evidence that these sites are initially open
and accessible, but that compaction of the

complex occurs upon binding of ribosomal

proteins.

It is not clear why Stuhrmann plots for
non-salt-washed subunits have such a large
slope and a consequently large value of the
protein R, while subunits salt-washed to
remove protein S1 do not. It is unlikely that
the Sl-depleted and reconstituted species
studied here have suffered a partial loss of
ribosomal proteins, because both of these
species are fully active and have measured
contrast match-points that are identical
within error to calculated values. S1 has
been located close to the protein center of
mass (16) and therefore should not make a
large difference to the protein R,. Sodium
dodecyl sulfate gels (Fig. 1b) on the sub-
units with S1 show the presence of several
bands corresponding to nonribosomal pro-
teins that are not present in the salt-washed
or reconstituted subunits. The match-point
for the subunits with S1 is also slightly
lower than calculated; this leads to an esti-
mate of about 11 percent more protein than
would be expected from a unit stoichiom-
etry of the 21 ribosomal proteins. Thus it is
likely that nonribosomal proteins are bound
to the region of RNA that is farthest from
the protein center of mass, giving rise to a
spuriously large R, for the protein compo-
nent. On the other hand, in at least one
previous report (6), the subunits studied
were washed in 0.5 NH,4Cl. The possibili-
ty remains, therefore, that the location of
S1, which was determined by measuring the
dgistance of cross-linked S1 to other ribo-
somal proteins, is erroneous.

In any case, with the possible exception of
protein S1, the proteins and RNA of the
30S ribosomal subunit are intermingled, but
are asymmetric in their spatial distribution,
with a center of mass separation of 25 A.
These findings offer direct and independent
evidence that the picture of the small sub-
unit that is emerging from efforts to locate
individual ribosomal proteins is correct with
respect to the overall distribution of protein
and RNA.
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Calcium Channels in Planar Lipid Bilayers: Insights
into Mechanisms of Ion Permeation and Gating

ROBERT L. ROSENBERG, PETER HESSs, JoHN P. REEVES,
HEeNRY SMiLowITZ, RICHARD W. TSIEN

Electrophysiological recordings were used to analyze single calcium channels in planar
lipid bilayers after membranes from bovine cardiac sarcolemmal vesicles had been
incorporated into the bilayer. In these cell-free conditions, channels in the bilayer
showed unitary barium or calcium conductances, gating kinetics, and pharmacological
responses that were similar to dihydropyridine-sensitive calcium channels in intact
cells. The open channel current varied in a nonlinear manner with voltage under
asymmetric (that is, physiological) ionic conditions. However, with identical solutions
on both sides of the bilayer, the current-voltage relation was linear. In matched
experiments, calcium channels from skeletal muscle T-tubules differed significantly
from cardiac calcium channels in their conductance properties and gating kinetics.

ALCIUM CHANNELS ARE VITAL TO

neurotransmission, secretion, and

muscle contraction and are impor-
tant targets of neurochemical modulators
(1). The molecular properties of Ca®* chan-
nels have been studied with single-channel
recordings in intact cells (2-6) and with
biochemical investigationis of putative Ca?*
channel proteins (7). These different ap-
proaches to channel function and structure
can be combined by studying Ca** channels
under cell-free conditions where the lipid
and ionic environment can be controlled.
This can be done by recording the activity of
Ca** channels incorporated into planar bi-
layers (8-10). However, there has been no
direct comparison of single-channel proper-
ties in planar bilayers and in intact cells
under matched experimental conditions.
Here we report that cardiac Ca** channels
reconstituted in artificial membranes and
Ca?" channels in intact heart cells have
similar properties of ion permeation and
gating. We have also been able to gain new
information about the mechanism of ion
permeation by using this technique to study
calcium channels under experimental condi-
tions unattainable in intact cells. Further-
more, we find that Ca** channels from
skeletal muscle T tubules and cardiac sarco-
lemma differ significantly in single-channel
conductance and gating despite their com-
mon sensitivity to dihydropyridines.

Unitary Ca’* channel activity was ob-
served after incorporation of cardiac sarco-
lemmal vesicles into a lipid bilayer (Fig. 1A)
(11). The external side to the channel was
exposed to 100 mM Ba** and 50 mM Na*
and the internal side to 50 mM Na* and no
Ba’". In these studies, channel sidedness is
defined such that positive internal potentials
promote channel openings (12). The dihy-
dropyridine (DHP) Ca** agonist Bay K
8644 (13) was included in all experiments to
promote long openings of L-type Ca’*
channels (6, 14, 15). Membrane depolariza-
tions to +10 mV evoked channel activity
(Fig. 1A) that was seen as inward current
pulses of ~1.2 pA. This current must have
been carried by Ba®* ions because Ba?* was
the only ion present that had an inwardly
directed driving force at +10 mV. The slope
conductance at 0 mV was 23 picosiemens
(pS). In experiments with 100 mA external
Ca”*, unitary current events at +10 mV
were only ~0.4 pA, and the slope conduc-
tance was ~7 pS. These amplitudes of ele-
mentary currents are typical for cardiac L-
type Ca?" channels in cell-attached patches
3, 5, 15).
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Fig. 1. Cardiac Ca®* channels in planar bilayers. Extracellular solution contained 50 ma
NaCl, 100 mM BaCl,, 1 mM EDTA, 10 mM 4-(2-hydroxyethyl)-1-piperazinecthane
sulfonic acid (Hepes)-NaOH, pH 7.4; intracellular solution contained 50 mM NaCl, 1
mM EDTA, 10 mM Hepes-NaOH, pH 7.4 (12). Bay K 8644 (1 uM) was present on
both sides. (A) Current records from a bilayer containing a single Ca®>* channel (11).
Voltage-clamp depolarizations from —70 mV to +10 mV were applied every 2 seconds.
Channel openings are shown as a downward transition. Linear leakage and capacity
currents have been subtracted. The average of 120 records is shown below the individual

current traces: Data are from bilayer J5D1. (B) Channel open time distribution at 0 mV.
Opening and closing events were detected by setting a discriminator at 50 percent of the

single-channel current. The smooth curve is the least-squares fit of the data with a single

Bilayer J4Y5.
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Individual current traces were averaged to
give a mean current record (Fig. 1A, bot-
torn) that activated rapidly following depo-
larization, inactivated slowly during a main-
tained depolarization, and deactivated very
rapidly following repolarization. The kinet-
ics of channel gating were typical for Ba**
curretits through cardiac L-type Ca®* chan-
nels ini the presence of Bay K 8644 (6, 14).
In experiments where Ca®* carried the in-
ward current, inactivation was significantly
faster, in agreement with results from intact
cells (16). The mean open time with Ba**
was ~20 msec (Fig. 1B), as expected for
long-lasting channel openings promoted by
Bay K 8644 (6, 14, 17). Brief openings,
which dominateé L-type channel gating in
the absence of DHP Ca®* agonists (3, 5, 6),
were largely filtered out by the bandwidth
limitatioris of the bilayer recordings (18).
The voltage-dependence of channel activa-
tion is shown in Fig. 1C. The steepness and
the voltage range of activation were charac-
teristic of cardiac- L-type channels in intact
cells (3, 5). ‘

Calcium channels in planar bilayers re-
sponded to pharmacological agents known
to inhibit L-type Ca*" channels in intact
cells. Addition of the DHP Ca** antagonist
nimodipine (6 pM) to both sides of the
planar bilayer completely abolished Ca**
channel activity despite the preseénce of Bay
K 8644 (1 uM). External cadmium ions
reduced the apparent unitary current ampli-
tude (19) and increased the open-channel
noise, as expected for fast “flickery” block
(20). In the presence of 100 mM Ba*, the
unitary currents were reduced to 50 percent
of control at ~30 wM Cd?*, in excellent
agreement with results in cell-attached
patches (20).

In perhaps the most stringent test, we
compared directly the voltage-dependence
of the open channel current of Ca?* chan-
nels in planar bilayers and intact cells under
closely matched ionic conditions (Fig. 2A).
The current-voltage (I-V) relations could
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almost be superimposed in the intermediate
voltage range where currents could be mea-
sured with both experimental designs (23
pS at 0 mV). In bilayers as well as cell-
attached patches, the reversal potential was
close to +100 mV, corresponding to a Fatt-
Ginsborg permeability ratio of Pgy/
Pg+ = 2800 (21).

Because the artificial membranes were
more stable at very strong depolarizations
than were cell-attached patches, we were
able to record unitary outward currents car-
ried by internal K* (Fig. 2A) or internal
Na* (Fig. 2B, closed circles). In both cases,
the slope conductance for the outward cur-
rents increased steeply with voltage, produc-
ing an asymmetric, strongly inflected I-V
relation. To determine whether this nonlin-
earity was a consequence of the asymmetric
distribution of ions or whether the channel
itself was functionally asymmetric, we mea-
sured the open channel I-V relationship
with symmetric ionic conditions (Fig. 2B,
open circles). As expected, the reversal po-
tential was 0 mV. On either side of the
reversal potential, inward and outward cur-
rents were equal and opposite. Thus, the
open channel behaves like a functionally

) 3
I(pA) .

exponential (time constant, 20 msec) (18). Bilayer J5P3. (C) Open probability as a
function of test potential. Open probability was determined for each sweep containing
channel activity; null sweeps were excluded. The average probabili
at each potential were plotted. Holding potential was —80 mV. The smooth curve was
drawn according to the equation Popen, = 0.825/{1 + exp[(18 mV — V)/16 mV]}.

and standard errors

symmetric pore under these symmetric ionic
conditions. The linearity of the I-V relation
with symmetric Ba®* is in sharp contrast to
the nonlinearity seen with external Ba?* and
internal monovalent ions (Fig. 2, A and B,
closed circles). The steeply increasing con-
ductance for outward monovalent current
likely reflects a voltage-dependent decrease
of channel occupancy by Ba** (22). Inter-
estingly, the unitary outward currents car-
ried by Na® are significantly larger than
those carried by K*, despite the higher
internal K* concentration (compare Fig. 2,
A and B). These results provide support for
the idea that these Ca’* channels select
among monovalent ions, as well as among
divalent ions (22).

Although cardiac L-type Ca>* channels
have been extenisively studied at the single-
channel level, they have not yet been puri-
fied. Efforts dt purification have focused
mainly on Ca?* channels from skeletal mus-
cle T-tubules (7) which are not accessible to
patch clamp recordings. Since single-chan-
nel recordings can be made from skeletal
muscle Ca?* channels incorporated into lip-
id bilayers (9), a direct comparison between
the two types of channels can now be made.

Fig. 2. Cardiac Ca®* channel current-voltage relations. (A)
Current-voltage relations for a cell-attached patch (line) and a
- planar bilayer (points). The cell-attached patch I-V relation was
L . obtained with a voltage ramp command as described in (20).
* Pipette solution contained 110 mAM BaCl,, 10 mM Hepes—
tetracthyl ammonium hydroxide (TEAOH), pH 7.4. The cell
membrane potential outside the patch was zeroed by an external
solution containing 140 mAM potassium aspartate, 10 mM
EGTA, 1 mM MgCl,, and 10 mM Hepes-TEAOH plus 1 pM
Bay K 8644. In the planar bilayer experiments, the extracellular
L solution contained 110 mM BaCl,, 10 mM Hepes-NaOH, pH

B 7.4, and the ifntracellular solution contained 150 maM KCI, 1

mM EDTA, 10 mM Hepes-NaOH, pH 7.4. Holding
was —80 mV. Data are from bilayers J5F1, J5G1, and J5N1.
Standard errors are shown when they were larger than the
symbols. (B) Current-voltage curves for reconstituted Ca**
5 channels exposed to symmetric solutions of 100 mM BaCl,, 50
r mM NaCl, 1 mM EDTA, 10 mM Hepes-NaOH, pH 7.4 (O), or
asymmetric solutions containing 100 mM BaCl,, 50 mM NaCl

tential

outside, and 50 mM NaCl inside (Fig. 1) (®). Curve was drawn
L by eye; straight line is the least-squares fit of the data. Bilayers

3 -
L 1 1 J./ 1 J
-100 100 200
/j-‘;'/ V(mV)
—aL J4Y5 and J5H1.
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Figure 3 compares individual current traces
and open channel I-V relations under identi-
cal ionic conditions. With 100 mM Ba**
plus 50 mAf Na* on both sides of the
bilayer, the skeletal muscle Ca** channel has
a conductance (10.6 = 0.8 pS, mean *
SEM, » = 3) that is significantly smaller
than that of the cardiac L-type Ca** channel
(22.7 £ 1.1 pS, » = 4). In addition to this
difference in ion conductance, we find major
differences in the gating behavior of chan-
nels from skeletal and cardiac muscle (Fig.
3). Under the ionic conditions of the bilayer
experiments, activity of the skeletal muscle
Ca®" channel can be seen at —100 mV (Fig.
3) where there is essentially no activity of
the cardiac channel. The skeletal channels
activate more slowly and have a longer mean
open time. These differences in single-chan-
nel properties suggest structural diversity
even among Ca’* channels that share sensi-
tivity to dihydropyridines.

In summary, cardiac Ca?* channels in
planar bilayers differ little in behavior from
Ca’* channels in cell-attached patches under
matched experimental conditions. These di-
rect comparisons have not been possible
with Ca?" channels from other systems that
are inaccessible to patch-clamp analysis (8,
9). Incorporation of these channels into
bilayers has allowed us to study Ca** chan-
nel activity under conditions that have not
been achieved in intact cells, for example, at
strongly positive potentials or with high
intracellular divalent jons.

This method can also be used to answer
questions about the influence of membrane
and cytoplasmic components on Ca®* chan-
nel activity. Activity of cardiac L-type Ca®*
channels disappears rapidly and irreversibly
after the excision of a cell-attached patch (2,
5, 15). It is remarkable that after tissue
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marks indicate the start and termi-
nation of depolarizations to the test
| potentials shown. Data are from
- bilayer R3Al. (Right) Cardiac
Ca®* channel records. Holding po-
tential was —80 mV. Bilayer J5H1.
(B) Current-voltage curves of cardi-
ac (O) and skeletal (@) Ca®* chan-
nels. Lines are the least-squares fits
of the data points.

homogenization in ordinary buffers and
fractionation of membrane fragments, pro-
cedures requiring ~12 hours, calcium chan-
nels in bilayers are still active. However, as
with an excised patch, there is a reduction in
activity with time, seen either-as a gradual
decrease of the open probability or a sudden
irreversible channel closure. It has been pro-
posed that cyclic AMP-dependent protein
phosphorylation is required to maintain ac-
tive Ca®* channels (23). Our results suggest
that either a population of channels can
remain in the phosphorylated state for sever-
al hours after tissue disruption, or that
phosphorylation is not absolutely required
for channel function. Furthermore, our re-
sults show that Ca?* channels can undergo
inactivation in the absence of intracellular
components, indicating that inactivation is
intrinsic to the channel molecule itself and
does not require intracellular processes such
as protein dephosphorylation (24). The pre-
cise role of cyclic AMP— or Ca**-dependent
phosphorylation is one of the important
issues that may be addressed with channels
incorporated into bilayers (25).
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