for recombinant selection on minimal plates,
as in the first experiment. The envelopes of
the cells on the other filter were removed
before suspending the cells and plating for
selection on minimal medium. A 100-fold
increase in recombinant recovery was ob-
served when cell envelopes were removed
before plating. All 24 of the recombinant
colonies recovered from the second filter
contained both pHV2 and pHV1I, as
shown by colony hybridization (Fig. 3). Of
the 24 recombinant colonies recovered from
the control filter, 16 contained both plas-
mids and 8 did not contain any of them.
This result shows that (i) removal of the
envelopes of cells grown on solid support
allowed the cells to fuse, probably as a result
of destabilization of the structure of the
cytoplasmic bridges; (ii) cells originating
from WR344 were fused to cells originating
from WR358, suggesting that cytoplasmic
connections were formed de novo between
cells originating from the two strains, and
(iii) the increase in recombination frequency
due to cell fusion shows that the bridging

A P4 ‘ V4
///I;/

(157550

»/ .

Fig. 3. The presence of (A) pHV2 and (B)
pHV11 in 48 recombinant colonies generated by
crossing WR358 with WR344 was examined by
colony hybridization (13). Crosses were per-
formed as described in the legend of Fig. 1 on two
separate filters. The culture on one of the filters
was immersed in 1M NaCl for 30 min before the
cells were suspended and plated. This treatment
caused the cell envelopes to dissociate and the cells
to become spheroplasts (8). The upper 24 colo-
nies in (A) and (B) originated from this treated
filter; the lower 24 colonies in (A) and (B) serving
as a control originated from the untreated filter.
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frequency is higher than the DNA transfer
frequency. The same conclusion could be
made by comparing the bridging frequency
in the SEM images to the efficiency of the
genetic transfer.

From the data described above, the fol-
lowing model for the mechanism of DNA
transfer in H. volcanii is proposed: cytoplas-
mic bridges are formed between the cells. In
this process the membranes and envelopes
of the cells fuse to form cytoplasmic conti-
nuity between the two cells. The dimensions
of these bridges are up to 2 pm long and 0.1
pm in diameter. The cells are not fully fused
and their cytoplasms do not mix, as is the
case in the sexual fusion of eukaryotic cells.
The cytoplasmic continuity between H. vol-
canii cells seems to be restricted to the
movement of certain molecules. Although
chromosomal DNA moves through the
bridges, the plasmids pHV2 and pHV11 do
not move through the bridges.

The H. volcanii mating system has a func-
tional resemblance to the eubacterial conju-
gation system in that cytoplasmic markers
cannot be transferred in the process. How-
ever, the cytoplasmic bridges are a distinc-
tive property of the halobacterial system.
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Type I and Type II GABA s-Benzodiazepine
Receptors Produced in Transfected Cells

DoLraN B. PrircHETT, HARTMUT LUDDENS, PETER H. SEEBURG

GABA, (y-aminobutyric acid A)-benzodiazepine receptors expressed in mammalian
cells and assembled from one of three different a subunit variants (a,, a3, or a;) in
combination with a B; and a v, subunit display the pharmacological properties of
either type I or type II receptor subtypes. These receptors contain high-affinity binding

sites for

iazepines. However, CL 218 872, 2-oxoquazepam, and methyl 8-

carboline-3-carboxylate (8-CCM) show a temperature-modulated selectivity for o,

subunit—containing receptors. There were no si

ignificant differences in the binding of

clonazepam, diazepam, Ro 15-1788, or dimethoxy-4-ethyl-B-carboline-3-carboxylate
(DMCM) to all three recombinant receptors. Receptors containing the a3 subunit
show greater GABA potentiation of benzodiazepine binding than receptors containing
the a, or a, subunit, indicating that there are subtypes within the type II class. Thus,
diversity in benzodiazepine pharmacology is generated by heterogeneity of the a

subunit of the GABA, receptor.

ENZODIAZEPINES POTENTIATE THE
B activity of the GABA-gated chloride
channel intrinsic to GABA,4 recep-
tors (1). Although most benzodiazepines
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bind to these receptors with similar affinities
and Hill coefficients of 1 throughout the
brain, the pharmacological properties of sev-
eral compounds (2-4), most notably CL
218 872 (3), have demonstrated heteroge-
neity of GABA 4-benzodiazepine receptors.
Type I receptors are more sensitive to CL
218 872 than type II receptors and consti-
tute the predominant GABA 4 receptor class
in the central nervous system. The less sensi-
tive type II receptors are enriched in only a
few brain areas such as the hippocampus,
striatum, and spinal cord as well as in neona-
tal cortex (5-8). In behavioral tests CL 218
872 was an effective anxiolytic agent with
reduced ataxic and depressant effects as com-
pared to other benzodiazepines such as diaz-
epam (9). Therefore, these subtypes may
mediate the different psychodynamic and
physiological effects of benzodiazepines.
The electrophoretic properties of affinity-
purified GABA4-benzodiazepine receptors
had suggested the presence of only two
subunits, termed « [relative molecular mass
(M;) ~53,000] and B (M, ~58,000) (10).
Accordingly, receptor subtypes were
thought to result from subunit modifica-
tions or different conformational states of a
single receptor (11). However, cloning ex-
periments have shown the existence of three
different o (12, 13) and B subunit variants
(14) as well as of members of other subunit
classes, for example, the vy, subunit, impor-
tant for benzodiazepine pharmacology (15).
These results complement those of photola-
beling experiments with [*H]flunitrazepam,
which reveal the presence of several labeled
proteins with unique sizes and tryptic pat-
terns (16-18) that are capable of reacting
with a subunit—specific antibodies (17, 18).
To test the hypothesis that a subunit
variants provide the structural basis for type
I and type II benzodiazepine receptors, we
coexpressed each of the three « variants with
a B and a v, subunit in human embryonic
kidney 293 cells (15, 19, 20). This transient
expression system has been used to study
recombinant GABA4 receptors by both lig-
and binding and electrophysiology (15, 20)
and to characterize the assembly of a glycine
receptor subunit (M, ~48,000) into func-
tional channels (21). The pharmacological
analyses of recombinant receptors on cell
membranes (Fig. 1) demonstrate that
[*H]flunitrazepam binding to the a; sub-
unit—containing receptors is more sensitive
to displacement by CL 218 872 than to
receptors containing a; or a3 subunits. The
inhibitory constant (Kj) values of 130 nM
and 1.6 pM derived from this competition
are in good agreement with values of 100
nM and 2 pM, respectively, estimated for
the type I and type II benzodiazepine recep-
tors in the rat hippocampus (22). Saturation
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Fig. 1. CL 218 872 competition of [*H]flunitra-
zepam (2 nM) binding to membranes of 293 cells
transfected with expression vectors (19) encoding
the following GABA 4 receptor subunit combina-
tions: a;B1y2 (), aBry2 (A), and asByy, (©).
The curves were generated by nonlinear least-
squares fit of triplicate data, and each curve is
representative of four experiments.

binding data for [*H]flunitrazepam yiclded
a dissociation constant (Kg) of 2 nM for all
three expressed receptor types.

We further characterized the benzodi-
azepine binding sites of each receptor by
determining the K; values of additional li-
gands (Table 1). Two other compounds
known to be selective for type I receptors,
the benzodiazepine 2-oxoquazepam and the
B-carboline B-CCM (2, 4), display higher
affinities for By, receptors than for
a2B1y2 and asPBry; receptors. The four- to
fivefold enhanced affinity of 3-CCM and the
tenfold enhanced affinity of 2-oxoquazepam
to a; subunit—containing receptors is well
within the range of reported differences for
type I and type II receptors in brain mem-
branes (2, 23). In contrast, four other com-
pounds, clonazepam, diazepam, Ro 15-
1788, and DMCM, known to be nonselec-

tive for the two receptor types (22), dis-
played no significant differences in their
binding. Their binding affinities are close to
those observed in brain membranes (22),
suggesting that the recombinant receptors
have benzodiazepine sites structurally simi-
lar to those in neurons. Notably, substitut-
ing the B, or B3 subunit (14) for the B,
subunit did not alter the type I, type II
selectivity profile (Table 1), and use of the
v subunit instead of y, (15) resulted in
reduced binding (maximum binding ratio
Y2/v1 = 6). These results indicate that differ-
ent « subunits largely determine the phar-
macological properties of type I and type II
benzodiazepine receptors. In addition, type
II receptors are heterogeneous, containing
ay or a3 subunits.

To further compare the recombinant re-
ceptors to those in brain membranes, we
tested CL 218 872 competition of [*H]Ro
15-1788 binding at 37°C. The selectivity of
CL 218 872 is reduced at 37°C compared to
that at 4°C (Table 1), an effect also observed
for 2-oxoquazepam and B-CCM. This tem-
perature-dependent selectivity change is also
seen with brain membranes (24, 25), again
suggesting that the recombinant receptors
faithfully reproduce the structural properties
of the type I and type II receptors. Because
Ro 15-1788 is a specific benzodiazepine
antagonist (1), our results indicate that the
selectivity of CL 218 872 is the same,
regardless of whether the receptor is in an
agonist- or an antagonist-induced confor-
mation.

Other evidence also suggests that a sub-
unit variants are responsible for the proper-
ties of type I and type II benzodiazepine
receptors in brain. Thus, the «; subunit
mRNA predominates in cerebellum (13,
26), which contains mainly type I receptors

Table 1. Binding affinities of various benzodiazepines and B-carbolines to GABA, receptor subtypes.
K; = SEM values for various compounds were determined by displacement of [*H]flunitrazepam
([*H]Ro 15-1788 where indicated by asterisk) binding to membranes of transfected 293 cells (19) and
were calculated according to the Cheng-Prusoff equation (30) [K; = ICso/(1+C/Ky), where C is the
concentration used in the assay and Ky is the concentration of labeled ligand, which in the case of
[*H]flunitrazepam was 2 nM]. Values of the inhibition concentration ICsq for each compound were
determined in at least three experiments similar to the one shown in Fig. 1 by linear least-squares fit of
the data to the Hill equation. Values labeled with A were determined by averaging the K; values for cells
transfected with either 8;, B>, or B3 subunits in combination with the a and y variants indicated in the

column headings.

a;1Biy2 aPiy2 3B 1y2

Compound K; (nb) K; (nb) K; (nM)
CL 218 872 (4°C) 131 £36 1820 =+ 700 1530 =290
CL 218 872 (4°C) 108 + 284 1735 =+ 4324 1620 +270°
CL 218 872 (37°C) 405 + 75% 2002 =+ 650% 1790  + 370*
2-Oxoquazepam 196 + 25 236 = 12 205 = 18
B-CCM 0.78 £ 0.12 29+ 035 41 + 06
DMCM 53 = 15 144+ 70 106 = 6.3
Ro 15-1788 049 = 0.24 12+ 0.1 072 022
Ro 15-1788 0.48 = 0.24 1.ox 0.3* 062+ 024
Clonazepam 127 = 0.04 1.7+ 04 20 = 0.04
Diazepam 163 = 0.5 169+ 55 170 = 1.8
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Fig. 2. Potentiation of [*H]diazepam binding by
GABA. Binding to a;B;y, (l), a,B1v> (A), and
o381y, (@) transfected cell membranes is shown
as the average of three separate experiments, with
bars representing the SEM. The [*H]diazepam
binding in the absence of GABA is defined as
100% binding. The binding was determined as
described (19) except that 100-pl samples of
GABA at various concentrations in assay buffer
were added to the 1-ml reaction volume.

(5), whereas significant amounts of a, and
a3 mRNA are only expressed in brain re-
gions where type II receptors are found (13,
26). Further, GABA, receptor subunits
photolabeled by [*H]flunitrazepam, the
molecular mass of which is greater (M,
54,000 and 59,000) than that of «; subunits
(53,000), correlate with the presence of type
II receptors in a tissue-specific and develop-
mental fashion (27). The greater mass of
these subunits is consistent in the case of the
a3 subunit because the cDNA for a3 pre-
dicts a mass of 52,000 for its polypeptide
sequence, including four putative N-linked
glycosylation sites. The addition of a mass of
about 2,000 for the carbohydrate side chain
to each glycosylation site would result in a
mass of ~60,000 for the fully glycosylated
a3 subunit. In fact, the bovine a; subunit
has a mass of 59,000 by protein immuno-
blotting (28). The predicted structure of the
a, subunit specifies an additional N-linked
glycosylation site relative to the o subunit
(13), and it could therefore migrate with a
mass of 54,000.

To examine the eftects of the physiologi-
cal neurotransmitter GABA on the binding
of benzodiazepines, we incubated mem-
branes from cells expressing receptors as-
sembled from a,, B1, and -y, subunits with
[’H]diazepam and increasing concentra-
tions of GABA. The neurotransmitter clear-
ly potentiates benzodiazepine binding to
each of the receptor types (Fig. 2). Howev-
er, potentiation is higher with receptors
containing the a3 subunit than with those
containing the other o subunits. At saturat-
ing GABA concentrations, a3B;7y, receptors
showed an approximately fourfold increase
in [*H]diazepam binding, whereas aB;y,
and By, combinations bound only twice
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the [*H]diazepam as compared to zero
GABA controls. Approximately twofold
stimulation of benzodiazepine binding by
GABA has been observed with adult brain
membranes (25). A higher stimulation has
been seen with brain membranes from
young animals or brain tissue in which the
postsynaptic receptors had been destroyed.
These conditions correlate with increased
levels of type II receptors (6, 29), which, as
shown above, constitute a heterogeneous
receptor population. Our results indicate
that the a3 subunit—containing population
is responsible for the elevated GABA-medi-
ated stimulation of benzodiazepine binding
in these latter studies.

The differential neurotransmitter-mediat-
ed potentiation of benzodiazepine binding
to receptors containing different o subunit
variants predicts different frequencies of
channel openings (1) at these receptors and,
hence, dissimilar potentiation of GABA-
gated current flow. In fact, preliminary ex-
periments show that a3y, receptors dis-
play higher current potentiation by benzodi-
azepine than do oB1y2 or asBry, recep-
tors. However, a more thorough analysis of
potentially differential rates of desensitiza-
tion will be needed to correlate the pharma-
cological data with electrophysiological be-
havior. In previous studies on GABA4 re-
ceptors formed by coexpression of each of
the « subunit variants with the 8 subunit, it
was found that o,B; receptors are more
sensitive to GABA than the other two sub-
unit combinations (13). It should be kept in
mind, however, that the pharmacological
and electrophysiological properties of
GABA, receptors composed of two sub-
units differ considerably from those of
GABA 4 receptors containing three subunits
(15), and, hence, the effect of GABA de-
scribed here on benzodiazepine binding can-
not be compared to apparent sensitivities to
GABA in receptors formed from only a and
B subunits.

Our findings suggest that the receptors
we have constructed reveal the structural
basis of type I and type II benzodiazepine
receptor heterogeneity. That the «, B, and y
subunits in the combinations expressed in
our experiments constitute the native type I
and type II receptors awaits confirmation
from biochemical experiments with subunit
specific antibodies. However, the subunit
combinations used in our experiments are
largely consistent with the colocalization of
the cognate mRNAs in neuronal subpopula-
tions (15, 26).

We predict that the use of recombinant,
pure receptor subtypes will lead to the iden-
tification of clinically useful compounds that
differentiate between the type II receptors.
The search for such compounds will be

aided by knowing which of the few amino
acid differences between the o subunit vari-
ants create the differential affinity.
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The Protein Kinase Domain of the ANP Receptor Is

Required for Signaling

MicHAEL CHINKERS AND DAVID L. GARBERS

A plasma membrane form of guanylate cyclase is a cell surface receptor for atrial
natriuretic peptide (ANP). In response to ANP binding, the receptor-enzyme produces
increased amounts of the second messenger, guanosine 3’,5’-monophosphate. Maxi-
mal activation of the cyclase requires the presence of adenosine 5'-triphosphate (ATP)
or nonhydrolyzable ATP analogs. The intracellular region of the receptor contains at
least two domains with homology to other proteins, one possessing sequence similarity
to protein kinase catalytic domains, the other to regions of unknown function in a
cytoplasmic form of guanylate cyclase and in adenylate cyclase. It is now shown that
the protein kinase—like domain functions as a regulatory element and that the second
domain possesses catalytic activity. When the kinase-like domain was removed by
deletion mutagenesis, the resulting ANP receptor retained guanylate cyclase activity,
but this activity was independent of ANP and its stimulation by ATP was markedly
reduced. A model for signal transduction is suggested in which binding of ANP to the
extracellular domain of its receptor initiates a conformational change in the protein
kinase—like domain, resulting in derepression of guanylate cyclase activity.

TRIAL NATRIURETIC PEPTIDE (ANP),

synthesized in cardiac atria and re-

leased into the bloodstream in re-
sponse to increased central blood volume,
lowers blood pressure by stimulating vasodi-
lation, diuresis, and natriuresis (1). Two cell
surface receptors for ANP have been de-
scribed: a low molecular weight “clearance”
receptor having a small cytoplasmic domain
(2) and a high molecular weight, guanosine
3',5’-monophosphate (¢cGMP)—coupled re-
ceptor, containing a much larger cytoplas-
mic domain (3, 4). The latter receptor,
which is the subject of this report, appears to
mediate the physiological effects of ANP
through its intrinsic ANP-activated guanyl-
ate cyclase activity; cGMP is believed to act
as a second messenger for ANP in many, but
not all, circumstances (5). The intracellular
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portion of the ANP receptor has been divid-
ed into two domains on the basis of se-
quence analysis: one, adjacent to the mem-
brane, has similarity to protein kinases; the
other, at the COOH-terminus, is similar to
regions of both a soluble guanylate cyclase
and a brain adenylate cyclase (3, 4, 6, 7).
Mutants of the cDNA for the rat brain
ANP receptor were prepared in which most
of ecither the kinase-like domain or the
COOH-terminal domain was deleted (8)
(Fig. 1A). Mutant and wild-type receptor
clones were inserted into an expression vec-
tor (pSVL) under the control of the simian
virus 40 late promoter and transfected into
COS-7 cells (9), which have low concentra-
tions of endogenous ANP receptor and gua-
nylate cyclase. Analysis of the transfected
cells by cross-linking to '*I-labeled ANP
demonstrated the expression of mutant re-
ceptors of the predicted sizes (Fig. 1B).
Comparison of '*°I-labeled ANP binding by
cells transfected with mutant and wild-type
receptor clones and the guanylate cyclase
activity of particulate fractions of the cells,
measured in the presence of nonionic deter-

Table 1. Effect of ANP on ¢cGMP content of
transfected cells. COS-7 cells in 35-mm wells,
transfected with the indicated plasmids, were
incubated in the absence (—) or presence (+) of
ANP for 5 min at 37°C (15). Medium was
aspirated and cGMP was extracted with ice-cold
0.5N perchloric acid and assayed (3). Results are
expressed as the mean of triplicate samples + SE.

Transfection ANP cGMP
(pmol per well)

pSVL - <0.2

+ <0.2
pSVL-ANPR - <0.2

+ 19.0 + 1.8
pSVL-kin~ - 10.5 + 0.4

+ 10.7 = 0.9
pSVL-cyc™ - <0.2

+ <0.2

gent and Mn?*, suggested that the wild-
type receptor (pSVL-ANPR) and the kinase
deletion mutant (pSVL-kin™) had similar
specific guanylate cyclase activities (Fig.
1C). That is, we have consistently observed
five- to sevenfold higher expression of both
12]-labeled ANP binding and guanylate cy-
clase activity in cells transfected with pSVL-
kin~ than in cells transfected with pSVL-
ANPR. In the absence of an antibody with
which to quantitate the expressed proteins,
however, this comparison of “specific activi-
ties” must be interpreted with caution. In
contrast, the COOH-terminal deletion mu-
tant (pSVL-cyc™) lacked enzyme activity
(Fig. 1C). These experiments demonstrate
that guanylate cyclase catalytic activity re-
sides in the COOH-terminal domain and
that deletion of the protein kinase-like do-
main does not interfere with cyclase activity.

These observations were surprising given
that the protein kinase—like domain, but not
the COOH-terminal domain, is well con-
served in the membrane guanylate cyclase
from the sea urchin Arbacia punctulata (Fig.
1A). It is possible that the structure of the
catalytic domain of the enzyme from this
primitive sea urchin is quite different from
that of other known guanylate cyclases. The
localization of guanylate cyclase activity to
the COOH-terminal sequences suggests
that similar sequences found in a bovine
adenylate cyclase (7) and in a subunit of a
soluble guanylate cyclase (6) represent the
catalytic domains of those enzymes.

We next examined the effects of the recep-
tor deletions on the regulation of cGMP
concentration by ANP in intact cells. Cells
transfected with wild-type and mutant ANP
receptor clones were incubated in the ab-
sence or presence of ANP, and cellular
c¢GMP content was determined (Table 1). In
cells transfected with pSVL or pSVL-cyc™,
less than 0.2 pmol of cGMP per well was
detectable in the absence or presence of
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