Direct evidence that the c-myb gene prod-
uct is required for the formation of normal
human hematopoietic colonies of the my-
cloid, erythroid, and megakaryocytic lin-
eages in vitro is provided by these studies.
They suggest an important in vivo role for
this nuclear protein as well. The function
served by the c-myb proto-oncogene remains
unclear. Based on the model that hemato-
poiesis is a developmental continuum (18),
we hypothesize that the c-myb gene product
is involved in regulating the very early stages
of hematopoiesis, and is probably most rele-
vant to initial progenitor cell proliferation
events. We cannot exclude, however, more
subtle effects on cells at either earlier (pluri-
potent hematopoietic stem cell) or later
(precursor cell) developmental stages. These
studies also imply that it is now possible to
employ a powerful yet technically simple in
vitro model for studying the effect of delet-
ing any protein encoded by a proto-onco-
gene (or other specific gene) on the develop-
mental biology of human hematopoietic
cells. Finally, since blocking expression of
relatively late differentiation markers has no
discernible effect on either colony formation
or the remainder of the cell’s differentiation
program, it is also now possible to develop
in vitro models for the study of specific
enzyme or protein deficiency disorders of
hematopoietic cells.
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Transient Expression Shows Ligand Gating and
Allosteric Potentiation of GABA, Receptor Subunits

Do1AN B. PRITCHETT, HARALD SONTHEIMER, CORNELIA M. GORMAN,
Heimur KETTENMANN, PETER H. SEEBURG,* PETER R. SCHOFIELD

Human y-aminobutyric acid A (GABA,) receptor subunits were expressed transiently
in cultured mammalian cells. This expression system allows the simultaneous charac-
terization of ligand-gated ion channels by electrophysiology and by pharmacology.
Thus, coexpression of the o and B subunits of the GABA, receptor generated GABA-
gated chloride channels and binding sites for GABA, receptor ligands. Channels
consisting of only a or B subunits could also be detected. These homomeric channels
formed with reduced efficiencies compared to the heteromeric receptors. Both of these
homomeric GABA-responsive channels were potentiated by barbiturate, indicating
that sites for both ligand-gating and allosteric potentiation are present on receptors

assembled from either subunit.

HE GABA, RECEPTOR CONTAINS

an intrinsic chloride ion channel that

is opened (gated) by GABA, the
major inhibitory neurotransmitter in mam-
malian brain. GABA4 receptor activation
stabilizes the neuron’s resting potential (1,
2). Channel activity can be allosterically
modulated by therapeutically useful drugs,
for example, barbiturates and benzodiaze-
pines (1-3). The affinity-purified receptor
contains an o subunit of 53 kD, on which
the benzodiazepine binding site is thought
to be located, and a B subunit of 57 kD,
which can be photoaffinity labeled by
GABA agonists (4-6).

Human «; and B; subunit-encoding
cDNAs were isolated from a fetal brain
library (7). The DNA and predicted poly-
peptide sequences of these cDNAs reveal a
high degree of conservation with the corre-
sponding bovine sequences (1). The cloned
a; and B; subunit cDNAs were inserted,
singly or together (in tandem array), into a
eukaryotic expression vector, pCIS2, that
contained the human cytomegalovirus pro-

motor-enhancer (8). Human embryonic kid-
ney cells (8) were transfected with these
constructs at high efficiencies, by using a
modified CaPO, precipitation technique (9,
10). Cells were harvested 48 hours after
transfection for RNA isolation, for pharma-
cological studies, or were used for electro-
physiology. Analysis of total RNA from
transfected cells showed high levels of
GABA, receptor subunit mRNA but no
such mRNA was seen in untransfected or
mock-transfected cells (Fig. 1).

To characterize the transiently expressed
heteromeric a; + By receptors, membranes
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prepared from transfected cells (11) were
analyzed by binding of [*H]muscimol, a
GABA analog, and [**S]t-butyl-bicyclo-
phosphorothionate (TBPS), a GABA, re-
ceptor channel-specific cage convulsant
(12). Muscimol bound with a dissociation
constant (Kg) of 13 = 3 nM (n = 3) (Fig.
2), demonstrating the presence of a high-
affinity binding site for the neurotransmitter
on the recombinant a; + B receptors. This
value is close to that determined for purified
bovine GABA4 receptor (Kg = 12 * 3 nM)
(4). Muscimol had an average maximum
binding (Bmax) of 23 * 3 fmol per 106 cells
(n = 3), corresponding to approximately
6000 receptors per expressing cell. Similarly,
TBPS displayed specific binding with Bpax
values of 18 * 3 fmol per 106 cells, based on
a K4 of 25 nM (12). Less than 2 fmol per
10° cells of ligand ([*H]muscimol or
[>3S]TBPS) bound to cells transfected with
single subunit cDNAs. These values are not
significantly different from those obtained

- 288

- 188
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Flg. 1. Blot analysis of RNA from transfected and
untransfected cells. Total RNA and polyadenylat-
ed [poly(A)*] RNA were prepared from 293 cells
transfected with pCIS2 plasmid DNA containing
a; + By, oy, or B; cDNAs, respectively. No con-
taminating B, or a; cDNA sequences (<0.01%)
were found in the respective a; or B, vector
preparations. RNA was analyzed by electrophore-
sis in a 1% agarose/7% formaldehyde denaturing
gel and transferred to nitrocellulose. The blot was
probed (A) with both a, and B,, (B) with B,, and
(C) with a, subunit-specific oligonucleotides (7).
Total RNA (5 p.&) was loaded in lanes 1 to 4 and
2 pg of poly(A)™ RNA was loaded in lane 5 to
further demonstrate the absence of endogenous
GABA, receptor subunits in the recipient cell
line. Lanes 1 and 5, untransfected cells; lane 2, a;-
transfected; lane 3, a; + B,—transfected; and lane
4, B,-transfected.
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for nonspecific binding (Fig. 2). This may
result from reduced numbers of assembled
receptors or from the presence of a site of
lower affinity than in «; + B;—transfected
cells. No benzodiazepine binding ([*H]flu-
nitrazepam or *H-labeled Ro15-1788) was
observed. This correlates with a lack of
potentiation of GABA-induced o + By
channel activity by benzodiazepines (13).

Cells transiently expressing a; + By re-
ceptors were analyzed further with the
whole-cell patch clamp technique (14). In
65% (n = 127) of the tested cells (10, 14),
GABA (107°M) induced an inward current
at a resting potential of —60 mV (Fig. 3).
The average current response was 400 pA
and the largest response was 1 nA (15). No
response was seen in over 40 untransfected
or vector-transfected cells. The reversal po-
tential of the GABA response, determined
by plotting GABA-induced currents against
membrane potential under various ionic
conditions, indicated that the current was
conducted by Cl~ ions.

The GABA agonist muscimol (107*M)
(n = 7) mimicked the effect of GABA by

"inducing an inward current at the resting

potential of —60 mV. Picrotoxin (10™*M)
(n = 7), a specific channel blocker, and bi-
cuculline, a competitive GABA antagonist
(107*M) (n = 12), blocked the GABA-in-
duced inward current (Fig. 3A). The barbi-
turate pentobarbital (50 wM) increased the
GABA-induced currents (Fig. 3A). The ef-
fect of the barbiturate was most prominent
at low (<107M) GABA concentrations.
Pentobarbital alone did not trigger channel
activity, as described in cultured spinal neu-
rons (16). GABA-induced inward currents
were observed at concentrations as low as
10~7M GABA in the presence of pentobar-
bital, whereas GABA alone was in most
cases not effective at such low concentra-
tions. These results, in conjunction with
those obtained from ligand-binding studies,
demonstrate that transient mammalian cel-
lular expression allows for the pharmacolog-
ical and electrophysiological analysis of k-
gand-gated ion channel receptors.
GABA-induced current flow was also ob-
served in cells expressing a; or B; subunits
alone (Fig. 3, B and C). Such GABA-
responsive channels were not seen on trans-
fection with vector alone, but were specifi-
cally generated by the expression of either of
the single subunit cDNAs (17). The whole-
cell currents of the homomeric channels
were approximately 10% of those seen with
heteromeric receptors; the average satura-
tion response was 40 pA and the maximal
response was 100 pA at 107*M GABA (Fig.
3, B and C). Currents were detected with
GABA doses as low as 10™°M, and the
reversal potentials for the homomeric chan-
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Flg. 2. Binding isotherm and Scatchard plot of
[*H)muscimol binding to a; + B;—transfected
cell membranes. Specific binding () (11) was
determined by subtracting the binding in the
presence of 1 pM GABA. Untransfected cells
showed no specific binding (M). The results
shown (K4 = 13 nM, Bax = 25 nM) were from
a single transfection experiment and were deter-
mined by least-squares analysis of the data. As
observed from three different transfections, K4
values were 13 + 3 nM and B, values were

23 + 3 fmol.

nels indicate CI™ ion flow. The low whole-
cell current obtained by expression of homo-
meric channels may reflect reduced efficien-
cies of receptor assembly, because cells trans-
fected with cDNAs encoding a single
subunit synthesize the respective mRNA in
amounts as high as do doubly transfected
cells (Fig. 1, B and C). A change in single-
channel characteristics, shorter lifetimes for
example, may also contribute to the ob-
served reduction in whole-cell current. Ho-
momeric channel formation has not been
previously detected in voltage-clamped oo-
cytes (1, 13).

Our finding that GABA4 receptors, as-
sembled from either of the known subunits,
can form ligand-gated ClI~ channels suggests
that homomeric assembly into functional
channels may be a general property of many
of the subunits of ligand-gated ion channels
(17) since it is also true for one subunit of
the neuronal nicotinic acetylcholine receptor
(18). Our results indicate that a site con-
served in both the a and B subunits, possibly
of lower apparent affinity than the unique
photoaffinity-labeled agonist binding site on
the B subunit (6), may be responsible for
agonist gating of the channel. We propose
that this site is located extracellulary in a
region encompassing the 85-amino acid
residues from the invariant disulfide-bonded
B-structural loop to the first transmembrane
segment (). In addition, the parallel phar-
macology of the a; and B, subunit homo-
meric channels and the heteromeric GABA 5
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Fig. 3. Pharmacology of the GABA-induced cur-
rent in cells transfected with either a; + B, sub-
units or the a; subunit or the B; subunit alone.
(A) Application of GABA (5 x 107"M) to a cell
transfected with the a; + B; subunits and volt-
age-clamped at —60 mV gave rise to an inward
current (left). This current was amplified and
increased in duration in the presence of pentobar-
bital (PB) (50 pM) (middle). After a 5-min
washout the current returned to the control level.
Picrotoxin (PicroTx) at a concentration of
5 x 10™*M (right) almost completely blocked the
GABA-induced current. The same experimental
protocol was applied to a cell transfected with the
o subunit alone (B) or with the B, subunit alone
(C). Note that the concentration used to elicit a
detectable inward current in the cells expressing
only a; or B, subunits was 107“M GABA (left
traces). Pentobarbital (50 wM) amplified (center
traces) and picrotoxin (5 X 107*M) blocked the
inward current (right traces) in cells expressing
either the a; or the B, subunit.

receptor indicates that allosteric sites for
barbiturate potentiation are also present on
receptors formed from either subunit.

Our results demonstrate the usefulness of
expressing neurotransmitter-gated ion chan-
nels transiently in mammalian cells. Tran-
sient expression, rather than stably express-
ing cell lines (19), should provide for the
rapid and simultaneous electrophysiological
and pharmacological characterization of
many ligand- and voltage-gated ion chan-
nels.
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A 115-kD Polypeptide Immunologically Related to
Erythrocyte Band 3 Is Present in Golgi Membranes

SAKARI KELLOKUMPU, LYNN NEFF, SIRPA JAMSA-KELLOKUMPU,

RoN Korito, ROLAND BARON

Band 3 multigene family consists of several distinct but structurally related polypep-
tides which are probably involved in the transport of anions across the plasma
membrane of both erythrocytes and nonerythroid cells. A novel member of this family
of polypeptides that resides in the Golgi complex was identified with antibodies to
Band 3. The Golgi antigen had a larger molecular size and was antigenically distinct
from Band 3 in the amino-terminal domain. It was expressed most prominently in cells
that secrete large amounts of sulfated proteins and proteoglycans. This polypeptide
may participate in sulfate transport across Golgi membranes.

NION TRANSPORT IS A PROPERTY
of many cell types and membranes.
In red blood cells, the anion ex-
changer (Band 3) primarily increases the
capacity of the blood to transport CO; from
the respiring tissues to the lungs by exchang-
ing bicarbonate for chloride (1). In epitheli-
al cells such as the kidney tubule intercalated
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