Regulation of Adenylyl Cyclase from Paramecium by

an Intrinsic Potassium Conductance

cause hyperpolarization (4). It is unknown
whether the membrane potential itself or a
current resulting from hyperpolarization is
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coupled to adenylyl cyclase activation. As a
freshwater ciliate Paramecium must actively
regulate its K* resting conductance to main-

Hyperpolarization of the cell membrane of Paramecium stimulates adenosine 3',5'-
monophosphate ((AMP) formation. Manipulations of the K* resting conductance of
the ciliate by adaptation in different buffers affected excitability of the cAMP gener-
ating system. Blockade of K* channels inhibited hyperpolarization-stimulated cAMP
formation. A mutant of Paramecium that is unable to control its K* resting conduct-
ance had a defect in cAMP formation. Purified adenylyl cyclase, when incorporated
into an artificial lipid bilayer membrane, revealed properties of a voltage-independent
K* channel. This indicates that the adenylyl cyclase of Paramecium has a secondary
function as carrier of the K* resting conductance. A hyperpolarization-activated K*

tain the membrane potential within narrow
limits in changeable environments (5, 6).
Therefore, the extent of hyperpolarization
caused by dilution of external cations de-
pends on the composition of the equilibra-
tion buffer, which determines the existing
resting conductance (6). Because hyperpo-
larizing stimuli increase cAMP production
in Paramecium (4), we investigated whether
the K* resting conductance itself may be

efflux appears to directly regulate adenylyl cyclase activity in vivo.

DENOSINE 3’,5'-MONOPHOSPHATE
A (cAMP) serves as a second messen-

ger in mammalian cells. Many hor-
mones stimulate or inhibit cAMP synthesis
via three functionally coupled membrane-
associated proteins: hormone receptors,
guanine nucleotide-binding proteins (G
proteins), and adenylyl cyclase (1). The ami-
no acid sequence of an adenylyl cyclase from
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bovine brain shows a topographical similar-
ity with ion channels such as Ca®>* and K*
channels (2). However, experimental evi-
dence for a channel-related function of
adenylyl cyclase has not yet been obtained.
The adenylyl cyclase of Paramecium is un-
responsive to cholera toxin, pertussis toxin,
fluoride, guanosine triphosphate, and its
nonhydrolyzable analogues 5'-guanylylim-
idodiphosphate (GMPPNP) or guanosine
5'-O-(3-thiotriphosphate) (GTP-y-S) in vi-
tro (3). These data exclude regulation by G
proteins. In vivo, cAMP formation is trig-
gered not by hormones but by changes in

coupled to cAMP regulation.

Paramecia that were adapted for 4 hours
in solutions containing between 1 and 24
mM K* were hyperpolarized by propor-
tional dilution of the concentration of po-
tassium, [K*]. The amount of cCAMP pres-
ent was determined 10 s later. In cells
adapted to 16 mM K™, in which the resting
conductance is high, dilution of [K*] to one
eighth of its original concentration increased
the accumulation of cAMP fourfold (Fig.
1A). In cells adapted to 1 mM K™, in which
the resting conductance is lower (6), dilu-
tion of [K*] to 0.125 mM did not enhance
cAMP production (Fig. 1A). The stimula-
tion of cAMP formation correlates with the
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Fig. 1. Formation of cAMP in Paramecium tetraurelia wild-type 51s cells
stimulated by hyperpolarization after dilution of extracellular [K™*]. (A) Cells
grown at 25°C in an axenic complex medium (18) were collected by
centrifugation at 250g, washed, and equilibrated for 4 hours at 50,000
cells/ml (90,000 cells = 1 mg of protein) in 10 mM 4-morpholine
propanesulfonic acid (MOPS)-tris (pH 7.2), containing the [K*] indicated
on the abscissa and 0.5 mM Ca?*. For stimulation, [K*] was diluted to one
eighth of its original concentration by transfer of 50 .l of equilibrated cells
with a wide-bore pipette into 350 pl of K*-free buffer (®). Viability and
swimming behavior were checked microscopically before and during the
experiments. Incubations were stopped after 5 s by adding perchloric acid
(final concentration 1 M). The amount of cAMP present was determined by
radioimmunoassay (19). Cross-reactivity of the antibody with cGMP (gua-
nosine 3',5'-monophosphate) was <5%. No cAMP was found when sam-
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TEA* or Cs* (mM)

ples were digested with phosphodiesterase before the assay. Amounts of
c¢GMP were measured concomitantly; no changes were found. Basal

" amounts of cAMP before K* dilution are indicated by open circles. (B)

Relation between hyperpolarization and cAMP formation. Cells adapted for
4 hours at 8 (M) or 16 mM (A) K* and 1 mM Ca?* were stimulated by
dilution of external K* proportionally as indicated on the abscissa and
analyzed as indicated above. Representative experiments are shown (n = 2 to
5). (C and D) Inhibition of cAMP formation by K* channel blockers TEA*,
Cs™, and quinine. Cells were adapted for 4 hours in buffers containing 16 mM
K™*, 0.5 mM Ca* and the indicated concentrations of TEA* (@) or Cs* (A)
(C), and quinine (D). For stimulation, external K* was diluted to one eighth
of its original concentration. Amount of cAMP in unstimulated cells (O). Inall
instances, stimulations were for 5 s.
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is observed after dilution of extracellular
[K*] (7). The apparent co-regulation of the
K™ resting conductance and cAMP forma-
tion suggests that the two targets are cou-
pled. The differences in cAMP production
were not due to (i) a shift in the time course
(peak amounts were obtained between 5
and 10's), (ii) CAMP leakage from cells, (ii1)
an osmotic or surface charge effect (balance
with choline or tris was without effect), nor
(iv) changes in basal adenylyl cyclase or
phosphodiesterase activities (8).

The relation between hyperpolarization
and cAMP production was quantitated by
diluting an adaptation solution to different
extents. When similarly graded stimuli were
applied to paramecia adapted to 8 or 16 mM
K™, hyperpolarization response curves for
cAMP formation were obtained (Fig. 1B).
The dilutions necessary for half maximal
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Fig. 2. Hyperpolarization-stmulated formation
of cAMP in Paramecium tetraurelia wild-type 51s,
K* channel mutant restless (rst), and the double
mutant rst/manxA. Cells equilibrated in 4 mM K*
for 4 hours were stimulated for 5 s by an eight-
fold dilution of K* (dotted bars). Open bars
represent unstimulated controls. Addition of 8
mM TEA* with the dilution buffer inhibited the
exaggerated response in restless (hatched bar).
Because the mutant cells do not grow in axenic
media, these experiments were carried out with
cells grown in cerophyl medium inoculated with
Enterobacter aerogenes (20). A representative exper-
iment is shown (n = 3 to 6).

Fig. 3. Analysis of ade- g I T T
nylyl cyclase purified A -170
from cilia of Paramecium - .

tetraurelia wild-type 51s S -07
by SDS-polyacrylamide -0
gel electrophoresis == —— 55
(10%). Lane 1, un- SES e 45
bound material fromsec- o 36
ond  phenyl-Superose; L g
lane 2, active fractions

eluted from phenyl-Su- il = 20

perose; lane 3, molecular

size standards; lane 4,

adenylyl cyclase after the final column chromatog-
raphy. Proteins were detected by silver stain.
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stimulations were comparable in both in-
stances (5/8); however, the maximal cAMP
response was reduced in cells adapted to 8
mM K™ in which the resting conductance is
attenuated (6). This indicates that at low
[K*] the number of ion pores that partici-
pate in maintaining the resting potential is
decreased.

The K* resting conductance in Parameci-
um is regulated not by K™ itself but by the
membrane potential. Hyperpolarization
upon dilution is, therefore, self-limiting in
Paramecium (Fig. 1A) (7). A further indica-
tion that the membrane potential regulates
the K* resting conductance is that other
ions, for example Na* and Ca®*, that also
affect the membrane potential, regulate this
conductance as well (5). Hyperpolarization
of Paramecium by dilution of [Na*] or by an
increase in [Ca®*] also stimulates cAMP
formation (4, 8).

We used blockers of K* channels to in-
vestigate the coupling of the K™ resting
conductance and cAMP synthesis. Tetraeth-
ylammonium (TEA*), Cs*, or quinine,
which block K* channels in many cells
including Paramecium (9, 10), inhibited
cAMP production upon dilution of [K*] in
a dose-dependent manner (Fig. 1, Cand D).
The IC;( (dose that inhibited by 50% the
effect of diluting [K*]) was 1.5 mM for
TEA™ and Cs* and 100 pM for quinine. In

Fig. 4. Single ion channel activity A
of purified adenylyl cyclase from
Paramecium reconstituted into arti-
ficial lipid-bilayer membranes. (A)
Recording in solution containing 1
M KCl in the presence of 10 ul of ¢
eludon buffer per milliliter in the
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agreement with electrophysiological data
(10), the effect of TEA* did not require
prior incubation, whereas Cs* and quinine
had to be added 30 min prior to stimulation.
Production of cAMP stimulated by dilution
of Na* or an increase in Ca?* was also
blocked by TEA*. Concentrations of these
blockers needed to inhibit cAMP formation
were lower than those required in electro-
physiological tests (10). This is not surpris-
ing because the experimental methods and
the integrity of the specimens differ substan-
dally. Neither TEA*, Cs*, nor quinine af-
fected cell-free adenylyl cyclase activity at
concentrations used in these experiments
8).

A mutant of Paramecium, restless, is over-
sensitive to low external [K*] (7, 11). The
mutant lacks control of the K* resting con-
ductance; it cannot curb its membrane hy-
perpolarization upon K* dilution and be-
haves like a passive K* electrode (7). When
cells were adapted to 4 mM K™, dilution of
external [K*] to 0.125 mM elicited a large
accumulation of cAMP in restless cells but
not in wild-type cells (Fig. 2). This result
agrees with the reported membrane resist-
ances of restless (30 megohms) and wild-type
cells (60 megohms) at 4 mM external K*
(7). Blocking the K* conductance of restless
cells with TEA" inhibited the cAMP re-
sponse with an ICg, of 1.5 mM. An extra-

B 0.5nS
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1 min

measuring cell. (B to D) Approxi- 05nS
mately 1 ng of purified adenylyl 10 pA
cyclase (10 pl) was added to each

side. Recording at 150 mM KCI 1 min

(B); 1 M KClI (C); 1 M NaCl (D);

0.5 M CaCl, (E); 0.5 M MgCl, D

(F). Bilayer membranes of 0.08 o-— 05nS
mm? were formed from a solution c- 10pA
of diphytanoyl phosphatidylcholine

(1%, w/v) (from Avanti Polar Lip- 1 min

ids, Birmingham, Alabama) in

n-decane in a 2 X 5 ml teflon E

chamber as described (15). The salt o- 250 pS
solutions were buffered with 10 c-ﬂmnvmmmﬂwmwm 5pA

mM tris-HCI (pH 7.2). Adenylyl
cyclase (approximately 1 ng in 10
wl) was added to each side of the
bilayer membrane. The membrane g
potential was held at 20 mV with a
pair of calomel electrodes with salt
bridges. The current was amplified
with a current to voltage converter
(Burr Brown operational amplifi-

0.5 min

250 pS
5pA

1 min

er). Data were monitored with a storage oscilloscope (Tektronix 7633) and stored on a tape recorder
(Racal DS 20) or on a chart recorder. The records were analyzed by hand. Experiments were carried out
at ambient temperature (22° + 2°C). Purification of adenylyl cyclase and reconstitution into lipid
bilayers were carried out six times with identical results. Negative controls with inactive fractions or
detergent-containing buffer were included in all reconstitution experiments. Continuous recording
from single bilayers was possible for more than 60 min. Representative original graphs from different

experiments are shown.
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genic suppressor mutation, manxA, sup-
presses the electrophysiological defects of
restless without affecting other ion currents
(9). The hyperpolarization-induced over-
production of cAMP caused by the restless
lesion was also corrected in the double mu-
tant (Fig. 2). Because cell-free adenylyl cy-
clase activities of the restless mutant and the
restless-manxA double mutant were identical
to those of wild-type cells, the mutant data
strongly link the K* resting conductance to
regulation of cAMP formation.

Hyperpolarization by dilution does not
require a net ion current per se. The shift of
the K* equilibrium potential alone is suffi-
cient to hyperpolarize the membrane poten-
tial. Nevertheless, hyperpolarization tran-
siently increases those ion fluxes that, under
conditions of complete adaptation, are de-
limited by the K* and Ca?>* resting conduct-
ances (5, 6). These K* and Ca®>* fluxes do
not contribute to electrogenesis because
they are electrically balanced (5, 6). Appli-
cation of the Nernst equation to the K*-
dilution experiments indicates that only a
K* efflux is possible. This efflux occurs
through the channels that carry the major
K™ resting conductance and appears to serve
a non-electrical function in that it directly
controls cAMP formation.

Considering the proposed transmem-
brane topography of adenylyl cyclase (2), it
is ‘¢onceivable that in Paramecium the ade-
nylyl cyclase itself operates as an ion channel.
Therefore, the enzyme was purified. Because
cilia constitute only 1% of cellular protein,
but contain 50% of adenylyl cyclase activity
they were used as starting material (12). The
enzyme activities in the ciliary membranes
(as cAMP, 0.5 nmol mg™! min™') and of
the purified protein (as cAMP, 25 pmol
mg~ ! min~') were similar to those of prep-
arations from bovine brain (13). Analysis by
SDS—polyacrylamide gel electrophoresis
showed one major band at 96 kD (Fig. 3).
About 20 ng of purified adenylyl cyclase
were obtained from 170 g of paramecia.

Adenylyl cyclase was tested in artificial
lipid-bilayer membranes for pore-forming
activity. When partially enriched adenylyl
cyclase was used for reconstitution, two
transient channels with mean values of ion
conductances (+SD) of 0.34 + 0.13 (380
events) and 1.5 + 0.3 nS (420 events) were
observed with equal frequency in 28 of 30
membranes at 1 M KCl. The mean open
times varied from 10 ms to 10 s. When
purified enzyme was used for reconstitution,
the large conductances were absent and al-
most all channels (>95%) had a conduct-
ance of 320 + 60 pS (800 events) in 18 of
20 membranes (Fig. 4C). In medium con-
taining 0.15 M KCl, single channel conduct-
ance was 150 * 50 pS (230 events) (Fig.
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4B); this means that the conductance was
saturated with increasing salt concentra-
tions. The ion selectivity of the channel was
probed with other cations. Relative per-
meability ratios were determined to be
approximately 1:1:0.5:0.3:0.25:0.2 for
K*:Cs*:Na*:Ca®*:Li*:Mg>*, respectively
(Fig. 4). TEA-chloride was impermeable.

Because of the small number of active
channels (one to two at a given time), the
observed inhibition of the K* conductance
by TEA™* could not be reliably evaluated.
Single channel conductance was identical
with potassium acetate instead of KCl. This
demonstrates that the conductance is specific
for monovalent cations, with a preference
for K*. With voltages of up to 150 mV
applied to the bilayer, the range of channel
open times was voltage-independent where-
as single channel conductance increased lin-
early. Enzymatic activity of adenylyl cyclase
and pore-forming activity were strictly inter-
dependent; any decrease of enzyme activity
resulted in a comparable loss of pore-form-
ing activity. Addition of column fractions
lacking adenylyl cyclase activity or contain-
ing heat-inactivated enzyme or addition of
clution buffer alone (Fig. 4A) did not elicit
channel activity. This excluded artifacts due
to the use of Brij 35 (0.05%) as a detergent.
The channel properties of the adenylyl cy-
clase were distinct from those reported for
cation-specific channels of the ciliary mem-
brane (14); in those experiments only a few
active channels were detected in the lipid
bilayer although 10'° channels were added
per experiment (14). The pore-forming ac-
tivity of the protozoan adenylyl cyclase
equaled that of bacterial porins, which have
the highest reconstitution capacity of all
membrane proteins (15).

The adenylyl cyclase assayed for pore-
forming activity was a homogenous protein
which was purified according to its adenylyl
cyclase activity. The pore-forming activity
copurified through six distinct separation
steps and was absolutely dependent on en-
zymatic activity of the protein. This suggests
that the protozoan adenylyl cyclase is not
only regulated by the resting membrane
potential but is itself the transmembrane ion
channel responsible for setting the resting
potential. Thus, it has an intrinsic secondary
regulatory function. This adenylyl cyclase
may, therefore, be an evolutionary ancestor
of the metazoan enzyme which contains 12
membrane-spanning regions of unknown
function (2). Cloning of the gene corre-
sponding to the protozoan enzyme may
specify its exact relationship to metazoan
adenylyl cyclases.

The data also shed new light on the
relationship between cyclases, hormone re-
ceptors, and ion channels. All combinations

can possibly exist: (i) receptor and cyclase in
one protein as in the guanylyl cyclase—atrial
natriuretic factor receptor (16); (ii) receptor
and ion channel coupled in an oligomere as
in the nicotinic acetylcholine receptor; and
(iii) an ion channel intrinsic to an adenylyl
cyclase as in the protozoan enzyme reported
here. Such an ion channel-adenylyl cyclase
unit might also operate in metazoans, pos-
sibly as a class of K* pores that are respon-
sible for the resting conductance. Recently,
a close functional coupling between a volt-
age-independent K* conductance, probably
the resting conductance, and the cAMP
system has been demonstrated in Drosophila
(17).
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The Son of sevenless Gene Product:

A Putative Activator of Ras

LAurA BoNFINL* CHRIS A. KARLOVICH,* CHIRANJIB DASGUPTA,

UTtPAL BANERJEET

The Son of sevenless (Sos) gene functions in signaling pathways initiated by the
sevenless and epidermal growth factor receptor tyrosine kinases. The Sos gene has now
been isolated and sequenced. Its product is a 1595—amino acid protein similar to the
CDC25 protein in Saccharomyces cerevisiae, a guanine nucleotide exchange factor that
activates Ras. These results imply a role for the ras pathway in Drosophila neuronal

development.

a cluster of eight photoreceptor neu-
rons develop autonomously in each fac-
et or ommatidium (1, 2) with the central cell
R8 being the first to express neuronal mark-
ers (3). R8 directly induces a neighboring
cell to develop as the R7 neuron (4). This
induction is mediated by the products of the
bride of sevenless (boss) and sevenless (sev)
genes (4-8). The boss gene product is a
transmembrane protein that is localized to
the R8 cell (5), and the sevenless gene en-
codes a tyrosine kinase receptor expressed
on the membranes of many cells in the
developing cluster (9, 10). Extensive genetic
and molecular analysis of this system sug-
gests that the boss protein on R8 binds to
and activates the sevenless receptor on the
R7 precursor cell, leading to its eventual
differentiation into a neuron (5). In sev or
boss mutants, R7 cells are missing from all
facets of the eye.
Recent genetic analysis has shown that a
gene called Son of sevenless (Sos) functions in
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a signal transduction pathway initiated by
the sevenless receptor (11). This gene was
first identified as a dominant mutant allele
called Sos'“2, which suppresses the sev™
allele. This suppression is allele-specific, sug-
gesting an interaction between the proteins
encoded by these genes. Genetic analysis
further demonstrated that Sos’“? product is
necessary autonomously in the R7 cell for
this cell to develop in a sev™ background.
The function of the Sos gene product is not
limited to the development of the R7 cell; in
weak loss of function alleles, other photo-
receptor cells are missing, and complete loss
of function leads to recessive lethality. The
Sos gene also functions downstream of the
Drosophila epidermal growth factor receptor

(11). We now describe the isolation and
characterization of the Sos gene and show
that it encodes the Drosophila homolog of
CDC25, an activator of Ras in Saccharomyces
cerevisiae.

The Sos gene maps to the 34D5 region of
the second chromosome. This region has
been saturated for mutations and a deficien-
cy map has been reported (12). We have
confirmed the mapping results (relevant loci
and breakpoints are shown in Fig. 1A).

Starting with a clone in 35A, we initiated
a chromosomal jump to 34D3 and followed
it with a chromosomal walk in the region of
the Sos gene. In all, about 150 kb of genom-
ic fragments were cloned as cosmid and
phage DNA. Genomic fragments were used
in chromosomal in situ hybridization exper-
iments to delimit the Sos region (see below).
A molecular map of this region was con-
structed (Fig. 1B) and four transcription
units were identified through cDNA clones
isolated from a cDNA library from eye
imaginal discs.

Molecular characterization of the many
chromosomal rearrangements mapping to
the region allowed us to discriminate be-
tween these c¢DNAs. Three deletions,
Df(2L)b71ka, Df(2L)b84h1, and Df(2L)-
ScoRV7, genetically uncover Sos and loci to
its right (Fig. 1A). In situ hybridization

Table 1. Interaction of Dras-1 with Sos in flies homozygous for sev®t. Df(3R)by62 and
Df(3R)byl0 overlap in the 85D11-F1 region and include the transcription unit for Dras-1 (20).
One copy of either of these deletions eliminates the suppression of sev™ by Sos?“2. This is a specific
effect in that over twenty deletions mapping outside the region [for example, Df(3R)D1BX12] have
been tested in this assay and do not have any effect on the suppression. The ommatidia were
screened by the optical technique called pseudopupil (6); # is the number of ommatidia screened.

The boss! allele is a null allele at the boss locus.

Genotype

Ommatidia with R7 cells

sev™4sev®t; Sos*/Sost; +/+

sev™/sev®t; Sos’C%/Sos™t; +/+

sev®4/sev®*; Sos'C%/Sos™ ; boss![boss™
sev®4sev™%; SosT°%/Sos*; Df(3R)by62/+
sev™4[sev®*; Sod2/Sos™; DF(3R)by10/+
sev®Hsev®%; Sos/%/Sos*; DF(3R)D1BX12/+

0% (n = 2239)
16% (n = 2392)
0% (n = 2337)
0% (n = 2175)
0% (n = 2180)
17% (n = 898)
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