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Abstract. We have recently shown (Chang et al., 1995)
that lipid-channel interactions, exemplified by the effects
of cholesterol on the calcium-activated potassium (BK)
channel, profoundly affect channel properties. The
present study further explores such interactions by mon-
itoring changes in BK channel behavior after reconstitu-
tion into bilayers where the size of phospholipid (PL)
headgroups is increased and where the freedom of mo-
tion (inverse order) of fatty acid chains is incremented.
Increasing the PL headgroup cross-sectional area, from
that of N-meth-DOPE to that of DOPC (an increase from
ca. 60 to 70 A?), is associated with a doubling of the
channel mean opentime. Channel conductance, how-
ever, was unaffected. Increasing the order of the fatty
acid chains, from that of DOPE to POPE and to that of
DEPE, had no significant effect on channel properties (at
22°C). We interpret the changes reported here to reflect
lipid-protein interactions through the induction of struc-
tural stress related to the headgroup structures of phos-
pholipids.
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Introduction

Evidence is mounting to implicate lipids as functional
modulators of membrane integral proteins, such as ion
channels, through lipid-protein interactions (Fong & Mc-
Namee, 1986; Gibson & Brown, 1993; Keller et al.,
1993; Chang et al., 1995; see review by McElhaney,
1989). A better understanding of such interactions may
be gained by examining how the structure of lipids (dif-
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ferent packing order, different headgroup size, or altered
acyl chain structure) contributes to physical forces gen-
erated in lipid membranes. (See for example, Gibson &
Brown, 1993; Keller et al., 1993; Chang et al., 1995.)
In this paper, we apply the structural stress hypothesis
which relates stress forces in bilayers to the modulation
of membrane integral protein function. For example,
Keller et al. (1993) showed that the probability of finding
the alamethicin channel in the open state increases dra-
matically when it is incorporated into a bilayer made of
dioleoylphosphatidylethanolamine (DOPE) rather than
of dioleoylphosphatidylcholine (DOPC). In a different
system, Gibson & Brown (1993) reported that the M /M;
ratio of thodopsin decreased in vesicles where the phos-
phatidylcholine (PC) concentration was raised (the M; to
Mj; transition is one step in the activation of rhodopsin).
These authors suggest that the change may be related to
the physical properties (elastic or curvature stress) of the
bilayer. Replacing the ethanolamine headgroup in phos-
phatidylethanolamine (PE) with a choline moiety (in PC)
results in an increase in the effective cross-sectional area
of the headgroup because the choline moiety is bulkier
and hydrates more fully (Rand et al., 1992). As the phos-
pholipid (PL) headgroup size is increased, leaving the
acyl chains unaltered, the spontaneous radius of curva-
ture of the lipid is reduced, resulting in a reduced cur-
vature stress in planar bilayers (Gruner, 1992). The acyl
chains of PLs also affect the curvature stress of the bi-
layer. For example, as the order of fatty acid chains is
decreased, by adding unsaturated bonds (e.g., from 18:0
to 18:1A%), the diameter of the hexagonal cylinder array
of lipids is decreased (Marsh, 1990a). This causes a de-
crease in the spontaneous radius of curvature and a con-
sequent increase in the curvature stress when such lipids
are forced into a planar bilayer configuration (Gruner et
al., 1988; Tate et al., 1992). Tight packing of PLs pro-
duces lateral elastic repulsion forces among the lipid
molecules, and this repulsion produces lateral elastic
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stress in bilayers (Evans & Needham, 1987; Needham &
Nunn, 1990). This stress force increases when the lipid
headgroup cross-sectional area is reduced (Rand & Par-
segian, 1992), when the temperature is lowered (i.e., or-
dering the fatty acid chains; Needham & Evans, 1988) or
when cholesterol is inserted into bilayers (Needham &
Nunn, 1990). We have recently shown that the mean
opentime and conductance, of the BK channel, decreased
markedly as the concentration of cholesterol in bilayers
was increased (Chang et al., 1995). Experimental evi-
dence also shows that the phase status of lipid mem-
branes contributes to the regulation of integral protein
function. For example, the activities of the glucose
transporter (Whitesell et al., 1989) and the Na/K-ATPase
(Chong, Fortess & Jameson, 1985) decreased as the tem-
perature was lowered below the phase transition temper-
atures of the membrane lipids surrounding these en-
zymes. The authors suggest that the reduction in enzyme
activity may be due to a transition from the liquid-
crystalline to the gel phase of the lipids. This transition
results in an increase in the order of the lipids thereby
possibly restricting conformational changes associated
with enzyme activation.

In the present study, we examine how increasing the
size of the PL headgroups and increasing the order of
acyl chains of bilayer lipids, into which the channel is
reconstituted, affect its functional properties. Our results
are consistent with the hypothesis relating increased
structural stress in the bilayer with a reduction in the
ability of the BK channel to remain in the open state as
a result of this force ‘‘squeezing’’ the channel into the
closed state.

Materials and Methods

Lipids were purchased from Avanti Polar Lipids (Alabaster, AL) and
decane from Sigma (St. Louis, MO). The BK channel, from rat brain,
was reconstituted into a set of planar lipid bilayers made from phos-
pholipids with different headgroups, keeping the fatty acid chains the
same. In a separate set of experiments, bilayers were made from PL
with different fatty acid chains, keeping the headgroups the same.
Rat brain P3 vesicles were prepared according to Krueger, Worley &
French (1983) with slight modifications (Chang et al., 1995). Phos-
pholipids were prepared as single species, dissolved in decane, at con-
centrations of 20-30 mg/ml.

To investigate the effects of the cross-sectional areas of PLs, we
reconstituted the BK channel into bilayers made of the following lipids
whose headgroup dimensions increase in the order: mono-methylated
dioleoylphosphatidylethanolamine (N-meth-DOPE) (62 Zc-\z) < DOPE
(65 A% < DOPC (70 A?; data from Gruner et al., 1988). The fatty acid
chains of these three PLs have the same composition and structure (see
below). To investigate the effects of fatty acid chains on channel prop-
erties, PEs with different fatty acid chains were chosen because channel
incorporation into such bilayers was found to be more frequent than
into bilayers made with PC. DOPE has two oleic acid chains, consist-
ing of an 18-carbon backbone with a cis double bond at position A9
(18:1A%). 1-palmitoyl-2-oleoyl-phosphatidylethanolamine (POPE)
has one palmitic acid, which consists of a saturated 16-carbon back-

bone (16:0), and one oleic acid chain. Finally, dielaidoylphosphati-
dylethanolamine (DEPE) has two elaidic acid chains, composed of an
18-carbon backbone with a trans double bond at position A9 (18:1A°;
Marsh, 1990b). The major phase transition temperatures (T,) of the
PLs have the following order: DOPE (-16°C) < POPE (+25°C) <
DEPE (+35°C) (Lewis et al., 1989, and Marsh, 1990b). Thus, the
ordered structure of the fatty acid chains (at 22-23°C) may be sum-
marized to be: DOPE < POPE < DEPE. We were concerned about the
presence of decane, as a constant contaminant in all experiments.
However, its contribution to our results is likely to be small based on
previous observations (Labarca, Coronado & Miller, 1980) which show
that decane does not significantly affect the conductance of the voltage-
dependent K* channel reconstituted from sarcoplasmic reticulum.
Hexadecane and squalane also have been used by others, as solvents,
and they were shown to have no effect on reconstituted alamethicin
channels (Keller et al., 1993). Unfortunately, no data are available on
the effect of decane on structural aspects of the lipids we used in this
study.

Channel incorporation procedures, data acquisition and analysis
were as previously described (Chang et al., 1995). Briefly, vesicles
from rat brain plasmalemmal fraction were prepared by differential
centrifugation and subsequently fused to planar bilayers. The ease of
channel incorporation depended on bilayer composition. In general,
incorporation into all PE bilayers was easier and faster than into DOPC
bilayers. In PE bilayers, incorporation was typically achieved within
few minutes after ‘‘brushing’’ the P3 membrane preparation across the
bilayer from the trans side chamber. For DOPC bilayers, often a few
hours of repetitive trials were needed. Single channel activity was
recorded with a patch-clamp amplifier (Axopatch 1A amplifier; Axon
Instruments, Foster City, CA). The solution in the trans recording
chamber had the following composition (in mm): KCI = 100, CaCl, =
0.1, HEPES = 10, pH 7.4. The cis solution had the same composition
except that KCl = 300. Experiments were carried out at 22.5 + 0.5°C.
The trans side was grounded. Signals were filtered at 3 KHz before
being digitized at a sampling rate of 10 KHz. Results from bilayers
containing only a single channel were pooled for statistical analysis.
Single channel conductance was calculated from the slope of the cur-
rent-voltage (I-V) relationship. The Student r-test was used for statis-
tical testing of difference (significance was defined at P < 0.05).

ABBREVIATIONS
N-meth-DOPE, mono-methylated dioleoylphosphatidylethanol-

amine

DOPC, dioleoylphosphatidylcholine -

DOPE, dioleoylphosphatidylethanolamine

POPE, 1-palmitoyl-2-oleoyl-phosphatidylethanolamine
DEPE, dielaidoylphosphatidylethanolamine

Results

ErrecTs oF HEADGROUP SizE

The BK channel was reconstituted into bilayers made of
N-meth-DOPE, DOPE and DOPC, respectively, where
the nominal headgroup cross-sectional areas are 62, 65
and 70 A2, Figure 1 shows typical records of BK chan-
nel activity under these conditions. When incorporated
into bilayers made of N-meth-DOPE (the smallest head-
group size; Fig. 14), the mean opentime (f,) was rela-
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Fig. 1. Activity of single BK channels after reconstitution into bilayers
composed of N-Meth-DOPE (4); DOPE (B); and DOPC (C). Results
are presented in increasing order of headgroup cross-sectional area (see
Materials and Methods for details). The holding potential (E,) was +10
mV in all cases. Arrows indicate the closed state of the channel. Note
the gradual increase in channel opentime durations.

tively short at 1.3 + 0.8 msec (mean + sem; 288 events).
The probability of the channel being in the open state
(P,) was 0.01. The mean current amplitude, in this ex-
periment, was 10.2 = 0.1 pA. Some open events were

too short to be fully resolved and are seen as distorted
low amplitude fluctuations. Such events (shorter than 1
msec) were not included in the amplitude statistics in
order to minimize artifacts due to bandwidth limitations.
When the headgroup size was slightly larger (DOPE at
65 AZ; Fig. 1B), the mean opentime was intermediate at
t, = 2.9 £ 0.1 msec (126 events), and opening events
were more frequent (P, = 0.04). The current amplitude
was 9.95 £ 0.02 pA. In the DOPC bilayer, which has the
largest cross-sectional area, the mean opentime was the
longest at t, = 3.7 £ 0.5 msec (60 events), and P, = 0.01.
The current amplitude was 9.32 + 0.08 pA. The open-
time histograms for these channels are shown in Fig. 2.
Each histogram was best fit with a double exponential
decay function. The time constants (t) for the channel in
the N-meth-DOPE bilayer (A) were T, = 0.6 msec (59%
of all events) and T, = 1.4 msec (41%). In DOPE bilayer
(B), T, = 0.4 msec (58%) and 1, = 2.6 msec (42%); and
in the DOPC bilayer (panel C), T, = 0.6 ms (43%) with
T, =9.8 ms (57%). A double exponential fit of opentime
histograms, for the BK channel, also has been reported
after reconstitution into other bilayers (Toro, Vaca &
Stefani, 1991and Reinhart et al., 1991; Chang et al.,
1995). Table 1 summarizes the effects of headgroup size
on channel properties from a number of experiments.
As the headgroup size increased, the channel mean open-
time increased in a monotonic manner. There are no
significant changes in T;, but the change in 7, follows a
similar trend to that seen with t, values. The apparent
differences in the values of the time constants (values of
Fig. 2 vs. Table 1) are due, at least in part, to curve fitting
algorithms (Colquhoun & Sigworth, 1983). The open
probability shows the highest value in DOPE but the
values, among the three different PLs, are not statisti-
cally different from each other. Channel conductance
did not change.

ErreCTS OF FATTY ACID CHAIN STRUCTURE

The BK channel was reconstituted into bilayers, of in-
creasing fatty acid acyl chain order, made of DOPE,
POPE, and DEPE respectively (see Materials and Meth-
ods) in order to determine whether the structure of the
bilayer, as influenced by the order of the acyl chains had
any effect on channel properties. Typical records of
channel activity are shown in Fig. 3. In the DOPE bi-
layer (Fig. 3A), the mean opentime duration was 2.8
msec and is very similar to those in POPE (2.7 msec) and
in DEPE (2.8 msec; B and C, respectively). Table 2
summarizes channel properties after incorporation into
such bilayers. The data show that channel mean open-
times (#,) are not affected by the order of the fatty acids
examined here. The open probability of the channel (P,)
and channel conductance (g) also show no significant
differences under these conditions.
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Fig. 2. Opentime histograms of BK channels reconstituted into lipid
bilayers with increasing headgroup size (data from the same experi-
ments shown in Fig. 1). The opentime histograms were best fit with
double exponential decaying functions. Note the gradual increase in
opentime durations. Quantitative comparisons are shown in Table 1.

Discussion

We tested whether the PL headgroup size (with constant
acyl chain structure) and the order of acyl chains (with
constant headgroup size) affect the behavior of the BK
channel incorporated into bilayers made under these con-
ditions. We noted at the outset (see Materials and Meth-

ods) differences in the ease of channel incorporation de-
pending on the composition of the bilayers. Channel in-
corporation was easy, compared to that achieved with
PE/phosphatidylserine (PS) bilayers (Chang et al., 1995),
when reconstituted into PE and was more difficult (re-
quired more time and a larger number of applications of
the protein fraction to the bilayer) in PC membranes.
These differences may relate to the bilayer structure.
First, it has been suggested that the tendency of lipids to
form hexagonal structure is important in mediating mem-
brane fusion; DOPC does not form hexagonal structures
as easily as PEs (Seddon, 1990). Second, the greater
hydration of the PC headgroup may reduce the probabil-
ity of contact between the bilayer and the membrane
vesicles containing the BK channel; therefore, the fusion
rate of the vesicle with the bilayer may be reduced (Rand
& Parsegian, 1992).

On the basis of our previous observations (Chang et
al., 1995), we expected to see progressive changes in
channel properties as the lateral stress in the bilayer was
increased either because of the presence of smaller PL
headgroup size or because of a decrease in the order
within the PL acyl chains. Indeed, we report here that as
the PL headgroup size increases, the channel mean open-
time also increases. These results can be explained on
the basis of the generation of progressively smaller struc-
tural stresses which are likely to develop as the PL head-
group size is increased (Rand & Parsegian, 1992). We
have recently shown (Chang et al., 1995) that consider-
ations of structural stress provides a conceptual explana-
tion for the effects of cholesterol on the BK channel.
Specifically, as the stress force decreases it imparts less
of a reactive force to the opened channel thereby result-
ing in the tendency of the channel to remain in the open
state for longer times. The contribution of the lateral
elastic stress, one component of the total stress, can be
expected to diminish as the PL headgroup size increases
because the modulus of compressibility (K) is lower
(Chang et al., 1995; Eq. 6) for lipids with larger head-
groups than those with smaller ones (Rand & Parsegian,
1992). (The cross-sectional areas of the lipid headgroups
used in this study are: N-meth-DOPE 62 A2, DOPE 65
A2, and DOPC 70 A% Gruner et al., 1988.) In addition
to the lateral elastic stress, parallel to the plane of the
membrane, another force may be generated from the cur-
vature stress characterized by the spontaneous radius of
curvature of the lipids (Gruner, 1992). The increase in
free energy resulting from the intrinsic curvature stress,
another component of the total structural stress, is in-
versely proportional to the spontaneous radius of curva-
ture of the lipid (Helfrich, 1973; Gruner, 1985). The
spontaneous radius of curvature is approximately equal
to the radius of the water column in the lipid hexagonal
II [Hy] phase (Keller et al.,, 1993). A planar bilayer
made of lipids with large headgroup (e.g., DOPC) will
have less curvature-dependent structural stress than a bi-
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Table 1. Effects of lipid headgroups on channel properties

N-meth-DOPE DOPE DOPC

Headgroup area (A%): 62 65 70

t, (msec) 1.6+0.1 2.7+02% 3.5£0.7*

P, (% of total time) 1.2+£0.3 35+13 1 %1

T, (msec) 0.6x0.1 06102 04%0.1

T, (msec) 1.6+0.2 3.3+0.3% 57+21

Conductance (pS) 271 %2 277 +6 269 =7

n 3 6 3

m (M) 260-670 (1200) 100-600 (1800) 60-300 (600)

E, = +10 mV; ¢ = 22.5°C, data shown as mean * SEM; n = number of experiments.
* = gignificantly different from N-meth-DOPE, r-test P < 0.05, fdata from Gruner et al. (1988).
m = Range of number of open events in each data set; M = total number of open events in each

lipid condition.

Table 2. Effects of lipid chain structure on channel properties

DOPE POPE DEPE
t, (msec) 27102 29+ 0.7 2.8+ 0.6
P, (% of total time) 3513 25+ 1.2 48t 2.8
T, (msec) 0.6x02 09+ 01 0.8+ 0.3
T, (msec) 33403 37+ 09 32+ 05
Conductance (pS) 277 £6 253 x17 266 120
n 6 12 3
m (M) 100-600 (1800) 110-820 (4600) 130-780 (1100)

E, =10 mV, t = 22.5°C, data presented as mean £ SEM; n = number of experiments.
m = range of number of open events in each data set; M = total number of open events in each

lipid condition; no significant differences were observed.

layer made with small headgroup lipids (e.g., DOPE).
The rank order of the spontaneous radius of curvature is:
31 A for DOPE, 38 A for N-meth-DOPE (Rand et al.,
1990), and >200A for DOPC (Keller et al., 1993). Qual-
itatively, the increased channel mean opentime in DOPC
is consistent with the hypothesis that reduced curvature
stress causes the channel to stay in the open state longer.
However, the spontaneous radius of curvature for
N-meth-DOPE and DOPE does not exactly follow the
same rank order of headgroup sizes. The underlying
causes for this discrepancy are not understood (Gruner et
al., 1988).

The open probability data we report here show con-
siderable variations. This has been reported previously
for the BK channel (Methfessel & Boheim, 1982; Moc-
zydlowski & Latorre, 1983) but the reasons for this find-
ing are unknown. Also, in contrast to the consistent re-
lationship of the mean opentimes with the physical pa-
rameters of the bilayers (as determined by the PL
headgroup size), the open probability (P,) values do not
follow a consistent correlation with the size of head-
groups. One possible explanation for this may be the
fact that the probability of opening of the BK channels
depends on the binding of Ca**. We cannot rule out a
possible effect of changes in the lipid environment on the

capacity of the channel to bind calcium (Starling, East &
Lee, 1993; Trave et al., 1994); such an alteration would
alter channel kinetics. Our data show further that chan-
nel conductance was not affected by the size of the PL
headgroup. A similar finding was reported for the con-
ductance of the alamethicin channel when incorporated
into bilayers made with DOPE or DOPC (Keller et al.,
1993).

When the BK channel was reconstituted into bilay-
ers with increasing acyl chain order (DOPE, POPE and
DEPE, respectively), we observed no significant changes
in channel properties. Our experiments were carried out
at ~22°C where DOPE (T, =-16°C) would be above and
POPE (T, = 25°C) and DEPE (T, = 35°C) would be
below their transition temperatures. Therefore, at room
temperature, the expected order of the fatty acid chains
may be taken as: DOPE < POPE < DEPE. The modulus
of compressibility K has been shown to be linked to the
phase state of the lipid, and therefore to the order of acyl
chains. A ~50% increase in K occurs when the lipid is
below T, (Needham & Evans, 1988). Even though there
are no exact K values available for the three lipids used
in this study, it is reasonable to expect on the basis of
increasing order that the rank of the K values will be:
DOPE < POPE < DEPE. Since the lateral elastic stress
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Fig. 3. Records of single BK channel events after reconstitution into
bilayers made of DOPE (4), POPE (B), and DEPE (C). Other details
are as in Fig. 1.

is proportional to K (Eq. 1), the rank of the lateral elastic
stress in the bilayer should follow the same sequence.
The curvature stress has also been shown to be depen-
dent on acyl chain composition. Thus, the radius of cur-
vature, in the hexagonal phase, is 25% larger for DEPE
than for DOPE (Tate et al., 1992). Therefore, the in-
creased order of fatty acid chains (which results from

transforming a cis into a trans double bond) antagonizes
the tendency of the lipid to form a hexagonal structure.
This increase in spontaneous radius of curvature of the
lipid bilayer may result in a reduction of curvature stress
in the planar bilayer. It is therefore possible that when
the lipid composition is altered from DOPE to DEPE the
change in structural stress is likely to be very small. One
would then expect little or no effects to take place on the
properties of the BK channel even though the order pa-
rameter of the lipid is increased. These arguments show
that considering the order of fatty acid chains alone is
insufficient to predict the effects of lipids on membrane-
integral proteins. Possible changes in the overall bilayer
thickness did not appear to influence channel properties
in our experiments. First, the thickness of the bilayer
does not appear to change significantly when the size of
headgroup is increased (Marsh, 1990c¢). Second, al-
though there may be an increase in the bilayer thickness
when the double bond in the fatty acid chain is changed
from cis to trans configuration (i.e., DOPE to DEPE), no
changes in channel properties have been observed under
these conditions. In the same vein, the behavior of the
alamethicin channel was unaffected by increasing the
length of fatty acid chains (Keller et al., 1993).

In summary, we report here that altering the physi-
cochemical nature of the environment in which the BK
channel is embedded alters its behavior. Although insuf-
ficient by itself, structural stress produced in bilayers
may be an important mechanism that contributes signif-
icantly to changes in ion channel function when the lipid
composition around it changes.
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Disease Control Research Commission, and a BRSG grant (to R.G.).
R.R. was supported by National Institutes of Health Training grant
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