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Membrane lipids modulate the function of membrane proteins. In
the case of ion channels, they bias the gating equilibrium, although
the underlying mechanism has remained elusive. Here we demon-
strate that the N-terminal segment (M0) of the KcsA potassium
channel mediates the effect of changes in the lipid milieu on
channel gating. The M0 segment is a membrane-anchored amphi-
pathic helix, bearing positively charged residues. In asymmetric
membranes, the MO helix senses the presence of negatively charged
phospholipids on the inner leaflet. Upon gating, the MO helix revolves
around the axis of the helix on the membrane surface, inducing the
positively charged residues to interact with the negative head groups
of the lipids so as to stabilize the open conformation (i.e., the “roll-
and-stabilize model”). The MO helix is thus a charge-sensitive “an-
tenna,” capturing temporary changes in lipid composition in the flu-
idic membrane. This unique type of sensory device may be shared by
various types of membrane proteins.

fluorescence measurements | single-channel current | gating kinetics |
pH-dependence | activation gate

he cell membrane bears distinctly different kinds of mem-

brane proteins within the matrix of membrane lipids (1), and
the lipids are not merely structural building blocks, but sub-
stantially modulate the function of membrane proteins (2). The
membrane matrix deforms and readily changes its curvature in
the manner of an elastic material, and its membrane-embedded
proteins are subjected to a variety of physical stresses (3, 4). At
the boundary of the matrix, physical effects, such as lateral
pressure and tension, modulate the functional properties of the
membrane proteins (5-7). In addition to these nonspecific mod-
ulating effects, membrane lipids have been suggested to react with
specific parts of the membrane proteins. In the fluidic membrane,
the lateral diffusion of lipid molecules facilitates the exchange of
lipids at the boundary of the membrane proteins, and the mem-
brane matrix is the reaction platform for signal transduction (8).

Data have been reported on the functionally modifying effects
of membrane lipids on channel proteins that result in the gating
equilibrium being altered (6, 9-13). In voltage-gated channels, the
voltage-sensor domain (VSD) primarily senses changes in the
membrane electric field, but this sensing is modulated by the lipid
composition (9, 11, 13). For the non-voltage-gated (the two-
transmembrane-helix inward-rectifier type) channels, such as the
KcsA potassium channel from Streptomyces lividans, the underlying
mechanism of the effect exerted by lipids is still undergoing ex-
tensive investigation, even though the structural information on
the channel proteins cocrystallized with lipid molecules has already
been reported (14-16).

Here we demonstrate that there is a specialized structural in-
terface in the KcsA potassium channel that senses the membrane
milieu and mediates the effect of changes in the lipid composition
on channel gating. The N-terminal M0 segment of the KcsA
channel is not the membrane spanning region, and functional
significance has not been considered. The N-terminal 20 residues
around the MO segment have remained unsolved in the crystal
structures of the KcsA channel (14), and this region was even
deleted in the course of the successful crystallization of the

www.pnas.org/cgi/doi/10.1073/pnas.1217323110

channel in the open conformation (17). We found that MO is an
amphipathic helix located at the membrane interface and senses
changes in the lipid species in the membrane inner leaflet. The
MO helix serves as an unprecedented type of lipid sensor, ren-
dering lipid charge sensitivity. Its unique mode of action upon
gating is likely to be shared by various types of channels and
membrane proteins in general.

Results

Lipid Sensitivity of the KcsA Channel. The activation gate of the
KcsA potassium channel opens at acidic pH through relaxation of
the crossed bundle helices at the cytoplasmic end of the trans-
membrane domain (18-20). In bacterial-mimetic membranes (e.g.,
phosphatidylglycerol (PG):phosphatidylethanolamine (PE) = 3:1),
the channel is active, whereas in the phosphatidylcholine (PC)
membrane, the activity is attenuated, and the presence of nega-
tively charged lipids was demonstrated to be crucial to maintaining
channel activity (15, 21, 22). To focus on the effect of the mem-
brane lipid composition on the activation gate of the KcsA chan-
nel, the single-channel currents of the noninactivating E71A
mutant were examined using planar bilayer membranes (Materials
and Methods) (23).

The single-channel currents of the E71A mutant (23) exhibi-
ted slow kinetics in the activation gate (Fig. 1B) due to the
crossing and relaxing of the bundle helix, as well as frequent brief
closures, the mechanism of which is unknown. In the pure PG
membrane, the noninactivating KcsA channel stays in the open
state most of the time, and the open probability (popen) Was
shown to be ~90% (Fig. 1 B and C and Table 1). Other nega-
tively charged lipids that included phosphatidylserine (PS) and
phosphatidic acid (PA) (Fig. 14) rendered the pgpeq value such
that it was almost indistinguishable from that in PG. Thus, the
net charge on the head group of the phospholipid is important.
In contrast, popen Was reduced to ~10% in the PC-containing
membrane. Quantitatively similar results were reported for the
wild-type (WT) channel (21) (see results for WT in the next
section). Furthermore, in the case of the positively charged lipid
ethylphosphatidylcholine (EPC) (Fig. 14), popen Was further re-
duced. These results indicate an electrostatic interaction, rather
than a chemical-specific interaction, with the head groups pre-
dominating. Kinetic analysis of the single-channel current showed
that the mean burst length, representing the lifetime of the open
state of the activation gate (24, 25), was significantly shortened
in the PC membrane compared with the PG membrane (see
Fig. 3D). Changes in the single-channel conductance were evident
in membranes having different lipid compositions (Fig. 1B and

Author contributions: M.I. and S.O. designed research, performed research, analyzed
data, and wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Freely available online through the PNAS open access option.

"To whom correspondence should be addressed. E-mail: oiki-fki@umin.ac.jp.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1217323110/-/DCSupplemental.

PNAS | January 8,2013 | vol. 110 | no.2 | 749-754

>
[\
=]
=
]
©n
>
-
o



mailto:oiki-fki@umin.ac.jp
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1217323110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1217323110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1217323110

A B
PG . . PG MW WM
/\/\/W\/\./\)‘\o/\/‘\u-ﬁ\g\/?:/o“ rrrrrrrrrrrrrrr LIEAL SVHEETIRSLA
/\,f\f\/‘\f,,/\.f\/\/\]rd i; d@
° PC e e

PS o o 3@ PS WMM
SO s bR L A A
pa TP IYPTRRRRTE

oy
P v W e “@
o

PA o " PR S R T e
/\/\/\/\/\/\/\)ku’?("‘uff"nn EPC |10 PA
H [+
NN N eSS = .
o —
1sec
PC 5 - C
/\/\/\/\/\/\./\)\a no,f»"gv\@,
P N /\A/\/Yd H 96 "~ PG
° PC
EPC L s
/\M/\A/\Mof\,\:\u_;_u_/\w PA
/\/\/\/\_/\/\/\/\Sﬂ e N EPC
0 0.5 1.0
D "
PG, /PC,, PC,/PGqy T fiee
e e
PC
l10pA
LI ] 11l
1 sec
PG m
PG;,/PC,, 1 | 1
PC; /PGy il
PS, /PC,
PA,./PC, ., PC
Epcinlpcout ¢ I | ] ,
0 0.5 1.0
Pﬂ
PG,,/PC,
PG Mu ’
PC
PG, /PCoy
PC.,/PGoy PCin/PGout | 10 pA
0 01 0.2 |
NP, 1sec

Fig. 1. Functional effects of membrane lipids on the KcsA channel. (A)
Chemical structure of the phospholipids used in this study. (B and C) Sin-
gle-channel properties of the E71A mutant having different lipid com-
positions. (B) Single-channel current recordings of different (symmetric)
membrane compositions at +100 mV. (C) Open probability in the sym-
metric membranes. Error bars represent SEM (n = 3-6). (D) Single-channel
current recordings in asymmetric membranes at +100 mV. (E) Open
probability in asymmetric membranes. Error bars represent SEM (n = 3-8).
(F and G) Single-channel properties of the wild-type channel in different
membrane compositions. (F) Single-channel current recordings in differ-
ent (symmetric) membrane compositions at +100 mV. (G) Open proba-
bility (Npopen rather than pypen) of different compositions of lipids for the
WT channels. Error bars represent SEM (n = 3). In these experiments the
KcsA channels are oriented such that the cytoplasmic side faces the trans
compartment. The solution of each chamber contained 200 mM KCl and
the pH was set to 7.5 (cis) or 4.0 (trans). The membrane leaflet that faces
the cis compartment is defined as the outer leaflet and that facing trans
is the inner leaflet.

Table 1). These results are accounted for by the changes in the sur-
face potential introduced by the charged head groups of the phos-
pholipids that exhibit either accumulated or depleted K™ near the
membrane surface, either of which changes the conductance (26).
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Lipids on the Inner Leaflet Govern the Activation Gate. To address
the effect of negatively charged lipids on either the outer or inner
leaflet of the membrane, asymmetric membranes obtained through
the folding method were used (Materials and Methods) (27). The
single-channel current revealed that pype, was decreased drasti-
cally when the inner leaflet contained PC (Fig. 1D), and pypen in
this asymmetric membrane (PC;,/PG,,;) was indistinguishable
from that in the symmetrical PC membrane (Fig. 1E and Table 1).
In contrast, the pypen value was ~90% in the membrane having
PG in the inner leaflet, irrespective of the lipid composition on
the outer leaflet. Moreover, the single-channel kinetics showed
that the burst length in the PG;,/PC,, (or PC;;,/PG,,) membrane
was similar to that in the pure PG (or PC) membrane, respectively
(see Fig. 3D). For the WT KcsA channel, Fig. 1 F and G shows
that a substantial reduction in Npype, (V: the apparent number of
active channels on the membrane; Nppen rather than popen was
used because of the low pgpen value in the WT channel.) was
observed in the membrane with PC on the inner leaflet, whether
the outer leaflet contained either PC or PG. These results dem-
onstrate unequivocally that negatively charged lipids on the inner
rather than the outer leaflet govern the activation of gating by
stabilizing the open state. This is in contrast to previous reports

Table 1. Npgpen and unitary conductance of WT and mutant
channels in the various membrane lipid conditions (n = 3-9)

Sample Lipid Npo +SEM g, pS +SD
WT PG 0.08 +0.04 160 +22
PC 0.01 +0.01 27 +8

PGin/PCout 0.13 +0.04 212 +18

PCin/PGout 0.01 +0.00 119 +8

E71A PG 0.88 +0.01 179 +8
PC 0.07 +0.03 57 +7

PS 0.88 +0.04 169 +9

PA 0.94 +0.03 181 +7

EPC 0.03 +0.01 22 +6

PGin/PCout 0.85 +0.02 106 +8

PCin/PGout 0.08 +0.03 57 +6

PSin/PCout 0.93 +0.01 159 +8

PAi/PCout 0.91 +0.02 170 +6

EPC;/PCout 0.04 +0.00 22 +7

PGin/PCout 0.92 +0.03 193 +7

(pH 4-Oin/(:nut)
PGin/PCout 0.1 +0.06 80 +7
(pH 4-0in/out)

PG (pH 3.0) 0.91 +0.00 183 +7

PG (pH 5.0) 0.77 +0.02 195 +9

PG (pH 6.0) 0.05 +0.01 193 +8

PC (pH 3.0) 0.34 +0.03 98 +6

E71A C-His Tag PG 0.84 +0.04 202 +7
R11Q PG 0.59 +0.04 213 +8
K14Q PG 0.68 +0.05 197 +9
R11Q/K14Q PG 0.26 +0.09 200 +8
R19Q PG 0.79 +0.04 190 +9
H20Q PG 0.72 +0.05 191 +9
MO0-4Q PG 0.26 +0.02 182 +11
PG (pH 3.0) 0.16 +0.03 148 +13

PG (pH 5.0) 0.44 +0.08 181 +10

H25Q/R27Q PG 0.89 +0.02 226 +7
A10 PG 0.80 +0.05 162 +8
A22 PG 0.33 +0.03 149 +10
R52Q PG 0.90 +0.01 187 +8
R64Q PG 0.96 +0.01 164 +7
R89Q PG 0.91 +0.01 178 +7
PSD-4Q PG 0.90 +0.00 210 +8
ACPD PG 0.75 +0.07 182 +16
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(15, 22, 28, 29), which have related the gating feature to the crystal
structural data that PGs are bound at the outer half of the
membrane-embedded surface of the KcsA channel.

The structural changes of the activation gate in different mem-
brane environments were examined using a fluorescence method.
In earlier reports, a fluorescence probe, tetramethylrhodamine
(TMR), labeled residues close to the bundle crossing (G116 and
Q119, Fig. 24) (19, 30). Blunck et al. (30) reported that upon the
opening of the activation gate, the fluorescence intensity of TMR
attached to the 116 and 119 sites decreased substantially because
these sites become more hydrophilic in the open conformation.
Using the same methods as this group, the TMR-labeled KcsA
channel was reconstituted into PG liposomes, and the TMR spectra
were compared at pH 7.5 and pH 4 (Fig. 2B and Materials and
Methods). Fig. 2C shows that the peak intensity of the fluores-
cence decreased ~30% at pH 4.0 relative to pH 7.5 when labeled
at the 116 and 119 sites, but not at the 56 site, which is located in
the extracellular loop (Fig. 24). These results indicate that the
opening of the activation gate was successfully detected using
the fluorescence method.

In the PC- and EPC-containing membranes, changes in the
relative fluorescence intensity between the two pH values were
very small, if any (Fig. 2C and Fig. S1), indicating that the acti-
vation gate opens infrequently in these membranes. These fluo-
rescence data demonstrated that the dramatic changes in popen
observed in the single-channel currents in the different lipid
compositions in the inner leaflet reflect the gating transitions of
the activation gate.

MO Is the Lipid Sensor. How is the inner lipid composition rec-
ognized by the channel, and by what means is the status of the
activation gate changed? One may postulate a mechanism in
which negatively charged lipids on the inner leaflet interact with
the positively charged structural parts of the channel, which in

A B 15+
G56
3
©
G116 — 1 £ )
ans© g 116-TMR
Closed Open -
@
I}
c
C [_] 56 ™R control) 8 104
gus-m @
o 118 TMR [
& 4
§ g o
= = a4
[LEQTY PG S 1 w
2 = 119-TMR
‘@ * %
5
£ b
2 osq
= 104
& g
&
[ 60
o0 Wavel
PG PC EPC lavelength, nm

Fig. 2. Gating conformational changes monitored with the fluorescence
signal. (A) Three TMR-labeled sites of the KcsA channel for the closed (Left)
and open (Right) conformations. TMR was reacted with the mutated cyste-
ine residue using a maleimide derivative (TMRM). Note that the experiments
were performed for the full-length channel. (B) Fluorescence spectra of the
TMR-labeled KcsA channels. KcsA channel was reconstituted in the PG lip-
osomes at pH 7.5 (solid lines) or 4.0 (dotted lines). (C) Relative peak intensity
of the fluorescence at pH 4.0 and pH 7.5 for the different lipid compositions.
Light gray columns indicate the results of 56-TMR, while those in light blue
are 116-TMR, and those in dark blue are 119-TMR. Values were standardized
using the control sample (56-TMR) for each lipid condition. Error bars rep-
resent SD (n = 4-5, *P < 0.01 by paired t test).

lwamoto and Oiki

turn impinges on the activation of the gate. First, we introduced
single or multiple charge-neutralizing mutations into all of the
positive charges in the KcsA (E71A) channel (Fig. 34) and then
measured the single-channel current in the PG membrane for
evaluating the popeq value (Fig. 3B).

The bulge helix (31) (residues 118-135) in the cytoplasmic
domain, bearing the pH-sensing charged residues and located
close to the inner membrane, is the most plausible interaction
site. Contrary to our expectations, the four positively charged
residues (R117, R121, R122, and H124) on the bulge helix did
not affect the popen value [Fig. 3 B and C, PSD (pH-sensor do-
main)-4Q]. In contrast, neutralizing the positive charges on the
MO segment at the N terminal yielded a drastic effect. Either the
R11Q or K14Q mutant in the MO segment reduced the popen
value (Fig. 3C). Moreover, the double mutant, R11Q-K14Q,
exhibited further decreases in pgpen. Additional neutralization of
up to four positive charges around the MO segment (M0-4Q),
however, did not further decrease the pypen value. Note that,
despite the low pgpen value, the M0-4Q mutant retained the
normal pH dependency (Table 1). Neutralizing other positively
charged residues, including two at the N-terminal end of the M1
helix (H25Q/R27Q) (32), retained high popen values. Also,
truncation of the cytoplasmic domain (ACPD) did not affect
Popen- The histidine tag attached to either the N terminal or the
C terminal did not make a difference to the pgpen values.

Next, the effects of deletion of portions of the N terminal on
gating were examined. Deletion of the N-terminal 22 residues
(A22) decreased popen to a level similar to that of the double
mutant R11Q/K14Q, suggesting that the electrostatic effect is
dominant in the interaction between the M0 helix and the mem-
brane lipid. When the deletion was restricted to only the ter-
minal 10 residues (A10) and the two positively charged residues
in the rest of the MO helix were present, a high ppen value was
maintained (Fig. 3 B and C). The results of the charge-neutral-
izing mutations and the truncations indicate that two positively
charged residues on the MO helix interact with negatively
charged lipid head groups on the inner leaflet in an additive
fashion, and thus stabilize the open conformation.

Mechanism of the Lipid Sensitivity. The structure of the N-terminal
MO segment remains unsolved crystallographically, although elec-
tron paramagnetic resonance (EPR) measurements have shown
that it forms an a-helix, runs radially from the longitudinal axis of
the channel, and resides at the membrane interface (Fig. 44) (33).
The MO helix, defined as the N-terminal 18 residues, has a char-
acteristic amphipathic feature (Fig. 4B) (33): The MO helix is rich in
hydrophobic leucine residues that cover more than a half of one
side, whereas on the other side, MO has two positively charged
residues (R11 and K14) and compact glycine and alanine residues.
The amphipathic nature of the MO helix, as well as the positively
charged residues of the MO helix, prompted us to perform an ex-
periment to address how the MO helix senses the charges of the
lipid head group and mediates messages to the activation gate.
The effect of the MO helix upon the gating that occurs at dif-
ferent membrane compositions was examined using the afore-
mentioned fluorescence measurement technique. Eight positions
on the MO helix (Fig. 44) were TMR labeled one by one and the
relative changes in the fluorescence intensity were examined at
acidic and neutral pH, which primarily represents changes in the
hydrophobic milieu of the relevant site. We found surprisingly that
the fluorescence intensity in the PG membrane changed periodi-
cally along the sequence (Fig. 4C). For instance, three of the C-
terminal residues (residues 15-17) are all leucine, and the fluo-
rescence intensity of the L.16 site increased and that of the L17 site
decreased, whereas that of the L15 site remained unaltered. The
reciprocal change in the adjacent sites suggests that MO undergoes
a change in orientation. The overall changes along the sequence
can be fitted by a periodic function of 3.6 periodicity. These results
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Fig. 3. Effects of charge neutralization and the deletion mutations on

single-channel currents of the E71A mutant channel. (A) Location of the
charged amino acid residues in the KcsA channel. For the KcsA mutant
(E71A), these charged residues were replaced with glutamine, or the N
terminal or the cytoplasmic domain was truncated (purple dotted lines). (B)
Representative single-channel current recordings of these mutant channels.
Current traces were recorded at 100 mV in the symmetrical PG membrane.
(C) Open probability of the mutant KcsA channels. Here, the background
represents the KcsA (E71A); M0-4Q indicates the replacement of Arg-11,
Lys-14, Arg-19, and His-20 to GIn; PSD-4Q indicates the replacement of Arg-
117, -121, -122, and His-124 to GIn; ACPD indicates the deletion of the cy-
toplasmic domain (125-160) by chymotrypsin; A10 indicates the deletion of
N-terminal 9 amino acids (2-10 aa); A22 indicates the deletion of N-terminal
21 amino acids (2-22 aa). Error bars represent SEM (n = 3-9). (D and E) Ki-
netic analyses of the burst (D) and interburst length (E). Error bars represent
+SEM (n = 3-6). (F) Hypothetical energy profiles for the closed and open
transition states. Free energy level of the open state relative to the closed
state (AGppen) Was calculated from the popen values, and the barrier height
or the activation energy (AG*: AGgyrst' and AGinterpurst’) Was calculated using
the rate constants of the transitions (the reciprocals of the mean burst
length and mean interburst length). AGgy.* was 77.5 kJ/mol, 68.9 kJ/mol,
and 74.8 kJ/mol for PG, PC, and R11Q/K14Q. AGintersurst: Was 69.7 kJ/mol,
69.8 kJ/mol, and 77.4 kiJ/mol for PG, PC, and R11Q/K14Q.

support the contention that M0 forms an a-helix. Moreover, the
periodic fluorescence change at two different pH levels suggests
that the MO helix is anchored at the membrane interface, where it
changes in orientation such that a different side of the helix faces
to the hydrophobic core of the membrane under different
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conditions. This indicates the M0 helix exhibits a revolving motion
around the helix axis. The periodic change in the fluorescence
intensity gradually became augmented toward the C-terminal end
of the MO helix, suggesting that the relevant segment is buried
deep in the hydrophobic core of the membrane.

In contrast to the signal pattern in the PG membrane, the
fluorescence intensity in the PC membrane nearly lost its peri-
odicity along the MO helix (Fig. 4C). It should be noted that the
opening of the activation gate is infrequent in the PC membrane
as shown by the low ppen value of the single-channel recordings
(Fig. 1 B and C) and the fluorescence measurements (Fig. 2C).
Thus, the measured fluorescence signal of the MO helix origi-
nates predominantly from the closed configuration, and that
from the open state is a minor component. Accordingly, the
absence of the pattern in the PC membrane indicates that the
MO helix did not revolve substantially upon the pH change,
staying mostly closed even at an acidic pH.

To obtain further insights into the revolving changes of the M0
helix, a helical wheel was drawn for the C-terminal half of the
MO helix (Fig. 4D). L12 and L16 face the hydrophilic milieu, and
are turned to face the hydrophobic milieu upon the change to
acidic pH, whereas V13, K14, and L17 are changed to face in the
opposite direction. These two groups are arranged on opposite
sides of the helical wheel, so that, upon pH change, the MO helix
revolves clockwise more than 90° around the helix axis. At acidic
pH, the MO helix takes the most stable revolving orientation. The
hydrophobic residues are buried deep in the hydrophobic core of
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Fig. 4. Conformational changes of the MO0 helix upon gating via a monitor-
ing of the fluorescence signal. (A) TMR-labeled sites on the MO helix. (B)
Helical wheel projection of the MO helix (residues 1-18). (C) Relative intensity
changes of the TMR at pH 4.0 and pH 7.5. Red and green circles indicate the
results in the PG and PC liposomes. Red curve delineates the periodic changes,
with 3.6 aa per turn. This periodicity is typical of an a-helix. Fluorescence
values were standardized by means of a control sample (56-TMR) for each
lipid condition. Error bars represent +SD (n = 3-7). (D) Roll-and-stabilize
model. (Upper) Helical wheel in the C-terminal half of the MO helix located at
the membrane interface as viewed from the N-terminal side. In the PG
membrane, K14 and L17 are exposed to the aqueous environment in the
open state, whereas L12 and L16 are turned to the hydrophobic milieu. Red
spheres represent the negatively charged head groups of PG, and blue dots
represent the positively charged head of the amino acid residues (R11 and
K14). (Lower) Amphipathic MO helix, represented by two-color rods, revolves
around the axis by ~90° upon gating, and the positively charged residues (R11
and K14) interact with the negative head groups of the lipids.
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the membrane and the positively charged residues in the aqueous
phase interact readily with the negatively charged head group at
the membrane interface. We call this the roll-and-stabilize model,
and to the best of our knowledge this mechanism is unique and
has never previously been proposed.

Energetics of the Sensor Mechanism. Kinetic analyses of the single-
channel current (Fig. 3 D and E) as well as the pgpen values (Fig.
3C and Table 1) have provided mechanistic insight from the
energetic point of view. The burst and interburst lengths repre-
sent the kinetics of the activation gate and were expressed as the
free energy profiles of the closed-open transition (Fig. 3F).
Compared with the control condition (the black profile), replac-
ing the charged lipids with neutral lipids decreased both the popen
value and the burst length, but did not alter the interburst length
(Fig. 3, legend), which is a condition that is characteristic of the
destabillization of the open state (the red profile). Thus, in the
PG membrane the positively charged residues (R11 and K14) on
the MO helix, when facing the aqueous phase, interact with the
negative head groups of the inner membrane so as to stabilize the
open state. In the case of charge-neutralizing mutants (R11Q/
K14Q), similar decreases in the pgpeq values were found, but with
an increased interburst length. This indicates the closed state was
substantially stabilized (the blue profile), suggesting that the K14
residue remains unfavorably located in the hydrophobic core of
the membrane in the closed conformation. “Snorkeling” is a
mechanism by which positively charged residues, with their long
side chain, reach the aqueous environment, even if they are buried
in the hydrophobic core of the membrane (34, 35), but this seems
unlikely in the case of K14 in the closed conformation.

Discussion

In this study we report the discovery of sensory machinery for
membrane inner lipids. The MO helix is a unique amphipathic
helix in the KcsA channel, but has not been the focus of attention
thus far, presumably due to the persistent lack of crystallographic
data for this region (15, 22, 26). The MO helix bears only positive
and not negative charges, and the revolving action is not likely to
be initiated in its own right by acidic changes. Rather, the re-
volving motion of the M0 helix is driven by the conformational
change of the membrane-spanning (M1 and M2) helices un-
dergoing the activation gate opening process. Once it has re-
volved clockwise over 90° around the helix axis, the charged
residues, R11 and K14, readily interact with the negatively
charged head groups of the inner lipids and stabilize the helical
rolling motion, and the anchored helices, in turn, stabilize the
open conformation (Fig. 4D).

Only a short stretch (the C-terminal half) of the MO helix is
required for the roll-and-stabilize action, a situation which was
revealed by the deletion results (Fig. 3). This short helix is anal-
ogous to the interfacial (IF) helix of the two-transmembrane Kir
channels in the transmembrane domain. The sequence alignment
that is shown in Fig. 5 reveals a certain similarity in the distri-
bution of the positively charged residues that corresponds to R11
and K14 in the MO helix. These charges are crucial sites for PIP,-
binding in the Kir channels (16, 36, 37). In the crystal structure of
Kir2.2, the IF helix (residues 61-69) forms an o-helix that cor-
responds to the C-terminal half of MO (numbers 11-18), and R65
in the IF helix (corresponding to K14 in M0) interacts with the
tether helix in the cytoplasmic domain. On the other hand, the
KcsA channel has the least bulky CPD among the K channels, and
the open-stabilizing effect of MO is directed toward the charged
lipids on the inner leaflet. Most cell membranes bear negatively
charged lipids on the inner leaflet (38, 39), and the MO helix
favors charge sensitivity rather than specific interactions of a
chemical nature with the lipid head groups. Thus, the KcsA
channel exploits inner membrane lipids as an integral structure in
the stabilization of the channel conformation.
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Fig. 5. Alignment of the amino acid sequence of the N-terminal region of
the KcsA and two-transmembrane channels. Amino acids having a net charge
are depicted in color (Right): blue, positive; pink, negative. Numbers indicate
the amino acid 28 sequence of KcsA. IF represents the interfacial helix
(numbers 61-69) assigned from the crystal structure of Kir2.2 [Protein Data
Bank, (PDB) ID code 3SPI]. IF helix corresponds to the C-terminal half of M0
(numbers 11-18), and R65 in the IF helix (corresponding to K14 in KcsA) in-
teracts with the tether helix in the cytoplasmic domain (number 16).

The unprecedented roll-and-stabilize mechanism is operated
with a prevalent motif of the amphipathic helix, and one finds
similar amphipathic helices in membrane proteins as a linker
between transmembrane helices. A candidate is the amphi-
pathic helix of voltage-gated channels (40, 41), and possible
involvements of the roll-and-stabilize mechanism should be
examined in future. We suggest that this machinery is also
implemented in various types of membrane proteins. Our
findings help to unveil the underlying mechanism of the lipid—
protein interaction.

Materials and Methods

Sample Preparation. The expression, purification, and reconstitution into lip-
osomes of the wild-type and mutant KcsA channels were described previously (42).
The proteoliposomes were made with a protein/lipid weight ratio of 1:2,000 and
were passed through a Bio-Spin30 column (Bio-Rad) equilibrated with buffer
solution (200 mM KCl, 10 mM Hepes, pH 7.5). The following phospholipids were
used in this study (Fig. 1A): 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPQ), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt)
(POPG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-I-serine (sodium salt) (POPS),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate (sodium salt) (POPA), and 1-palmi-
toyl-2-oleoyl-sn-glycero-3-ethylphosphocholine (chloride salt) (POEPC).
All lipids were purchased from Avanti Polar Lipids.

Single-Channel Current Recordings of the KcsA Channels. A planar lipid bilayer
method was used for the single-channel current measurements, as reported
previously (42). A Teflon sheet of 0.5-mm thickness, with an aperture of <100-um
diameter was used as a partition for the two compartments (cis and trans) of
a chamber. A planar lipid bilayer formed on the aperture as a result of an ap-
plication of 20 mg/mL n-hexadecane (Nacalai) solution of the desired phospho-
lipids. The asymmetric lipid bilayer was formed by the folding method (27). The
cis and trans chambers were filled with the electrolyte solution below the ap-
erture. A lipid monolayer was formed on the surface of each solution by drop-
ping an aliquot of the desired phospholipid solution dissolved in hexane (5 mg/
mL). After a few minutes, the level of the surface on one side was raised above
the aperture by adding the electrolyte solution, followed by raising the surface
level on the other side. The electrolyte solution in the cis and trans chambers
contained 200 mM KCl buffered by 10 mM Hepes (pH 7.5) and 10 mM succinic
acid (pH 4.0), respectively. The reference electrode was placed in the cis chamber,
to which KcsA channels embedded in the proteoliposomes were added. The
phospholipid composition of the proteoliposomes was set so as to be identical to
that of the cis leaflet. The current data were recorded and stored in a personal
computer by using pCLAMP software (Molecular Devices) through an Axopatch
200B amplifier and Digidata 1322A digitizer (Molecular Devices). The low pass
filter was set to 2 kHz for the cutoff frequency, and the data were sampled at 5
kHz. For the burst length analysis, an algorithm, “Poisson surprise,” was used
(43). The observed burst length and the interburst length were converted to the
activation energy (AGgustt and AGinersurst’; the double dagger symbol repre-
sents the activation energy when used with AG) using the following equation:

—log(the Burst or InterBurst Iength)kh—_r,

where h is the Planck constant, k the Boltzmann constant, and T the abso-
lute temperature (44).
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TMR Labeling of the KcsA Channel. Cysteine-introduced mutants of the KcsA
channel, which possesses only one cysteine at the mutated site, were used
for labeling of the fluorescent probe. Labeling of these channels with TMR
was achieved as follows. Purified cysteine mutants in the buffer solution
(0.06% n-dodecyl-p-p-maltoside (DDM), 200 mM KCI, 10 mM Hepes, pH
7.5) were incubated with a 10x molar ratio of tetramethylrhodamine-5-
maleimide (TMRM) (AnaSpec) at room temperature. After 2 h, 20 mM of
2-mercaptoethanol were added to complete the reaction. Excess fluo-
rescent dyes were removed by purifying the labeled channels with a Co?*-
based affinity gel column. The absorption ratio of 550 nm/280 nm dem-
onstrated that approximately one molecule of TMR dye binds to one
KcsA monomer.

Fluorescence Measurement of the TMR-Labeled KcsA Channels. TMR-labeled
channels were reconstituted into liposomes (at a protein/lipid weight ratio
of 1:2,000) in an unbuffered 200 mM KCl solution. A half aliquot of the
proteoliposome suspension (90 pL of approximately 2 mg lipid/mL) was
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mixed with 10 pL of a concentrated buffer (0.5 M) of either Hepes or
succinic acid to achieve a defined pH (7.5 or 4.0). The suspensions were
sonicated thoroughly in a bath sonicator (Sonorex RK31; Bandelin Elec-
tronic) to equilibrate internal and external solution of the proteolipo-
somes. TMR was excited at 532 nm and emission spectra were measured
with a fluorescence spectrometer (FP-8200; Jasco). Pairs of data (pH 7.5
and pH 4.0) were obtained from the same preparation of proteoliposome
suspension, and fluorescence intensity change was estimated in each
dataset. More than five independent datasets were analyzed for each
experimental condition.
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