cholesterol were prepared according to the modified
dehydration-rehydration method (Delcour et al., 1989) which is nowa-
days a standard reconstitution method to study MscL channel activity
(Sukharev et al., 1993; Sukharev et al., 1994a,b; Hase et al., 1995).
Total purified proteins were mixed with the liposomes at the desired
protein:lipid ratio, which were (i) WT: 1:6000, (ii) NBE: 1:1000, 1:200
or 1:100, (iii) DEV: 1:1000 or 1:200, (iv) H6 1:2000, (v) P6 1:1000,
(vi) Al 10: 1:4000, (vii) A104: 1:2000, and (viii) NBE-Al 10: 1:1000 or
1:500, (ix) NBE-AEV: 1:200. Protein concentrations were determined
using the Dc protein assay (Bio-Rad), and protein samples were ana-
lyzed by 12% and 15% SOS-PAGE (Fig. 1C).

ELECTROPHYSIOLOGY

The standard patch-clamp technique (Hamill et al., 1981) was used to
record single-channel currents of reconstituted MscL proteins in ex-

cised patches of unilamellar blisters arising spontaneously from mul-
tilamellar liposomes, as reported previously (Hase et al., 1995). The
bath and pipette recording solution had the following standard compo-
sition: 200 mst KCI, 40 mrvt MgCl 2 , 5 mM HEPES, pH 7.2 adjusted with
KOH (Sukharev et al., 1994a; Hase et al., 1995). Channel activation
was achieved by applying suction to the pipette by mouth or syringe
attached to the port used to apply pressure during seal formation. Pi-
pettes were manufactured using a Flaming/Brown micropipette puller
(P-87, Sutter Instrument, Novato, CA). All pipettes were standardized
with respect to shape and size, and had bubble numbers in 100%
ethanol of 3.5-4.0 corresponding to resistances in recording solution of
17-26 Mfl. Single-channel currents were digitized at 5 kHz using Win-
Tida (Heka Electronics, Heidelberg, Germany) or pClamp6 (Axopatch,
Axon Instruments, Foster City, CA) acquisition software, filtered at 1
kHz and analyzed off-line with commercial software (pClamp6) or
programs written in this laboratory.

Current and pressure were digitized simultaneously, with a pi-
ezoelectric transducer (differential type, ±5 psi, Omega Engineering,
Stamford, CT) providing the pressure signal. Activation pressure was
calculated as the pressure at which the first full channel opening was
observed. Conductance measurements were made from I-V plots of
single—channel amplitude and voltage, or 3.2-sec voltage ramps over
the range —60 to +60 mV. The channel conductance was determined
from the slope of the current resulting from this ramp, following cor-
rection for the leakage current.

Results

We have previously used a common method for express-
ing recombinant proteins in E. coli by generating a plas-
mid encoding a glutathione S-transferase (GST-MscL)
fusion protein (Hase et al., 1995). The N-terminus of the
recombinant wild-type MscL protein obtained upon
thrombin cleavage of the corresponding fusion protein,
contains nine additional amino acids which are not pres-
ent in the native purified wild-type 136 amino acid MscL
monomer (Sukharev et al., 1994a). In addition to the
wild-type gene, several mscL mutants were cloned into
the plasmid vector pGEX-2T (see Materials and Meth-
ods) to generate various GST-MscL fusion proteins (Fig.
1). The N-terminal deletion mutant (pGEX-NBE) re-
sulted from cloning the mscL gene into the GST-MscL
expression system using the unique NruI restriction site,
resulting in loss of the first eight amino acid residues of
the native MscL and the addition of two novel residues
following thrombin cleavage (Fig. IB). Further N-
terminal mutants were generated using other restriction
sites present in the multiple cloning region of the plasmid
vectors, resulting in either the addition of 20 novel amino
acids (pGEX-H6) or the substitution of the first eight
amino acids of the native MscL protein by nine novel
residues (pGEX-P6) (Fig. IB). The internal 28 amino
acid deletion of MscL (pGEX-AEV) was generated by
removing the internal EcoRV DNA restriction fragment
of the mscL gene. The C-terminal deletion mutants were
generated by PCR and kindly provided by P. Blount
(University of Wisconsin, Madison). Double mutants of
the mscL gene with both N-terminal and internal or C-
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Fig. 1. (A) The amino acid sequence of the mscL ORF and the corresponding Kyte-Doolittle hydropathy plot with the two predicted a-helical
transmembrane domains (M1, M2) and a-helical amphipathic regions (Si, S2—S3) are shown. The terminal ends of the protein are labeled N and
C respectively. The boxes below the plot indicate the amino acid changes in the recombinant MscL protein with empty boxes representing deleted
regions and hatched boxes showing added amino acid residues (B) The DNA nucleotide triplets and corresponding amino acids at the junction
between the GST and MscL portions of the GST-MscL fusion protein are shown for the recombinant mutants. The thrombin cleavage site is
indicated by the arrows. The mscL ATG start codon and corresponding methionine residue are shown in bold face. Note that the N-terminus of the
recombinant wild-type MscL is nine amino acids longer in comparison to the native wild-type MscL. (C) E. coli cells expressing the various purified
MscL preparations were analyzed on 15% SDS-PAGE and silver stained. For unknown reasons, purified wild-type MscL monomers migrate as
double bands on the gel, as reported previously (Sukharev et al., 1994a,b). Also, note trace amounts of "background" proteins visible in lanes 3-8,
the amount of which varied between preparations. The arrow on the right indicates the position of MscL protein bands and bars on the left indicate
the positions of molecular weight standards.
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Fig. 1. Continued.

terminal deletions were generated from the single AEV
mutant generated in our lab or the 0110 construct pro-
vided by P. Blount and the techniques used to generate
the N-terminal mutants (Materials and Methods, Fig.
IA). After expression, purification and thrombin diges-
tion of the wild-type and mutant GST-MscL fusion pro-
teins, the proteins were examined using SDS-PAGE
(Fig. 1 C). The molecular weight of the particular MscL
protein bands corresponded to that expected from their
DNA sequences. In addition, all mscL gene constructs
were confirmed by DNA sequencing analysis (Materials
and Methods).

The trace amounts of contaminating proteins visible
in the gel varied between different preparations used for
the reconstitution experiments. However, none of these
proteins interfered with the channel activity of MscL,
since the activity of the recombinant wild-type MscL
(Hase et al., 1995) is similar to that of the reconstituted
native wild-type MscL (Sukharev et al., 1994a). Fur-
thermore, the amounts of purified MscL varied between
different mutants in all of our preparations, with the ten-
dency to be reduced as the hydrophobicity of the mutant
MscL proteins increased (compare lanes I and 2 for WT
and H6 mutant with lanes 6 and 7 for A104 and NBE-
A 110 mutants, Fig. 1C).

For functional analysis the MscL proteins were re-
constituted into artificial liposomes, and their activities
examined by the standard patch-clamp technique (Hamill
et al., 1981). Application of negative pressure to the
patch resulted in activation of MS channels after a

threshold activation pressure is crossed; with relaxation
of the pressure resulting in closure of the channels (Mar-
tinac et al., 1987; Hase et al., 1995). When the patch is
held at a pressure above threshold, the MS channels gate
between the open and closed state with an open prob-
ability dependent upon the applied pressure. In general,
the steady-state activity of MS channels in E. coli can be
well described by a Boltzmann distribution (Martinac et
al., 1987). As we reported previously for the recombi-
nant wild-type MscL (Hase et al., 1995), continuous ap-
plication of pressure in many patches resulted in an in-
crease in channel activity with time, suggesting that
channels were not in an equilibrium state with the ap-
plied mechanical force. We also found this to be the case
with the mutant channels examined in the present study.
Consequently, we have not attempted fitting the channel
activation by pressure to a Boltzmann distribution.
However, as an example of the dependence of channel
activity upon the applied pressure, Fig. 2 illustrates the
gating of the recombinant MscL's of the H6 and 0110
mutants at several pressures. A further complication in
describing the pressure-dependence of the channels in
the present study occurs with the N-terminal deletion and
substitution mutants, since the pressures required for
channel activation were within the range of lytic tensions
sufficient to break the liposome patches (compare acti-
vation pressures in Table 1 with patch breakage usually
occurring at 170 ± 3 mm Hg (n = 86 patches).

Figure 3 shows recordings of channel activity char-
acteristic of the reconstituted recombinant wild-type and
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Fig. 2. Current traces of recombinant H6 and 0110 mutant channels
recorded at two different negative pressures demonstrating the preser-
vation of the pressure-dependence of the MscL channels in these mu-
tants. Negative pressures were as indicated. The results for each mutant
were obtained from the same patch. Data are 8-sec recordings obtained
at the pipette voltage of —20 mV. C and 0 indicate the closed and open
states of the channels respectively.

several mutant MscL proteins at pipette voltages of op-
posite polarity and negative pressures in the pressure
range required for threshold activation of the particular
mutant channels. Whereas the recombinant wild-type
channels exhibited steady long openings with rare excur-
sions to subconducting levels at pipette voltages of either
polarity (Fig. 3A), gating of the A110 deletion mutant
channel lacking 27 residues in the C-terminal region
(A110-136), exhibited frequent transition to subconduct-
ing levels of variable size (asterisks, Fig. 3A). Analysis
of 7 patches (at ±20 mV) containing the Al10 mutant
channel, revealed that subconducting levels <85% of the
full conductance and duration >10 msec, occurred at a
frequency of 0.58 ± 0.16 events per second as opposed to
a frequency of 0.07 ± 0.04 events per second for the
wild-type channel at the same pipette voltages (analysis
of 5 patches).

Two deletions to the C-terminal portion of the MscL
protein were examined. While the Al10 C-terminal
deletion mutant formed functional channels, the A104
mutant lacking 33 residues (A104-136) failed to exhibit
active channels (Table 2). Similarly, the AEV mu-
tant with a 28 amino acid internal deletion (A41-68) that
includes the central amphipathic S2-S3 region
(Fig. IA), also failed to exhibit channel activity (Ta-
ble 2).

The channels formed by MscL proteins of the N-
terminal mutants H6 (addition of 20 amino acids), or P6
(first eight residues substituted by nine novel amino ac-
ids resulting in a less charged N-terminus compared to
that of the wild type), did not show marked differences in
gating and conductance compared with the wild-type
channels (Fig. 3, Fig. 4, Table 1). In contrast, gating of
the N-terminal deletion mutant NBE (A1-8 plus two
novel amino acids) was characterized by frequent brief,

openings at pipette voltages of both polarities (Fig. 3B)
as we reported previously (Hase et al., 1996). Similar
changes to gating kinetics were observed with the NBE-
A110 double mutant (Fig. 3).

The conductance of the reconstituted MscL channels
was calculated from the current amplitude of the single-
channel openings and the applied pipette voltage, or from
voltage-ramp experiments (Fig. 4) (Table 1). As re-
ported previously (Hase et al., 1995), the average con-
ductance of the recombinant wild-type channel in the
voltage range —60 to +60 mV is approximately 3.2 nS
(Table 1), with a slight rectification observed at positive
pipette voltages. Interestingly, in all the MscL mutants
examined in the present study, the conductance was the
least affected feature. The full conductance of the NBE
mutant channels were comparable to that of the wild type
channel, as estimated by measurements of current in re-
sponse to voltage ramps and steps (Table 1). The MscL
of the double mutant, NBE-A 110, exhibited an increased
number of events of amplitudes smaller than the wild-
type full conductance (Fig. 3, expanded trace). Given
the very low frequency of observing active channels for
the NBE-Al 10 mutant even at protein:lipid ratios much
higher than those required for other active channel mu-
tants (Table 1), obtaining sufficient data for complete
analysis was difficult. However, there is a conductance
observed for this mutant that approximates that of the
wild-type (Fig. 3B).

In contrast to conductance, pressure sensitivity var-
ied markedly between several of the mutant channels.
Substantially larger negative pressures (=140 mm Hg)
than those sufficient to activate the recombinant wild-
type channel (=70 mm Hg), were required to observe and
sustain channel activity of the P6, NBE or NBE-Al 10
mutant channels (Table 1). Furthermore, unlike the re-
combinant wild-type MscL that could be activated in
approximately 95% of the patches, the NBE, P6 and
A110 mutant channels could only be activated in ap-
proximately 60% of all patches examined at comparable
or higher protein:lipid ratios (see Materials and Meth-
ods), while NBE-A 110 was much less active (Table 1).
Unlike the deletion or substitution mutants, the N-
terminal H6 mutant, with an additional twenty amino
acids, formed channels that were activated in approxi-
mately 90% of the patches examined and negative pres-
sures of =70 mm Hg similar to the response of the wild-
type channel (Table 1). No channel activity was ob-
served in liposome patches containing MscL proteins of
either A104, AEV, or the NBE-AEV mutant. Based on
probabilities calculated for not observing any channel
activity in a series of consecutive experiments (Table 2),
we concluded that these mutants do not form functional
channels. Presumably, the particular mutations are those
most likely to affect regions of the protein essential for
channel function or may not allow correct (normal) pro-
tein folding.
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Fig. 3. Current traces of recombinant wild-type and various mutant channels recorded in liposome patches. Data are 5-sec recordings at pipette
potentials of (A) +20 mV, and (B) —20 mV. Recordings of all mutant channels were obtained from the same patch at both pipette voltages, except
for the NBE-0110 double mutant, where each recording was from a separate patch. Negative pressures were as indicated. C and 0 designate the
closed and open states of the channels respectively. Subconducting levels are indicated by an asterisk. Note expanded view of NBE-110 recording
showing distinct channel transitions.
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Discussion

We report here the results of a systematic exploration to
determine functional motifs within the MscL protein re-

sponsible for the mechanosensitive channel gating and
kinetics. Two deletions of a large portion of the C-
terminal region of the protein were examined. Similar to
an independent study in which the C-terminal deletion
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Table 1. Summary statistics of active recombinant MscL proteins

Conductance Negative Negative Percent
activation pressure Inactive

Positive Negative pressure Range
(nS) (nS) (mm Hg) (mm Hg)

WT 3.1±0.1 (10) 3.2±0.1(10) 74±9 (8) 40-115 6%(17)
H6 3.0±0.1(6) 3.1±0.1 (8) 70±5 (13) 45-115 7% (14)
P6 3.2 ± 0.1 (11) 3.1 ± 0.1 (11) 138±6(7) 110-160 15%(20)
A110 3.0 ± 0.1 (4) 3.3 ± 0.1 (6) 70 ± 7 (13) 30-100 40% (25)
NBE 3.0 ± 0.2 (7) 3.2 ± 0.2 (8) 144 ± 4 (22) 110-180 26% (39)
NBEA110 120±5(9) 100-140 81%(80)

Data are mean ± SE from n estimates (in parentheses). Conductances were measured at either positive or negative pipette voltages. Negative
activation pressure is the pressure at which the first full channel opening is observed, and is presented as an average across patches. Negative
pressure range indicates the pressures over which channels were observed. Percent inactive is the number of patches examined at pressures greater
than the mean activation pressure (Negative activation pressure column) for which no channel activity was observed ("blank patches") presented
as a percentage of the total number of patches examined at the pressures greater than the mean activation pressure (in parentheses).

Table 2. Summary statistics of nonactive recombinant MscL proteins

Protein Number Negative Negative % Activity Prob.
of blank average pressure maximum <%

Lipid patches pressure range

(mm Hg) (mm Hg)
0104	 1:2000 16 169±6 80-220 44% 0.83
AEV	 1:200 30 160±6 130-230 22% 0.90
NBE-DEV	 1:1000; 40 178 ±4 150-250 13% 0.93

1:200

All patches examined for these mutants exhibited no pressure-dependent channel activity. Data are mean ± SE from the number of patches indicated.
Negative average pressure is the mean pressure at which these mutants were tested. Negative pressure range is the range of pressures over which
these mutants were tested. Percentage activity maximum is the maximum activity that can be expected for a particular mutant given its number of
consecutive blank patches (at a significance level of P> 0.95). Prob. <5% represent the likelihood that the channel activity for each particular mutant
was less than 5%, given the number of consecutive blank patches examined. Note that the average pressures are greater compared with the average
pressures for activation in Table 1, and furthermore, the protein to lipid ratios were higher for these mutants compared with those of wild-type or
H6 (see Material and Methods).

mutants of MscL were examined in giant spheroplasts
(Blount et al., 1996b), deletion of 27 terminal amino
acids (A110) still gave a pressure-activated functional
channel (Fig. 2), while deletion of further 6 amino acids
(A 104) abolished channel activity (Table 2). In addition,
we found the Al 10 mutant to exhibit a significantly in-
creased tendency to adopt subconducting levels. This
approximately ten times greater incidence of transitions
to such subconducting levels in the A110 mutant may
indicate instability of the open configuration of the mu-
tant channel protein, suggesting that the C-terminal re-
gion may contribute to stabilization of functional confor-
mations of the MscL channel. The A 110 and A 104 data
together suggest that the six residues (104-109, RK-
KEEP) that form a charge cluster following the supposed
M2 membrane spanning a-helix (Fig. 1B), are crucial for
channel function. The NBE-0110 double mutant data
provides further support to the view that the C-terminal

portion may be important, but not necessarily exclusive,
in stabilization of the open conducting configuration of
the channel homomultimer, since the NBE mutant alone
also showed a change in gating characteristics.

Deletion of the central amphipathic region (AEV)
also provided a nonfunctional protein. We can conclude
that this region is at the least, essential for formation of
functional MscL channels. However, it is also conceiv-
able that all the mutants with large deletions may not
form functional channels because of improper folding of
the MscL into secondary and tertiary protein structure,
and therefore may not insert correctly into the lipid bi-
layer.

Our data demonstrate that a few amino acid dele-
tions, as well as complete substitution of the amphipathic
N-terminal domain of the MscL resulted in marked al-
teration in channel activation by pressure. Large addi-
tions of ten and twenty amino acids to the N-terminus of
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the MscL (=7-15% of the length of the monomer) did not
affect channel gating and pressure sensitivity, while short
deletions or substitutions altered these parameters. This
study has provided evidence that the level of pressure
activation can be affected by deletions and changes in the
overall charge of the N-terminal region by reducing the
number of charged amino acid residues from five to two
(WT vs. P6, Fig. 1A and B, Table 1). This result suggests
that the N-terminus may represent a "mechanosensitive
structural element" required for the activation of the
channel homomultimer by pressure. Indeed, an indepen-
dent study has shown that chymotrypsin, which may re-
act with the phenylalanine associated proteolytic sites
present at the N-terminus of the MscL, had a marked
effect on the channel sensitivity in situ in giant sphero-
plasts as well as with the purified MscL protein recon-
stituted in liposomes, by increasing channel activity at a
constant pressure (A. Ghazi, personal communication).
Our results are to some extent comparable with the re-
sults of a similar study in which very small (02-4), but
not larger (02-12) N-terminal deletions were tolerated
for the MscL channel function (Blount et al., 1996b).
However, results of both studies suggest that the N-
terminus may be important in protein folding.

Deletion of amino acids in the hydrophilic C-
terminal domain did not significantly affect channel ac-
tivity, until this deletion included a charged cluster of six
additional amino acids, and thereby abolished channel
activity. Furthermore, a deletion of 28 amino acids in
the central M1 hydrophobic and S2-S3 amphipathic re-
gion extinguished channel activity. In addition to the
result that the channel remains functional after approxi-
mately 25% of its amino acid sequence is deleted in the
"minimal channel" of the NBE-0110 double mutant,
the data suggest that the N- and C-terminal portions,
which are most likely located outside the membrane bi-
layer (Sukharev et al., 1996), are not essential channel
components but probably have regulatory functions. In
summary, it appears that the N-terminal portion of the
channel is required for normal channel responsiveness to
pressure and probably plays a role in channel gating,
while regions encompassing the putative membrane
spanning a-helices Ml and M2 as well as the amphi-
pathic domain S2-S3 (Fig. IA), are essential channel
components.

The MscL is at present the only mechanosensitive
ion channel available for structure and function studies
aiming at understanding the molecular basis of mecha-
nosensation. Together with the recent work reported
from the laboratory of Kung and coworkers (Blount et
al., 1996a,b) this study helps provide some insights into
the structural domains essential for MscL channel func-
tion and pressure activation. Future experiments will fo-
cus on the interplay of these domains within the protein
monomer in providing the characteristic conductance,

gating and pressure dependence of the large mechano-
sensitive ion channel.

We thank Ms. A. Kloda, Ms. L. Walker and Mr. C. Cruickshank for
technical assistance, and Mr. A. Keleshian for statistical advice. We
also thank Dr. P. Blount, University of Wisconsin-Madison for the
generous donation of the plasmids carrying the mscL gene with C-
terminal deletions, and Dr. A. Ghazi, CNRS—University of Paris-Sud,
for helpful discussions and sharing information on his unpublished
work. This work was supported by a grant from the Australian Re-
search Council (A19332733) and a grant from the Raine Medical Re-
search Foundation. A.C.L. is supported by a Healy Postdoctoral Fel-
lowship.

References

Berner, C., Coulombe, A., Szabo, I., Zoratti, M., Ghazi, A. 1992.
Gadolinium ion inhibits loss of metabolites induced by osmotic
downshock, and large stretch-activated channels, in bacteria. Eur. J.
Biochem. 260:559-565

Blount, P., Sukharev, S.I., Moe, P.C., Schroeder, M.J., Guy, H.R.,
Kung, C. 1996a. Membrane topology and multimeric structure of a
mechanosensitive channel protein of Escherichia coli. EMBO J. (in
press)

Blount, P., Sukharev, S.I., Schroeder, M.J., Nagle, S.K., Kung, C.
1996b. Single residue substitutions that change the gating proper-
ties of a mechanosensitive channel in Escherichia coli. Proc. Natl.
Acad. Sci. USA 15:4798-4805

Brehm, P., Kullberg, K., Moody-Corbett, F. 1984. Properties of non-
junctional acetylcholine receptor channels on innervated muscle of
Xenopus laevis. J. Physiol. 350:631-648

Delcour, A.H., Martinac, B., Adler, J., Kung, C. 1989. Modified re-
constitution method used in patch-clamp studies of Escherichia coli
ion channels. Biophys. J. 56:631-636

Erxleben, C. 1989. Stretch-activated current through single ion chan-
nels in the abdominal stretch receptor organ of the crayfish. J. Gen.
Physiol. 94:1071-1083

Fleischmann, R.D., Adams, M.D., White, 0., Clayton, R.A., Kirkness,
E.F., Kerlavage, A.R., Bult, C.J., Tomb, J.-F., Dougherty, B.A.,
Merrick, J.M., McKenney, K., Sutton, G., FitzHugh, W., Fields, C.,
Gocayne, J.D., Scott, J., Shirley, R., Liu, L.-I., Glodek, A., Kelley,
J.M., Weidman, J.F., Phillips, C.A., Spriggs, T., Hedblom, E., Cot-
ton, M.D., Utterback, T.R., Hanna, M.C., Nguyen, D.T., Saudek,
D.M., Brandon, R.C., Fine, L.D., Fritchman, J.L., Fuhrman, J.L.,
Geoghagen, N.S.M., Gnehm, C.L., McDonald, L.A., Small, K.V.,
Fraser, C.M., Smith, H.O., Venter, J.C. 1995. Whole-genome ran-
dom sequencing and assembly of Haemophilus influenzae RD. Sci-
ence 269:496-512

Franco-Obregon, A. Jr., Lansman, J.B. 1994. Mechanosensitive ion
channels in skeletal muscle from normal and dystrophic mice. J.
Physiol. 481:299-309

Guharay, F., Sachs, F. 1984. Stretch-activated single ion channel cur-
rents in tissue-cultured chick skeletal muscle. J. Physiol. 352:685-
701

Hase, C.C., Le Dain, A.C., Martinac, B. 1995. Purification and func-
tional reconstitution of the recombinant large mechanosensitive ion
channel (MscL) of Escherichia coli. J. Biol. Chem. 270:18329-
18334

Hase, C.C., Le Dain, A.C., Martinac, B. 1996. An N-terminal recom-
binant mutant of the large mechanosensitive ion channel (MscL) of
Escherichia coli with an altered conductance. Biophys. J. 70:A346

Hamill, O.P., Marty, A., Neher, E., Sakmann, B., Sigworth, F.J. 1981.



C. Hase et al.: N- and C-terminal Mutation of the MscL of E. coli
	

25

Improved patch-clamp techniques for high-resolution current re-
cording from cells and cell-free membrane patches. Pfluegers Arch.
391:85-100

Hamill, O.P., McBride, D.W. 1994. The cloning of a mechano-gated
membrane ion channel. Trends Neurosci. 17:439-443

Lewis, R.S., Ross, P.E., Cahalan, M.D. 1993. Chloride channels acti-
vated by osmotic stress in T-lymphocytes. J. Gen. Physiol.
101:801-824

Martinac, B. 1993. Mechanosensitive ion channels: biophysics and
physiology. In CRC Thermodynamics of Membrane Receptors and
Channels M.B. Jackson, editor. pp. 327-352, CRC Press, Boca
Raton, FL

Martinac, B., Buechner, M., Delcour, A.H., Adler, J., Kung, C. 1987.
Pressure sensitive ion channel in Escherichia coli. Proc. Natl.
Acad. Sci. USA 84:2297-2301

Matsushita, 0., Jung, C.M., Okabe, A. 1995. Identification of the gene
encoding a mechanosensitive channel MscL homologue in Clos-
tridium perfrigens. Gene 165:147-148

Medina, I.R., Bregestovski, P.D. 1988. Stretch-activated ion channels
modulate the resting membrane potential during early embryogen-
esis. Proc. R. Soc. Land. (B) 235:95-102

Morris, C.E. 1990. Mechanosensitive ion channels. J. Membrane Biol.
113:93-107

Naruse, K., Sokabe, M. 1993. Involvement of stretch-activated (SA)
ion channels in cardiovascular responses to mechanical stimuli.
Japanese J. Clin. Med. 51:1891-1898

Oliet, S.H.R., Bourque, C.W. 1993. Mechanosensitive channels trans-
duce osmosensitivity in supraoptic neurons. Nature 364:341-343

Parra-Lopez, C., Lin, R., Aspedon, A., Groisman, E.A. 1994. A Sal-

monella protein that is required for resistance to antimicrobial pep-
tides and transport of potassium. EMBO J. 13:3964-3972

Sachs, F. 1988. Mechanical transduction in biological systems. CRC
Crit. Rev. Biomed. Eng. 16:141-169

Sackin, H. 1995. Mechanosensitive channels. Annu. Rev. Physiol.
57:333-353

Sukharev, S.I., Martinac, B., Arshaysky, V.Y., Kung, C. 1993. Two
types of mechanosensitive channels in the Escherichia coli cell
envelope: solubilization and functional reconstitution. Biophys. J.
65:177-183

Sukharev, S.I., Blount, P., Martinac, B., Blattner, F.R., Kung, C. 1994a.
A large conductance mechanosensitive channel in E. coli encoded
by mscL alone. Nature 368:265-268

Sukharev, S.I., Martinac, B., Blount, P., Kung, C. 1994b. Functional
reconstitution as an assay for biochemical isolation of channel pro-
tein. Application to the molecular identification of a bacterial
mechanosensitive channel. Methods: Comp. Methods Enzymol.
6:51-59

Sukharev, S.I., Blount, P., Martinac, B., Guy, H.B., Kung, C. 1996.
MscL: a mechanosensitive channel in Escherichia coli. In: Organ-
ellar Ion Channels and Transporters. Soc. Gen, Physiol. Series, Vol.
51, D.E. Clapham and B. Ehrlich editors. pp. 133-141 Rockefeller
University Press, New York

Sukharev, S.I., Blount, P., Martinac, B., Kung, C. 1997. Mechanosen-
sitive channels of Escherichia coli: the mscL gene, protein and
activities. Ann. Rev. Physiol. 59:(in press)

Zhou, X.-L., Stumpf, M.A., Hoch, H.C., Kung, C. 1991. A mechano-
sensitive channel in whole cells and membrane patches of the fun-
gus Uromyces. Science 253:1415-1417


