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Summary Theubiquity of mechanosensitive (MS) channels
triggered a search for their functional homologs in Archaea.
Archaeal M'S channels were found to share a common ances-
tral origin with bacterial MS channels of large and small con-
ductance, and sequence homology with severa proteins that
most likely function as MS ion channels in prokaryotic and
eukaryatic cell-walled organisms. Although bacterial and
archaeal MS channels differ in conductive and mechano-
sensitive properties, they sharesimilar gating mechanismstrig-
gered by mechanical force transmitted viathe lipid bilayer. In
thisreview, wesuggest that M S channel sof Archaeacan bridge
the evolutionary gap between bacterial and eukaryotic MS
channels, and that MS channels of Bacteria, Archaea and
cell-walled Eukaryamay serve similar physiological functions
and may have evolved to protect thefragile cellular membranes
in these organisms from excessive dilation and rupture upon
osmotic challenge.
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Introduction

Mechanosensory transduction, the process by which mechani-
cal energy exerted on cellular membranesis converted to elec-
trical or biochemical signals, isbelieved to be one of the oldest
physiological processes to have evolved in living organisms.
At present, the molecular basis of mechanosensory trans-
duction remains largely elusive despite its biological impor-
tance. Gated by mechanical force, mechanosensitive (MS)
channels may serve as molecular transducersin various physi-
ological processes including touch, hearing and proprio-
ception in animals, turgor control and gravitaxisin plants, and
osmoregulation in prokaryotes (Martinac 1993, Sackin 1995,
Sachs and Morris 1998, Hamill and Martinac 2001). The
patch-clamp recording technique (Hamill et al. 1981) made it
possible to resolve unitary channel events in membranes of
cellstoo small to be impaled with glass microelectrodes. This
led to the identification of MS channels as molecular entities
(Brehm et al. 1984, Guharay and Sachs 1984) in a variety of
microorganismsincluding yeast (Gustin et al. 1988, Zhou and
Kung 1992) and bacteria (Martinac et al. 1987).

Compared with voltage-dependent or ligand-gated chan-

nels, there is little knowledge available on the structure and
function of, and the mutual relationships among, the wide
range of MS channels found in living organisms. During the
last decade, however, major progress has been made in the un-
derstanding of the biophysical principlesand evolutionary ori-
gins of mechanosensory transduction by cloning and struc-
tural and functional characterization of several MS channels
found in bacterial and archaeal cells (Hamill and Martinac
2001, Martinac 2001). In addition, it has recently been shown
that bacteria and archaeal MS channels form a family of
mechanosensitive membrane proteins descended from a com-
mon ancestor (Klodaand Martinac 2001a). Theaim of thisre-
view is to summarize this recent progress and show that a fa-
milial relationship established for M S channelsin prokaryotes
can be extended further to some eukaryotic organisms that,
like bacteria and archaea, evolved arigid cell wall to protect
their plasma membrane from excessive strain.

M echanosensitive channelsin prokaryatic cells

Mechanosensitive channels have been studied extensively in
both gram-negative and gram-positive bacteria(Martinac et a .
1992, Martinac 1993, 2001, Zoratti and Ghazi 1993, Blount et
al. 1999). The existence of M S channelsin the cell membranes
of Archaea (formerly Archaebacteria), the third domain of the
universal phylogenetic tree (Figure 1) (Woese 1994, Pace
1997), was first documented in the archaeon Haloferax
volcanii (formerly Halobacterium volcanii) (Le Dain et al.
1998), followed by the cloning and functional characterization
of MS channels in Methanococcus jannaschii and Thermo-
plasma sp. (Kloda and Martinac 2001a, 2001b, 2001c). The
existence of MS channelsin archaeal and bacterial cell mem-
branes suggests that this class of ion channels may have ap-
peared early inthe evolution of life on Earth (Martinac 2001).

Structure and function of bacterial MS channels

To date, the most detailed characterization of M S channelshas
been completed in Escherichia coli. This microbe harbors
three distinct types of M S channels, named after their conduc-
tance and sensitivity to applied pressure: MscM (M for mini),
MscS (Sfor small) and MscL (L for large) (Berrier et a. 1996)
(Figures 2 and 3). The larger the conductance, the higher the
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membrane tension and consequently the higher the energy re-
quired for channel activation (Figure 4, Table 1). Provided that
the geometric and electrical properties of the patch pipettesare
kept constant, the free energy of activation (AGo) for an MS
channel can be estimated as (Hamill and Martinac 2001):

AG, = KTp,,q, Q)

where a is MS channel pressure sensitivity (mmHg™)
(1 mmHg = 133 Pa), py, isthe pressure required for a channel
open probability of 50% (P, = 0.5) (mmHg), Kk is the Boltz-
mann constant and T isabsol utetemperature. Estimates of AG,
for MS channels characterized to date in various prokaryotic
cellsare shown in Table 1.

Bacterial MS channelswere thefirst shown to sensedirectly

membrane tension caused by external mechanical force (Mar-
tinacetal. 1990, Markin and Martinac 1991). Furthermore, the
lipid bilayer aone suffices to transmit membrane tension,
leading to channel gating. The role of bilayer tension in the
gating mechanism (Hamill and McBride 1997) has been well
documented for MS channelsin bacteria(Martinac et al. 1990,
Sukharev et al. 1993, 1994a, 1994b, 1999, Hése et al. 1995,
Cruickshank et al. 1997) aswell asin archaea (Le Dain et a.
1998, Kloda and Martinac 2001a, 2001b, 2001c). It has been
shown recently that eukaryotic MS ion channels can aso be
gated by bilayer tension (Zhang et al. 2000). This suggeststhat
gating of MS channels by mechanical force may have first
evolved in cell-walled microorganisms and then been con-
served in cells of higher eukaryotes (Hamill and Martinac
2001).
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Figure2. Multiplicity of MSchannelsin bacteriaand archaea. Current
traces (pA) of Escherichia coli MscL and MscSarefollowed by traces
of MscAl and MscA2 of Haloferax volcanii and MscMJ and
MscMJLR of Methanococcusjannaschii. The bottom trace showsthe
activity of MscTA, the MS channel of Thermoplasma acidophilum.
Single channel currents were recorded at +40 mV. Abbreviations:
C denotesthe closed state; O denotesthe open state; and O1, O2 and
03 denote the open state of 1, 2 and 3 channels, respectively. Note:
1 mmHg = 133 Pa.

The large conductance M S channel of E. coli (MscL) was
the first MS channel to be identified at the molecular level
(Sukharev et al. 1994a, 1994b). Activation of MscL by bilayer
tension enabled individual fractions collected during the puri-
fication of the protein from E. coli to be assayed for M S chan-
nel activity by the patch-clamp technique (Sukharev et al.
19944, 1994b). Since the discovery of MscL, many homolo-
gous genes have been found in various gram-negative and
gram-positive bacteria, as well asin the cyanobacterium Syn-
aechocystis sp. (Sukharev et a. 1997, Moe et al. 1998).

TheMscL protein comprises 136 amino acid residues. A hy-
dropathy plot combined with secondary structure analysisin-
dicated that the MscL monomer hastwo transmembrane a-he-
lical domains (Sukharev et a. 1997, Oakley et al. 1999). An
MscL -like structural motif of two transmembrane hydropho-

MscAl 80 1 pA MscA2 80 pA
mV %mmm mVv
— —
-60 60 60
-80 - -80 —
MscMJ 409 pA MscMJLR 200 | pA
20 - 100
my mv
. —0 . . , —B . )
-80 - 40 80 -80 -4 q 40 80
20 - -100 A
-40 - -200 -
MscL
sc 200 - pA MscS 60 1 pA
100 A 30
mV mVy
; —8 . v — ‘ ,
-60 -30 30 60 -60 -30 30 60
2100 -30 -
-200 - -60 -
MscTA 200 5 pA
100 A
mV
r T O
-60  -30 30 60
-100
-200 -

Figure 3. Comparison of conductive properties of bacterial and
archaeal M S channels. From top to bottom: MscAl and MscA2 of
Haloferax volcanii (adapted from Le Dain et a. 1998); MscMJ and
MscMJLR of Methanococcus jannaschii (adapted from Kloda and
Martinac 2001b); MscL and MscS of Escherichia coli; and MscTA of
Thermoplasma acidophilum (adapted from Kloda and Martinac
2001c). Current—voltage plots were obtained in a symmetric record-
ing solution of 200 mM KCI, 5 mM MgCl,, 5 mM HEPES, pH 7.2,
from datawhere the voltage was stepped to the given potential, except
for the MscA1 and MscA2 single-channel currents, which were ob-
tained for a voltage ramp from —60 to +60 mV over 2.6 and 1.7 s, re-
spectively.

bic segments was found in agroup of eukaryotic ion channels
including the epithelial sodium channel (ENaC), the inward-
rectifier potassium channel (Kir) and the ATP-gated (P2X)
cation channel (North 1996). A three-dimensional oligomeric
structure determination of the MscL homolog from Mycobac-
terium tuberculosis (Tb-MscL) by X-ray crystallography to
3.5-A resolution showed that the channel is a homopentamer
(Chang et a. 1998) (Figure 5). These crystal structures re-
vealed atransmembrane pore that ranges between 4 and 36 A
in diameter at the cytoplasmic and extracellular surfaces, re-
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Figure 4. Boltzmann distribution curves for MS channelsin prokary-
otes. (A) MscSand MscL of Escherichia coli; based on Martinac (un-
published data) and Kloda and Martinac (2001d). (B) MscA1 and
MscA2 of Haloferax volcanii; adapted from LeDain et a. (1998). (C)
MscMJ and MscMJLR of Methanococcus jannaschii; adapted from
Kloda and Martinac (2001a, 2001b). (D) MscTA of Thermoplasma
acidophilum; based on Kloda and Martinac (2001c). The Boltzmann
function for MS channels relates applied negative pressure and open
probability (P,) fitted by nonlinear regression and has the form:
Po/(1—Po) = exp(a (p—pu2)), where py; isthe pressurerequired for a
channel open probability of 50% and a is the slope of the plot of
INn(Po/(1 — Py)) versus negative pressure and describes the pressure
sensitivity of the channels in the particular patch. Values for Boltz-
mann parameters are given in Table 1. Note: 1 mmHg = 133 Pa

spectively (Figure 5). Recent cysteine-scanning mutagenesis
and electron paramagnetic resonance spectroscopy provided
complementary structural information about the conformation
of the closed MscL channel (Perozo et al. 2001). Electrophysi-
ological permeation studies, in which the open MscL channel
pore was estimated to be about 40 A in diameter by measuring
permeation of large organic cations, such as polyamines and
polylysines (Cruickshank et al. 1997), indicated that the struc-
ture of the open MscL channel must be quite different from
that of the closed one. Consequently, a major structural rear-
rangement is to be expected when MscL gates between the
closed and open conformational states (Batiza et al. 1999).
Experiments with MscL reconstituted in liposome bilayers
of different thicknesses indicated that hydrophobic mismatch
between MscL and the surrounding bilayer led to achangein
the AG, of MscL, such that thinner bilayers caused a decrease,
whereasthicker bilayers caused anincreasein AG, (Klodaand
Martinac 2001c). Therefore, MscL mechanosensitivity (Hamill
and Martinac 2001), and possibly that of other mechano-
sensitive membrane proteins, resulted from stretch-induced
bilayer thinning, which stabilizes the open conformation of

MscL because of a better hydrophobic match between the
membrane and the open channel conformation compared with
the closed channel conformation. Similar experiments carried
out with the M S channel of the thermophilic archaeon Therm-
oplasma acidophilum (MscTA) showed that the activity of this
M S channel aso varied withlipid bilayer thickness (Klodaand
Martinac 2001c). These results seem to be in excellent agree-
ment with amolecular dynamics study of MscL gating show-
ing that the transmembrane helices flattened as the channel
opened (Gullingsrud et a. 2001). Furthermore, recently pro-
posed three-dimensiona structural models of two MscL
homol ogsfrom Mycobacteriumtubercul osisand E. coli postu-
lated flattening of the MscL helices during opening of the
channels (Sukharev et al. 2001a, 2001b), in accordance with
the notion that thin bilayers provide a better hydrophobic
match for the open channel conformation than for the closed
channel conformation.

The physiological function of bacterial M S channels can be
correlated with their molecular and electrophysiological prop-
erties. It has been demonstrated that bacteria exposed to os-
motic downshock preserve viability by rapidly releasing their
cytoplasmic contents into the extracellular medium (Britten
and McClure 1962, Koo et al. 1991, Schleyer et a. 1993). In
addition, Berrier et a. (1992) demonstrated that osmotically
induced efflux of lactose and ATP from E. coli, aswell asATP
from Streptococcus faecalis, could be blocked by Gd**, a
known blocker of bacterial M'S channels. Independent investi-
gations (Blount et al. 1996a, Hase et a. 1997) associated
MscL activity with theinner cytoplasmic membrane of E. coli,
a strategic position for the efflux of osmoprotectants. Two
other types of E. coli MS channels, MscS and MscM, can be
activated by differences in osmotic pressure in patch-clamp
experiments (Martinac et al. 1992, Cui et a. 1995). Together,
these results suggest a physiological role for MS channelsin
bacterial osmoregulation.

The small and mini conductance MS channels of E. coli
(MscSand MscM, respectively) require less negative pressure
for activation than MscL, in order of their decreasing conduc-
tance (Berrier et a. 1996). The MS channel of small conduc-
tance was the first MS channel identified in prokaryotic cells
(Martinac et al. 1987). The membrane tension required to open
MscS is about half that needed to open MscL (Blount et al.
1996b, Sukharev et a. 1997), and the conductance of the chan-
nel isabout 1 nS (Figure 3) (Martinac et al. 1987, Sukharev et
al. 1993). In contrast to MscL and MscM, MscSexhibitsavolt-
age dependence of about 15 mV per e-fold changein the chan-
nel open probability (Martinac et a. 1987), and its activity
increases with membrane depolarization. Such a response to
voltage could be seen as a modulation of channel activity by
the lipid bilayer, rather than voltage dependence, because of
changes in membrane thickness during voltage-induced elec-
trocompression (Alvarez and Latorre 1978, Hamill and Mar-
tinac 2001). The MscSchannel islargely nonsel ective for most
ions, although it exhibits a slight preference for anions over
cations, with a permeability ratio Po/P¢ = 3 (Martinac et al.
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Table 1. Summary of the Boltzmann characteristics and conductive properties for the known prokaryotic MS channels. The parameter values
shown were compiled from data cited in the references listed. The conductive and mechanosensitive properties of these channelsare further illus-
trated in Figures 3 and 4 (adapted from Kloda and Martinac 2001d). The diameter of the open channel pore was cal culated according to amodel
proposed by Hille (1968) (Cruickshank et al. 1997). Note: 1 mmHg = 133 Pa.

MS Channel py2 (MmHQ) Va (mmHg) AGy (KT) Conductance (nS)  Diameterpge (A)  References
MscL 75 4.4-5 14-19 33-38 35 Haseet al. 1995
Sukharev et al. 1999
Kloda and Martinac 2001c, 2001d
MscS 36 5 7 0.97 (+ve) 18 Martinac et al. 1987
0.65 (-ve) Martinac (unpublished)
Kloda and Martinac 2001d
MscA1 34 2.3 15 0.38 (+ve) 11 LeDain et al. 1998
0.68 (—ve)
MscA2 43 15 29 0.85 (+ve) 17 LeDain et al. 1998
0.49 (-ve)
MscMJ 57 11 5 0.27 9 Kloda and Martinac 2001a
MscMJLR 29 1.7 17 2.2 (+ve) 27 Kloda and Martinac 2001b
1.7 (~ve)
MscTA 78 24 35 2.8 Kloda and Martinac 2001c, 2001d

1987, Sukharev et al. 1993). Like MscL, MscSis blocked by
sub-millimolar concentrations of Gd** (Berrier et al. 1992).

Recently, Booth and coworkers (Booth and Louis 1999,
Levinaet a. 1999) identified two genes on the E. coli chromo-
some, yggB and kefA, whose del etion abolished MscS activity
in bacterial spheroplasts. The gene product YggB is a small
membrane protein of 286 amino acids, whereas KefA is about
fivetimeslarger (1120 amino acids) and isamultimeric mem-
brane protein. The primary amino acid sequence of YggB
strongly resembles that of the last two domains of the KefA
protein.

The activity of MscM is encountered less frequently in
membrane patches of giant E. coli spheroplasts than MscS or
MscL activity (Cui et a. 1995, Berrier et al. 1996). The con-
ductance of MscM is about half that of MscS, and MscM ex-
hibits aslight preference for cations over anions (Berrier et a.
1989), in contrast to MscS and MscL. Like MscS and MscL,
MscM is blocked by Gd®* (Berrier et al. 1992). Because all
three channels can be activated by hypotonic solutions, they
could all provide efflux pathwaysfor various osmoprotectants
in osmotically challenged bacteria (Ghazi et a. 1998). Booth
and colleagues (Levina et a. 1999) provided compelling evi-
dencefor therole of MS channelsin bacterial osmoregulation
by showing that the presence of either MscS or MscL is essen-
tial to preserve the integrity of E. coli cells exposed to sudden
change in medium osmolarity. When challenged osmotically,
deletion mutants lacking either MscL or MscS aone survive
osmotic downshock. Double mutants, however, which lack
both MscL and MscS, dieontransfer from amedium of highto
amedium of low osmolarity, suggesting that the third channel,
MscM, isnot sufficient to protect bacteriafrom lysisfollowing
osmotic downshock. These physiological responses provide

evidence that the bacterial MS channels function as safety
valves that protect the cells from bursting at transient, exces-
sively high, cellular turgors.

Structure and function of archaeal MS channels

Archaea are unicellular prokaryotes that, like bacteria, have
adapted to the extreme environments of certain habitats found
on Earth (Barinaga 1994). They constitute a separate domain
on the phylogenetic tree distinct from the domains of Bacteria
and Eukarya (Figure 1) (Woese 1994, Pace 1997). The exis-
tence of ion channelsin archaeal cell membraneswasfirst doc-
umented with the discovery of porins (Besnard et al. 1997) and
MS channels (Le Dain et a. 1998) in the halophilic archaeon
Haloferax volcanii. This was followed by molecular identifi-
cation and functional characterization of MS channels in
methanogenic Methanococcus jannaschii and thermophilic
Thermoplasma volcanium and Thermoplasma acidophilum
(Klodaand Martinac 2001a, 2001b, 2001c).

Two types of MS channels have been identified in the cell
membrane of H. volcanii (Le Dain et a. 1998) (Figure 2):
MscA1 and MscA2, (mechanosensitive channels of archaead).
Both have large conductances and rectify with voltage (Fig-
ure 3). Both are blocked by sub-millimolar concentrations of
Gd*, like the bacterial M'S channels. The major property that
they sharewith the bacterial M'S channelsistheir activation by
bilayer tension (Hamill and McBride 1997). Like bacteria MS
channels, they can be solubilized by detergents and reconsti-
tuted into artificial liposomes while fully preserving their
mechanosensitivity as observed in patch-clamp experiments.
These channels exhibit a higher sensitivity to pressure (1.4—
2.9 mmHg per e-fold change in open probability) (Le Dain et
al. 1998) than MscL or MscS (approximately 5 mmHg per
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Membrane

Cytoplasm

e-fold change) (Hase et a. 1995) (Table 1, Figure 4). The free
energy of activation of MscAl and MscA2, calculated from
Equation 1, isabout 14 and 29 KT, respectively (Table 1). Like
MscS and MscL, which have AG, values of 7 and 14— 19 KT,
respectively (Table 1), changesin cellular turgor may also acti-
vate the archaeal channels.

Recently, protein MJ0170 in the Methanococcus jannaschii
genome (Bult et al. 1996) wasfound to contain asequence that
shares 38.5% identity with the TM 1 transmembrane domain of
E. coli MscL. Thisled to its functional characterization as an
MS channel named MscMJ (Kloda and Martinac 2001a). The
primary amino acid sequence of MscMJ also shares high
homology with YggB, the protein underlying the activity of
MscSin E. coli (Levinaet a. 1999). Phylogenetic analysis of
the MscMJ protein suggested that it evolved from a gene du-
plication event, followed by divergence of the mscL-like an-
cestral gene, which appears to be a common progenitor of
bacterial and archaeal MS channels (Kloda and Martinac
2001a, Figure 6A). The MscMJ protein exhibits MS channel
activity, with a conductance of 270 pS and cation selectivity
characterized by P«/Pg = 6, similar to eukaryotic stretch-acti-
vated cationic channels (SA-CAT) (Hamill and McBride
1996). The channel’s AG,, = 5 KT, is comparable with the
MscS value of ~7 KT. Thus, MscMJis biophysically closer to
MscS than to MscL (Table 1). Like MscS (Martinac et al.
1990), MscMJ can be activated by the amphipaths chlor-
promazine (CPZ) and trinitrophenol (TNP) (Kloda and Mar-
tinac 2001a).

Soon after the molecular characterization of MscMJ, a sec-
ond MS channel, MscMJLR, was identified in M. jannaschii
and functionally characterized (Kloda and Martinac 2001b)
(Figure2). LikeMscMJ, MscM JL R shares sequence homol ogy

Cytoplasmic Helix

Periplasmic Loop
F "4
-4
i 1
Figure 5. Diagram of the MscL
pentamer from Mycobacterium tuber-
/ culosis according to the three-dimen-
J sional structural model proposed by
- Chang et a. (1998). The pentamer

(left) and a single monomer (right) are
shown. The transmembrane helices
TM1and TM2 are labeled. Solid
blocks denote the location of the mem-
brane interface with the periplasmic
and cytoplasmic spaces. Thisfigure
was produced by Mol Script (Avatar
Software, Stockholm, Sweden; Kraulis
/ 1991) (adapted from Oakley et al.
/ 1999).

with an extensive group of MscS-like proteins identified in
prokaryotic microbes, as well as the eukaryotic herbaceous
plant Arabidopsis thaliana and the yeast Schizosaccharo-
myces pombe (Figure 6B). Many members of this group be-
long to ayet uncharacterized protein family, UPF0003, identi-
fied by Pfam (Sonnhammer et al. 1997, 1998). Like MscS and
MscL of E. coli, MsctMJ and MscMJLR differ in conductive
and mechanosensitive properties. Although MscMJLR is cat-
ion selective, with a permeability ratio P«/Pg = 5 (close to
P«/Pg = 6 of MscMJ), it has a large conductance of ~2.0 nS,
which isabout seven timeslarger than that of MscMJ (270 pS;
seeFigure3). TheMscMJLR proteinisblocked by Gd®*, but is
unaffected by the amphipaths CPZ and TNP, which are known
activators of eukaryotic and prokaryotic MS channels
(Martinac et al. 1990, Sokabe et al. 1993, Hamill and McBride
1996, Patel et a. 1998, Kloda and Martinac 2001a). The free
energy of activation for MscMJLR (AG, = 18 KT) estimated
from the Boltzmann distribution function (Figure 4) issimilar
to thevalue of 14—19KT for MscL in E. coli (Table 1). The hy-
drophobic profile of the first putative membrane-spanning do-
main (TM1) of MscMJLR more closely resemblesthe TM 1 of
MscL, whichisthe helix essential for the opening of the MscL
pore by membranetension (Yoshimuraet al. 1999, Ajouz et al.
2000), than that of MscMJ (Figure 7). If the TM1 helix of
MscMJ also lines the MscMJ channel pore, its more hydro-
philic character compared with that of theMscMILR TM 1 he-
lix (Figure 7) may underlie the much lower energy require-
ment (~5 KT) necessary to activate MscMJ compared with
MscMJLR or MscL. In fact, the free energy required for acti-
vation of MscL approximates well the calculated energy re-
quired to expose asmall hydrophobic surface area of the TM 1
helices functioning as a channel gate to the ionic environment
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YBDG E. coli M. jannaschii genomic data-
QYLXAL A. thal base for sequence similarity,
leading to identification of
MscMJ. Homologs of MscMJ
il . and MscL were retrieved from
i TR e s the existing protein databases
. 3};‘:}‘:‘;";’:&“” (GenBank, Protein DataBank
i - 100 SHDY B, gms and SwissProt) using BLAST
MscMI M. farmasch (Altschul et al. 1997). Multiple
€ < — e e alignment of entire sequences
" was performed using the
D Ty CLUSTAL X program
4 (Thompson et a. 1997). The
Iﬁ;i?ﬂ phylogenetic trees of prokary-
I—‘E YJEP H. influenzae otic MscL and MscM J-like
QYKRI1 V. cholerae homol ogs are shown to ensure
the best sequence alignment of

o7 Y639 Synechocystis sp.
—EE YGGB E. ictaluri
YGGB E. coli

known and hypothetical MS
channel proteins. Note that

there are common membersin

both trees, suggesting a common ancestry. Bootstrap Neighbor-Joining Trees with 1000 bootstrap trials each were viewed with the TreeView

program. Bootstrap values are given on the branch nodes.

(Hamill and Martinac 2001). The presence of multiple MS
channels in microbial cells indicates that they may be neces-
sary for survival in environments with frequent osmotic chal-
lenges.

TheMSchannel of T. volcaniumisa15-kDamembrane pro-
tein with asingle-channel conductance of about 1.5 nS (Kloda
and Martinac 2001c). It was identified by a functional ap-
proach similar to that used for molecular identification of
MscL (Sukharev et a. 1994a, 1994b). Like MscS of E. coli
(Martinac et a. 1990), or mammalian TREK-1 K* MS chan-
nels (Patel et al. 1998), the T. volcanii channel exhibits an in-
crease in activation by negative pressure in the presence of the
anionic amphipath TNP. Twenty N-termina amino acid resi-
dues of this MS protein match with 75% identity the start of

the open reading frame of a gene of the related archaeon
Thermoplasma acidophilum that encodes another MS protein,
MscTA (Kloda and Martinac 2001c). Computer-assisted sec-
ondary structure analysis of MscTA reveadled two putative
a-helical membrane-spanning regions, suggesting possible
structural similarity to MscL. Like &l currently known pro-
karyotic M'S channels, the mechanosensitivity of MscTA com-
plieswith the bilayer model (Martinac et al. 1990, Hamill and
McBride 1997); i.e., mechanical force transmitted viathelipid
bilayer sufficesto activate the channel. The free energy neces-
sary for channel activation (AG, = 35 KT) is, however, unusu-
ally high compared with other bacterial and archaeal MS
channels (Table 1). A possible reason for such a high activa
tion energy may be that unusually short transmembrane heli-
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ces result in a hydrophobic mismatch between the MscTA
helices and the surrounding bilayer that exceedsthat for MscL
(Klodaand Martinac 2001c). High negative pressures are al so
required for the activation of MscL homologs found in
Synechocystissp. and M. tuberculosis(Moeet a. 1998, 2000).

Phylogeny of prokaryotic M S channels

Thefinding that M S channelsexist in organismsfrom all three
domains of the phylogenetic tree (Figure 1) points toward an
early evolutionary origin. Several authors have suggested that
MS channelsfunction ascellular osmoregulators by protecting
cells from excessive osmotic stress occasionally exerted on
their cytoplasmic membranes (Sachs 1988, Kung et al. 1990,
Morris 1990, Martinac 1993, Kung and Saimi 1995, Sackin
1995). That the MS channels of Bacteria and Archaea have
large conductances and generally lack ion specificity supports
the view that they areinvolved in regulation of cellular turgor.
Thiswas unambiguously demonstrated for MscL and MscS of
E. coli (Blount et al. 1997, Ou et a. 1997, Ajouz et al. 1998,
Levina et al. 1999) and aso indicated for MscMJ of M.
jannaschii (Kloda and Martinac 2001a). The finding that MS
channels of prokaryotes descend from a common MscL-like
ancestor (Kloda and Martinac 2001a) (Figure 6A) provides

Figure 7. Helical wheel repre-
sentation of the TM1 domains
of MscMJLR and MscMJ
from Methanococcus jan-
naschii and of MscL from
Escherichia coli. Charged resi-
dues are boxed and the start of
each helix is marked with an
asterisk. Arrows indicate posi-
tions at which hydrophobic
residues within the TM1 helix
of MscMJLR are replaced
with hydrophilic (charged) res-
iduesin the MscMJ helix.
Note that the TM1 domains of
MscMJand MscMJILR are hy-
pothetical. Adapted from
Kloda and Martinac (2001b).

further support for the notion of acommon early evolutionary
origin.

Phylogeny of M S channelsin Bacteria, Archaea and
cell-walled Eukarya

It wasrealized that the M S channelsidentified in archaea may
be used as a stepping stone to trace the MscL-like ancestry to
some of the eukaryotic MS ion channel genes. Therefore,
MscMJ and MsctMJLR were used as templates to extend our
search for new members of the MS channel family into the
eukaryotic domain. Comparative protein sequence analysis
(BLAST) revealed that MscM Jand M scMJL R share sequence
homology with the hypothetical proteins of the herbaceous
plant A. thaliana (i.e., Q9LXA1, Q9C731 and Q9C6RO) and
theyeast S. pombe (CAA21091 and CAB16377) (Figure 6B).
Based on thesefindings, itislikely that these eukaryotic hypo-
thetical proteins aso function as MS channels and regulate
turgor pressure in these organisms. It is satisfying to find
homologs of prokaryotic channels in the eukaryotic domain
because organisms that harbor them have al evolved a cell
wall to protect the fragile lipid bilayer of their cytoplasmic
membranes from excessive dilation and rupture. Thus, in the
case of MS channels, Nature may have preserved homologous
structures to perform similar functions.
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Conclusions

Mechanosensitive ion channels have been documented in ma-
jor cell typesand show great diversity intermsof conductance,
selectivity and voltage dependence, while sharing the property
of gating by mechanical force exerted on cell membranes.
Their discovery in archaeaprovided new insightsinto the phy-
logeny of these important membrane proteins; first by helping
to identify the evolutionary relationship between bacterial and
archaeal MS channels; and currently showing that this rela-
tionship extends into the domain of eukaryotic cells.
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