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C-Terminal Charged Cluster of MscL, RKKEE, Functions as a pH Sensor
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ABSTRACT The RKKEE cluster of charged residues located within the cytoplasmic helix of the bacterial mechanosensitive
channel, MscL, is essential for the channel function. The structure of MscL determined by x-ray crystallography and electron
paramagnetic resonance spectroscopy has revealed discrepancies toward the C-terminus suggesting that the structure of the
C-terminal helical bundle differs depending on the pH of the cytoplasm. In this study we examined the effect of pH as well as
charge reversal and residue substitution within the RKKEE cluster on the mechanosensitivity of Escherichia coli MscL
reconstituted into liposomes using the patch-clamp technique. Protonation of either positively or negatively charged residues
within the cluster, achieved by changing the experimental pH or residue substitution within the RKKEE cluster, significantly
increased the free energy of activation for the MscL channel due to an increase in activation pressure. Our data suggest that the
orientation of the C-terminal helices relative to the aqueous medium is pH dependent, indicating that the RKKEE cluster
functions as a proton sensor by adjusting the channel sensitivity to membrane tension in a pH-dependent fashion. A possible

implication of our results for the physiology of bacterial cells is briefly discussed.

INTRODUCTION

Mechanosensation is a physiological process during which
mechanical stimuli are converted into intracellular electro-
chemical signals. In prokaryotes this function is carried out
by mechanosensitive (MS) channels of small (MscS) and
large (MscL) conductance (1-10). When challenged by a hypo-
osmotic shock upon exposure to media of low osmolarity,
bacterial cells rapidly expel the cytoplasmic contents (11—
13). Although the exact size of the cytoplasmic contents be-
ing expelled during a hypo-osmotic shock has been debated
(14-16), they include osmoprotectants such as potassium
glutamate, trehalose, and glycine betaine. Such osmotically
induced effluxes occur through MscS and MscL, which
function as emergency valves in the bacterial cytoplasmic
membrane by preventing excessive cellular turgor pressures
that can cause lysis of bacterial cells (17). The MscL function
as an emergency valve is facilitated by a large aqueous pore
of the open channel allowing passage of large organic
cations of up to 35 A in size (18).

The alignment of the primary amino acid sequence of the
MscL homologs revealed a highly conserved charged
cluster within the C-terminus of the MscL channel family
(19). Whereas deletion of C-terminal residues 110-136 in
Escherichia coli MscL had limited effect on the gating
properties of the mutant channel, the MscL channel activity
was abolished in a mutant with 33 C-terminal residues
deleted, which included the charged cluster RKKEE (20,21).
Together with the results of a study which showed that the
proteolytic digestion of the C-terminal portion of MscL led
to an increase in the channel pressure sensitivity (22), this
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confirms that the charged cluster is essential for the channel
function. In addition, it has been proposed that the structure
of the C-terminal charged cluster aids in stabilizing the
closed configuration of the MscL channel (23,24).

A similar cluster of charged residues can be identified in
the C-terminal domains of various prokaryotic and eukary-
otic MS channels (Table 1). A conserved sequence of charged
residues in two members of the tandem-pore K™ channel
family, TREK1 and TREK?2, is nearly identical. Both chan-
nels are activated by acidic conditions in addition to membrane
stretch or unsaturated fatty acids. In contrast, the C-terminal
charged cluster, although present, is less well preserved in a
third member of this family, TRAAK, which has been shown
to be an acid-insensitive but alkali-sensitive MS channel (25—
31). A sequence of chemically similar charged residues can
also be found within the C-terminal regions of several types of
TRP (transient receptor potential) ion channels (Table 1),
which are activated by osmotic, chemical, or mechanical
stimuli (32-34). To date, the functional role of the sequences of
charged residues has not yet been demonstrated in these ion
channel proteins. Although the molecular mechanism of the
channel gating may differ between prokaryotic and eukaryotic
MS channels, the conservation of similar charged clusters in
their C-terminal domains further indicates the importance of
the preservation of the charged structural motifs in the evo-
lution of MS channels.

The crystal structure of MscL from Mycobacterium tuber-
culosis was obtained at acidic pH showing the channel in a
closed state (35). It confirmed the topology of the two trans-
membrane domains, TM1 and TM2, and the intracellularly
located C-terminus of the MscL. homopentamer (Fig. 1, B
and C). In the crystal structure the residues comprising the
charged cluster RKKEE are facing each other inside the
C-terminal helical bundle. However, an independent study of
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TABLE 1 Conservation of clusters of charged residues in
prokaryotic and eukaryotic MS channels

Residue Charged Phylogenetic
Channel number cluster origin References
MscL 104-108  RKKEE Bacteria (18)
MscS 255-260  ERIKRE Bacteria (19)
MscK 972-978  DFDRKE Bacteria (19)
MscMJ 325-329  KIKEE Archaea (6)
MscMILR 336-340 KIKEE Archea (@)
MscTA 110-116 ~ KKEKKE Archaea ®)
TRPY1 (YVC1) 642-649 EDKDEVKE Eukarya (54)
TREK1 301-306  KKTKEE Eukarya (25)
TREK2 327-332  KKTKEE Eukarya (55)
TRAAK 262-267  RRTRAE Eukarya (28,56)
TRPCI 690-695 KQKRDE Eukarya (57)
LTRPC2* 1400-1405 RKLKR Eukarya (58)
TRPAI1 1089-1094 DRFKKE Eukarya (59)
TRPV4 816-821  RLRRDR Eukarya (60)
Osm-9 834-840 EERSESK Eukarya ©61)

*Putative MS channel.

the channel closed structure of MscL from E. coli using
cysteine scanning mutagenesis and electronparamagnetic
resonance (EPR) spectroscopy (23) showed that at neutral
pH these residues are outwardly oriented facing the aqueous
medium. This suggests that the orientation of the C-terminal
helices relative to the aqueous medium is pH dependent.
Thus, it is possible that the RKKEE cluster functions as a pH
sensor. To test this hypothesis, we examined the effects of
pH as well as of the charge reversal and residue substitution
within the RKKEE cluster on the mechanosensitivity of E.
coli MscL reconstituted into liposomes using the patch-
clamp technique.

MATERIALS AND METHODS

MscL constructs, bacterial strains, and
culture conditions

RKKEE mutants were generated using a site-directed mutagenesis kit
“Transformer’” (Clontech Laboratories, Mountain View, CA). The pQE32-
MscL construct containing 6xHis epitope at the N-terminus was used as a
template for mutagenesis reactions. Mutants were generated using the
following primers: GAATCGGAAAAAACAACAACCAGCAGCCGCAC
for the RKKQQ mutant, CAACAAACTGAATCAGCAACAAGAAGAA-
CCAGC for the QQQEE mutant, and CAAACTGAATGAGGAAAAA-
AAACGACCAGCAGCCGCAC for the EEKKR mutant. E. coli cells M15
(pREP4::kan) (Qiagen, Clifton Hill, Australia) harboring the recombinant
MscL were cultured in Luria-Bertani broth containing 10 g/L Bacto-tryptone,
5 g/L yeast extract, 5 g/l NaCl supplemented with 100 wg/ml ampicillin,
and 25 pg/ml kanamycin.

Purification of 6xHis tagged recombinant MscL

Bacterial cells harboring recombinant MscL plasmids were cultured
overnight on antibiotics (100 wg/ml ampicillin and 25 pg/ml kanamycin),
subcultured until the absorbance Agy was 0.6, and induced with 1 mM
IPTG for 3 h. Pelleted cells were resuspended in a breaking buffer (2 mM
MgSOy4, 5% sucrose, 100 mM NaCl, 20 wug/ml DNase, and 50 mM
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FIGURE 1 The molecular structure of MscL. (A) SDS-PAGE of the Ni-
NTA purified Hisg recombinant MscL proteins expressed in E. coli. Lane 1,
EEKKR mutant MscL; lane 2, QQQEE mutant MscL; lane 3, RKKQQ
mutant MscL; lane 4, wild-type MscL. The size and the gel pattern of the
molecular weight markers are shown on the left-hand side. (B) Membrane
topology showing the transmembrane domains TM1 and TM2 and the
cytoplasmic helix (CYT). The position of the charged cluster is indicated by
the arrow. (C) The MscL monomer showing the position of TM2 residues
and adjacent cluster of charged residues (black spheres) superimposed onto
the three-dimensional crystal structure of the pentameric channel. (Modified
from Perozo et al. (23)).

NaH,POy,, pH 7.5) and disrupted twice at 8000 psi by the French Press. The
membrane fractions were isolated by differential centrifugation: first at
10,000 rpm for 15 min to eliminate cell debris, then for 30 min at 90,000
rpm. The membrane pellet was solubilized in 4 ml of extraction buffer (50
mM NaH,PO,, 200 mM NacCl, 10 mM imidazole, 1 mM PMSF, and 1.5% of
octylglucoside, pH 8.0). The extract was mixed with 1 ml of 50% Ni-NTA
agarose resin and gently rotated for 1 h. The agarose resin was then packed
into a column and washed with 16 X bed volume of wash buffer (extraction
buffer, 20 mM imidazole) according to the manufacturer’s instructions
(Qiagen). Three fractions of 0.5 ml were collected, the protein content was
determined by Dc protein assay (Bio-Rad, Regents Park, Australia), and the
purity of the recombinant protein was examined using 12% SDS-PAGE mini
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gel. The recombinant proteins were desalted on a PD-10 desalting column
equilibrated with the required buffer containing 1.5% octylglucoside and
used for further experiments.

Electrophysiological recordings

Channel currents from the isolated liposome patches were recorded by using
the improved patch-clamp techniques (36). Pipettes were made from
borosilicate glass using a flaming Brown Micropipette puller (P-87, Sutter
Instrument, Novato, CA) and tested by measuring the pipette bubble number,
which was ~3.4—4.2. This parameter corresponded to an average resistance
of 4-5 M} in a recording solution containing 200 mM KCI, 40 mM MgCl,,
5 mM Hepes-KOH.

A small aliquot of rehydrated liposomes was placed in a patch-clamp
chamber filled with the recording solution of the required pH. Pipettes were
back-filled with the symmetric recording solution of the same pH, and giga-
ohm seals were formed either on contact between the pipette and a blister or
by a brief application of suction. Channel currents were induced by negative
pressure applied to the back of the pipette. Single channel currents were
filtered at 2 kHz, digitized at 5 kHz, and analyzed using pCLAMP6 data
acquisition and analysis software (Axon Instruments, Union City, CA).
Current recordings were viewed by the Axoscope for Windows program
(Axon Instruments). Current amplitudes were determined by measuring the
difference between the cursor aligned at the peak and baseline currents.
Suction applied to the patch-clamp pipette was measured by the piezoelectric
pressure transducer (Omega Engineering, Shelton, CT).

Analysis of Data

The open probability of the MscL channels was plotted against the negative
pressure (suction) applied to the patch pipette and fitted to a Boltzmann
distribution function of the form NP, = NP.x [1 + exp a (pi2 — p)]’l,
where N is the unknown number of channels in the patch, P, is the open
probability, P, is the maximum open probability, p is the negative
pressure applied to the patch pipette, p;,, is the pressure at which the open
probability is 0.5, and « is the channel sensitivity to pressure. The single
channel open probability was estimated from the total current divided by the
single channel current giving NP, and divided by the maximum number of
channels observed in the patch. By using a two-state Boltzmann model with
the change of area r-AA being the dominant energy term, it can be shown that
a-p1p = AGo/kT where AG) is the free energy difference between the closed
and open conformation of the MS channel in the absence of the externally
applied membrane tension (24).

RESULTS

The wild-type and mutated MscL were expressed in E. coli
as Hisg-tagged recombinant proteins followed by a single
step purification of detergent solubilized proteins on a Ni-
NTA column. SDS-PAGE analysis showed that the recom-
binant wild-type and mutated MscL run as 17 kDa bands,
which correspond to their predicted molecular size (Fig. 1 A).
Upon reconstitution into liposomes, the recombinant MscL
mutants responded to the application of negative pressure to
the patch pipette similar to the wild-type MscL.

We examined first the effect of pH on MscL single chan-
nel conductance and found that changes in pH did not affect
the conductance of the channel (Fig. 2 E). Next, we ex-
amined the effect of mutations within the RKKEE charged
cluster and pH changes on the MS properties of MscL (Figs.
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2 and 3). Open probability of MscL channels was plotted as a
function of negative pipette pressure and fitted to a Boltzmann
distribution function. Since the product I'yisc = apip =
AGy/KT (24), we used the Boltzmann parameters to estimate
the free energy AG, required for the channel activation
(Table 2). Statistical analysis (ANOVA) showed that there
are significant differences in py, , and AG between the wild-
type MscL examined at physiological pH and the mutant
MscL channels having negative charges neutralized (Table
2; Fig. 2). The charge reversal mutation EEKKR did not
affect the free energy of activation or the activation pressure
of the channel: AGy = 15.8 kT, p;, = 76.3 mm Hg and AG,
=16.4KkT, p» = 84.2 mm Hg for the RKKEE wild type and
the EEKKR mutant, respectively. However, protonation of
E'"" and E'® residues, achieved by decreasing the exper-
imental pH or replacement of negative charges by glutamine,
shifted the Boltzmann curves toward higher activation pres-
sure without change in the pressure sensitivity «. This result
indicated that there was a significant increase in the free
energy of activation for the wild-type MscL channel exam-
ined at pH 5.5 (AGo =26.9 kT, p,», = 120.2 mm Hg) and the
RKKQQ mutant channel examined at pH 7.0 (AG, = 26.1
kT, p1p = 130.3 mm Hg).

A similar increase in AG, due to increase in activation
pressure was observed when positive charges were sub-
stituted by glutamine residues in the QQQEE mutant (AGy =
23.8 kT, p1» = 118.6 mm Hg at pH 7.0) or the overall charge
of the cluster was neutralized by increasing the experimental
pH of the RKKQQ mutant (AGy =25.7 KT, p1, =124.0 at
pH 9.5) (Fig. 3; Table 2). In contrast, protonation of the
positively charged residues of the RKKQQ mutant by low-
ering the experimental pH to 5.5 resulted in a decrease of
activation pressure p;, (89.0 mm Hg) and AG, (13.0 kT)
comparable to the wild-type MscL at physiological pH of 7.0.

DISCUSSION

Currently there are two models that describe gating of MS
channels by mechanical force: the bilayer and tethered mod-
els (24). Since prokaryotic cells lack a cytoskeleton, it is the
lipid bilayer that is a tension-bearing element transmitting
the mechanical force to the MS channels (9,37). Recent stud-
ies demonstrated that changes in the transbilayer tension
profile, which gate bacterial MS channels, may be caused
either by protein-lipid bilayer hydrophobic mismatch and/or
membrane curvature (38,39). In this study we employed site-
directed mutagenesis and patch-clamp recording from lipo-
some reconstituted recombinant MscL channels to show that
bilayer tension dependence of the E. coli MscL gating could
be modulated by changes in pH. This is indeed indicated by
our experimental results showing that ionization states of the
RKKEE charged cluster and/or the lipid headgroups brought
about by changes in pH affected the channel activity.
Protonation of E'%7 and E'*® residues, achieved by de-
creasing experimental pH or their replacement by glutamine,
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FIGURE 2  The effect of negative
charges neutralization of C-terminal
RKKEE cluster on gating properties of
MscL. A, B, C, and D show representative
current traces and the corresponding
pressure traces of the liposome reconsti-
tuted E. coli MscL activated by suction
applied to the patch pipette at a pipette
potential of +30 mV. (A) Wild-type
MscL at physiological pH; (B) MscL
harboring the charge reversal mutations;
(C) MscL with protonated glutamine
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significantly increased AG, due to an increase in activation
pressure p;. A similar increase in AG, was observed when
positive charges were either substituted by glutamine or the
overall charge of the cluster was neutralized by increasing
experimental pH. Furthermore, increasing the overall charge
of the RKKQQ mutant by lowering the experimental pH and
thus protonating positively charged residues resulted in py,
and AG, comparable to the wild-type MscL at physiological
pH of 7.0. The pK of the side chain of acidic glutamic acid is
~4.1, whereas that of arginine and lysine is ~12.5 and 10.5,
respectively. Thus, at physiological pH the glutamate resi-
dues will loose all protons and the charged cluster will contain
a balanced ratio of three positive and two negative charges,
which assures smooth operation of the channel. It appears
that any disturbance to this balance affects the channel gating
properties since neutralization of either positive or negative
charges leads to a similar increase in half activation pressure
and consequently increases the free energy of activation of
the channel. This is in agreement with the results of this

study showing that a charge reversal mutation does not affect
the energetics of the MscL channel.

A decrease in pH will cause protonation of basic and
acidic chains of residues within the RKKEE charged cluster
and consequently may prevent the channel from opening.
Although the exact molecular mechanism remains to be de-
termined, it is possible that pH induces a conformational
change of the MscL protein similar to the pH-dependent
structural rearrangements observed in influenza hemagglu-
tinin, which involves refolding of the secondary and tertiary
structure of the protein facilitating fusion of the host cell and
viral membranes (40). In the case of MscL such conforma-
tional changes may create protein-lipid bilayer hydrophobic
mismatch and subsequently increase the activation energy of
the channel. Indeed gating of the MscL channel involves a
significant reorientation of transmembrane helices during the
channel gating (38,41-43). Furthermore, hydrophobic mis-
match was found to stabilize the structurally distinct closed
state intermediate of the channel (39). Taken together, the
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RKKEE charged cluster may undergo pH-dependent mod-
ification, which stabilizes different conformations of the
channel during its transition from closed to open states.
Alternatively, it is possible that changes in pH alter the
electrostatics and/or other physical properties of the phos-
pholipid headgroups, which may specifically interact with
the residues within the charged cluster. The pH-dependent
ability of lipids to form a nonbilayer structure is well docu-
mented (44). Low pH reduces the fraction of anionic amphi-
philes and triggers instability of lipid vesicles (45). In addition
molecular dynamic (MD) simulations (46) and experimental
data (38) demonstrated that changing lipid composition mod-

TABLE 2 Summary of Boltzmann parameters of the wild-type
MscL and the MscL channels harboring mutations within the
charged cluster

Mutation pH p1p(mm Hg) 1/a(mm Hg’l) AGy(kT) n
RKKEE 7.0 763 £ 43 5.0 0.6 158 =14 4
EEKKR 7.0 842 + 55 51 +02 164 =12 4
RKKEE 5.5 120.2 = 8.2 44 + 0.2 269 £1.3 4
RKKQQ 7.0 130.3 = 8.8 50+ 04 261 12 4
QQQEE 7.0 1186 £ 7.3 51 +04 238 = 1.7 5
RKKQQ 9.5 124.0 = 11.3 49 *+ 0.6 257 £22 4
RKKQQ 5.5 89.0 = 7.7 7.0 £ 0.3 130 =14 4

Statistical analysis (ANOVA) of Boltzmann parameters shows that there are
statistically significant differences (p < 0.05) between p;, and AG, of
RKKEE MscL examined at pH 7.0 versus RKKEE MscL examined at pH
5.5, as well as RKKQQ mutant channels examined at pH 7.0 and 9.5 and
QQQEE mutant channels examined at pH 7.0.
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ulates the MscL channel gating. Since the membrane cur-
vature influences the activity of bacterial and eukaryotic MS
channels (25,28,47), pH-dependent ionization states of the
lipid headgroups may induce changes in the geometry of the
lipid bilayer, which then could modulate the MscL. channel
gating.

A study by Anishkin et al. (48) proposed that the
C-terminus of MscL may serve as a size-exclusion filter at
the cytoplasmic side of the MscL pore, preventing loss of
essential metabolites. According to this model COOH-
terminal domain is stably associated in both closed and open
conformations of the channel. Our study, however, shows
that the stability of the domain is pH dependent. Thus, in
addition to the gating model proposed by Anishkin et al.
(48), this study shows that the cytoplasmic helix may not
only function as a size-exclusion filter, but may also
substantially influence channel gating in a pH-dependent
manner. Here, we provided experimental evidence that the
charged cluster RKKEE within the proximal part of the
MscL TM2 helix could function as a proton sensor similar to
what has been found for the TREK-1 potassium channel
(26). Lipid interactions with the RKKEE cluster indicated by
this study were noted in the MD simulations investigating
lipid composition effects on the MscL channel (46). As
already suggested by the MD simulations, these interactions
may play a general role in influencing the structure and the
functional role of the MscL. C-terminal domain. The charged
cluster could thus be involved in the channel response to
membrane tension by creating pH-dependent hydrophobic
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mismatch between the protein and the lipid bilayer and/or
changing the membrane curvature.

For TREK 1, K™ channel cytosolic acidosis increases the
open probability for the channel leading to channel opening
at atmospheric pressure (26,49) that is opposite to what we
found in MscL. The C-terminal glutamate E*°® of TREK1 is
suggested to act as an intracellular proton sensor (26). In the
channel gating model, low intracellular pH is proposed to
protonate the E** residue of TREK1 and thus affect elec-
trostatic coupling of the charged cluster of the channel with
the anionic phospholipids of the inner leaflet of the bilayer,
which in turn affects the channel gating properties (49). In
contrast, the corresponding C-terminal region and a homol-
ogous glutamic acid residue of alkali-sensing TRAAK channel
are not involved in the channel regulation by pressure, pH, or
fatty acids (26,30). For TREK?2, channel deletion of the
KKTKEE charged cluster abolished sensitivity of the chan-
nel to fatty acids and low pH although its substitution with
uncharged residues produced little change (31). Such pH-
dependent differences in molecular gating between different
types of MS channels are most likely related to different physi-
ological requirements these molecules have evolved to serve.

Homeostasis of intracellular pH; is essential to the
physiology of a bacterial cell. In neutrophilic bacteria, such
as E. coli, the internal pH; ranges between 7.5 and 8.0 (50).
E. coli grows optimally in media having pH, >6.0 and <8.0.
Since changes in external pH, always have some effect on
pH; they are expected to affect the cell growth. For example
at pH, 6.0, E. coli grows poorly (51). It is possible that the
RKKEE cluster of bacterial MscL also functions as a pH
sensor by keeping the MscL channel closed when the ex-
ternal pH,, drops below the optimal values, since MscL forms
a pathway for influx of protons (52). Therefore, it is advan-
tageous to keep the channel closed once pH,, starts falling be-
low the optimum range.

In conclusion, this study provides further support for the
bilayer model of MS channel gating (37-39,47,53) and em-
phasizes the functional importance of clusters of charged
residues found in C-terminal domains of MS channels of
prokaryotes and eukaryotes (6,25). Further characterization
of the role of sequences of charged residues in pH-dependent
gating of MS channels will help to identify their structural
and physiological significance.

This work was supported by the Australian Research Council.
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