
through RAS would be effected by a factor 
responsive to nutritional signals, which 
could facilitate exchange of guanine nucleo- 
tides on RAS. Although there is no evidence 
that such a factor acts on U S ,  proteins 
providing guanine nucleotide exchange ac- 
tivity are known for hormone-responsive G 
proteins (2) and for translation factors EF- 
Tu and elF-2 (21 ) . Like these proteins, RAS 
binds GDP and GTP with high affinity (1). 

The only apparent biochemical difference 
between RAS2 and U S 2  "'j9 proteins is the 
reduction of GTPase activity of the latter. 
The active form of RAS2 would there- 
fore have an extended half-life and could 
require less exchange factor activity to re- 
main stimulatory. Alternatively, published 
data sug ests that the GDP-bound form of 
RAS2Va'pP may be as active as the GTP 
adduct of RAS2 (lo), which would also 
reduce the need for GTP-GDP exchange. 
The ability of the activated form of RAS2 
to suppress the lethality of the ch25 disrup- 
tion allele therefore raises the possibility that 
CDC25 could act as a guanine nucleotide 
exchange factor for RAS. However, the se- 
quence of CDC25 has been determined, and 
a comparison of the predicted amino acid 
sequence with known proteins and translat- 
ed open reading frames was reported to give 
no significant homologies (15). Direct evi- 
dence that the CDC25 gene product func- 
tions as a modulator ofRAS activity, wheth- 
er as a GTP exchange factor or through an as 
yet unknown activity, awaits genetic and 
biochemical analysis of CDC25 mutations. 
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Xenqpw Oocytes Injected with Rat Uterine RNA 
Express Very Slowly Activating Potassium Currents 

Under the influence of estrogen, uterine smooth muscle becomes highly excitable, 
generating spontaneous and prolonged bursts of action potentials. In a study of the 
mechanisms by which this transition in excitability occurs, polyadenylated RNA from 
the uteri of estrogen-treated rats was injected into Xenopus oocytes. The injected 
oocytes expressed a novel voltage-dependent potassium current. This current was not 
observed in oocytes injected with RNA from several other excitable tissues, including 
rat brain and uterine smooth muscle from ovariectomized rats not treated with 
estrogen. The activation of this current on depolarization was exceptionally slow, 
particularly for depolarizations from relatively negative membrane potentials. Such a 
slowly activating channel may play an important role in the slow, repetitive bursts of 
action potentials in the myometrium. 

T HE SMOOTH MUSCLE OF THE UTER- 

us, the myometrium, in common 
with many neuronal systems (I) ,  un- 

dergoes long-lasting changes in electrical 
excitability. Estrogen treatment of the adult 
uterus causes growth of the myometrium 
and the appearance of spontaneous electrical 
activity consisting of prolonged bursts of 
action potential firing lasting many seconds 
(2). Little is known about the ionic mecha- 
nisms that underlie such slow electrical 
events, in part because of the technical diffi- 
culties associated with studying smooth 
muscle cells. We have used the Xenopus 
oocyte translation system (3-6) to detect 
mRNA (messenger RNA) coding for ion 
channels in uterine smooth muscle. Previous 
work by Dahl and co-workers (6) has shown 
that RNA from uterus can be used to ex- 
press gap-junction proteins. We here de- 

davs. the animals were killed. and RNA was , , 
prepared from the uterine horns (8). Xeno- 
pus oocytes were injected with 200 ng of 
poly(A)+ RNA in 50 nl of sterile water. 
Control oocvtes were iniected with 50 nl of 
sterile water: After incubation for 3 days the 
oocytes were voltage-clamped at 20" to 
23°C bv the use of conventional two-micro- 
electrode techniques (9). 

Figure 1 shows voltage-clamp records ob- 
tained from an oocyte 3 days after injection 
of 200 ng of uterine poly(A)+ RNA. Depo- 
larizations from a holding potential of -40 
mV elicited a voltage- and time-dependent 
outward current, first evident at -30 mV. 
On repolarization to -40 mV, large, slowly 
decaying outward tail currents were ob- 
served. Similar outward currents were re- 

scribe ; hovel voltage-dependent potassium 
M. B. Boyle and E. M. Azhderian, Department of 

current in Oocytes injected Pharmacology, Yale University School of Medicine, New 
with polyadenylated [poly(A)+] RNA from Haven, CT 06510. 

the uterine horns of rats treated with estro- ~ b ~ e t ~ ~ ~ ~ ~  ~ ~ ~ I ~ y ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ O I " , d f  
gen. Medicine, New d v e n ,  #06510. 

F. Naftolin, Department of Obstetrics and Gynecolo 'prague- Yale University School of Medicine, New Haven, & 
Dawley rats (Charles River) were ovariecto- 06510. 

mized and implanted with silastic capsules L. K. Kaczmarek, Departments of Pharmacology and 
P h y s i o l o ~  oySFlo-ty School of Medicine, New 

containing 100% P-estradiol (7). After 3 Haven, 
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Fig. 1. I'oltagc-dcpendent 
. current (I,,' in ooc\,tes in- 

.. -. -. 
iccted with uterine RS.\ Vm - - - - -- --- -- 40 - - , .- . . 

(left) or with water (right). -bO 

The oocytes were held at 
-40 mV and depolarized or 
hyperpolarized stepwise to 
test potentials between -60 
and + 80 mV for 2 seconds. 500 msec 

Leakage currents were sub- 
tracted from the records by 
appropriate multiples of the 
current elicited by a hyper- 
polarizing pulse to -50 ,, 
mV. The low-chloride bath- 
ing medium consisted of 96 I 
mM sodium aspartate, 2 mM potassium aspartate, 1.8 mM CaCIZ, 1 mM MgCIZ, and 5 mM Hepes [4- 
(2-hydroxyethy1)-l-pipe-razineethanesulfnic acid], p H  7.6. The resting potential of the RNA-injected 
oocyte was -46 mV, and its input resistance was 0.2 megohm. The resting potential of the water- 
injected control was -42 mV, and its input resistance was 0.2 megohm. The mean resting potentials 
(-45 r 2 mV) and input resistances (0.5 i 0.1 megohm) of the RNA-injected oocytes expressing this 
current did not differ significantly from the control values of -42 2 1 mV and 0.3 t 0.1 megohm 
(water-injected oocytes, n = 4, from the same frogs). V,, membrane potential. 

Length of depolarizing step (msec) 

Fig. 2. Effect of holding po- +50rm1 +50 tential (VH) on activation of 

corded in 9 out of 12 oocytes injected with 
uterine RNA. (The oocytes were from five 
different frogs.) The mean outward tail cur- 
rent measured at -40 mV after a 2-second 
pulse to + 50 mV was 227 +. 66 nA (SEM) . 

Figure 1 also shows records from a water- 
injected control oocyte (from the same frog 
as the RNA-injected cell). Currents similar 
to the slow outward current observed in 
uterine RNA-injected oocytes were never 
seen in other oocytes (>20 frogs), including 
noninjected oocytes (n = 124), water-in- 
jected oocytes (n = 21), and oocytes inject- 
ed with RNA from the central nervous 
systems of male rats (n = 4), male or female 

vm 1 

hdding p&entik of -40 
(A) or -100 mV (V). The 
bath solution contained 96 

the outward current. The 

mM NaCI, 2 mM KCI, 1.8 
mM CaC12, 1 mM MgCIZ, 
and 5 mM Hepes, p H  7.6. 
Figures 2, 3, and 4 show 
data from the same cell, 
which had a resting poten- 
tial of -50 mV and an input 
resistance of 0.5 megohm. 

-40 

C57BV6 mice (n = 6),  Aplysia cdifornica 
(n = 113), and Helk aspersa (n = 11). In 
particular, the current described here differs 
from voltage-dependent K+ currents ex- 
pressed in oocytes injected with poly(A)+ 
RNA from rat brain, which activate at a rate 
about two orders of magnitude faster than 
those in oocytes injected with rat uterine 
RNA and which undergo inactivation (5). 
We were also unable to detect the slowly 
activating current in oocytes injected with 
RNA from the relatively unexcitable uterine 
smooth muscle of ovariectomized animals 
not given estrogen. Although this result 
suggests that the RNA species that deter- 

, 
-40 cell was held at -40 mV 

mines the ex~ression of this current mav be 

-100 - (left) or -100 mV (right) 
and stepped to + 50 mV for 
durations in a sequence be- 

: I sec tween 200 msec and 2 sec- 
onds to produce an enve- 
lope of tail currents. The 
current records in this figure 
and Figs. 3 and 4 have not 
been corrected for leakage; 
the zero current level is indi- 
cated by a dashed line in 

- each figure. The bottom 
graph shows tail current am- 
plitudes plotted as a func- 
tion of the duration of the 
de~olarizinp steP from a 

regulated by estrogen, we cannot exclude 
the possibility that the tissue that was not 
treated with estrogen contained other fac- " 
tors that interfered with the expression of 
this current in the oocytes. 

The time course of ex~ression of the new 
current after RNA injection was examined 
in one experiment with four cells. In two 
cells the current could be detected after 2 
days of incubation, and had increased an 
additional 30% by day 3. In the other two 
oocytes the slow current was detected only 
after 3 davs of incubation. This time course 
is comparable to that described for the trans- 
lation of other ion channel proteins in oo- 
cytes (4, 5). 

The RNA-induced current activates un- 
usually slowly. The amplitudes of the cur- 
rent evoked by a depolarizing step and the 
accompanying tail currents increased with 
the duration of the test step (Fig. 2). Activa- 
tion of tlre underlying conductance did not 
appear to be complete after 2 seconds at 
+50 mV. The effects of longer depolariza- 
tions proved difficult to study because very 
large (endogenous) time-dependent inward 
currents are elicited by more prolonged de- 
polarizations of the oocyte (10). The slow 
outward current could be reduced by hold- 
ing the membrane potential at a more nega- 
tive value (Fig. 2, right). The current acti- 
vated more slowly from a holding potential 
of - 100 mV than from -40 mV. The effect 
was reversed by returning to the more posi- 
tive holding potential of -40 mV. Interme- 
diate effects were seen with holding poten- 
tials of -60 and -80 mV. 

The slowly activating current was carried 
mainly by potassium ions (Fig. 3). In exter- 
nal medium containing 2 mM K+, the rever- 
sal of the tail currents occurred at -93 r 4 
mV (n = 4), close to the estimated reversal 
potential of -102 mV for K+ in Xenqus 
oocytes (11). When K+ concentration was 
increased to 22 mM, the tail currents re- 
versed at about -35 mV, in reasonable 
agreement with the shift of 60 mV predicted 
by the Nernst equation for K+. In addition, 
the current could be reduced bv the K+ 
channel blockers tetraethylammonium (10 
to 20 mM, two cells) and Cs' (3 mM, one 
cell). It is unlikely that chloride ions contrib- 
ute significantli to the slowly activating 
current, since the C1- equilibrium potential 
is about -24 mV for Xenopus oocytes in 
normal bathing solution (11); moreover, the 
characteristics of this current were similar in 
medla deficient in CI- (Fig. 1) and normal 
medla containing CI- (Figs. 2, 3, and 4). 
The reversal potential for the current was 
insensitive to changes in C1- concentration. " 

This current differs from many slowly 
activating K+ currents that require previous 
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Fig. 3. Dependence of the 
reversal potential for slow 
outward tail currents on the 
external potassium concen- 
tration. The cell was held at 
-40 mV (left, upper traces), 

300 depolarized to + 50 mV for 
2 seconds, and then repolar- 

200 ized to various potentials. 

loo - The currents were recorded 
Vm (mv) + in either 2 mM [K], (mid- 

% dle traces, same bath solu- 
E tion as Fig. 2) or 22 mM 

o -loo - [K], (lower traces, 20 mM 
[KIo= 22 r n ~  KC1 added to the bath). 

-200 (Right) The amplitudes of 
the taii currents are plotted 

-1 0 
-300 as a function of voltage in 2 

mM K+ (+) or 22 mM K+ 
-30 (0). The amplitudes were 
-50 measured by subtracting the 

leakage current from the ini- 
tial taii current. 

-120 

N 

1.8 mM Ca2+ Zero Ca2+ EGTA 

Fig. 4. Effect of reduced ex- 
ternal calcium concentration 
on the slow outward cur- 
rent. The sequence of volt- 

1 m age-clamp commands was as 
for Fig. 3. The traces show 
currents in normal cakium- 
containing medium (same as 

-1 00 in Fig. 2) and in a modified 
solution containing no add- 

,- ed calcium, 2.8 mM MgC12, 
1 sec and 0.1 mM EGTA. 

entry and accumulation of free calcium ions 
(12). The tail currents (Fig. 4) were not 
blocked in a ca2+-deficient, EGTA-contain- 
ing medium (n = 3), even after 15 to 20 
minutes. In two of the cells, the amplitudes 
of the current during the depolarizing pulse 
and of the tail currents showed a modest 
increase during exposure to the ca2+-defi- 
cient medium and then returned to control 
levels in medium containing 1.8 mM Ca2+. 
In the Ca2+-deficient medium the endoge- 
nous calcium-activated chloride current (13) 
was, by contrast, blocked, which indicated 
that calcium entry had been suppressed. 

The reduced activation of the current 
from relatively negative holdin potentials 
(Fig. 2) also persisted in the C$+-deficient, 

EGTA-containing medium and was there- 
fore not triggered by calcium entry. It seems 
plausible that the inhibition is an effect of 
membrane potential per se, reminiscent of, 
although apparently much larger than, ef- 
fects of prehyperpolarization described for 
the delayed rectifier K+ current in nerve 
(14). The reduced activation of the current 
may reflect voltage-induced shifts in the 
occupancy of various closed states of the 
underlying ion channel. 

The simplest explanation for the appear- 
ance of this K+ current in oocytes injected 
with RNA from the uterus is that uterine 
RNA, in contrast to other excitable tissues, 
contains significant amounts of an mRNA 
species that codes for this novel K +  channel. 

Because myometrial smooth muscle is the 
major tissue component of the uterus, it 
seems most likely that the active RNA spe- 
cies originates in this smooth muscle. Elec- 
trophysiological studies of uterine smooth 
muscle preparations have, thus far, only 
been able to characterize the rapidly activat- 
ing K+ conductances (15) similar to those 
present in other excitable tissues. Single- 
channel recording with the use of cell-free 
patches from dissociated longitudinal 
smooth muscle of the rabbit jejunum has, 
however, provided evidence for a class of 
very slowly activating K+ channels in 
smooth muscle cells (1 6). The voltage- and 
time-dependent properties of the slowly ac- 
tivating conductance we have described here 
may play an important role in shaping the 
slow electrical bursting of the myometrium. 
For example, the slow activation of this 
current during the maintained depolariza- 
tion that accompanies a burst of action 
potentials could terminate the burst after 
many seconds. 
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Coexistence of Guanylate Cyclase and Atrial 
Natriuretic Factor Receptor in a 180-kD Protein 

-- 

Atrial natriuretic factor (ANF) is a peptide hormone that is released from atria and 
regulates a number of physiological processes, including steroidogenesis in adrenal 
cortex and testes. The parallel stimulation of membrane guanylate cyclase and 
corticosterone production in isolated fasciculata cells of rat adrenal cortex has 
supported the hypothesis of a mediatory role for cyclic guanosine monophosphate 
(cyclic GMP) in signal transduction. A novel particulate guanylate cyclase tightly 
coupled with ANF receptor was purified approximately 273,000-fold by two-step 
atKnity chromatography. The enzyme had a molecular slze of 180 kilodaltons and was 
acidic in nature with apI of 4.7. Its specific activity was 1800 nanomoles of cyclic GMP 
formed per minute per milligram of protein. The purified enzyme bound ANF with a 
specitic binding activity of 4.01 nanomoles per &gram of protein, a value that is 
close to the theoretical binding activity of 5.55 nanomoles per milligram of protein for 
1 mole of the ligand binding 1 mole of the receptor protein. These results indicate that 
the guanylate cyclase-coupled ANF receptor exists in a 180-kilodalton protein of rat 
adrenocortical carcinoma and represent a step toward the elucidation of the basic 
mechanism of cyclic GMP-mediated transmembrane signal transduction in response 
to a hormone. 

S TUDIES WITH ISOLATED FASCICU- 

lata cells of rat adrenal cortex and rat 
adrenocortical carcinoma indicated a 

physiological mediatory role for cyclic gua- 
nosine monophosphate (cyclic GMP) in ste- 
roidogenic signal transduction and led to 
the proposal of a hypothetical working 
model in which membrane guanylate cyclase 
was the key enzyme in receptor-mediated 
cyclic GMP signal pathway [reviewed in 
(l)]. Until recently a strong bias existed 
against the presence of a hormone-depen- 
dent membrane guanylate cyclase in any 
endocrine or nonendocrine tissue. The belief 
was that there was only one guanylate cy- 
clase, a soluble enzyme, which was docu- 
mented to be hormone-independent and 
nonspecifically activated by a variety of ni- 
trite-generating compounds and agents that 
affect the oxidation-reduction potential of 
biological reactions (2, 3 ) .  These reserva- 
tions were overcome by the demonstration 
of two distinct types of guanylate cyclase- 
membrane and soluble-in rat adrenal and 
rat adrenocortical carcinoma cells; only the 
membrane enzyme is hormone-specific (4- 
6). 

More recently, the above results were 
corroborated in various rat tissues by dem- 
onstrating that atrial natriuretic factor 
(ANF) selectively stimulates particulate gua- 
nylate cyclase (7);  these tissues included the 
rat adrenal gland (8). In vivo infusion stud- 
ies with rat adrenal venous blood (9) and in 
situ studies with isolated fasciculata cells of 
rat adrenal cortex showed that ANF stimu- 
lates the production of corticosteroids (10). 
Similarly, in mouse interstitial (1  1 )  and Ley- 
dig cells (12, 13), testosterone production is 
increased by ANF. The mechanism of the 
ANF-dependent stimulation of steroidogen- 
esis is not known, but the stimulation of 
membrane guanylate cyclase in parallel with 
the generation of an ANF-dependent ste- 
roidogenic signal suggested that this enzyme 
may have a role in mediating signal trans- 
duction (10). 

Elucidating the biochemical mechanism 
of the mediatory role of cyclic GMP in 
receptor-mediated transmembrane signal 
transduction requires purification of the 
membrane guanylate cyclase. Only partial 
purification of any mammalian particulate 
guanylate cyclase has been achieved to date 

(14). We now describe purification of the 
membrane guanylate cylase and demonstrate 
that this enzyme is tightly coupled with the 
ANF receptor. 

Membranes isolated from rat adrenocorti- 
cal carcinoma cells were solubilized as in 
(15), adjusted to a final concentration of 5 
mM MnC12, and adsorbed onto a guanosine 
triphosphate (GTP)-agarose affinity resin, 
which was suspended in and extensively 
washed with buffer A [25 mM triethanol- 
arnine hydrochloride (pH 7.6), 5 mM 
MnC12, and 1 mM 3-[(3-cholamidopro- 
pyl) - dimethylammonio] - 1 - propanesul- 
fonate (CHAPS)] until there was no detect- 
able protein (absorbance at 280 nm). The 
guanylate cyclase was eluted at room tem- 
perature with 25 mM triethanolamine (pH 
7.6) 1 mM CHAPS, and 2 mM EDTA. The 
pooled enzymic fractions were adjusted to 5 
m M ~ n ~ '  and adsorbed to the cyclic GMP- 
Sepharose, which had been equilibrated 
with buffer A. The resin was loaded onto a 
small column (1.6 by 8 cm); flow-through 
was cycled back on the column once; and 
the column was washed extensively with 
buffer A. The enzyme was eluted with buffer 
A containing 2 mM EDTA (crossed affinity 
purification step) (lane 5 in Fig. 1A). The 
enzyme was thus purified approximately 
273,000-fold. 

The homogeneity and authenticity of the 
membrane guanylate cyclase is shown by the 
following criteria. (i) Sodium dodecyl sul- 
fate-polyacrylamide gel electrophoresis 
(SDS-PAGE) of the purified protein shows 
a single stained band with a molecular mass 
of 180 kD (Fig. 1A); (ii) isoelectric focusing 
of the native and iodinated protein indicates 
a single symmetrical activity peak with a pI 
of 4.7 -C 0.10 (mean r SEM) (Fig. 1, B 
and C); and (iii) Western blot analysis of the 
GTP affinity-purified enzyme shows a single 
180-kD band although the SDS-PAGE of 
the GTP affinity-purified protein shows 
multiple Coomassie-stained bands. 

The specific activity of the purified partic- 
ulate guanylate cyclase is 1800 nmol of 
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