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Energetics of rotational gating mechanisms of an ion channel induced by membrane deformation
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We consider the gating mechanisms of an ion channel which has a conical structure for a closed state and a
cylindrical or a bottleneck structure for an open state depending on the gating mechanisms. Applying the
simplified continuum model of the membrane in the presence of a strong hydrophobic interaction between the
channel proteins and the nearby lipid molecules of the membrane, we obtain energy differences between closed
and open states for two known and one newly proposed rotational gating mechanism. We compare the ener-
getics of three gating mechanisms and find out the most favorable mechanism under the given biological
conditions such as hydrophobic mismatch, spontaneous curvature of a monolayer, and membrane moduli in our
approach. Our results show that spontaneous curvature plays more important role in these gating mechanisms
than surface tension does. Introducing spontaneous curvature to the inner or outer layer of the membrane
affects the gating mechanism. We also discuss an effect of membrane thickness change due to the channel’s

conformational transition during gating.
DOI: 10.1103/PhysRevE.73.021909

I. INTRODUCTION

It is well known that a gating of ion channels, a process of
opening and closing, in response to electrical, chemical, or
mechanical stimulus is significant for cell function. Voltage-
gated, ligand-gated, and mechanosensitive channels are typi-
cal examples of gating mechanisms responding to electrical,
chemical, and mechanical stimuli, respectively. The gating of
mechanosensitive channels is known to be strongly affected
by surface tension [1] and lipid concentration difference
across the inner and outer layers of the membrane [2,3]. A
remarkable experimental result that toxins blocking ion
channels are not directly interacting with the channel pro-
teins but partitioning into the membrane [4,5] was recently
reported. On the other hand, Jiang et al. [6] proposed a struc-
tural basis for a conformational transition during gating of
K* channels by an electrostatic calculation. One of their main
results is the presence of a gating hinge located deep within
the membrane so that the channel proteins are able to swing,
making a transition from conical (closed) to bottleneck
(open) conformation. Another is the conservation of this gat-
ing mechanism in many different K* channels known to be
voltage gated or ligand gated. The gating process from the
conical to the bottleneck structure has been confirmed as
being energetically plausible by a continuum calculation
with sufficiently strong hydrophobic interaction between the
channel proteins and the nearby membrane lipids [7]. These
recent experimental and theoretical results imply that the
membrane deformation can play a crucial role to gating
mechanism of even non-mechanosensitive channels.

Motivated by the previous works, we consider and com-
pare the energetics of three possible gating mechanisms of
ion channels which have a gating hinge or a pivot using an
elastic continuum model of the membrane. Schematic dia-
grams of the channel conformations of closed and open
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states are shown in Fig. 1. For the given closed conformation
C, we consider three possible open states: namely, O1 with
the gating pivot in the middle of the membrane, O2 with the
gating hinge in the middle of the membrane, and O3 with the
gating hinge at the outer edge of the membrane. The open
conformation OQ1, which is newly proposed here as far as we
know, is the result of rotation of the channel protein as a
whole with respect to the pivot, while to be in the open state
02, only the lower part of the channel proteins rotates, form-
ing the bottleneck structure as reported in the potassium
channel [6,7]. The gating mechanism of C+« O3 is similar to
the, so-called, gating by tilt of mechanically sensitive mem-
brane channels proposed recently [3]. In their work they
showed that the energy difference between the closed and
open states under biological membrane tension can far ex-
ceed kzT and is comparable what is available under simple
dilational gating [8]. Our work on this gating is different
from the gating-by-tilt mechanism in the sense that we im-
pose the strong hydrophobic interaction between the channel
proteins and the membrane lipids, the change of membrane
thickness due to channel’s conformations, and the spontane-
ous curvature of the monolayer even though our model is
very simplified. The length of the hydrophobic exterior sur-
face of the channel protein usually does not match the thick-
ness of the hydrophobic core of the membrane. Hence the
hydrophobic part of the protein or lipids of the membrane
can be exposed in water during the gating processes. Such a
hydrophobic mismatch makes the membrane and protein
frustrated and so deformed by perturbing the packing of lipid
molecules at the interface. Imposing a strong hydrophobic
interaction between the channel protein and the nearby lipids
to our approach is crucial since it provides a boundary con-
dition at the interface and makes us effectively neglect the
interaction of two layers of the membrane. We will discuss
our model and the boundary condition in the following sec-
tion in detail. The spontaneous curvature of the monolayer in
continuum model describes the difference of the lipid con-
centrations of the outer and inner layers of the membrane in
experiment. Hence we also analyze the effect of the sponta-
neous curvature on the gating processes.
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FIG. 1. Schematic diagrams for closed (C) and open (O) states
of an ion channel. Depending on the mechanism and location of the
gating hinge or pivot denoted by open circle, three open states
(01-03) are defined. a is the radial distance from the center of the
pore to middle end of the protein in the closed state. i, denotes the
unperturbed thickness of the membrane away from the protein. The
upper (lower) plane is the outer (inner) monolayer in each structure.

In Sec. II we describe our continuum model of membrane
in the presence of a sufficiently strong hydrophobic interac-
tion at the interface of the channel and membrane. Introduc-
ing relevant boundary conditions for each gating mechanism,
an analytic form of the deformation energy of the monolayer
is presented. We also define a gating energy of our system.
In Sec. III we evaluate numerically the gating energy under
various conditions. Conclusion and discussion follow in
Sec. IV.

II. MODEL AND GATING ENERGY

The continuum analysis of membrane based on the con-
cept of elasticity has been successful for understanding
physical properties of biological lipid bilayer [9-18]. In gen-
eral, the free energy of the bilayer-inclusion system is con-
tributed by the conformational change of the inclusion, the
deformation of the bilayer, and interaction between the inclu-
sion and bilayer. However, none of these contributions is
simple or clear. For the purpose of treating the tilted inclu-
sions in the bilayer, we are focusing only on the bilayer
deformation energy induced by the inclusion of channel pro-
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teins, excluding the deformation of the inclusion itself and a
direct change of the bilayer area due to the inclusion. Instead,
our inclusion has a longer hydrophobic length than the hy-
drophobic thickness of the membrane and we impose a
strong hydrophobic interaction between the inclusion and the
nearby lipids. The free energy cost for this deformation is
contributed by the deformations of the upper and lower lay-
ers of the membrane and interaction of the two layers. The
deformation of each layer can be described by the curvature
modulus and the surface tension and the interaction of two
layers by the compression-expansion modulus which is re-
lated to the thickness change of the membrane. Although the
upper and lower layers of the membrane do not deform in-
dependently by the channel proteins, we decouple the contri-
bution of two layers on the deformation energy by adding
half of the interaction free energy to the free energy of each
layer. It could be possible if the hydrophobic interaction be-
tween the proteins and lipids is strong enough to overcome
the interaction between the lipids of the upper layer and
those of the lower layer in the vicinity of the channel. We
certainly lose some information by not treating the interac-
tion between two layers of the membrane properly. However,
decoupling the contributions of two layers makes us treat the
conformations of the channel more effectively by imposing
the contact positions between the channel and lipid layers
explicitly. In the normal approach without decoupling it is
very subtle to determine the contact position even though the
tilted protein do not touch the membrane at one point and the
difference between the upper and lower contact positions
could be order of the membrane thickness depending on the
hydrophobic lengths of the protein and the lipids. Hence, in
the view of the comparison of the energetics for the possible
gating mechanisms, we believe that our model provides
some useful information. We describe the deformation en-
ergy of each monolayer with respect to the unperturbed flat
layer without the inclusion as

1 o0
H= —J 2arrdr —2 su? + K, Vu(Viu - 2C)
2 T (/’lo/Z)

+ K”(Vu)z}, (1)

where u(r) is the local deviation of the monolayer, r=|7| the
radial distance, V the plane polar gradient, r, the position of
the interface between the channel protein and lipid mol-
ecules, A the unperturbed membrane thickness, and C the
spontaneous curvature of the monolayer. k,, k., and k,, are
the compression-expansion modulus, splay-distortion modu-
lus, and surface tension, respectively. Note that the values of
these moduli are defined as the half of the corresponding
moduli of the membrane and that Eq. (1) is valid only for a
slowly varying u(r). The contact position r;, and deviation
u(r) of the upper or lower layer depend on the channel con-
formation. The contribution of each modulus to the deforma-
tion energy depends on the lipid composition of the mem-
brane. Some biological membranes have a relatively weak
surface tension such as x? << kk,/hg so that the contribu-
tion of the surface tension can be neglected in Eq. (1)
[10,11,15]. On the other hand, Turner and Sens [3] neglected
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the compression-expansion modulus «,,, allowing no energy
cost to change the thickness of the membrane. Since the lipid
compositions or physical properties of biological membranes
are too diverse to be restricted to a specific situation, we
rather consider a general case and search for the most plau-
sible criterion of membrane moduli to gate successfully in
this approach. Note that we include neither the free energy
related to the pore area KSﬂTr% nor that related to the protein
conformation itself in the above equation. These two contri-
butions could be comparable so that the resulting contribu-
tion is relatively weak in some biological situation. The free
energy due to pore area shifts the free energy at a given
situation. We will comment on this later. A detailed discus-
sion of the membrane deformation energy with respect to the
mean deviations of the membrane thickness and the mid-
plane including the area change has been reported recently
[17,18].

Now, we obtain a stationary solution of the u,(r) by solv-
ing the Euler-Lagrange equation for Eq. (1),

Viu, - lVZuS + izus =0, (2)
B By

where a=«k,/ kg, and B=k,,/ k. Note that uy(r) is indepen-
dent of the spontaneous curvature C of the layer. To deter-
mine the solution of the above Euler-Lagrange equation, four
boundary conditions are needed. Considering that the undu-
lation of each layer due to the inclusion of the channel pro-
teins is negligible far from them, two boundary conditions
can be written as

lim uy(r) =0,
. dug

lim — =0

r—o dr

The other two conditions are imposed at the contact position
ro as

us(rO) = Uy,
du,|
— = Ug.
dr |, 0

Since we assume a sufficiently strong hydrophobic interac-
tion at the contact positions, each layer of the membrane
perturbs to eliminate the hydrophobic mismatch completely.
Hence, the undulations at the contact positions of the outer

and inner layers, u(" and u', become

out _ _ in
uO,closed - (pO cos 60— hO)/Q’ - uO,clused’

for the closed conformation, and

out = (pycos 8- he)/2,

u 0,0pen

ugfopen == (pO - hO)/27

for the open conformation. p, is the length of the channel
protein, and @ is the tilting angle of the closed conformation.
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6=0 for the open states O1 and O3, while 6= 6 for 02 as in
Fig. 1.

Using a well-known form of the stationary solution [15]
which is a linear combination of the modified Bessel func-
tions of the second kind K,, and implying the above boundary
conditions, u,(r) is then expressed as

[uok_K(k_ro) + ugKo(k_ro) JKo(k,r)

= R K k) = Ko r K Ky o)
Lugk K (k,ro) + ugKo(k,ro) 1Ko (k_r) 3
k_Ko(k,ro)K (k_ro) — k,Ko(k_ro) K, (k.ro)
where

k_\/l(l+\/L da ) @
N2\ Npg )

Note that a real k. describes a nonoscillatory deformation,
while for a complex k, it oscillates to decay. In this work we
consider only the nonoscillatory deformation for simplicity.
As well as u, in Eq. (3), the contact position r, changes
during gating transition as the following:

out

T0,closed = 4+ (p() sin 0)/2,

T0-closed =@ — (o sin 0)/2,
for the closed state, and

out

rO,open =a+ (pO Sin 5)/27

in _
rO,open =a,

for the open states in which 6=0 for O1 and 6=6 for O2.
Note that (5 ., =70 ypen=" 0 ctosea fOT state O3. a is the dis-
tance from the center of the pore to the middle edge of the
protein as shown in Fig. 1. The exact form of the deforma-
tion energy H in general can be expressed as combinations of

the modified Bessel functions of the second kind, K,,,

H _mAlr| [« 4 \r g2 2
— =" | | 5 + Bk |[Ki(kro) = Kip(kyro)]
Ky 2 h%

+ ki[Ko(k+r0)K2(k+ro) - K%(k+r0)]]

2.2
+ 77142_”0 l (% + ﬁk‘_‘) [K%(k_ro) - K(zj(k_l”o)]
hy

+ K [Ko(k_ro)Ky(k_ro) — K%(k_ro)]]

2mAA k[
- kz _ k2+ (; + Bkik% - ki)Kl (k+r0)Ko(k_ro)
+ - hO
2TA Ak 1y [ «
kz _ k2 (; + ﬁkik% - ki)Kl (k_ro)Ko(k+r0)
4+ T Ko hy

= 27BCA kyroK, (kyrg) + A_k_roK, (k_ro)], (5)

where
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Mok Kl(k r0)+u0K0(k ro)
k_Ko(k,ro) K (k_ro) = k. Ko(k_ro) K, (k, Vo)

A=+

The strong interfacial hydrophobic interaction fixes the
membrane deformation at the interface, but the contact slope
at the interface is not necessarily fixed in general. We deter-
mine the contact slope u, appearing in the coefficients A, by
minimizing the deformation free energy [11]. Note that the
fixed mean contact slope is usually adopted for the tilted
inclusion when the two monolayers are strongly coupled
[3,17,18].

We are ready to define our gating energy as the difference
of deformation energies between the open and closed confor-
mations,

Afgaring = fopen - fclosed’

out in
f open =H +H

open open>
out in
fclm‘ed Hclme closed* (6)
1 . .
O denotes the deformation energy of the outer (in-
closed(open)

ner) layer for the closed (open) state and can be calculated
out(in) out(m)
exactly by inserting the relevant U closed(open) T0.closed(open)”

rout(in)
0,closed(open)

C— 01, we need to evaluate four deformation energies of
the outer and inner layers for both closed and open confor-
mations since all contact positions are changed during the
gating process. On the other hand, for the gating mechanisms
of C+~02 and C—03, Af,yine= HZ;W H" ., since the
contact boundary conditions of the outer layer do not change
in our decoupled approach. In the next section we evaluate
the gating energies (6) of the three mechanisms quantita-
tively and find out when the gating energies change their

and u into Eq. (5). For the gating mechanism of

B ) 10
A2 -10

AL AE
Kev Kev
S T © 50
30 HA 30
'.‘\'\ \ \\O.Z
10 [T 10
R 10910( r )
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signs from positive to negative. We also investigate which
gating mechanism in our approach is the most favorable un-
der a given situation.

III. RESULTS

To evaluate the gating energy Af,uing quantitatively, we
adopt some biological data such as hy=35 A, a=20 A, and
0=30° as a reference [6]. To investigate the effect of the
hydrophobic mismatch, we consider two channel protein
lengths—i.e., py=40 A and py=50 A. The channel length
larger than the unperturbed membrane thickness indicates the
hydrophobic mismatch at the interface. When py=50 A, the
hydrophobic mismatch is significant for both closed and
open conformations. While with py=40 A, the hydrophobic
mismatch appears significantly only in the open conforma-
tions. We also analyze the effect of the spontaneous curva-
ture applied on the outer or inner layer of the membrane.
Note that considering the pore area on the membrane due to
the inclusion of the channel shifts the gating energy by the

amount of KSZW[(r?)Z;I%en rgu({lzmed)-'-( mipen ré)n?lmed)] for each
gating mechanism. However, in this numerical calculation
we only focus on the deformational free energy excluding
the contribution of the pore.

For simplicity we first discuss the case of a=0; hence, the
compression-expansion modulus «;, is neglected, implying
no energy cost for the change of the membrane thickness.
The evaluation of the gating energy for nonzero values of «

will follow.

A. a=0

First of all, we introduce the spontaneous curvature only
to the inner layer of the membrane. Since our deformation

FIG. 2. Gating energies, Af/ k., at a=0 are
plotted with respect to log;o(8/A2) with open
states (a) O1 (solid lines), (b) O2 (dotted lines),
and (c) O3 (dash- dotted lines) for several values
of the spontaneous curvature of the inner layer
such that Cy=-0.2,-0.1,0,0.1,0.2 (A™"), up-

oﬂ ) wardly. Three gating energies are rearranged
? for (d) Cy=-02A"1, (e) Cy=-0.1 A1, and
(f) Cy=0. With negative C, O3 open state is
energetically more preferable. In these data,

Po=50 A.
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Af

FIG. 3. Af/k. at a=0 and

Po=50 A are plotted with respect

to the spontaneous curvature C

of the inner layer with B/A2

. =107,10%,10%,10° for (a) O1, (b)

L7 02, and (c) O3. Gating energies

- for O1 (solid lines), O2 (dotted
- lines), and O3 (dash- dotted lines)
are plotted at (d) B=10%A2 (e)

KCV

B=10° A2, and (f) B=10* A% At
Cy=0, the gating energies are
positive for every cases.
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energy of the membrane is described by the sum of the de-
formation energies of the upper and lower layers, Cy=0 for

thgsed(open) in this case. In Fig. 2, using po=50 A, we plot the
gating energies Af/ k., with respect to log,o(8/A2) for sev-
eral values of spontaneous curvature such that Cy=-0.2,
-0.1,0,0.1,0.2 (A™Y). Although the biological values of C
are very small, we consider a quite wide range of C, to
observe the overall behavior. The gating energies of C — O1,
C 02, and C+ 03 are plotted in Figs. 2(a)-2(c), respec-
tively. Noting that the center line in each plot denotes the
case of Cy=0, it shows remarkably that Af>0 always for
Cy=0. This implies that the channel cannot be the open state
at C,=0 even with a quite strong surface tension (small B
for a given k,) when a=0 in the presence of the strong
hydrophobic interaction. This result emphasizes the role of
the hydrophobic interaction on the gating process since the

gating mechanism of C « O3 without considering the hydro-
phobic frustration was proposed to open the channel at C,
=0 [3]. On the other hand, a small negative spontaneous
curvature of the inner layer can induce the channel opening
even at a relatively weak surface tension. For instance, with
the biological value of k., ~ 10 N A ~25k,T, the deforma-
tion free energies for all three open states are sufficiently
lower than the one for the closed state for a quite wide range
of the surface tension. For Cy=—0.1 A~!, the gating energies
are sufficiently negative in the range of log,o(8/A%)=2-5,
hence k,=10""" N/A~10""N/A. In Figs. 2(d)-2(f), the
gating energies of three mechanisms are compared to each
other at the given values of the spontaneous curvature—i.e.,
Cy=—0.2 A~!, C,=—-0.1 A™', and C,=0, respectively. The
fig-ures lead to the conclusion that the gating mechanism
C 03 is the most favorable and the most sensitive to the

FIG. 4. Af/«,, with O1 (solid
lines), 02 (dotted lines), and O3
(dash-dotted lines) for py=40 A
and 50 A at a=0 are plotted
with respect to (a) log;o(8/A2) at
Co=-0.1 A" and (b) the sponta-
neous curvature of the inner layer,

Cy, at B=10% A2
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FIG. 5. Introducing the spontaneous curvature to the outer layer of the membrane, the gating energies Af/ ., at @=0 are plotted with
respect to log;o(B/A2) for (a) O1 with several values of Cy=-0.2,-0.1,0,0.1,0.2 (A™"). Gating energies of O1 (solid lines), O2 (dotted
lines), and O3 (dash-dotted lines) are plotted for (b) Cy=0.2 A~', (¢) C,=0.1 A~', and (d) C,=0. Note that gating energies for 02 and 03

do not depend on C in this case.

spontaneous curvature among three mechanisms when «;,
=0 in this approach.

These data are rearranged in Fig. 3 as Af/k,, versus Cy
for B/A2=10%,10%,10*,10°. Regardless of the gating mecha-
nisms, as shown in Figs. 3(a)-3(c), a relatively weaker spon-
taneous curvature is needed to have the negative gating en-
ergy as [ increases. The gating energies of three mechanisms
at the given values of 3 are plotted in Figs. 3(d)-3(f). As B8
increases, the gating mechanisms of C+— 01 and C— 02
become energetically indistinguishable in this scheme though
it could separate by the contribution of the free energy due
to the pore area. And O3 seems to be the most favorable.
The stronger the surface tension of the mem-
brane, the negatively larger spontaneous curvature needed
to open the channel. It is straightforward to have C,’s for
which Af=0. For instance, at 8=10> A% in Fig. 3(d), the
gating energies with open states O1, 02, and O3 vanish at
Cy=-0.070, —0.043, and -0.041 (A, respectively. We
would like to emphasize again that the gating energies can-
not be negative without introducing the negative spontaneous
curvatures, though very weak in our model.

We obtain the similar behaviors for the case of less hy-

Co=0.1

-2 ‘\.\ T
-4

FIG. 6. Introducing the spontaneous curvature to the outer layer
of the membrane, gating energies, Af/ k., at =0 are plotted with
respect to log;o(B8/A2) for p, to be 40 A and 50 A at Cy=0.1 A",

drophobic mismatch in which py=40 A. For comparison to
Po=50 A, we plot the gating energies with respect to
log o(B/A?) at Co=—0.1 A~' in Fig. 4(a) and to C, at
B=10% A2 in Fig. 4(b). Figure 4(a) shows that the less the
hydrophobic mismatch is, the larger the surface tension
(smaller B) is needed for the open conformation to be favor-
able, while Fig. 4(b) shows that the less the hydrophobic
mismatch is, the negatively weaker the spontaneous curva-
ture is needed for zero gating energy. It is also valid under
the presence of the relatively weak hydrophobic mismatch
that the gating energies cannot be negative without introduc-
ing the negative spontaneous curvatures.

Now, we introduce the spontaneous curvature into the
outer layer of the membrane. In this case, the gating energies

(@) u, © AT
10 Ksz
’i_’&/gl—/f B=l 250f _.e-e-cT
IRORLE STR00p
¢ 150
4 100
01, 02 0
T Co
= 0.1 0.2
-0 2 0.1 o1 0250 bogg-- 20l “
un Af
) 157 (@) =
B=10 . st
8 B=10 300
6 200
100
4 0
03 Y Co
—"2 01, Q2 -0.2 P e-0.1 0.2
= c 7 -100 -~
6.2 -0.1 0.1 0.2 ~200

FIG. 7. When a=10 and py=50 A, the contact slopes of the
inner layers for the channel conformations of C, O1, 02, and O3 at
(a) B=1 A2 and (b) B=10 A2 are plotted with respect to Cy. Gating
energies versus C, for the gating mechanisms with the open states
01 (solid lines), O2 (dotted lines), and O3 (dash- dotted lines) are
plotted also at (c) B=1 A2 and (d) B=10 A2
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FIG. 8. When a=10 and py=50 A, the gating
energies Af/ kg, are plotted with respect to B at
(a) Cy=0 and (b) Cy=—0.1 A" of the inner layer.
Solid, dotted, and dash-dotted lines are for the
gating energies with O1, 02, and O3 open states,

-50
-100

for C—02 and C+— O3 do not depend on the spontaneous
curvatures since the gating energies are determined only by
the deformation energies of the inner layers such as Af,,
=Hy 0= Hjpseq in oOur effectively decoupled model. Hence
only the gating energy of C«— O1 depends on C, and is
plotted in Fig. 5(a) for C;=—0.2,-0.1,0,0.1,0.2 (A™"). The
channel now can be open with positive values of the sponta-
neous curvature of the outer layer. We compared the gating
energies of three mechanisms in Figs. 5(b)-5(d) at the differ-
ent values of C,. They show that the newly proposed gating
mechanism C«+ O1 is a quite plausible candidate. At Cy=0
the open states O1 and O3 are energetically not distinguish-
able. However, the gating energy for O1 can be negative for
the relevant S if the positive spontaneous curvature is intro-
duced. The gating energy for C+ O1 becomes more nega-
tive for the system with less hydrophobic mismatch as shown
in Fig. 6. The figure also shows that the strong surface ten-
sion can certainly enhance the stability of the open state.

B. a¥#0

Now we consider nonzero « to analyze an effect of thick-
ness change of the membrane due to the conformational
change of the channel on the gating energies. Note that we
are assuming the thickness change of the membrane as the
sum of the thickness changes of the upper and lower layers
in the presence of the strong hydrophobic interaction be-
tween the channel and lipid molecules at the interface. For

respectively.

simplicity, we just choose a=10, implying that «,=10«
which is biologically reasonable. When a=0, the contact
slope u(, was automatically determined. However, in this cal-
culation we need to determine the contact slope by minimiz-
ing the deformation energy, Eq. (5).

In Figs. 7(a) and 7(b) we plot the contact slopes of the
inner layers for 8=1 A? and B=10 A2, respectively. The de-
pendence of the contact slopes to the spontaneous curvature
is noticeable only at the O3 conformation, and the slopes
become smoother for increasing values of . The gating en-
ergies in Figs. 7(c) and 7(d) show some interesting behav-
iors. First of all, the gating energies of the C+«+— O3 mecha-
nism are negative at Cy=0, implying that the open state can
be energetically favorable without introducing the spontane-
ous curvature. This is remarkably different from the case of
a=0 as shown in Fig. 3(c). It can be seen more clearly in
Fig. 8(a). It shows that Af/«,, is negative for the C«+ O3
mechanism and positive for the other two mechanisms. Sec-
ond, for a small B as shown in Fig. 7(c), the C+ O3 mecha-
nism is the most plausible in our approach. Meanwhile, for a
relatively large B as shown in Fig. 7(d), all three mechanisms
seem to be possible depending on the spontaneous curvature.
Figure 8(b) presents the gating energies at Co=—0.1 A" in
terms of . The open state O3 is stable for small 8 and O1
and O2 are stable for relatively large B compared to the
closed state.

In Figs. 9 and 10 the contact slopes of the inner layers and
the gating energies are plotted for py=40 A. As expected, the
contact slopes are smoother and the gating energies are
smaller than those for py=50 A since the hydrophobic mis-

(a) o (©) bt
5 st
B=1 4
3 03
8
—T
1 01, 02 FIG. 9. When a=10 and p,=40 A, the con-
. tact slopes of the inner layers in channel confor-
0.2 0.1 Tl 0.2 T <= Co mations of C, O1, 02, and O3 for (a) B=1 A2
-1 ) ' ' and (b) B=10 A? are plotted with respect to C,.
(b) u Gating energies with the open states O1 (solid
5 (d) lines), 02 (dotted lines), and O3 (dash-dotted
B=10 4 1o lines) are also plotted for (b) B=1 A% and (d)
5 B= B=10 A? with respect to C,.
2
03
W O e 0.2
o1, 02 . _50
Q
-0.2 -0.1 ;) 0T ¢ 0.2 ~100
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Af Af
Kat Kat e
_ Co=-0.1 (b) FIG. 10. When a=10 and py=40 A, the gat-
0.4 Co=0 (a) 40 ing energies Af/k,, are plotted with respect to 8
0.2 20 \ for (a) Cy=0 and (b) Cy=—0.1 A~'. Solid, dotted,
- == B — I and dash-dotted lines are for O1, O2, and O3,
cw2—-—4—"T8 8 10 2 47 "~6—~---8___10

-0.2 -20
-0.4 —-40

matches are reduced. Figure 10(a) shows that the gating en-
ergy of C—03 at Cy=0 is not always negative, differently
from the case of py=50 A. Note that the gating energies for
01 and 02 are not significantly distinguishable for the weak
hydrophobic mismatch. With a negative spontaneous curva-
ture and not so weak B as shown in Figs. 9(d) and 10(b), the
open states of O1 (or O2) are energetically favorable.

Now we would like to introduce the spontaneous curva-
ture to the outer layer of the membrane. For a simplicity, we
only consider that py=50 A2. Interestingly, only the open
state O3 can have lower energy than the closed as shown in
Fig. 11 regardless of C. According to there being no change
of the contact boundary conditions of the outer layer in the
case of C—02 and C—O03 in our approach, the corre-
sponding gating energies do not depend on C,, while the
gating energy for C+«+ O1 depends on C,, although it is al-
ways positive for the reasonable values of Cy. The C depen-
dence of Af/k, when B=1 A2 and B=10 A? is plotted in
Fig. 12. It shows that the mechanism of C+« O3 is the most
plausible scenario in the given situation

IV. CONCLUSIONS

We analyzed the energetics of the three possible gating
mechanisms of the ion channel that its closed conformation
is conical. As the open conformations, we considered the
cylindrical and bottlenecked structures, proposing the rota-
tional gating mechanism in which the channel proteins rotate
with respect to the pivot located in the middle of the mem-
brane. For the analysis we assumed the strong hydrophobic

-—2_'—4"_6_'—8_‘_1'0[5

=50
-100

FIG. 11. Introducing the spontaneous curvature to the outer
layer of the membrane when =10 and py=50 A, the gating ener-
gies with O1 (solid lines), O2 (dotted lines), and O3 (dash-dotted
line) are plotted with respect to 3. Three solid lines denote the
gating energies for Cy=—0.1,0,0.1 A~!, respectively, with the open
state O1 only which depends on C,.

respectively. In (a) the gating energies for O1 and
02 are not shown due to highly positive values.

interaction between the channel proteins and the nearby lipid
molecules. The interaction at the interface was assumed to be
so strong that the interaction between the upper and lower
layers of the membrane is effectively neglected. Hence we
approximated the total deformation free energy of the mem-
brane as the effective sum of the deformation energies of
each layer. We also did not include the free energies for the
protein’s conformational change and the pore size. These
contributions could be comparable but with opposite signs.
Moreover, we compared the energetics of three gating
mechanisms under the given situation.

The summaries of our main results are following. First,
when we introduced the spontaneous curvature to the inner
layer under the strong hydrophobic interaction, (i) any open
states cannot be favorable without considering the negative
spontaneous curvature even with a quite strong surface ten-
sion if «;=0. On the other hand, with the negative sponta-
neous curvature, all three gating mechanisms are possible.
(ii) The gating mechanism C+ O3 seems to be the most
favorable only if a sufficiently strong surface tension is im-
posed. (iii) For a relatively weak surface tension, the gating
mechanisms C«+ 01 and C«+~ 02 could be more favorable
than C < O3 especially when «,;,# 0. Second, when we in-
troduced the spontaneous curvature to the outer layer, (iv)
the gating mechanism C+«+ O1 is the most plausible if «,
=0 and C+~ 03 if k,;,#0. Finally, (v) if the hydrophobic
mismatch is reduced, then the gating energies for all mecha-
nisms are so reduced that the comparison may be meaning-
less.

In this work we could compare three different gating
mechanisms using a very naive approach to analyze the ef-
fect of the membrane deformation induced by the conforma-
tional change of the channel proteins. We think that our com-
parison provides some useful information on the gating
mechanisms of the ion channels having tilted closed struc-

Af
250 Kot
200/(@) B=1 " R —

150

100

50

0 Co

1| R

FIG. 12. Introducing the spontaneous curvature to the outer
layer of the membrane when =10 and py=50 A, the gating ener-
gies with O1 (solid lines), 02 (dotted lines), and O3 (dash-dotted
lines) versus C, are plotted at (a) 8=1 A2 and (b) B=10 A2
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tures. All three open conformations could be good candidates
depending on the physical properties of the membrane and
channel proteins. A more detailed approach such as consid-
ering the interaction between the outer and inner layers of the
membrane properly will be discussed elsewhere.
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