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We report the molecular cloning and characterization
of MscMJLR, a second type of mechanosensitive
(MS) channel found in the archaeon Methanococcus
jannaschii. MscMJLR is structurally very similar to
MscMJ, the MS channel of M.jannaschii that was
identi®ed and cloned ®rst by using the TM1 domain of
Escherichia coli MscL as a genetic probe. Although it
shares 44% amino acid sequence identity and similar
cation selectivity with MscMJ, MscMJLR exhibits
other major functional differences. The conductance
of MscMJLR of ~2 nS is approximately 7-fold larger
than the conductance of MscMJ and recti®es with
voltage. The channel requires ~18 kT for activation,
which is three times the amount of energy required to
activate MscMJ, but is comparable to the activation
energy of Eco-MscL. Our study indicates that a
multiplicity of conductance-wise and energetically
well-tuned MS channels in microbial cell membranes
may provide for cell survival by the sequential
opening of the channels upon challenge with different
osmotic cues.
Keywords: Archaea/MS channels/MscL/MscMJ/
patch±clamp

Introduction

Mechanosensitive (MS) channels have been discovered in
organisms of different phylogenetic origin including
bacteria, fungi, plants and mammalian cells (Sachs,
1988; Morris, 1990; Martinac, 1993; Sackin, 1995;
Sachs and Morris 1998). MS channels are thought to
form the molecular basis of mechanosensory transduction
events underlying touch, hearing, balance and osmosens-
ation in higher organisms, as well as osmoregulation in
bacteria (GarcõÂa-AnÄovernos and Corey, 1997; Sachs and
Morris, 1998). Since they are present in species belonging
to all three domains of the phylogenetic tree (Woese, 1994;
Pace, 1997), MS channels probably evolved along with the
®rst life forms on Earth (Martinac, 1999).

Three types of MS channel were identi®ed in
Escherichia coli, and based on their conductance were
named MscM (M for mini), MscS (S for small) and MscL
(L for large) (Berrier et al., 1996). All three types of
channel were found to respond to membrane tension
originating within the lipid bilayer consistent with the
bilayer model of MS channel gating by mechanical force
(Martinac et al., 1990; Hamill and McBride, 1997).

Identi®cation and cloning of the 17 kDa MscL protein
(Sukharev et al., 1994) was instrumental in advancing our
understanding of the molecular principles underlying the
MS class of ion channels. Functional MscL homologues
have been identi®ed to date in many Gram-positive and
Gram-negative bacteria (Moe et al., 1998). Furthermore,
cloning of two other genes of E.coli, yggB and kefA, which
encode the membrane proteins associated with the MscS
activity (Levina et al., 1999), enabled testing of the
physiological role of MS channels in bacterial osmoregul-
ation. Based on the sequence similarity, many micro-
organisms were found to harbour multiple homologues of
YggB or KefA (Levina et al., 1999; Kloda and Martinac,
2001a). Presumably, the multiplicity of MS channels
enables microbial cells to `®ne-tune' their cellular
responses to challenges originating from different osmotic
cues in their living environments.

Until recently nothing was known of MS channels in
Archaea, the third domain of the phylogenetic tree
(Woese, 1994; Pace, 1997), which includes prokaryotic
inhabitants of hot springs, highly alkaline or acid waters,
waters of high salinity, as well as high-pressure environ-
ments found on the sea bottom (Barinaga, 1994; Brock
et al., 1994). To date, MS channels have been identi®ed in
halophilic Haloferax volcanii, acidophilic Thermoplasma
acidophilum, and barophilic and methanogenic Methano-
coccus jannaschii (Le Dain et al., 1998; Kloda and
Martinac, 2001a,b,c). A recent study reported the mol-
ecular cloning of MscMJ, the ®rst MS channel of
M.jannaschii, which was identi®ed by using the TM1
domain of Eco-MscL as a genetic probe. The study further
revealed that prokaryotic (i.e. bacterial and archaeal)
MS channels belonged to a channel family originating
from a common ancestral MscL-like protein (Kloda and
Martinac, 2001a).

In this study we report that the MscMJLR protein,
which shares 44% sequence identity with MscMJ, forms a
distinct type of MS channel present in the M.jannaschii
cell envelope.

Results

Structural similarities and differences between
MscMJLR and MscMJ
A pairwise alignment of the amino acid sequence of
MJ1143 and its homologue MscMJ (Kloda and Martinac,
2001a) revealed a high degree of sequence conservation
(Figure 1). The global sequence alignment identi®ed
44.2% identity between the two protein sequences. The
C-termini of both homologues were found to contain an
identical cluster of charged residues KIKEE, which shares
a great similarity to charged clusters also found within the
C-termini of two bacterial MS channels: MscL (RKKEE)
and MscS (RIKRE), as well as the mammalian mechano-
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gated potassium channel TREK-1 (KKTKEE) (Blount
et al., 1996; HaÈse et al., 1997; Patel et al., 1998; Kloda and
Martinac, 2001a).

The MJ1143 protein has a predicted molecular weight
of 40 kDa and isoelectric point (pI) value (the pH at which
a protein has a net zero charge) of 8.8. Its size is very
similar to the molecular weight of ~37 kDa of the MscMJ
protein (Kloda and Martinac, 2001a) as well as for MscA1,
the MS channel of H.volcanii (Le Dain et al., 1998).
Hydropathy plot analysis showed that the pro®le of
MscMJLR was nearly identical to the pro®le of MscMJ,
such that both plots could be superimposed with a high
level of accuracy (Figure 2A). Similar to MscMJ, three
main hydrophobic regions revealed by the hydropathy plot
were found to contain sequences with a high probability of
adopting helical secondary structures as predicted by
PSIPRED (see Materials and methods). Two shorter
helical regions were identi®ed within the hydrophilic
C-termini of both proteins, with one of the helices
harbouring the highly conserved cluster of charged
residues.

Helical wheel analysis showed that the ®rst hydrophobic
region of MscMJLR, assigned as a putative transmem-
brane TM1 domain, is amphipathic in character and thus
may line the channel pore. Although its amphipathic
character is similar to the TM1 domain of MscMJ, the
TM1 domain of MscMJLR differs in the number of
charged groups on the hydrophilic side of the helix
(Figure 2B and C). In MscMJ, this side of the amphipathic
helix contains two negatively charged aspartic acid
residues separated by ®ve positively charged residues
(four lysines and one arginine). In contrast, the corres-
ponding region of the MscMJLR helix harbours only four

charged residues. Negatively charged glutamic acid and
aspartic acid together with a positively charged lysine
form a charged cluster separated by several hydrophobic
residues from the fourth charged residue, a positively
charged arginine (Figure 2B). Thus, the more hydrophobic
TM1 domain of MscMJLR resembles more the TM1 helix
of MscL (Chang et al., 1998) than the TM1 helix of
MscMJ.

According to the hydropathy plot the second and the
third helical hydrophobic domains of MscMJLR and
MscMJ are represented by two hydrophobic peaks each
(Figure 2A). Consequently, both MscMJLR and MscMJ
possibly contain ®ve hydrophobic membrane-spanning
segments instead of three. Indeed, the transmembrane
region detection program TMHMM (see Materials and
methods) predicted ®ve TM helices for both proteins
(Figure 3A and B). To further compare the secondary
structure of MscMJLR and MscMJ we examined both
sequences for coiled-coil regions (COILS, see Materials
and methods) (Figure 3C). Unlike the sequence of MscMJ,
which did not show coiled-coil regions, the sequence of
MscMJLR revealed two regions with a high probability of
adopting coiled-coil conformation. The ®rst coiled-coil
region (approximately residues 130±150) corresponds to
the proximal part of the third helical region (Figure 2A).
This segment bridges the TM3 and TM4 hypothetical
membrane spanning domains and includes a proximal part
of TM4 (Figure 3A). Interestingly, a similar coiled-coil
region was also identi®ed within the sequence of Eco-
MscL (approximately residues 93±110) (Figure 3D),
which corresponds to an interface between a distal part
of TM2 and proximal part of C-helix. The second coiled-
coil region of MscMJLR can be mapped to the distal part

Fig. 1. Sequence alignment of MscMJLR and MscMJ. The alignment revealed 44% sequence identity. Identical residues are marked with asterisks.
The highly conserved C-terminal cluster of charged residues is boxed.
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of the hydrophilic C-terminal helix (approximately resi-
dues 270±290) (Figures 2A and 3C). A similar high
probability coiled-coil region was identi®ed within the
sequence of MscL (approximately residues 115±135)
(Figure 3D) that also corresponds to the distal part of the
C-helix.

MS channel activity of MJ1143 reconstituted into
azolectin liposomes
To determine whether mj1143 encodes an MS channel, the
entire open reading frame was cloned into an expression
vector and expressed in E.coli as a His6-tagged recombin-
ant protein followed by single step puri®cation on a
Ni-NTA column. SDS±PAGE analysis (Figure 4A, left)
showed that the recombinant protein ran as an ~40 kDa
band, which corresponds to its predicted size.

Upon reconstitution into azolectin liposomes and
application of negative pressure to the patch pipette, the
puri®ed recombinant protein behaved as an MS channel

with large conductance, which recti®ed with voltage
(Figure 4A, right, and B and C). No channel activity was
recorded in control experiments in which E.coli cells were
transformed with an empty plasmid. By analogy with
MscMJ (Kloda and Martinac, 2001a), we renamed
MJ1143 as MscMJLR for a mechanosensitive channel of
M.jannaschii of large conductance and rectifying.

MscMJLR is characterized by long openings (Figure 4A,
right, and C), similar to MscA2, the MS channel of
H.volcanii (Le Dain et al., 1998) and MscMJ, the MS
channel of M.jannaschii (Kloda and Martinac, 2001a).
Generally, the negative pressure required to activate
MscMJLR was between 25 and 100 mmHg. MscMJLR
was similar to MscMJ in that it was blocked by 0.1 mM
gadolinium, but unlike MscMJ, the MscMJLR channel
was not affected by amphipaths (data not shown).

The conductance of MscMJLR estimated from the
current±voltage plot (Figure 4B) was ~2 nS, signi®cantly
larger than the 270 pS of MscMJ. In contrast to MscMJ

Fig. 2. Structural similarities and differences of the two MS channels of M.jannaschii. (A) Hydropathy pro®le of MscMJLR (black line) and MscMJ
(red line) and predicted helical regions (black bars). Positive numbers indicate relative hydrophobicity of the protein pro®le. (B and C) Helical wheel
representation of the putative TM1 domains of MscMJLR and MscMJ, respectively. Charged residues are boxed and the start of each helix is marked
with an asterisk. Arrows indicate positions at which hydrophobic residues within the TM1 helix of MscMJLR are replaced with hydrophilic (charged)
residues in the MscMJ TM1 helix.
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(Kloda and Martinac, 2001a), MscMJLR exhibited
recti®cation in the symmetric recording solution
(Figures 4B and 5A and ®gure legends). For example, at
±40 mV the channel conductance was 1.70 6 0.03 nS
(mean 6 SE, n = 7) and at +40 mV it was 2.20 6 0.05 nS
(mean 6 SE, n = 6). Unlike MscMJ, which is essentially
non-rectifying in a symmetric buffer containing 200 mM
KCl (Kloda and Martinac, 2001a), MscMJLR showed
outward recti®cation (in reference to the pipette interior) at
positive pipette potentials under identical conditions. The
difference in the recti®cation pattern appeared to be more
signi®cant upon exchange of the bath solution to 600 mM
KCl. Under these conditions MscMJ showed inward
recti®cation at negative pipette potentials whereas
MscMJLR continued to show outward recti®cation
(Figure 5A and B). A similar pattern in rectifying
behaviour was also reported for the two MS channels of
H.volcanii, MscA1 and MscA2 (Le Dain et al., 1998).

Furthermore, unlike MscMJ (Kloda and Martinac,
2001a), the MscMJLR open channel kinetics did not
appear to be signi®cantly affected over the voltage range
of 670 mV (Figure 4C).

Estimating the size of the MscMJLR conducting
pore
Assuming a channel with a cylindrical pore of uniform
diameter, we calculated the diameter of the MscMJLR
pore based on a channel conductance of 2 nS using the
formula derived by Hille (1968):
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where the resistivity of the recording solution r was
measured as 49.7 Wcm and the bilayer thickness (l) was
assumed to be 35 AÊ (Cruickshank et al., 1997). The
channel pore, estimated to be ~27 AÊ , is ~3-fold that
estimated for MscMJ (i.e. 9 AÊ ) (Kloda and Martinac,
2001a). The difference in the conductance and the pore
size of MscMJLR and MscMJ parallels their 3-fold
difference in free energy of activation (DG0) (see below).

Ionic selectivity
The selectivity of MscMJLR for potassium over chloride
ions (Figure 5A and B) was measured by determining the
shift in reversal potential when exchanging 200 mM KCl
in the bath solution with 600 mM KCl. The reversal
potential Erev of MscMJLR shifted by 17.6 6 1.2 mV
(mean 6 SE, n = 4) towards the equilibrium potential for
potassium. A similar shift of Erev » 18 mV was reported
for MscMJ (Kloda and Martinac, 2001a). Thus, the
permeability ratio of MscMJLR for potassium versus
chloride PK/PCl » 5, similar to the permeability ratio of
MscMJ (PK/PCl » 6) (Kloda and Martinac, 2001a).

Mechanosensitive properties of MscMJLR
The MscMJLR channel open probability plotted against
negative pipette pressure could be ®tted to a Boltzmann
distribution function (Figure 5C). The estimated sensitivity
of MscMJLR to pressure 1/a was 1.7 6 0.2 mmHg per

e-fold change in the channel open probability (i.e. Po /Pc)
(mean 6 SE, n = 5). The pressure at which the channel
open probability Po = 0.5 was calculated to be p1/2 =
29.2 6 2.0 mmHg (mean 6 SE, n = 5). Differences in
both Boltzmann parameters p1/2 and a re¯ect in the free
energy DG0 necessary for the channel activation, since
the product GMSC = ap1/2 = DG0/kT (see Materials and
methods). We compared the Boltzmann parameters of
MscMJLR and its homologue MscMJ with other known
prokaryotic MS channels (Table I). As summarized in
Table I, DG0 » 18 kT was required for the MscMJLR
activation, which is ~3-fold greater than DG0 » 5 kT
estimated for MscMJ (Kloda and Martinac, 2001a).
However, it is very similar to DG0 » 14±19 kT and 15 kT,
which can be calculated for MscL of E.coli and MscA1 of
H.volcanii, respectively (HaÈse et al., 1995; Gu et al.,
1998; Le Dain et al., 1998). Similarly, the sensitivity
to pressure of MscMJLR of 1/a = 1.7, although similar to
MscA2 of H.volcanii of 1/a = 1.5, was found to be
very different from the MscMJ sensitivity to pressure of
1/a = 11 mmHg.

Discussion

We have identi®ed and cloned the mscMJLR gene
encoding a second type of MS protein of the archaeon
M.jannaschii. MscMJLR belongs to a new family of

Fig. 3. (A and B) Number of transmembrane regions predicted for
MscMJLR and MscMJ, respectively, obtained by the TMHMM
detection program (see Materials and methods). Five TM helices were
predicted for both proteins. (C) Prediction of the coiled-coil regions for
MscMJLR and MscMJ. Two regions with a high probability of
adopting coiled-coil conformation were identi®ed in MscMJLR,
whereas there was no such conformation in the corresponding sequence
of MscMJ. (D) Prediction of the coiled-coil regions for Eco-MscL
revealed two regions with coiled-coil conformation similar to
MscMJLR.
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prokaryotic MS channels that may have originated from a
common MscL-like ancestor via gene duplication and
diversi®cation (Kloda and Martinac, 2001a). Interestingly,
despite their high level of sequence identity, MscMJLR
was found to be functionally different from MscMJ.
Although both MS channels are cation selective with
permeability ratios of PK/PCl » 5 and 6 for MscMJLR and
MscMJ, respectively, the MscMJLR channel has con-
ductance of ~2.0 nS, which is ~7-fold greater than MscMJ.
A difference in conductance may re¯ect a difference in the
pore size, assuming both channels are cylinders of uniform
diameter (Hille, 1968). The larger pore diameter the larger
the change in the area, DA, between open and closed
channel conformation. Since the sensitivity to pressure, 1/a,
is inversely proportional to DA (see Materials and
methods), it follows that the larger the DA, the higher
channel sensitivity to membrane tension (Hamill and
Martinac, 2001). Indeed a 6-fold difference in 1/a between
MscMJ and MscMJLR seems to correspond well to a

7-fold difference in the channel conductance, despite the
limitations of Hille's model (Hille, 1968) (Table I).

The free energy of activation required for the activation
of MscMJLR (GMSC » 18 kT) was found to be similar to
the energy necessary to activate Eco-MscL (14±19 kT), but
different to the energy required for activation of its
homologue MscMJ (5 kT) (Table I). The difference
between GMSC of MscMJ and MscMJLR may originate
from the number of charged groups and overall hydro-
phobicity within the critical region of the putative TM1
transmembrane domains lining the pore and forming the
gate of the two MS channels. The TM1 helix of MscMJLR
is quite different from the TM1 helix of MscMJ, which is
highly amphipathic and contains many charged residues
on one side of the helix (Figure 2B and C). If by analogy
with MscL, whose ®rst membrane-spanning domain TM1
is considered to be the helix important for the opening of
the channel pore by membrane tension (Yoshimura et al.,
1999; Ajouz et al., 2000; Hamill and Martinac, 2001), we

Fig. 4. Activity of the recombinant MscMJLR. (A, left) SDS±PAGE of the Ni-NTA puri®ed His6 MscMJLR protein expressed in E.coli. Lane 1, total
E.coli proteins before induction with IPTG; lane 2, total E.coli proteins after induction with IPTG; lane 3, puri®ed and concentrated MscMJLR
protein. (A, right) A current trace and the corresponding pressure trace of the liposome reconstituted MscMJLR activated by suction applied to the
patch pipette at a pipette potential of +30 mV. C, closed state of channel; O1, open state of channel. (B, left) Current±voltage relationship for
MscMJLR in a symmetric recording buffer, containing 200 mM KCl, 40 mM MgCl2 and 5 mM HEPES pH 7.2, recti®es with voltage. The I±V plot
was ®tted by a second order polynomial function. Each data point is presented as a mean 6 SE (n > 5). Except for the data point obtained at +70 mV
error bars are smaller than the ®lled circles. (C) Current traces of MscMJ showing difference in the size of the single-channel current recorded at +50
and ±50 mV pipette potential. The negative pressure applied to the patch pipette was 55 and 35 mmHg, respectively. C, closed state of channel;
O1, open state of channel.
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Table I. Summary of the Boltzmann characteristics and conductance for the known prokaryotic MS channels

MS channel p1/2 (mmHg) 1/a (mmHg) DG0 (kT) Conductance (nS) Reference

MscL 75 4.4±5 14±19 3.3±3.8 HaÈse et al. (1995);
Sukharev et al. (1999);
Kloda and Martinac (2001b,c)

MscS 36 5 7 0.97 (+ve) Martinac et al. (1987);
0.65 (±ve) B.Martinac (unpublished)

Kloda and Martinac (2001c)
MscA1 34 2.3 15 0.38 (+ve) Le Dain et al. (1998)

0.68 (±ve)
MscA2 43 1.5 29 0.85 (+ve) Le Dain et al. (1998)

0.49 (±ve)
MscMJ 57 11 5 0.27 Kloda and Martinac (2001a)
MscMJLR 29.2 1.7 18 2.2 (+ve) this study

1.7 (±ve)
MscTA 78 2.4 35 2.8 Kloda and Martinac (2001b,c)

The values of the parameters shown were compiled from original research papers and from this study.

Fig. 5. Comparison of conductive and MS properties of the two MS channels of M.jannaschii. Current±voltage relationship for (A) MscMJLR and
(B) MscMJ obtained in a symmetric recording solution of 200 mM KCl, 5 mM MgCl2, 5 mM HEPES pH 7.2 (closed symbols) and after replacing the
bath solution with a 3-fold gradient of 600 mM KCl, 5 mM MgCl2 and 5 mM HEPES pH 7.2 (open symbols). The reversal potential was obtained for
the same patch by ®tting a second order polynomial curve to the current±voltage plots. The calculated reversal potentials for potassium EK (+28 mV)
and chloride ECl (±27 mV) are marked by arrows. The open probability of (C) MscMJLR (n = 5) and (D) MscMJ (n = 4) plotted versus negative
pressure applied to the patch pipette was ®tted to the Boltzmann distribution function of the form NPo = NPo

max [1 + exp a(p1/2 ± p)], where NPo and
NPo

max are the open probability and the maximum open probability, respectively, N is the number of channels in a liposome patch, a is the sensitivity
to pressure corresponding to the slope of the linear ®t of the function ln [NPo/(NPo

max ± NPo)], p is the negative pressure applied to the patch pipette
and p1/2 is the negative pressure at which Po = 0.5. For a summary of the Boltzmann characteristics of MscMJLR and MscMJ compared with other
prokaryotic MS channels see Table I. (B) and (D) were adapted from Kloda and Martinac (2001a).
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assume that the TM1 helix also lines the MscMJLR pore
and participates in the channel opening, it is tempting to
speculate that its more hydrophobic character may be the
reason for the observed 3-fold difference in energy of
activation, compared with that of its homologue MscMJ
(Table I). This notion seems to be supported by the fact
that single substitutions of residues located on the same
side of the TM1 domain of MscL (G22, V21, V23, G26,
G30) resulted in major changes in the MscL sensitivity to
membrane tension (Ou et al., 1998; Yoshimura et al.,
1999). Most mutants with hydrophilic substitutions dis-
played a slow or no growth phenotype caused by solute
loss and gated at membrane tension that was lower
compared with wild-type MscL. According to the three-
dimensional (3D) MscL crystal structure, these critical
residues can be mapped to the channel gate (Chang et al.,
1998; Spencer et al., 1999). Indeed, hydrophobic inter-
actions have been suggested to play an important role in
generating a gating force in MscL (Yoshimura et al., 1999;
Hamill and Martinac, 2001; Sukharev et al., 2001).
Therefore, the more hydrophobic character of the TM1
helix of MscMJLR and MscL may account for the
similarity in the free energy of activation, DG0, calculated
for these two MS channels. By analogy, the 3-fold lower
DG0 calculated for MscMJ should correspond to the more
hydrophilic character of its TM1 domain. This ®nding
suggests that the TM1 helix of bacterial as well as archaeal
MS channels is a critical domain for the gating of this
family of MS channels.

The similarity in energy requirements between
MscMJLR and MscL may also re¯ect other structural
similarities between the two proteins. Secondary structure
analysis revealed two high probability coiled-coil regions
within the sequence of MscMJLR as well as of MscL but
none within the sequence of MscMJ (Figure 3C and D).
The ®rst coiled-coil region in both MscMJLR and MscL
seems to be restricted to the transmembrane domains, the
hypothetical TM4 in the case of MscMJLR and the TM2
domain of MscL. The second coiled-coil region is
embedded within the hydrophilic C-terminus in both
proteins. C-termini have been proposed to stabilize the
closed con®guration of the MscL channel (Batiza et al.,
1999; Hamill and Martinac, 2001). In fact, many MS
channels and their homologues, including prokaryotic
MscL, YggB, MscMJ and MscMJLR (Moe et al., 1998;
Levina et al., 1999; Kloda and Martinac, 2001a) and
mammalian MS channel TREK-1 (Patel et al., 1998),
possess a cluster of charged residues in their C-terminal
domain. The deletion of the charged cluster from the MscL
sequence was found to abolish the channel activity (Blount
et al., 1996; HaÈse et al., 1997). Preservation of the charged
structural motif in MS ion channels from all three domains
of life possibly implies its as yet unknown functional
importance.

Coiled-coil domains are structural elements found in
membrane proteins, such as glycophorin (Lodish et al.,
1995) and the light driven proton pump, bacteriorhodopsin
(Henderson and Unwin, 1975). Several classes of ion
channels, such as the a5 segment of Bacillus thuringiensis
d-endotoxin (Gazit et al., 1994), nicotinic acetylcholine
receptor family (Kerr et al., 1994) and in¯uenza A virus
M2 channel (Sansom et al., 1997), have been modelled as
coiled coils by molecular dynamic simulation studies.

Furthermore, according to crystallographic studies, coiled
coils were proposed to be necessary for the formation of
the pentameric structure of a cartilage oligomeric protein
(COMP), a putative ion channel (Malashkevich et al.,
1996). Similarly, coiled-coil regions identi®ed in MscL
and MscMJLR may contribute to the oligomerization of
these channels. The 3D crystal structure of MscL revealed
a pentameric channel. Although the C-terminal cytoplas-
mic helices are not shown as coiled coils, they appear to be
in close contact (Chang et al., 1998) in agreement with the
idea that the C-termini may stabilize the oligomeric
structure of the channel (Oakley et al., 1999; Hamill and
Martinac, 2001). Given the very low pH (3.6±3.8) of the
MscL crystallization conditions, the glutamic acid residue
E104 (pKa = 4.25), located within the C-terminus, had to
be protonated to stabilize the pentameric structure of
MscL. Consequently, at physiological pH the glutamate
residues become negatively charged by losing protons,
making the structure of MscL less stable. Thus, a
compensation mechanism, such as the presence of coiled
coils, may serve as a stabilizing factor in favour of
oligomerization of both MscL and MscMJLR.

The comparative approach presented in this study
indicates that the two homologous types of archaeal MS
channels, in spite of their 44% amino acid sequence
identity and similar cation selectivity, show signi®cant
differences in conductance and free energy of activation
(Table I). Similarly to E.coli MscL, MscS and MscM
(Berrier et al., 1996) or H.volcanii MscA1 and MscA2
(Le Dain et al., 1998), MscMJ and MscMJLR of
M.jannaschii may also present a set of energetically and
conductance-wise well-tuned MS channels functioning as
`safety-valves' in osmotically challenged prokaryotic
cells.

Materials and methods

Chemicals
Bacto-tryptone and yeast extract were from Oxoid (Hampshire, UK). The
following reagents were purchased from Sigma (St Louis, MO):
octylglucoside, HEPES, SDS, phosphatidylcholine, isopropyl-1-thio-
b-D-galactopyranoside (IPTG), ampicillin and imidazole. Chlor-
amphenicol and kanamycin were purchased from Boehringer
Mannheim (Germany) and Calbiochem-Novachem (La Jolla, CA),
respectively. All other chemicals were analytical grade.

Bacterial strains and culture conditions
Escherichia coli cells harbouring the AMJ FE41 clone encoding the
MJ1143 protein were obtained from ATCC (Rockville, MD). Escherichia
coli strain M15 (pREP4::kan) (Qiagen) was used as a host for
recombinant plasmid harbouring the MJ1143 gene. Escherichia coli
strain MJF465 (DmscL::Cm, DyggB, DkefA::kan) or MJF431 [DkefA::kan,
DyggB, DyjeP (Levina et al., 1999)] was used for protein expression and
electrophysiology. Strains were grown at 37°C in Luria-Bertani broth
(LB) containing (10 g/l bacto-tryptone, 5 g/l yeast extract, 5 g/l NaCl)
supplemented with 100 mg/ml ampicillin, 20 mg/ml chloramphenicol or
25 mg/ml kanamycin, according to the selection requirements. The gene
expression was induced with IPTG once the cell culture had reached
mid-log phase (OD600 » 0.6).

Cloning, protein puri®cation and liposome reconstitution
The entire open reading frame of mj1143 was ampli®ed by PCR using the
AMJ FE41 clone as a template and cloned into the pQE-30 expression
vector (Qiagen) as a BamHI±SmaI fragment in-frame with His6 using
standard cloning procedures (Sambrook et al., 1989). The MJ1143
recombinant protein was puri®ed as previously described (Sukharev et al.,
1999; Kloda and Martinac, 2001a,b). The MJ1143 protein was
reconstituted into liposomes according to the methods described
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previously for MS channels in E.coli, H.volcanii and M.jannaschii
(Delcour et al., 1989; Sukharev et al., 1993; HaÈse et al., 1995; Le Dain
et al., 1998; Kloda and Martinac, 2001a).

Electrophysiological recording
Single channel currents were ®ltered at 2 kHz, digitized at 5 kHz and
analysed using pCLAMP6 data acquisition and analysis software (Axon
Instruments, Foster City, CA). Current recordings were viewed with the
Axoscope for Windows program (Axon Instruments). Current amplitudes
were determined by measuring the difference between the cursor aligned
at peak and baseline currents. Channel conductance was estimated from
the current voltage plots. Suction applied to the patch±clamp pipette was
measured with the piezoelectric pressure transducer (Omega Engineering,
Stamford, CT).

Estimate of the free energy of activation of the MJ1143
channel
To estimate the free energy of activation of the MJ1143 channel protein,
we used the same method that was previously described for MscMJ
(Kloda and Martinac, 2001a). Brie¯y, it can be shown that by using a two-
state Boltzmann model of gating an MS channel by mechanical force,
with the change of area tDA being the dominant energy term (Sukharev
et al., 1999), the free energy DG is a linear function of membrane tension,
t, i.e. DG = tDA ± DG0, where DG0 is the difference in free energy between
the closed and open conformations of the channel in the absence of the
externally applied membrane tension, DA is the difference in membrane
area occupied by an open and closed channel at a given membrane
tension, and tDA is the work required for an MS channel to gate at the
open probability of 0 < Po < 1. Since the expression for the Boltzmann
function describing the open probability of a single MS channel is
given by:

Po /(1 ± Po) = exp [a (p ± p1/2)] = exp [(tDA ± DG0)/kT],

where a is the channel sensitivity to pressure and p1/2 is the pressure at
which Po = 0.5, it follows, by using Laplace's law

t ± t1/2 = (p ± p1/2) (r/2),

where r is the radius of curvature of the membrane patch under external
negative pressure p applied to the patch pipette, that the free energy
difference DG = 0 (i.e. p = p1/2 and t = t1/2) when the channel open
probability Po = 0.5. Consequently, t1/2 = DG0/DA and p1/2 = 2DG0/rDA,
whereas a = rDA/2kT. It follows that the expression for the free energy of
activation of the MS channel in our study is given by:

GMSC = ap1/2 = DG0/kT.

Sequence alignment and secondary structure prediction
The sequences of the MscMJ and MJ1143 proteins were aligned with the
SIM Alignment Tool for Protein Sequences. The hydropathy plot analysis
was performed with PROTSCALE using the Kyte and Doolittle
algorithm. Helical regions and transmembrane domains were detected
with the PSIPRED and TMHMM programs, respectively, while the
COILS program was used for detection of coiled-coil regions. The
molecular weight and pI values were calculated with the COMPUTE pI/
Mw tool. All programs are available at the EXPASY Molecular Biology
Server (http:\\expasy.proteome.org.au).
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