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ABSTRACT
ANIONIC PERMEABILITY OF THE LIVER ER MEMBRANE
By

Ashutosh Tripathy

The ionic pathways present in the liver ER membrane are not known in
detail. Studies using ER-derived vesicles have shown that they are permeable
to Na*, K*, choline* and CI- but less permeable to Ca** and Mg*+. Though
highly permeable to K*, the liver ER membrane has been postulated to lack an
efficient ion conducting structure for K* like the K*, Na* channel in the
sarcoplasmic reticulum.

InsP3, an intracellular second messenger can release Ca** from an
intracellular store of many types of cells and that store has been postulated to be
the ER. An InsP3-gated Ca** channel has been shown to exist in canine
cerebellar microsomes. But, the the identity of the store in liver tissue is unclear.
Though the liver rough ER-derived vesicles have been shown to release Ca**
when challenged with InsP3, the InsP3- binding sites copurify not with the ER
marker, rather with the plasma membrane marker.

The present study was undertaken with the aim to look at the anionic,

Ca** and K* permeability pathways present in the ER membrane.



Direct current-voltage recording is a straightforward approach to delineate
the ionic pathways present in any membrane. But the membrane of an
intracellular organelle like the ER is not accessible to direct cellular patch
recording. So, we have fused the liver rough ER-derived vesicles with a planar
BLM and have made current-voltage measurements across the reconstituted
BLM. In our fusion protocols the vesicles could be readily fused with a BLM by
swelling them osmotically in chloride containing solutions.

Using the above experimental approach, We have found that the liver
rough ER-derived vesicles possess considerable anionic permeability. The
permeability to halides and other anions follows the sequence : SCN-> |- > Br- >
CI- >> gluconate-, suggesting that the chloride channels have low field-strength
sites. It can be pharmacologically dissected to Zn**-sensitive and DIDS-
sensitive types. DIDS blocked the chloride permeability from the cytoplasmic
side of the ER. No InsP3-gated Ca** channels, rynodine-sensitive Ca*+

channels and K* channel were found in the liver rough ER membrane.
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INTRODUCTION

All cells contain an endoplasmic reticulum (ER). Though highly
convoluted, the ER membrane is thought to form a single continuous sheet,
enclosing a single sac. The ER plays a central role in the biosynthesis of
macromolecules used to construct other cellular organelles. Lipids, proteins and
complex carbohydrates destined for transportation to the Golgi apparatus, to the
plasma membrane, to the lysosome, or to the cell exterior are all synthesized in
association with the ER. Two functionally distinct regions of the ER can be
easily identified in some cells: the rough ER and the smooth ER. The rough ER
is studded with ribosomes on the cytoplasmic side of the membrane. Numerous
morphological investigations have demonstrated rough ER and smooth ER to be
in direct physical continuity; rough ER is thought to give rise to smooth ER by a
process of cisternal "budding." Physical disruption of the cells (homogenization)
results in the conversion of both forms of ER into spherical vesicles which can
be isolated as the microsomal fraction by differential centrifugation.

Several permeation systems for ions and small solutes are present within
the reticulum structures of cells. Three transport proteins, T4, T2 and T3 are
required to enable glucose-6-phosphate, phosphate (and pyrophosphate), and
glucose to respectively cross the ER membrane (1). Other biologically relevant
solutes and ions that cross the ER membrane include D-glucose, L-glucose, L-
leucine, choline*, K*, Na* and CI- (2). Meissner et al. (2) found that there are
two types of liver microsomes (designated as types A and B) with differing

permeabilities to glucose and other small molecules. About 70 percent of the
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microsomes (type A) are permeable to D-glucose, L-glucose, 2-deoxy-D-
glucose, D-mannose, D-mannitol, uridine, glycine, L-leucine, choline*, TRIS,
Rb*, K*, Na*, and CI-. All of the above solutes, except Cl-, pass with a
comparatively slow rate in the remaining 30 percent type B vesicles. Type A and
B vesicles are similar in that both are essentially impermeable to sucrose, yet
permeable to Cl~. By making membrane potential measurements with a
fluorescent dye probe, Meissner et al. found that a significant fraction of ER
vesicles were more permeable to TRIS* than to Ca** or Mg**. They also made
another important observation that, despite their preferential permeability to K*,
a majority of liver microsomes lack an efficient ion-conducting structure for K*,
such as the K*, Na* channel which renders above two-thirds of the SR vesicles
highly permeable to K*. Treatment with the anion transport inhibitor 4,4'-
diisothiocyanostilbene-2,2'-disulfonic acid (DIDS) lowered the permeability of
type A vesicles to several uncharged and negatively charged solutes, including
D-glucose and gluconate~. Based on their results, they suggested that a large
fraction of liver microsomes is rendered permeable to various biologically
relevant solutes and ions, perhaps through the presence of one or more
channels with a maximum diameter of approximately 7-8 A° which select(s)
against solutes on the basis of their size and charge.

The role of ER in sequestering Ca** has been well recognized. Out of
the two major intracellular organelles-i.e., the mitochondria and the ER, now
there is general agreement, largely through the application of electron probe x-
ray microanalysis to fast frozen tissue, that mitochondria contain little Ca**:
compatible with the regulation of mitochondrial enzymes but can sequester
massive amounts, should the cytosolic Ca** begin to rise and that, despite its
relatively small Ca**-binding capacity, the ER looks the stronger candidate for a

high affinity physiologically relevant Ca** store (3). A Ca**-ATPase exists in
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the ER membrane. The rat liver microsomal Ca*+-ATPase has been purified
(4). Its molecular weight is 107 kDa and antiserum raised against the 100 kDa
sarcoplasmic reticulum (SR) Ca**-ATPase cross-reacted with it. A major Ca**-
binding protein, calreticulin (analogous to calsequestrin), has been shown to be
present in the smooth muscle SR and liver ER (5). In this connection it should
be borne in mind that SR, a specialized derivative of ER has long been known to
be the intracellular Ca** store in skeletal and cardiac muscle.

The rise to prominence of the ER has brought new ideas about Ca*+
mobilization and, together with studies on the SR, a clear picture is beginning to
emerge about the Ca** sequestration and release processes and their control in
these systems. A major step in this direction has been the discovery of inositol
1,4,5-trisphosphate (InsP3) as an intracellular second messenger (6) and its role
in releasing Ca** from the ER of many types of cells (7). An inositol lipid
located within the plasma membrane is the precursor used by the receptor
mechanism to release InsP3 to the cytosol, leaving 1,2-diacyl glycerol (DAG)
within the plane of the membrane. Conceptually, this theory became very
attractive, since, in one step, it provided a link between membrane receptors and
release of Ca** from a major intracellular store. Consistent with its role as a
second messenger, the increase in the level of InsP3 was found to precede the
onset of Ca**-dependent events in blowfly salivary gland (8) and in neutrophils
(9). The transduction unit within the plasma membrane consists of three main
components: 1) a receptor that detects the incoming signal; 2) a G protein that
serves to couple the receptor to the third component; and 3) a
phosphodiesterase responsible for cleaving the lipid precursor.

Cat** is constantly cycling due to passive efflux and active influx across
the ER membrane, and all the available evidence points to InsP3 acting to

stimulate the passive efflux component while having no effect on the pump.
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InsP3 had no effect on the Ca** sequestering system of adipocytes (10) or
parotid gland (11). Once Ca** has been accumulated within the ER, inhibiting
the pump by adding vanadate or by removing ATP results in a small release of
Ca**, which is enormously enhanced by addition of InsP3 (12). The ability of
InsP3 to release Ca** is independent of temperature (13,14,15), which suggests
that InsP3 acts by opening a channel. In order to release Ca**, InsP3 acts
through a specific receptor, which may either be connected to or an integral part
of the putative Ca** channel.

Recently an InsP3 receptor from cerebellum has been purified (16,17)
and cloned (18). The reconstituted receptor was shown to support InsP3-
induced Ca** fluxes from lipid vesicles (19,20) and to form Ca*+*-permeable
channels in planar lipid bilayers (21,22). These biochemical and molecular
studies add support to the hypothesis that the receptor is an ion channel. The
purified receptor has been shown to be a tetramer (23,24). The primary
structure and biochemical properties of insP3 receptors from brain and smooth
muscle have been reported to be very similar (25). It has been suggested that
InsP3-induced Ca*+* release is highly cooperative (26). In reconstitution
experiments involving planar bilayers, the InsP3-gated Ca** channel from
canine cerebellar microsomes showed conductances of 20, 40, 60, and 80 pS
with 50 mM Ca** as the current carrier (27). These four conductance steps may
reflect the interaction among the four InsP3 receptors thought to comprise the
InsP3-gated Ca** channel in that tissue. However, examination of the InsP3
dependence of channel openings and Ca** release from vesicles yielded a Hill
coefficient of 1-1.3. So, it probably takes only one InsP3 molecule to open the
channel.

Though the InsP3 receptor from cerebellum has been purified and

functionally reconstituted, the relationship between this protein and the high-
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affinity InsP3 binding sites of peripheral tissues has been unclear. By
comparing the InsP3 binding sites of liver and cerebellum by measuring
inhibition of specific Ins32P3 binding by various ligands under equilibrium
conditions, it has been shown that the high affinity InsP3 binding site of
hepatocytes is likely to be the receptor that mediates Ca*+ mobilization and that
this receptor is at present indistinguishable from that in cerebellum (28). In their
work with rough ER vesicles from liver, Muallem et al. had shown that InsP3 can
release Ca** from these vesicles and that ATP-dependent Ca*+ transport into
the rough ER depends on the presence of tetra-ethylammonium-sensitive cation
conductance and a furosemide-inhibited cation/ClI- cotransport pathway and that
InsP3-induced Ca** release requires K* to function as a counter ion (29).

However, in another study (30) comparing the distribution of InsP3
binding sites and of the InsP3-sensitive Ca**+ pool and of other markers in
various subcellular fractions, it has been shown that the InsP3-binding vesicles
appear to be completely distinct from the ER-derived microsomes. The InsP3
binding sites were enriched in the same fraction which were enriched in alkaline
phosphodiesterase | activity and that there is possible linkage between Ca*+-
storing InsP3-sensitive organelle and the plasma membrane through the actin
microfilaments. In yet another study (31), a new name "calcisome" has been
proposed for the InsP3-sensitive Ca** étore in nonmuscle cells and the new
organelies appear to be peculiar, heretofore unrecognized structures distributed
throughout the cytoplasm.

In the SR, which is a specialized version of ER, a ryanodine-sensitive
Cat**-gated Ca** channel has been shown to mediate Ca** efflux (32,33). The
channel has a large conductance of 170 pS in 50 mM barium. It is activated by
adenine nucleotides and is blocked by ruthenium red (32,33). The ryanodine-

sensitive channel has also been observed in brain microsomal preparations
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(34,35,36). Using specific antibodies, both receptors have been found in
Purkinje cells of cerebellum (37,38). For the InsP3-gated Ca*+ channel, the
maximum probability of opening has been shown to occur at 0.2 uM free Ca*+,
with sharp decreases on either side of the maximum, and the maximum activity
for the ryanodine receptor/channel was maintained between 1 and 100 uM Ca*+
(36). It has been proposed that the existence in the same cell of two channels
with different responses to Ca** and different ligand sensitivities provides a
basis for complex patterns of intracellular Ca** regulation (36). But in their
studies on the characterization of high affinity ryanodine-binding sites of rat liver
ER, Shoshan-Barmatz found that though the smooth microsomal membranes
were enriched with ryanodine binding sites (39), the liver does not process
mRNA for the skeletal muscle ryanodine receptor (40).

The following then emerge about the ionic pathways present on the liver
rough ER membrane:

1.  Itis permeable to choline*, K*, Na*, and CI- and relatively impermeable to
Mg** and Ca**.

2. Though it has appreciable conductance to K*, it has been postulated that
no K* channel (such as the one present on muscle SR) exists for fast K*
transport.

3. Though InsP3 releases Ca** in permeabilized hepatocytes and in isolated
liver rough microsomes, the InsP3 receptor in liver does not co-purify with
the ER fraction; rather, it is enriched in the plasma membrane fraction.

4. The liver does not process mRNA for the ryanodine-sensitive receptor, and
the ryanodine-sensitive receptor/channel is enriched in the smooth ER.

Direct current-voltage measuremént is a straightforward approach to
delineate the ionic pathways present on any membrane. Only a few studies

have been done by directly fusing rough ER vesicles with a bilayer membrane
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(BLM) and making current - voltage measurements. In one such study by Simon
et al. (41), pancreatic rough ER vesicles were fused with a planar bilayer
membrane (BLM). With 45 mM K* glutamate solution in both sides, some of
their preparations yielded unitary conductances of 20, 55, 80, and 115 pS. In
their more recent work (42), they found single channels of conductance 220 pS
when puromycin was added at low concentrations (0.33 uM). They postulate
that these high conductance channels are protein-conducting channels which
are observed presumably as a result of puromycin-induced clearance of nascent
protein chains from the lumen of the channel. These protein-permeable
channels were hypothesized to exist in the rough ER membrane through which
the NH>-terminal extension of about 6-12 hydrophobic amino acids directs the
growing polypeptide chain into the ER lumen (43). These channels closed when
the salt concentration was raised to levels at which ribosomes detach from the
membrane (150400 mM) indicating that the attached ribosome keeps the
channel in an open conformation.

We have fused liver rough ER vesicles with a pre-formed planar BLM and
have made direct current - voltage measurements across the reconstituted BLM.
We have exploited the high CI- permeability of the rough ER membranes to swell
them osmotically in high concentrations (200-500 mM) of KCI (osmotic swelling
in most cases is a prerequisite for fusion of vesicles with BLMs (44,45,46).
Using this reconstituted system, we have looked at the following questions about

the nature of the ionic pathways in the rough ER membrane.

Ca** Conductance of the Rough ER Membrane
1. Inthe light of earlier contradictory observations that InsP3 can release

Ca** from rough ER preparation, but that InsP3 receptor does not co-purify



with the ER vesicular fraction, we have looked for an InsP3-gated Ca*+
channel in the rough ER membrane.

2. Since canine cerebellar microsomes contain both the InsP3 receptor
channel and the ryanodine-sensitive channel, we have looked for the

ryanodine-sensitive Ca** channel in the rough ER membrane.

Chloride Conductance of the Rough ER Membrane

In recent years, CI- channels have gained a level of respectability similar
to that of the cationic channels. Since most CI- channels do not exhibit the
profound voltage- and time-dependent behavior of cation selective channels,
their contribution has often been dismissed as leak current in macroscopic
electrophysiology. However, at the microscopic level, patch clamp experiments
have begun to reveal the characteristics of single Ci~- channels in isolation. CI-
currents have been reported in many different tissues including various nerve
and epithelial preparations as well as different types of muscle. Many of the ClI-
channels are activated by various agonists like neurotransmitters, adenosine
3',5'-monophosphate (cAMP) and Ca**. CI- channels activated by inhibitory
neurotransmitters such as y-aminobutyric acid (GABA) and glycine occur in the
soma-dendritic membrane of majority of central nervous system neurons (47).
The cystic fibrosis transmembrane conductance regulator (CFTR) CI- channel of
airway epithelia is activated by cAMP-dependent phosphorylation (48,49).
Ca**-activated CI- currents have been described in detail in lachrymal gland
cells (50), Xenopus oocytes (51) and smooth muscle cells (52,53). Like the CI-
currents observed in smooth muscle, many, but not all, epithelial Cl- channels
are also activated by intracellular Ca**. Recently, a cAMP-dependent CI-
current in cardiac muscle has been reported (54) and the apparent CAMP

dependence of the CI- current in cardiac muscle is similar to the CI-



conductances found in many types of secretory epithelium (55). CI- channels
that are not directly gated by agonist molecules are known to be widely
distributed in many cells (55). A large majority of anion-selective channels that
have been characterized at the single-channel level display a halide
permeability sequence that varies inversely with ionic radius: I~ > Br- > CI- > F~.
A notable exception is the 20 pS CI- channel of Torpedo californica electroplax
that also exhibits an unusual dimeric gating pattern (56). This Torpedo channel
has been shown to mediate only Ci-and Br- current while |- and F- are
impermeant. Aside from this exception, I"-permeable CI- channels can be
divided into two classes according to their unitary conductance and voltage
dependence of gating. CI- channels belonging to the first category of large
conductance (BCIl) anion channels exhibit an ohmic current-voltage relationship
and have a unitary conductance of 200-500 pS in symmetrical (0.1-0.2 M) NaCl.
Such BCI channels generally exhibit weaker ionic selectivity than small
conductance (SCI) CI- channels in comparing Na* and K* permeability to CI-
(PNa* k+/Pcl- > 0.1-0.2). They have a high open-state probability in a narrow
voltage range near-0 mV with decreasidg opening probability at large positive
and negative voltages. Examples of BCI channels characterized in the plasma
membrane of various cells include: rat Schwann cells, 450 pS (57); cultured rat
skeletal muscle, 430 pS (58); rat aorta smooth muscle, 340 pS (52); rabbit
urinary bladder, 360 pS (59); amphibian skeletal muscle (60); and amphibian
kidney epithelia, 360 pS (61). Large conductance CI- channels have also been
described in rabbit SR (62), frog SR (63) and mitochondrial outer membrane
(64).

In contrast to the weak ionic selectivity and biphasic voltage dependence
of BCI channels, the SCI channels display an outward rectifying, single-channel

I-V behavior. Most of these channels also display a weak voltage dependence



10

of gating characterized by increased opening probability at positive voltage.
Examples of SCI channels include CI- channels of apical membrane of rat colon
epithelia, 40 pS (65); cultured human colon tumor cells, 50 pS (66); human
airway epithelia, 30 pS (67); human lymphocytes, 39 pS (68); rat hippocampal
neurons, 30 pS (69) and lobster neurons, 20 pS (70).

As has been mentioned earlier, the work by Meissner et al. (2) has
demonstrated a large CI- permeability of the ER derived vesicles. In our attempt
to fuse the microsomes with a BLM, we found that microsomes readily fuse with
a BLM using 200-400 mM KCI as the osmoticant and the reconstituted BLM has
appreciable Cl- permeability. We decided to look at the nature of the Ci-
permeability of the rough ER vesicles, its ionic selectivity and pharmacology,
both at the macroscopic and microscopic level and compare the above
properties of the liver rough ER chloride channels with other chloride channels

found in different systems.



EXPERIMENTAL DESIGN

The development of the patch clamp technique (71) has revolutionized
the study of ionic channels, both in native and reconstituted membranes.
Reconstitution of ion channels into planar lipid bilayers offers an added
advantage in that it provides a practical approach to studying integral membrane
proteins in a simple, chemically defined system in which fundamental
mechanistic questions may be posed more easily than in the complicated native
membrane (72). Moreover, the electrophysiological properties of intracellular
organelle membranes, which are inaccessible to direct cellular recording, can be
studied using electrophysiological techniques after reconstitution in a planar
bilayer. In most applications, channels are transferred to the preformed planar
BLM by fusing native membrane vesicles or liposomes containing purified
channel proteins (44,45,73). There have also been attempts to make large
vesicles from a population of smaller vesicles by repeatedly freezing and
thawing the sample and then taking a patch out of the large vesicle (74).
Another approach has been to make monolayers using the proteolipids extracted
from native membranes and/or purified phospholipids and then to pick up two
monolayers at the tip of a patch clamp micropipette to make a bilayer (34,75,76).
The method has been appropriately called "double tip-dip" method. In all our
experiments, we have designed and followed protocols to fuse the liver rough
ER vesicles directly to a preformed planar BLM to delineate the Ca** and CI-

ionic pathways of the rough ER membrane.

1
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Isolation of Rough ER Vesicles from Rat Liver
Isolation Procedure

Adult male Sprague-Dawiley rats weighing 200-250 grams were used.
The animals were fasted for 20 hr before sacrifice. Rough ER vesicles were
isolated according to Dallner's procedure (77), which is a modification of the
original procedure of Rothschild (78). Minced livers were homogenized
relatively gently in 0.44 M sucrose, 2 g/10 ml, in a Teflon-glass homogenizer (4 x
400 rpm). After the first centrifugation at 10,000 g for 20 min, the supernatant
was diluted with 0.44 M sucrose to restofe the original volume. Of this
suspension, 8 ml was layered over 3 ml of 1.31 M sucrose and centrifuged at
105,000 g for 7 hr 40 min in a Sorvall ultracentrifuge. The upper 0.44 M sucrose
phase is removed. The milky layer localized in the upper part of 1.3 M sucrose
phase, which is in the process of sedimenting down is removed, recentrifuged at
105,000 g for 90 min after dilution with 0.25 M sucrose containing 0.15 M KCI. It
contains the smooth microsomes. The 1.3 M sucrose layer is removed and
discarded, but the fluffy layer just above the pellet is left behind and is
rehomogenized by hand together with the pellet, after the addition of a few drops
of water, and centrifuged at 105,000 g for 90 min. It contains rough microsomes.
All the solutions contained the protease inhibitors: 500 ug/ml EDTA, 0.5 pug/mi
leupeptin, 0.7 ug/ml pepstatin, 100 pg/ml phenylmethylsulfonyl fluoride. After
protein estimation, the smooth and rough microsomes are divided into small

aliquots of 100 pl (10 mg/ml), quickly frozen in liquid N2, and stored at -80 °C.

Protein Estimation
Protein was estimated using the Lowry procedure (79) using Bovine

serum albumin as standard.
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Assay for Marker Enzyme
NADPH-dependent cytochrome ¢ reductase (marker enzyme for ER)

activity was determined by colorimetric measurement of cytochrome ¢ reduction
in the presence of sodium azide and NADPH, utilizing the procedure of Fleischer

and Fleischer (80).

Planar Bilayer Setup
We have used two types of planar bilayer cells. In the first type a

polytetrafluoroethylene (PTFE) film of 50 um thickness, on which a hole (200-

300 um diameter) has been punched by a leveled and electrically sharpened

hypodermic needle, is clamped between two communicating perspex chambers

(volume of each is 2 cc). The second type consists of two chambers formed by a

polystyrene cup (volume 2 cc) inserted into a doubly cut-away polyvinylchloride

(PVC) block. Very clean circular holes can be made on a PTFE film as follows:

1. A hypodermic needle, (27 gauge) is leveled by rubbing on a fine silicon
carbide coated paper.

2. Sharpening is conducted in 5 M HCI solution applying 1.5 V (with the
positive pole connected to the needle) and by repeated immersion and
removal of the needle tip.

3. The PTFE film is supported on a new Plexiglas plate. The needle is
mounted on a syringe and is brought down on the PTFE film. The hole is
cut by a single turn around the axis.

The quality of the hole is checked under a microscope, but the ultimate
test is the ease of forming membranes and their resistance and stability. The
films are washed in 5 M KOH; chromic acid; hot water; distilled water;

chloroform-methanol, 2:1 (v/v) and n-hexane and then dried in air before use.
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Clean circular holes of diameters ranging between 50-250 um can be made on a

polystyrene cup as follows:

1. First make a protrusion on the outside wall of the polystyrene cup (wall
thickness — 1 mm) by pressing a heated blunt needle (450 °C) against the
inner wall and advancing it forward until a slight protrusion can be felt on
the outside wall by touching.

2. Slice off from the protrusion with a sharp microtome blade until a circular
hole of proper size (100-200 um) is exposed.

3. Heat polish the hole to make it smooth.

Each cup is inspected under a microscope to ensure that the hole is free
from dirt and that cracks have not formed along the edge of the hole. Minute
stress cracks radiating outward from the hole cause the bilayer to be
mechanically unstable. Cups showing such signs of wear and tear are
discarded. The cup is soaked in 4 percent (v/v) Joy liquid detergent for 34 hrs.;
washed under running tap water for 1/2 hr.; soaked in distilled water for 1/2 hr.;

given a few more rinses in distilled water and finally dried in air.

Electrophysiological Setup for Measurement

Ag/AgCI electrodes encased in 0.2 M KCI, 2 percent agar-filled lengths of
polyethylene tubing, are inserted into each chamber for the purpose of applying
and recording voltage pulses.

Figure 1 is a schematic diagram of a data recording, storage, and
acquisition system. The command voltage is applied to and current measured
across a BLM by a Dagan 8800 total clamp system. The data are monitored on
the scope and simultaneously fed to a pulse code modulator (Neurocorder DR
484) and stored on a VCR (Hitachi). The Dagan total clamp system also has a

direct current readout monitor. The data from the VCR is acquired off-line using
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Figure 1. Diagrammatic representation of the BLM setup; R -
Feedback resistor; v - Command voltage; i - Measured current;
R2, R3 - Voltage dividing resistors for command voltage; OS -

Oscilloscope; NR - Neurocorder; VCR - Video recorder; WD -

Window discriminator; PCA - Patch clamp amplifier; LPF - 8 pole

low pass Bessel filter; GSCR - Gould strip chart recorder.
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a data acquisition board (Labmaster Scientific Solutions, Inc.), and a data
acquisition program (PCLAMP, Version 5.0, Axon Instruments). During
acquisition, amplified current from the VCR is filtered at 1 kHz through an 8-pole
low pass Bessel filter (model 902, Frequency Devices). Output is also acquired

in some cases, on a fast strip chart recorder (Gould 24008S).

Fusion of ER Vesicles with the BLM

The details of the mechanism of fusion are still unknown. However,
empirical information acquired over the past 15 years has led to a set of
conditions under which membrane vesicles or liposomes can be induced to fuse
with planar BLMs.

Fusion of vesicles with a planar BLM has been shown to consist of two
experimentally distinguishable steps (Figure 2). In the first, a very tight, close,
and irreversible association between the vesicles and the planar membrane is
formed. If the vesicular and/or planar membrane contains negatively charged
lipids, the addition of millimolar levels of divalent cations promotes this step. In
choosing divalent cation concentration, adsorption of vesicles to the BLM must
be weighed against vesicle-vesicle aggrégation. Divalent cations induce vesicle
aggregation as well as planar membrane adhesion and aggregated vesicles fuse
poorly. The association between vesicle and BLM in the "prefusion” step is not
a point contact but rather an adhesion of a substantial fraction of the vesicle with
the bilayer (81). Proteins such as fibronectin can also be used to induce
adhesion (82). In the second step, the actual fusion of vesicular and planar
membrane takes place. For the second fusion step to occur, in most cases it is
necessary that an intravesicular hydrostatic pressure develop within those
vesicles that are in the prefusion state. This pressure is routinely induced by

osmotically swelling the vesicles and when lysis occurs in the region of contact



Figure 2. Schematic representation of fusion of vesicles with a planar BLM. A -
scheme of a BLM. B - initial stage. C - prefusion state. D - osmotic swelling of
the vesicle and fusion. E - final stage: reconstituted BLM.
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between the vesicle and BLM, fusion occurs. The osmotic swelling of the vesicle
is easily achieved by establishing an osmotic gradient across the planar BLM,
cis side (the side to which vesicles are added) hyperosmotic with respect to the
trans side. Water then flows from trans to cis and a fraction of it enters the
vesicles in the prefusion step and causes them to swell. The osmotic gradient
can be easily imposed across the BLM by simply adding an osmoticant to the
side to which vesicles are added. Since the net role of the osmoticant is to
cause swelling of the vesicles, it is necessary that the vesicle membrane be
permeable to that osmoticant. Addition of vesicle-impermeant osmoticant will
cause net shrinkage of the vesicles and will not promote fusion. The osmoticant
also must not be too permeant through the BLM. If the osmoticant is too
permeant through the BLM, it will be dissipated across the unstirred layers
adjacent to the membrane and there will not be adequate net movement into the
vesicle to cause swelling. Urea and glycerol fit into the above criteria and are
good osmoticants. [f the vesicular membrane has channels that allow salts to
enter the vesicles, then permeant salts can be used to swell the vesicles
osmotically. A 200-600 mOsm gradient across the BLM is generally sufficient to
induce fusion (45,46,83).

Vesicles should be added to the cis side with continuous stirring. Stirring
promotes adsorption of vesicles to BLMs (81). Vesicles can also be injected
from a micropipette very near to the BLM. The probability of fusion is much
higher using this method (84). When vesicles are added to the bulk aqueous
phase, a final concentration of 1-10 pg/ml is generally sufficient.

For fusion to occur, the type of lipid used to make BLM is very important.
Phospholipidethanolamine (PE) is a better phospholipid than
phosphatidylcholine (PC) for promoting fusion. On the other hand, PC imparts
stability to the BLM. A stable BLM is very desirable so that it can withstand the
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various manipulations during experimeniation. As mentioned earlier, sometimes
it is necessary to incorporate a negatively charged lipid like phosphatidylserine
(PS) in the BLM forming solution to promote the prefusion step. BLM forming
solutions are normally made in n-decane with or without cholesterol. A lipid
concentration of 15-50 mg/ml in n-decane is normally used as a BLM forming
solution. When cholesterol is included in the BLM forming solution, the molar
ratio between lipid and cholesterol is kept about 2:1 or 1:1. A less concentrated
forming solution (15-20 mg/ml) has a greater molar ratio of the solvent n-decane
compared to more concentrated solutions, and if BLMs are made using less
concentrated solution, a greater amount of n-decane remains in the interior of
the BLM. It has been shown that the fusion frequency is higher in these cases
(73). It has been our consistent observation that BLMs made from a less
concentrated solution are more prone to breakage during experimental
manipulation of the BLM, especially while perfusing the cis and frans solutions.

An important step in vesicle-BLM fusion protocol is to stop further fusion
after one or more vesicles have fused with the BLM. Fusion is stopped by
abolishing the osmotic gradient by adding osmoticant to the trans compartment.
Stopping the stirrer also halts further fusion. After fusion has been stopped, the
cis solution which contains unfused vesicles can be perfused with fresh

solutions.

A Typical Protocol for a BLM Reconstitution Experiment
BLM Forming Solution

A BLM forming solution is made by pipetting chloroform solutions of lipids
into glass vials with a PTFE-lined stopper. The chloroform is evaporated with

argon, the vial is evacuated for 20 min, and the lipids are resuspended in n-
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decane (40 mg/ml). In all our experiments we have used a lipid mixture of
PE:PS:PC in the ratio 5:3:2.

Preconditioning the Hole

Before painting a membrane across the hole, it is necessary to
precondition the hole with a little BLM forming solution to achieve easy
membrane formation. About 0.5 pl of the BLM forming solution is squirted into
the hole, and a gentle stream of argon is directed toward the hole for 3-4 min.

The cis and trans chambers are then immediately filled with aqueous solution.

Bilayer Formation, Fusion and Recording Buffers and Current — voltage

Measurements

The BLM is made in a symmetrical bathing solution of 50 mM choline
chloride plus 2 mM CaCly. We have limited the Ca** concentration (it is
needed to promote the prefusion step) to 2 mM, since it is known that ER
vesicles aggregate in high concentrations of Ca**. ER vesicles which normally
need a final centrifugation of about 100,000 g to pellet them, can be pelleted at
relatively low speed (27,000 g) by making microsomal aggregates in the
presence of 8 mM Ca** (85). To make the BLM, a little BLM forming solution is
drawn into a micro-pipette tip and squirted out. The pipette tip is dipped in one
of the aqueous chambers of the BLM setup and a bubble is blown by pressing
the piston of the pippetor. The bubble is then smeared across the hole to make
a BLM. The pipette tip is discarded after each use. Initially, a thick layer is
formed at the orifice, and in reflected light interference colors can be seen. At
this stage, the capacitance of the membrane is low. In a few min, the multilayer
starts thinning to a bilayer state. The BLM looks grayish-dark in reflected light.

Sometimes, the multilayer to bilayer transition can be initiated by applying an
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electrical potential of negative 50-100 mV or by poking with one hair of a sable
brush.

Membrane resistance is measured by applying a potential of £ 100 mV
and measuring the resulting current. A typical orifice which has a diameter of
187 um gives a current of + 0.4 pA when £ 100 mV is imposed across the
membrane. This calculates to a specific resistance of 0.68 x 108 Q-cm which is
in good agreement with literature values (86). The capacitance is measured by
applying voltage pulses of 200 pV and noting the capacitative current transients.
An integral of the current divided by the voltage gives the capacitance of the
BLM:

t
The capacitance value is about 0.7 pFlcm2, again in good agreement with
literature values (86).

Before every fusion protocol, the BLM was characterized optically and
electrically (measuring capacitance and resistance of the BLM). In some of our
initial experiments, to prove further that we had a BLM, we added a small
quantity of gramicidin D (the bathing solution was 3 M KCI for gramicidin D
experiments) and channel activity was recorded. Gramicidin channels are active
only if it is a BLM (76).

The fusion protocol was initiated by raising the cis choline chloride
concentration to 250 mM, by adding from a stock solution of 2.5 M choline
chloride. The stirrer was switched on and after a few minutes, 15-20 pl (15-25
Mg, about 10 pg/mi of cis buffer) of rough ER vesicles were added to the cis
chamber. A membrane potential of -40 to -60 mV was applied to the cis side to
aid fusion. Occurrence of fusion was shown by stepwise abrupt current

changes. After fusion had occurred, the stirrer was switched off and to expose
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the InsP3-gated and ryanodine-sensitive Ca*+ channels, the cis chamber was
perfused with a solution of 60 mM piperazine-N,N'bis (2-ethanesulfonic acid)
(PIPES) + 88 mM bistrispropane (BTP) (pH - 7.4). For recording InsP3-gated
Ca** channels the cis solution also contained 1 mM EGTA + 0.5 mM Ca(OH)2
(free Ca** conc. 0.25 uM).and for recording rynodine-sensitive Ca** channels
the cis solution contained 0.1 mM EGTA + 0.1 mM Ca(OH)> (free Ca** conc.
2.5 uM). The trans side was perfused with a solution having composition. 60
mM PIPES + 55 mM Ca(OH)2 (pH 7.4). During perfusion, the cis side was
shorted to the trans (electrical ground) side.

Our success rate of perfusing both chambers and leaving the BLM intact
was very low. So, we modified the above procedure and designed a protocol, so
that we have to perfuse only the cis side of the BLM.

In our modified procedure, BLMs were made in a symmetrical solution
having the composition: 5 mM N-[2-hydroxyethyl] piperazine N'-[2-ethane
sulfonic acid] (HEPES) + 1.3 mM Ca(Ol-i)2 (pH -7.4) or 2.2 mM PIPES + 2 mM
Ca(OH)2 (pH -7.4). After BLM was characterized by resistance and capacitance
measurement, 100-200 pl of 4 M KCI (or potassium acetate) was added to the
cis side making the final cis KCI (or potassium acetate) concentration 200-400
mM. After fusion, the cis solution was perfused with the solution having 0.25 pM
free Ca** (for InsP3-gated channels) or 2.5 uM free Ca** (for rynodine-
sensitive Ca** channels) The trans Ca** concentration now can be raised to
the desired level by adding from a concentrated stock solution of PIPES +
Ca(OH); or HEPES + Ca(OH),.

The above two-step protocol was necessary to fuse the ER vesicle and
look for any Ca**+ channels.

For measurement of Cl- current, the bathing solution had the composition

5 mM HEPES + 1.3 mM Ca(OH)2 + 2 mM KCI (pH -7.4). After BLM formation
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and characterization, the cis KCI concentration was raised to 200-400 mM by
adding 100-200 pl from a stock solution of 4 M KCI. After fusion of one or more
vesicles, further fusion is prevented by stopping the stirrer and abolishing the
osmotic gradient by adding sucrose solution to the trans side. For current
measurement under bi-ionic conditions, the other salt solution is added to the
trans side. In some of our experiments, we have perfused the cis side after
fusion and have increased the cis and trans KC| concentration symmetrically by
adding from a stock solution of 4 M KCI.

In another set of experiments to study the CI- channel, we used
symmetrical 10 mM TRIS-HCI as the bathing solution. Fusion of rough ER
vesicles with the BLM was achieved by adding 100-200 ul of 4 M KCI solution to
the cis side (final KCI concentration: 200-400 mM). After one or a few vesicles
had fused, the cis side was perfused with 10 mM TRIS-HCI to stop further fusion.
Then KCI was added from a 4 M stock solution to the cis and trans side to
symmetrically raise KCI concentration from 0 to 500 mM in steps of 50 or 100
mM. In each case, the conductance of the channel was measured by making
current - voltage measurements.

The selectivity sequence of the various anions were found by measuring
the reversal potential under bi-ionic conditions and applying the Goldman-
Hodgkin-Katz (GHK) equation (87).

Stock solutions of various pharmacological agents were made as follows:
1. A 20 mM DIDS stock solution was made in 100 mM KHCO3 solution
(pH 8.0). 1 mM and 2 mM stocks were made by diluting a small quantity of
20 mM stock with appropriate amount of buffer.
2. Stock solutions of 60 mM and 75 mM and 300 mM ZnCl> were made in
distilled water (acidified with a few drops of HCI).



24

3. A 0.5 M stock solution of tetraethylammoniumbromide (TEABr) was made in
aqueous buffer.
All the fusion and recording buffer solutions for BLM reconstitution

experiments were filtered using disposable filter units (pore size 0.22 um).



RESULTS

Assay of Marker Enzyme for ER

NADPH-dependent cytochrome c reductase activity was determined by
colorimetric measurement of cytochrome ¢ reduction in the presence of sodium
azide and NADPH. Figure 3A shows the optical density of the incubated mixture
at 25 °C, measured at 550 nm as a function of time. The mixture contained the
smooth ER vesicles. Taking the extinction coefficient for cytochrome c as 18.5
mM-1 em-1 and using the initial linear portion of the curve, we can calculate the
cytochrome c reductase activity in the smooth microsomes to be 54
nanomoles/min/mg protein.

Figure 3B shows the cytochrome c reductase activity of the rough ER
vesicles at 25 °C and from the linear portion of the curve, we can calculate a
specific activity for cytochrome ¢ reductase in the rough ER membrane as 16.2
nanomoles/min/mg protein.

Smooth to rough ratio of NADPH-dependent cytochrome ¢ reductase
activity is calculated to be 3.3 and is close to the value 3.5 reported for the
above enzyme in rabbit liver (88). The specific activity of the enzyme in rat liver
microsomes as reported in literature (89), is 90 nanomoles/min/mg at 30 °C and
assuming a Q1q of 2.5 for this enzyme, our values are within reasonable limits.
Characterization of a BLM

A BLM forming solution of PE:PS:PC in the ratio of 5:3:2 in n-decane (40
mg/ml) is used for making the BLM. The BLM is made in symmetrical 50 mM
choline chloride solution. It is monitored optically as well as by measurement of

electrical parameters like resistance and capacitance. Figure 4 depicts a typical
25
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Figure 3A. Time course of reduction of cyt-c by liver smooth ER
vesicular NADPH-dependent cyt-c reductase. Protein
concentration is 11.6 pg/mi.
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Figure 4. I-V curve of an unmodified BLM. The BLM was made
in symmetrical 50 mM choline chloride solution. DC voltage steps
were applied and current was measured in each case.




29

current-voltage relationship of an unmodified BLM. The conductance calculated
from the slope of the curve is about 3-5 pS. A typical BLM of 200 um diameter
has a resistance of about 250 GQ and one can calculate a specific resistance of
2.5x107 Q-cm. The capacitance of the BLM was measured by applying a
voltage pulse of 200 pV and measuring the integral of the capacitative current
transient. The resultant AQ divided by AV gives the capacitance of the
membrane. Most of our BLMs had a capacitance between 0.55-0.7 pF/cm?2.

To prove further that we have a BLM, we incorporated gramicidin
channels into a BLM. An example of one such gramicidin channel opening and
closing transitions, is shown in Figure 5. Such current transitions were obtained
at 250 mV in 3 M symmetrical KCI solution. From the current amplitudes, one
can calculate a conductance of 25 pS which is very close to the value of found in
literature (87).

Incorporation of ER Vesicles in a BLM in Asymmetric Choline Chloride
Solution

The protocol for fusion is given schematically in Figure 6A. After BLM
formation, the cis choline chloride concentration is raised to 250 mM to provide
the osmotic gradient. Fusion usually occurs in 1-2 min. Typical fusion events
are as shown in Figure 7A, in which the Y-axis denotes the current across the
BLM and the X-axis time. The holding voltage is zero mV. At the beginning of
the record, the current is almost zero and it changes in stepwise fashion in the
outward direction when a vesicle fuses with the BLM. We can see two outward
current jumps in Figure 7A, which suggests that two vesicles have fused with the
BLM. Notice that even if the holding voltage is zero mV across the BLM, there is
current flow because of the ionic gradient across the BLM. Since there is a

choline chloride gradient from cis to trans and the current is outward, we can
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Figure 5. Gramicidin channels incorporated in BLM. The
bathing solution is symmetrical 3 M KCI.
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Figure 6 Schemes of the protocols for fusion of ER vesicles
with a BLM (A) and recording of calcium channels (B).
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Figure 7. Typical observations of current jumps when ER
vesicles fuse with a BLM (A). The bathing solution is symmetrical
50 mM choline chloride. Fusion is initiated by raising the cis
choline chloride concentration to 250 mM and adding ER vesicles
to the cis side (10 pg/ml). The current returns to zero when the
trans choline chloride concentration is raised to 250 mM (B).
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conclude that the majority of the charge carriers are CI- ions. When the choline
chloride gradient is abolished by raising the trans choline chloride concentration
to 250 mM, the current goes back to zero. This is depicted in Figure 7B.

A typical current-voltage relationship of a BLM reconstituted with liver ER
vesicles in asymmetric choline chloride solution (cis-250 mM, trans - 50 mM) is
shown in Figure 8. The reversal potential is at 25 mV. If ClI- ions are the only
charge carriers from the Nernst equation (87), we can calculate a reversal
potential of 41 mV. Since the observed potential is 25 mV, it suggests an
appreciable choline permeability through the ClI- channels and applying
Goldman-Hodgkin-Katz equation (87), written for a bi-ionic situation, in which the
only species are choline and CI-:

, _RT P, e[ choline), + P, [CI]_
™ F  P.[choline]_+ P, [Cl],

where RT/F = 25.4 mV at 22 °C, the subscripts on the concentration terms refer
to cis (c) and trans (t) and Pc| and Pcholine are the respective permeabilities for
CI- and choline ions. A quick calculation shows that Pc/Pcholine is about 5.
Figure 9 depicts a series of current-voltage curves of a BLM reconstituted with
liver ER vesicles in asymmetric choline chloride solution. Each symbol denotes
a different membrane. After reconstitution, when the ionic gradient is abolished
by raising the trans choline chloride concentration to 250 mM, the reversal

potential becomes zero and this is shown in Figure 10.

Perfusion of the cis and trans Chambers with Only Ca**-Containing
Solutions

The protocol for this is shown schematically in Figure 6B. Briefly, after a
fusion has occurred, the trans side is perfused with a solution containing 60 mM
PIPES + 55 mM Ca(OH)2 (pH-7.4) and the cis side is perfused with a solution



30 r
25

20+

5k
-150 -100 -50 © %o 100 150
L L L 1 L L L VOLTAGE (mV)

CURRENT (pA)
o

-20 F

-25k

-30L

Figure 8. I-V relationship of a BLM reconstituted with liver ER
vesicles. Vesicles were fused with a BLM in asymmetrical choline
chloride solution ( cis - 250 mM, trans - 50mM). The solution also
contained 2.5 mM calcium chioride. After fusion, dc voltage steps
were applied and current measured in each case.
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Figure 9. I-V curves of BLMs reconstituted with liver ER
vesicles. Vesicles were made to fuse with a BLM in asymmetrical
choline chloride solution (cis - 250 mM, trans - 50mM). The solution
also contained 2.5 mM calcium chloride. After fusion, dc voltage
steps were applied and current measured in each case. Each
symbol represents a different membrane.
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Figure 10. I-V curve of a BLM reconstituted with liver ER vesicles.

Fusion was induced in asymmetrical choline chloride (cis - 250 mM,
trans 50 mM) solution. After fusion, dc voltage steps were applied and
current measured. |-V curve (V - V) in asymmetrical choline chloride
(cis - 250 mM, trans 50 mM) solutions and (O - 0) in symmetrical choline
chloride (cis, trans - 250mM).
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containing 60 mM PIPES + 88 mM BTP + 0.5 mM Ca(OH)2 + 1 mM EGTA (pH-
7.4). Afree Ca** concentration in this solution was calculated to be 0.25 uM
using the computer program of Fabiato (90) (for studying rynodine-sensitive
Ca**channels the cis solution contained 0.1 mM EGTA + 0.1 mM Ca(OH)», free
Ca** conc. 2.5 uM). During perfusion, the cis and trans chambers were short-
circuted. Since our success rate of having intact BLMs after perfusing both
sides was very low, we modified the fusion protocol as shown in Figure 11. The
current-voltage relationship of membranes reconstituted using the above
protocol is shown in Figure 12 (choline chloride as osmoticant), Figure 13
(potassium acetate as osmoticant) and Figure 14 (KCI as osmoticant). Figure 15
depicts a series of current-voltage curves with 400 mM KCI present in the cis
side as osmoticant.

A general feature of the current-voltage curves depicted in Figures 12-15
is that, there is no true reversal potential. This is expected as choline chloride or
potassium acetate or KCI which are used as osmoticants are not present in the
trans side. The current-voltage curve approaches voltage axis asymptotically.
The apparent reversal potential is between +80-120 mV. Since the potential
differences are measured with respect to trans side as ground, the positive
reversal potentials denotes appreciable chloride permeability through the
reconstituted BLM.

In Search of an InsP3-Gated and rynodine-sensitive Ca** Channel in the
Liver Rough ER Membrane

Figure 16 depicts the results of a typical experiment performed to look for
InsP3-gated Ca** channels in the liver ER membrane. After fusion of a vesicle,
the cis chamber was perfused with solution having a free Ca** of 0.25 yM and
the trans Ca** level was raised to 23 mM. The conductance of the membrane

dropped to about 30 pS. No Ca** channels were seen when the membrane was
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Figure 12. |-V curve of a BLM reconstituted with liver ER
vesicles. The BLM was made in 11 mM PIPES + 10 mM Ca(OH)2.
Vesicles were made to fuse by adding choline chloride to the cis
side (final concentration - 200 mM). After fusion, dc voltage steps
were applied and current measured.
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Figure 13. |-V curve of a BLM reconstituted with liver ER
vesicles. The BLM was made in 5.5 mM PIPES + 5 mM Ca(OH)».
Vesicles were made to fuse by adding potassium acetate to the cis
side (final concentration - 200 mM). After fusion, dc voltage steps
were applied and current measured.
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Figure 14. |-V curve of a BLM reconstituted with liver ER
vesicles. The BLM was made in 5.6 mM PIPES + 5 mM Ca(OH),.
After the BLM had completely thinned, potassium chloride was
added to the cis side (final concentration - 300 mM) and ER
vesicles (10 pg/ml) were added to the cis side. After fusion, dc
voltage steps were applied and current measured.
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Figure 15. |-V curves of BLMs reconstituted with liver ER
vesicles. The BLMs were made in symmetrical 20 mM HEPES +
4.5 mM Ca(OH)> solution. KCI solution was added to cis as
osmoticant to induce fusion (final concentration - 400 mM). ER
vesicles (10 ug/ml) were added to the cis side. After fusion, dc
voltage steps were applied and current measured. Each symbol
represents a different membrane.
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Figure 16. A typical reconstitution experiment to reveal any InsP3-

gated Ca** channel present in the liver rough ER membrane. The BLM
was made in symmetrical 6.25 mM PIPES + 5.6 mM Ca(OH)2.
Potassium acetate was added to the cis side as an osmoticant. The cis
chamber was perfused after the fusion event with 25 mM PIPES + 38
mM BTP + 1 mM EGTA + 0.5 mM Ca(OH)> (0.25 uM free Ca**) and the
trans calcium level was raised to 23 mM. No calcium channels were
observed when the membrane was challenged with 10uM InsP3. O -0,
conductance of the reconstituted membrane; A - A, conductance after
perfusion of cis chamber with 0.25 uM free calcium solution; ¢ - 0, cis
chamber contains 0.25uM free calcium + 50 mM potassium acetate; V -
V, cis chamber contains 0.25 uM free calcium + 100 mM potassium
acetate.
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challenged with 10 uM InsP3. The membrane conductance to acetate remains
intact however and it returns to the original level as the potassium acetate
concentration is increased in the cis side. After repeated attempts (n - 100), We
failed to detect any InsP3-gated Ca*+ channel in the liver ER membrane. We
also failed to notice any rynodine-sensitive Ca*+ channels though the
appropriate concentrations of Ca** (2.5 uM) and adenine nucleotides was

present (data not shown)

ClI- to K* Permeability Ratios of the ER Chloride Channels

We made reversal potential measurements in a number of experiments
and P¢c/PK" was calculated using the Goldman-Hodgkin-Katz equation in each
case. The values (n = 36) are plotted in the form of a histogram in Figure 17.
The results indicate that the P /PK- values vary from 4 to 24. If Pc|"/PK" is
one of the characteristic properties of a channel, the results indicate that there
are many different types of Cl- channels having different Pc|/PK* values.
Another alternative interpretation is that there are at least two types of channels;
one type having a low P¢ /PK™ (4-8) and the other a high Pc|;IPK+ (20-24) and
the in-between values are different combinations of these two types of channels.
Permeability Ratios of Halides and Other Anions

Figure 18 depicts a typical current-voltage curve of a reconstituted
membrane having initially 402 mM KCI on the cis side and 2 mM KCI on the
trans side. The reversal potential is gradually shifted toward zero mV, when KBr
solution is added to the trans side. It cah clearly be seen from the figure that Br-

is more permeable than CI- as 281 mM KBr in the trans side can counter-

balance 402 mM KCI in the cis side. A Fo- value can be calculated in this case,
cr
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Figure 17.  Histogram of P~/ PK* values. Each value was
obtained by reversal potential measurement in bi-ionic condition
and calculated using the Goldman-Hodgkin-Katz equation.
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Figure 18. Reversal potential measurement under near bi-ionic
conditions (KCI cis side and KBr trans side) across a BLM
reconstituted with liver ER vesicles. 0-O, cis chamber contains 5
mM HEPES + 1 mM Ca(OH)> + 402 mM KCI, trans chamber 5§ mM
HEPES + 1 mM Ca(OH)> + 2 mM KCI; V-V, cis same as above,
trans 5 mM HEPES + 1 mM Ca(OH)2 + 100 mM KBr; A-A, cis same
as above, trans 5 mM HEPES + 1 mM Ca(OH)2 + 193 mM KBr; ; O
-0, cis same as above, trans 5 mM HEPES + 1 mM Ca(OH)> + 281
mM KBr.
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using the Goldman-Hodgkin-Katz equation and including K*, CI- and Br- as
permeant ions. Figure 19 shows the results of a similar experiment, but having
K*, CI- and iodide as the permeant ions. I is even more permeable than Cl-, as
can be seen from the figure. A reversal potential of -8mV is obtained when the

trans side contains 187 mM Kl and the cis side contains 365 mM KCI. Using the

P.
Goldman-Hodgkin-Katz equation, a value for ——_ can be calculated. Figure 20
cr

shows the results of an experiment in which K*, CI- and SCN- are the permeant
ions. A reversal potential of +3 mV is obtained when the trans side contains 88

mM KCNS; the cis side contains 274 mM KCI and one can calculate a value for

P_ .
SN Figure 21 shows the results of a control experiment in which SCN-, CI-
cr

and K* are the ion species present, but the membrane is an unmodified one.
Figure 22 is a current-voltage curve of a control experiment in which the ionic
species present are K*, Cl-and I". In this control experiment the Kl solution was
one day old and one can see significant current across the BLM. As iodide is
permeable through the BLM it is important that Ki solution should be prepared
immediately before use.

Table 1 is a compilation of Pigst anion/ PCI” values and the Pauling
diameters of the test anions taken from Hille (87). The anionic selectivity
sequence follows the sequence SCN- (2.68) > I~ (1.68) > Br(1.32) > CI- (1) >
gluconate- (0.11). Ptest anion/PClI” is calculated using activities based on
available activity coefficients taken from Robinson and Stokes (91).

Table 2 shows the compilation of Ptgst anion/PCI” values from the present
study and taken from literature for lobster neuron (70), mouse GABA-and

glycine-activated ClI- channel (47), SR CI- channel (63) and cAMP-activated
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Figure 19. Reversal potential measurement under near bi-ionic
condition (KCI cis side and Kl trans side) across a BLM
reconstituted with liver ER vesicles. In 0-O, the cis chamber
contains SmM HEPES + 1 mM Ca(OH)> + 365 mM KCI and the
trans chamber 5mM HEPES + 1 mM Ca(OH)2 + 2 mM KCI; V-V, cis
chamber contained the same solution as above and the trans
chamber contained 5mM HEPES + 1 mM Ca(OH)2 + 187 mM Ki;
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Figure 20. Reversal potential measurement under near bi-ionic
condition (KCI cis side and KCNS trans side) across a BLM
reconstituted with liver ER vesicles. In O-O, the cis chamber
contains 5mM HEPES + 1 mM Ca(OH)2 + 274 mM KCI and the
trans chamber 5mM HEPES + 1 mM Ca(OH)2 + 2 mM KCI; V-V,
the cis chamber contained the same solution as above and the
trans chamber contained 5mM HEPES + 1 mM Ca(OH)> + 88 mM
KCNS.
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Figure 21. A control experiment for bi-ionic potential
measurement (KCI cis side and KCNS trans side) using an
unmodified BLM. In O - O, both the ¢is and trans chambers
contain 5 mM HEPES + 1 mM Ca(OH)2 + 2 mM KCI, V - V, the cis
chamber contains 363 mM KCI and the trans chamber 187 mM
KCNS.
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Figure 22. A control experiment for bi-ionic potential
measurement (KCl cis side and Kl trans side) using an unmodified
BLM. In V-V, the cis and the trans chambers contain 5SmM HEPES
+ 1 mM Ca(OH)2 + 2 mM KCI; 0-O, the cis chamber contains 363
mM KCI and the trans chamber 214 mM KI.
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Table 1. Anionic Permeability Ratios of ER Chloride Channels.
Reversal potentials in this study were determined under near bi-
ionic conditions in which the cis chamber contained KCl and the
trans chamber the test anion. Permeability ratios were calculated
using the Goldman-Hodgkin-Katz equation. Anion diameters for
halides are taken from Hille (87).

Test ion Diameter(A) n Ptest / Pcl”
SCN- 3.6 (1.9) 5 2.68
I- 4.3 2 1.68
Br 3.9 5 1.32
cr- 36 - 1

Gluconate" 6.0 1 0.1



Table 2.

Anionic Permeability Ratios for Different Chloride

Channels. Reversal Reversal potentials in this study were
determined under near bi-ionic conditions in which the cis chamber
contained KCI and the trans chamber the test anion. Permeability
ratios were calculated using the Goldman-Hodgkin-Katz equation.

The listed permeability ratios for lobster neuron; mouse Gly-R,

GABA-R; CFTR and SR CI- channels are from literature. n.d. - not

determined.

Testion Lobster

neuron
Ref. (70)
SCN- n.d.
I- 2.70
Br 1.50
Cl- 1.00

Gluconate 0.06

Ptest/PcI”
Gly-R GABA- CFTR CFTR
R (K95D)
(47)  (47)  (48)  (48)
n.d n.d. n.d. n.d.
1.80 2.80 0.59 1.43
1.40 1.50 1.1 1.25
1.00 1.00 1.00 1.00
n.d. n.d. | n.d. n.d.

SR

(63)
1.45
1.39
1.00
1.00
0.04

Present
study

2.68
1.68
1.32
1.00
0.11
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cystic fibrosis CI~ channel (48). So, our Ptest anion / P¢c)- values, though
measured under macroscopic conditions, compare favorably with those of CI-
channels in other systems. According to the terminology of Eisenman's
selectivity theory (92), the liver ER vesicular CI- channel(s) exhibits a low field-
strength permeability sequence for halides in which lower dehydration energy of
the larger anions predominates over stronger coulombic interaction energy of
smaller anions in determining selectivity. This selectivity behavior is different
from that of the CI- channel from Torpedo californica (56) and the cystic fibrosis
CI- channel (48).

Inhibition of CI- Conductance by Zn** and DIDS

Since some CI- channels are inhibited by Zn**, we studied the effect of
Zn** on the macroscopic CI- conductance of a BLM reconstituted with liver ER
vesicles. Figure 23 shows the macroscopic CI- conductance blocked in
increasing order by increasing concentrations of ZnClo added to cis and trans
sides and the conductance block finally reaches saturation. Under our
experimental conditions, 3.5 mM ZnCl> was sufficient to block all Zn-sensitive
conductance.

Table 3 is a compilation of the CI- conductances blocked by saturating
concentrations of ZnCly. As can be seen from the table, saturating
concentrations of ZnCl> can block sometimes totally and sometimes partially,
the CI- conductance of the BLMs reconstituted with ER vesicles. This suggests
that some of the vesicles which fuse with the BLM have only Zn-sensitive Cl-
conductances and some others have additional Zn-insensitive CI- conductances.

Since many anion transport systems and channels are inhibited by
disulfonic acid stilbene derivatives, we studied the effect of DIDS (4,4'-

diisothiocyanostilbene-2,2'-disulfonic acid) on the macroscopic Cl- conductance
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Figure 23. Decrease in macroscopic conductance after addition
of ZnCl2: |-V curve of a BLM reconstituted with liver ER vesicles.
The BLM was made in symmetrical 5.5 mM HEPES + 1 mM
Ca(OH). Fusion was initiated by adding KCI solution to the cis
side to a final concentration of 363 mM. After fusion, the osmotic
gradient was eliminated by adding KClI solution to the trans side. O
- 0, no ZnClg; V-V, 0.875 mM ZnCl2 to cis and trans sides; A - A,
1.75 mM ZnCl5 to cis and trans sides; O - 0, 3.5 mM ZnCl> to cis
and trans sides;




Table 3

conductance. "Mean unit conductance" taken from the

Inhibition of Macroscopic Chloride Conductance by
Zn**. Numbers in parentheses in the left column indicate KCI
concentration in mM across the BLM (cistrans). The values in the
second column indicate the conductance blocked by Zn*+.
Columns 3 and 4 describe a possible breakdown to unit channel

experiments in which both cis and trans KC| concentration was 363
mM are: 0.283 + 0.011 pS or 0.589 + 0.039 pS (mean + s.d.).

Initial
Conductance
(nS)
1.502(363/363)
0.594(363/363)
0.572(363/363)
0.570(363/363)
1.114(363/363)
1.329(363/363)
0.341(410/210)
1.924(181/181)

1.832(181/181)

Mean + s.d.

Conductance Blocked by Zn*+

1.154
0.594
0.572
0.570
1.114
1.329
0.341
1.434
1.832

(nS)

0.288x4
0.279x2
0.286x2
0.285x2
0.279x4
0.265x5
0.341x1
0.239x6
0.240x4

0.283 + 0.011

0.577x2
0.594x1
0.572x1
0.570x1
0.557x2
0.665x2
0.341x1
0.478x3
0.480x2

0.589 + 0.039
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of the reconstituted BLM. Figure 24 shows a typical result of the effect of DIDS
on the macroscopic CI- conductance. In this particular case, 36 uM DIDS
blocked 75 percent of the CI- conductance; the rest could not be blocked by
increasing the DIDS concentration up to 840 uM. This suggests that some of the
ER vesicles in addition to having some DIDS-sensitive conductance, have a
residual DIDS-insensitive conductance.

Table 4 is a compilation of CI- conductance values that are blocked by at
least 40 uM of DIDS. It is clear from the table that DIDS, in some cases, cannot
block all the CI- conductance. In about 95 percent of the cases, we found that
DIDS block occurred from cis side.

Next, we studied the effect of DIDS and ZnCl together on the
macroscopic Cl~- conductance of a BLM reconstituted with liver ER vesicles.
Figure 25 is a typical example of the effect of both DIDS and Zn*+ added
sequentially. 36 uM DIDS blocked about 60 percent of the macroscopic ClI-
conductance. We then added 2mM ZnCl2 which inhibited another 33 percent of
the macroscopic Cl- conductance.

Next, we studied the effect of DIDS and ZnCl2 in the reverse order, by
first adding ZnCl2 and then DIDS. Figure 26 is an example of such an
experiment, in which, after the membrane was reconstituted with liver ER
vesicles, 2.7 mM ZnCl2 was added to cis and trans sides. About 25 percent of
the conductance was inhibited. Adding 18 uM of DIDS to the cis side further

eliminated about another 60 percent of conductance.

Studies at the Level of Single Channel
These studies were very difficult to carry out. We followed the usual
procedure of dilution and sonication of the ER vesicular sample. Since it is

known that the ER vesicles aggregate upon dilution, the diluted and sonicated
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Figure 24. Inhibition of macroscopic chloride conductance by
DIDS. After reconstituting a BLM with liver ER vesicles, different
concentrations of DIDS were added to the cis side and the
conductance of the membrane was determined.
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Inhibition of Macroscopic Chloride Conductance by

DIDS. Numbers in the left column indicate the initial conductance.
The values in the second column indicate the conductance blocked
by DIDS. Columns 3 and 4 describe possible breakdown to unit
channel conductance. "Mean unit conductance" are: 0.566 + 0.021
pS or 0.190 + 0.005 pS (mean £ s.d.).

Initial
Conductance
(nS)

2.467
2.898
1.437
0.584
2.178

2.178

meanits.d.

Conductance Blocked by DIDS
(nS)

1.138 0.569x2 0.189x6

1.784 0.594x3 0.198x9

1.069 0.534x2 0.182x6

0.565 0.565x1 0.188x3

0.567 0.567x1 0.189x3
(blocked from the trans

side)

0.766 0.766x1 0.191x4
(blocked from the trans

side)

0.566+ 0.190+

0.021 0.005
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Figure 25.  Effect of DIDS and ZnCl on macroscopic chloride
conductance of a BLM reconstituted with liver ER vesicles. The
BLM was made in symmetrical 5SmM HEPES + 1 mM Ca(OH)7 + 2
mM KCI. Fusion of the vesicles with the BLM was initiated by
adding 363 mM KCI to the cis side. After reconstitution, the osmotic
gradient was eliminated by raising the trans KCI| concentration. 0-O
, after reconstitution; V-V,18 uM DIDS to both cis and trans sides;
A-A, 36 uM DIDS to both cis and trans sides; 0-0, 0.5 mM ZnCly
to both cis and trans sides; 0-0, 2 mM ZnCl2 to both cis and trans
sides.
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Figure 26  Inhibition of conducatnce by Zinc (Zn**) and DIDS:
Conductance of a BLM reconstituted with liver vesicales (O - O
1.4nS); Conducatance after the addition of 2.7 mM ZnCl> to the cis
and trans sides (® - ® 1.04 nS); Conducatance after addition of
DIDS to the cis side (V - V 0.192 nS).
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sample probably aggregate again when added to the cis chamber. In our fusion
experiments, the minimum conductance which we observed in 363 mM
symmetrical KCI| solution was between 550-600 pS. Some of these
conductances could be totally eliminated by DIDS (n = 2), and in some cases (n
= 2), the single channel activity could be eliminated totally by ZnCly. Figure 27
shows some of our single channel records in symmetrical 363 mM KCI solution.
A maximum conductance transition of 200 pS an many other transition lower
than this value can be seen. Addition of 38 uM DIDS totally eliminated all
activity. Figure 28 shows another set of single channel records in which the

channel activity could be eliminated by addition of ZnCls.
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Figure 27  Single channel activity observed in a planar BLM
reconstituted with liver rough ER vesicles. The bathing solution is
symmetrical 363 mM KCI. The holding voltages are given near
each trace. The channel activity could be eliminated by addition of

DIDS.
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Figure 28  Single channel activity observed in a planar BLM
reconstituted with liver rough ER vesicles. The bathing solution is
symmetrical 363 mM KCI. The holding voltages are given near
each trace. The channel activity could be eliminated by addition of
ZnClip.




DISCUSSION

Fusion of ER Vesicles with a BLM

In asymmetric choline chloride solution, the ER vesicles could be fused
with a BLM. Since the reversal potential is 25 mV, when cis and trans choline
chloride concentrations are 250 and 50 mM, respectively, the fusion of ER
vesicles imparts appreciable CI- conductance to the BLM. The above protocol
was used for the fusion of SR vesicles (32) with a BLM. In the above case, the
vesicles fused such that the cis side of the BLM is the cytoplasmic side and the
trans is the luminal side of the SR. In other studies (35,36), in which cerebellar
ER vesicles were fused with a BLM, the cis side was equivalent to the
cytoplasmic side and trans side was the luminal side. Consequently, we
assumed that the liver ER vesicles will fuse with the same orientation and
accordingly, we perfused the cis side with a solution having very low free Ca**
(0.25 uM or 2.5 uM) and the trans side 55 or 23 mM Ca*+.

The above fusion protocol has the drawback, that in order to give the
Ca** gradient across the reconstituted BLM, both the cis and trans chambers
have to be perfused and in our hands the success rate of having an intact BLM
after perfusing both the chambers being low, we have modified the above
protocol and have used one in which the perfusion of the cis chamber only is
necessary to impose a Ca** gradient across a reconstituted BLM. Our
experimental results demonstrate that it is possible to make BLMs in low ionic
strength solutions and that choline chloride, potassium acetate and KCI can be

used as osmoticants to fuse liver ER vesicles with a BLM.
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In Search of InsP3-gated and rynodine-sensitive Ca** Channels in Liver
Rough ER Membrane

Though we made repeated attempts and maintained appropriate
conditions (Ca** concentration, agonist InsP3 concentration), we were unable to
detect any InsP3-gated Ca** channel in the liver rough ER membrane. InsP3-
gated Ca** channels have been observed in planar BLM after fusion of
cerebellar ER vesicles. So, our inability to observe InsP3-gated Ca** channels
in planar BLM after fusion of liver ER vesicles suggests that the InsP3
receptor/channel is not located in liver ER. In this regard, we can cite a recent
study (30) in which distribution of InsP3 binding sites was investigated in
subcellular fractions obtained from rat liver and compared with those of other
markers. It was found that InsP3 binding vesicles were completely distinct from
the ER derived vesicles and co-purified with the plasma membrane marker.
Though the rynodine-sensitive Ca++ channels have been observed in planar
BLMs after fusion of total brain microsomes (35) and cerebellar microsomes
(36), our inability to observe these channels after fusion of liver rough
microsomes suggests that the channel is probably not located in the liver rough
ER membrane. As mentioned earlier one study (39) has shown that in liver only

the smooth microsomal membranes are enriched in rynodine binding sites.

CI- to K* Permeability Ratios for Liver Rough ER Chloride Channels

By imposing an asymmetric KCI solution across BLMs reconstituted with
liver ER vesicles, we measured the reversal potential in each case, and applying
a form of Goldman-Hodgkin-Katz (GHK) equation, we calculated P¢ /P in
each case. The calculated values vary from 4 to 24. To explain this variation,

we assume that there exist CI- channels in the ER with different Pcj/Pk*
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values, and in macroscopic condition, what we measure, is a weighted average
of the Pc/PK* values of all the channels that have got incorporated in the BLM.
Mathematically, the GHK equation for three ionic species (K*, Na* and

CI") is as follows:

E_= RT PK’ [K+ ]o + PNa’ [Na+]o + PCI' [CI-]
™ F  P.[K'|+P,.[Na*] +P, [Cr]

If we have only K* and CI-, then the equation can be reduced to:

s _RT P (k] +P.[cr],
™ F  PR.K']+r.[Cr]

Dividing the numerator and denominator by Pk, we obtain:

R Ao
o L]
™ F

+ P - -
[x] 2 fer]

And if in a particular reconstituted BLM, we have many CI- channels with

differing P /Pk* ratios, we can write a modified GHK equation for this case as

follows:
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where
n{PC"] +n{ﬁ) +n,(—12"-] +...n (PC’" )
P, _ k. ) P. ). Py. ), h. )
P. e m+n,+n+...n,
- H P cl H P Cl
and n4 = number of channels having —< ratio [ —<-
P K P K /1
- H F Cl H P Cl
n2 = number of channels having —< ratio | -
P K P K /2
and so on.

To give a concrete example, if we have at least two types of channels,
one type having Pc|/Pk* between 4 and 8 and the other type having P /PK*
of 20-24 and if in a membrane, we have only one type, we measure a Pg|/Pk*
of 4-8 or 20-24. If we have one channel of one type and one channel of the
other type, we would expect a Pc|/Pk of 12-16. The range of Pc|/PK values that

we have obtained, we believe, can be explained in this way.

Anionic Permeability Ratios

At the outset, we must mention that our anionic permeability ratios are
measured under macroscopic conditions. So, if we have different channel types,
the selectivity sequence should hold good for all the CI- channel types. The
permeability sequence is SCN- > I- > Br- > CI- suggesting that the CI- channels
present in the liver rough ER membrane have "low field-strength sites," following
Eisenman's terminology (92). The gluconate permeability of the ER CI-
channels seems to be a little higher than other CI- channels and is about one-

tenth of the ClI- permeability. Since the ionic diameter of gluconate is 6 A°, we
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can assign a value, slightly greater than 6 °A as the diameter of the CI-
channels.

We also studied the permeability of a few other anions and cations.
Acetate permeability was almost the same as that of ClI-, fluoride permeability
less than that of CI-. Sulfate seemed imbermeable and sodium was about half

as permeable as K*. (Data not shown for the above cases.)

No K* "Channel" in the ER Membrane

Meissner et al. had studied the permeability of various anions and cations
using a potentiometric dye (2). From their studies, they concluded that though
majority of the liver microsomes are more permeable to K* and Na* than to
Mg** or Ca**, they lacked a highly conducting K* and Na* channel structure,
such as the K* and Na* channel of sarcoplasmic reticulum. In our studies of
direct fusion of liver ER vesicles with a BLM, we were unable to find any K*

channel.

Inhibition of Chloride Conductance by DIDS and Zinc
We found that the CI- conductance of the rough liver ER membrane can
be divided into two components based on their pharmacological sensitivity. One

component can be blocked by DIDS.and the other component by Zn*+

Inhibition by DIDS
The reactive disulfonic acid stilbenes (DIDS and 4-acetamide-4'-

isothiocyanotostilbene-2,2'-disulfonic acid, SITS) block some CI- channels
including a voltage-gated conductance studied macroscopically in squid giant
axon (93) and astrogalia (94), the low conductance channel of Torpedo

electroplax (56), rabbit urinary bladder (59), lobster neuron (70) and the large
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conductance channels of A6 epithelial cells (61)and B lymphocytes (95). In
many of these cases, DIDS was active from the cytoplasmic side. DIDS in 1 um
concentration inhibited irreversibly the macroscopic Cl- conductance induced by
the Torpedo vesicles (56). Inhibition of lobster neuronal CI- channel by SITS
could be fitted to a one-site blocking behavior with a K| of 53 uM (70).

In our experiments, 36 uM of DIDS can inhibit sometimes totally and
sometimes partially the CI- conductance induced by liver rough ER vesicles. We
interpret our findings as follows:

There are two types of CI- channels in the liver ER membrane. One type
can be blocked by DIDS, which we shall call DIDS-sensitive, and the other
DIDS-insensitive. During physical disruption of the intact ER (as happens during
isolation of ER vesicles), we get a non-homogeneous population of ER vesicles.
Some of the vesicles carry the DIDS-sensitive Cl- channels, some DIDS-
insensitive type and some both types. That is why in our studies involving the
inhibition of CI- conductance by DIDS what we observe amounts to what type of
vesicles have fused with the BLM. [f a vesicle carrying DIDS-sensitive type
channels only has fused with the BLM, we can inhibit the entire conductance by
DIDS. If a vesicle carrying DIDS-insensitive type channels have fused with the
BLM, we cannot eliminate it by DIDS (we shall show later that the conductance
insensitive to DIDS can be blocked by zinc). If both types of vesicles have fused
or the third type carrying both DIDS-sensitive and DIDS-insensitive channels
have fused with the BLM, then by application of DIDS, we can inhibit only the
DIDS-sensitive portion of the total conductance. In this regard, it is interesting to
note that it has been our observation that when the vesicle induced conductance
is small (indicating that only one vesicle has fused), the conductance is fully

DIDS-sensitive type or DIDS-insensitive type. When the vesicle induced
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conductance is large (indicating many fusion events), the conductance can be

partially eliminated by DIDS.

Sidedness of DIDS Block

As has been mentioned earlier, in many of the studies involving DIDS
inhibition of CI- channels, DIDS was active from the cytoplasmic side. In about
95% of our experiments, DIDS blocked the DIDS-sensitive Cl- conductance from
the cis side. To induce fusion with the BLM, we add the ER vesicles to the cis
side. During isolation, if the ER vesicles maintain their normal orientation (we
have no reason to believe that it would be otherwise), then, when the vesicle
fuses with the BLM, the trans side shall be equivalent to the luminal side of the
ER and the cis side equivalent to the cytoplasmic side. So, we can say that, in

our case, DIDS blocks from the cytoplasmic side.

Inhibition by Zinc
In frog skeletal muscle, external zinc decreases CI- efflux (96,97) and

reduces Cl- conductance with a Kj near 0.1 mM (98,99). Thus, there is evidence
that 0.1-2 mM zinc in the extracellular solution blocks ClI- channels of intact
muscle. In a recent study of a high-conductance anion channel in adult
amphibian skeletal muscle, it was found that 10 mM zinc inhibited the channel
activity but DIDS or 9-anthracene-carboxylic acid (another blocker of CI~
channel) had no effect (60).

In our studies, we found that 2.5 mM zinc can eliminate totally or partially,
the conductance induced by ER vesicles. In cases which the inhibition was
partial, there was no further inhibition by increasing zinc concentration and the
residual conductance could be blocked by DIDS. We interpret our data in an

analogous way as we have done for the DIDS case.




72

We conclude that the liver ER has two types of CI- channels: one type
that we shall call DIDS-sensitive and zinc-insensitive, the other type is DIDS-

insensitive and zinc-sensitive.

Single Channel Studies

Single channel studies were difficult to perform in our case. In some
cases, we noticed that the single channel activity could be completely eliminated
by DIDS (n = 2) and in some other cases (n = 2), the single channel activity
could not be eliminated by DIDS but by zinc. Since "n" is very small, it is not
possible for us to draw any definite conclusions about the single channel
properties of the DIDS-sensitive and zinc-sensitive channels. We shall limit

ourselves to only our observations.

Minimum Conductance Induced by ER Vesicle Fusion with a BLM
The minimum conductance that we observed in 363 mM symmetrical KClI

solution was between 550-600 pS. This most likely is due to fusion of a single
vesicle. Sometimes this "minimal”" conductance could be eliminated by DIDS
and if it could not be eliminated by DIDS, it could be eliminated by addition of

zinc.

Minimal Conductance of a DIDS-Sensitive Channel

Since, in our fusion experiment, the minimum conductance that we
observed which could be blocked by DIDS is about 565 pS, and if this is a
"minimal” conductance of the DIDS sensitive channel, we wanted to see if at the
macroscopic level, the conductance that could be blocked by DIDS is an integer
multiple of this "minimal” conductance. In 5 out of 6 cases (Table 4), the

conductances can be shown to be an integer muitiple of a minimal conductance
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of 0.566+ 0.021 nS (mean + s.d.). The minimal conductance that we observed in
our fusion experiments is around this value. As mentioned earlier, this minimal
conductance is, most probably, due to fusion of one vesicle. But is it one
channel? It is possible that the vesicle may be carrying more than one channel.
In that case, the unit conductance of the channel would be lower than 0.566 nS.
We, then looked at our single channel records in which the minimal
conductance of 0.566 nS could be totally inhibited by application of 38uM DIDS
to the cis side. The maximum conductance transition that we observed was
about 200pS and many other transitions occurred which were smaller than this
value. We again looked at our macroscopic conductances which could be
blocked by DIDS. In all 6 cases, the conductances can be shown to be integer
multiples of a "minimal" conductance of 192pS. Is this the unit conductance of a
DIDS-senstive channel? We do not know. As mentioned earlier our 'n' is too
small to draw any definite conclusions. Further experiments are necessary to

clarify this point.

Minimal Conductance of a Zinc-Sensitive Channel

In this case also, 'n' being small (n=2), we cannot draw any definite

conclusions and shall limit ourselves to our observations.

The minimal conductance that we observed (which could not be blocked
by DIDS, but could be blocked by subsequent addition of zinc was about 600pS.
We believe that this is probably due to fusion of a single vesicle. But is it the
unit conductance of a single zinc-sensitive channel? It is possible that the single
vesicle could be carrying more than one channel. In that case, the unit
conductance would be lower than 600pS.

We looked at the macroscopic Cl- conductance which could be inhibited

by zinc. As in the DIDS case, we wanted to see if the macroscopic conductance
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could be shown to be an integer multiple of a "minimal" conductance of about
600pS. Since the conductance is a function of salt concentration, we selected
those values in which the cis and trans KCI concentrations were 363 mM. In all
5§ of such cases, the "minimal conductance" comes out to be 0.589 + 0.0399nS
(Table 3).

We looked at two records in which single channel activity could be
blocked by zinc. There were multiple transitions. There were conductance
transitions of magnitude 75pS, 150pS, 225pS, 300pS and 375pS. We could not
come to any definite conclusion about the unit conductance from our single

channel studies. Further experiments are necessary to clarify this point.

Physiological Significance of ER CI- Channels

We are unable to state the exact physiological function of these channels.
We can only offer speculations. Since the SR is a specialized derivative of ER
and a high conductance CI- channel has been identified in the SR membrane,
we decided to see if the proposed functions for the SR CI- channel should offer
us any clues. For the SR channel it has been proposed that a possible function
of this anion channel could be to shorten the time course of the Ca*+ transient
and produce a faster twitch. Another physiological function proposed is to
provide counter-ion movement during Ca** pumping (100) after the SR Ca**
release channels have closed. We know that Ca** is sequestered in the ER. A
Ca**-ATPase and a Ca** binding protein calreticulin have been identified in the
liver ER. Since Ca** pumping is electrogenic, we believe that the physiological
role of the ER anionic channels may be to provide counter ion movement into

the ER, so as to prevent build up of positive charges inside the ER.
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SUMMARY

The liver rough ER vesicle imparted high chloride conductance to the
BLM after fusion.

CI- to K* permeability ratios measured under macroscopic conditions
varied from 4 to 24.

Anionic permeability follows the sequence SCN- > I > Br- > CI- >>>
gluconate which suggests that the the chloride channels have low field-
strength sites. :

The gluconate™ permeability was observed to be one-tenth of that of CI-
permeability. This suggests that the diameter of the rough ER chloride
channel(s) is slightly larger than 6 A.

The macroscopic Cl- conductance could be pharmacologically dissected
to DIDS-sensitive and Zn**-sensitive types.

In most cases DIDS blocked CI- conductance from the cis side (the side to
which the ER vesicles are added; equivalent to the cytoplasmic side of
the ER).

The minimal conductance induced by a vesicle fusion was about 600pS
which could be blocked by DIDS (if it was not blocked by DIDS later
addition of mM concentration of ZnCl eliminated the conductance). No
conclusions could be drawn about the unit conductance of DIDS-sensitive
and Zn**-sensitive channels from single channel data.

No IP3-gated Ca** channel was found in the liver rough ER membrane.

No rynodine-sensitive Ca** channel was found in the liver rough ER
membrane.

No K* channel like the one present in SR membrane was found in the
rough ER membrane.
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