
erty or determinant of myeloid cells or of the 
neutrophil lineage. Moreover, whereas the 
bHLH proteins active in muscle cells and B 
cells are thought to both stimulate differen- 
tiation and to transcriptionally define a cel- 
lular phenotype, the bHLH proteins of my- 
eloid cells may serve only to promote a 
specific, transient phase of differentiation. 
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Cloning of a Second Type of Activin Receptor and 
Functional Characterization in Xenopus Embryos 

A complementary DNA coding for a second type of activin receptor (ActRIIB) has 
been cloned from Xenqpus laevis that ful6Us the structural criteria of a transmembrane 
protein serine kinase. Ectodermal explants from embryos injected with activin receptor 
RNA show increased sensitivity to activin, as measured by the induction of muscle 
actin RNA. In addition, injected embryos display developmental defects characterized 
by inappropriate formation of dorsal mesodermal tissue. These results demonstrate 
that this receptor is involved in signal transduction and are consistent with the proposed 
role of activin in the induction and patterning of mesoderm in Xenupus embryos. 

P OLYPEPTIDE GROWTH FACTORS AND 

their receptors are believed to mediate 
the induction and patterning of meso- 

dermal tissues in early Xenopus embryos. 
The inducing activities of these factors have 
been characterized in part by their effects on 
animal cap tissue from blastula embryos. 
Untreated caps form ectodermal tissues such 
as skin, whereas caps treated with different 
members of the fibroblast growth factor 
(FGF) and transforming growth factor 
(TGF)-P families form a variety of mesoder- 
mal tissues (1). Among the members of the 
TGF-P family, the activins are particularly 
potent in this assay, inducing a hll comple- 
ment of mesodermal tissues in a concentra- 
tion-dependent manner (2, 3 ) .  The inducing 
activity of activin has also been measured by 
injecting activin RNA into embryos that 
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have been rendered axis-deficient by ultravi- 
olet (UV) irradiation. Activin RNA induces 
only partial, posterior structures in these 
embryos, whereas RNA forXwnt-8, a mem- 
ber of the wnt oncogene family, induces a 
complete dorsal axis (4). Although the pre- 
cise role of activin in embryos is not known, 
these results suggest that activin acts down- 
stream from the creation of Spemann's or- 
ganizer to induce and pattern specific meso- 
dermal derivatives. One way to determine 
the role of activin in embryos is to study the 
receptors for these molecules, as has been 
done for FGF ( 5 ) .  Several high-affinity ac- 
tivin-binding proteins have been identified 
in mammalian cells, and we have recently 
cloned an activin receptor (ActR) from a 
mouse corticotroph cell line, AtT20, which 
is predicted to be a transmembrane protein 
serine kinase (6). To determine if a similar 
receptor mediates mesodermal induction in 
early embryos, we cloned a Xenopus laevis 
activin receptor. Introduction of this second 
type of ActR into early embryos causes 
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anomalous mcsodermal develovment in a 
manner -istent with a functidn for activin 
in mesodamal induction and pattemhg. 

To done a cDNA encoding a Xenopus 
ActR, a cDNA library fiom stage 17 (early 
n d e )  embryos (7) was screened by low 
mhgency hybhzation with the cbding 
sequenCe-of the mouse activin receptor as a 
probe (6, 8). The 4.5-kb insert of one 
positive done was sequenced and found to 

code for a protein of 510 amino adds (Fig. 
1A). This protein, like the mouse ActR, 
appears to be a mnsmembrane protein ser- 
ine-threonine kinase. Nucleotide sequences 
of the two rrceptws are 60% identical., 
amino acid xqwmes are 69% identical. The 
i n t r a w  kinase domains were signifi- 
cantlymore conserved (7796) dnantheextra- 
cellular l i g a n d - b i i  domains (58%). The 
positions of all the cysteine residues and 

A * 
T R e C I ~ S G V B S C E G E K D ~ C X A S W R N N S G F I E L V K K G C W L  

Q IFP RDR T P Y D  R F T K I  S I  P 

6 1  D D F ? ? C Y D R Q E C U I C E E N P ~ e V B T F D P I C P Q .  . .PS ILIYSLLPIVGLSMLLAFWM 
6 2 1  'ID E R D S E  Y M E SYF M VTQ TSNPVT W L V IIILIAGIVIC V 

F 
PYGAVgI . I W P G L P P P S P L V G L W I 4 L L E I ~ V 1 [ I F P v p D K Q ~ I P T ~  

L V Q I N Y W S L  
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Fig. 1. Sequence and binding characteristics of Xoropus 
' 

a *- activin receptor. (A) X m p w  ActRIIB (top) and mouse c . 
AaRII (bottom) (6) pmtein sequences; only those resi- 2 so- 
dues that differ are shown in the mouse sequence. The . 
predicted signal sequence and transmembrane domain 40- 

are boxed, and potential sites of N - l i e d  glycosylation fi 20: are marked with asterisks. The kinax domain is indicated 
by arrows. Dots indicate gaps introduced to align the - , >- I 
sequences. (8) Competition biding of i d i a t e d  activin 0.01 0.1 1 10 100 

A to COS cells transfected with xActRIIB. Binding was 
performed on COS cell monolayers and competed with unla- 

nM - 
beled activin A (m), inhibin A (a), or TGF-@I (A). Data are C 
expressed as percent specific biding, where binding was nor- 
malized to the specific binding in the absence of competitor 200 - 
(5.4% of input cpm). Nonspecific binding was 0.9% of input 
cpm. Binding parameters were determined with the use of the 
program LIGAND (20). (C) Chemical crou-linking of iodi- 
nated activin A to COS cells transfected with xActRW. (211s 92.5 - 
were incubated with iodinated activin in the absence of compet- 

Is 
itor (lane l), or in the presence of 36 n M  activin A (lane 2) or 69 - 
36 nM inhibin A (lane 3). After binding, the cells were 
cross-linked with disuccinimidyl suberate, and the fraction sol- 
uble in Triton X-100 was analyzed by denaturing polyacrylam- 
ide gel electrophoresis in the presence of 2 mM dithiothreitol 46 - 
(Dm). The si7x.s of molecular weight markers (kilodaltons) are 
indicated. Single-letter abbreviations for the amino acid residues 
are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, 
Ile; K, Lys; L, LN, M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; 
S, Ser; T,  Thr; V, Val; W, Trp; and Y, Tyr. 1 2 3  

zted 1 
tivin m 
ayed 
1 ton 

control Fig. 2. Activin A induction in animal 2 ng 
cap tissue injected with xActRIIR o 
RNA. Stag 9 animal caps from unin- ,,, Sj 5: 
jected embryos (control), or from em- 
bryos injected with different concentra- . 
tions of xActRIIB RNA, were tre 
with different concentrations of ac 
A (0, 5,50, and 500 pM) and ass 
for muscle-specific actin RNA ,.-, 
panel) and for cyroskeletal actin (bottom panel), which hybridizes to the same probe and 
control for RNA recovery. Variation in the amount of cytoskeletal actin RNA is likely beaus 
used in this assay was not in excess. 

llB RNA 

tivin A 

serves as a 
e the probe 

potential sites of N-linked glymqhtion in 
the exxracehlar domain are conserved be- 
tween the two receptors, as are all the kinase 
sutxbmains and the unique kinase domain 
inserts in the intracellular domain. To be 
consistent with the nomenclature for TGF-0 
receptors (9), we now designate this dass df 
activin receptor ActRII, because the rccep- 
tors reprrsent the type 11, higher molecular 
weighs atlinity-labeled complex. Because 
the seqwnce ofthis Xenopus (x)ActRII is 
more similar to a second ActIUI that has 
been doned fiwn chicken and mouse cells 
(lo), this receptor is designated xActRIIB. 

To verifv that xActRIIB codes for an 
activin receptor* we measured binding of 
iodinated activin A on COS ah transf;ecrrd 
(6) with xAcrRIIB. Competition b i i  
eqxhents (6) revealed that xActRIIB 
bound activin A with a dissociation constant 
(&) of 640 pM, this b i i  wuld be 
wmpeted at lower S t y  with inhibin A 
but d d  not be wmpeted with TGF-f31 
(Fig. 1B). Chemical cross-linking of iodi- 
nated activin A to transfected COS cells 
generated a single atlinity-labeled complex 
of 88 kD. Formation of this complex wuld 
be completely inhibited by a d &  A and 
partially inhibited by inhibin A (Fig. lC), 
consistent with the d t s  of competition 
b i i .  These b i i  draracrmsa . . 

CS are 
similar to those of mAaRU, although it is 
possible that the type I1 and type IIB remp 
tors may have diferent binding specificities 
for other related ligands. 
Previous studies have shown drat activins 

arelikdytobeexpdincarlyembryos 
during mesodermal induction; RNA encod- 
ingtheXenopusactiVinsBandAcanbe6rst 
dcteaedinstage9andstage13embryosY 
respectively (3), and activin-like activity has 
beenfoundinuafirtilizedeggsandblastulae 
(11). RNA enwding xAbRD(B was detect- 
ed bv ribonudease ~rotcction in firtihid 
eggs'and in all emlkyonic stages through 
tadpole stags; furthamon, measurrment 
o f k N ~  a&ounts fknn diEerent regions of 
the embryo suggestad that xAaRIIB expres- 
sion is d r m  thmughout the embryo 
(12). mus XActRIIB is likely to be ex- 
pressed duriog stages when mesodermal in- 
duction occurs. 

To demminc whether xAaRIIB can 
transmit a signal in response to activin, we 
synthesized xActRIIB RNA in v i m  and 
injected Xenopus embryos at two diEerent 
concentrations. Injected embryos were al- 
lowed to develop to stage 9, at which time 
ailimal CaDS were disseaed and treated over- 
night wi& different concentrations of ac- 
tivin (13). The response of the caps to 
activin was d by quantifying muscle- 
specific a& RNA with a ribonudease pro- 
teaion assay (7). Embryos injected with 0.4 



and 2.0 ng of xActIUIB RNA were approx- 
imately 10- and 100-fold more sensitive, 
respectively, to activin than control embryos 
(Fig. 2). The low amount of m d e  actin 
found in animal caps in the absence of added 
activin A is probably a consequence of con- 
tamination of the animal cap with a small 
amount of marginal zone tissue. 

Fig. 3. Developmental M e c ~  in embryos injected 
with xActRIIB RNA. Embryos injectad with a 
control RNA (A) or with xActRIIB RNA (B and 
C) were photographed at stage 29/30 from the 
dorsal side. Anterior is to the right. Embryo in 
(B) was injected with 1.0 ng of xActRIIB RNA 
and has a secondary trunk-like pmmion; em- 
bryo in (C) was injected with 0.2 ng of xActRIIB 
RNA and IS double-headed. (D and E) Adjacent 
transverse d o n s  through an embryo (stage 30) 
injected with 1 ng of xActRIIB RNA were either 
stained with hemotoxylineosin and photo- 
graphed under bright field (D) or stained by 
immunofluorescence with a muscle-specific anti- 
body, 12/101 (21), and photographed under epi- 
fluorescent illumination (E). This embryo has a 
split dorsal axis as marked by two notochords 
(arrows) surrounded by somitic mesoderm. 

The amount of musde actin decreased 
with increasing concentrations of activin in 
the embryos injected with 2 ng of xActRIIB 
RNA. This is consistent with the observa- 
tion that isolated animal cap cells uniformly 
exposed to different concentrations of ac- 
tivin only form musde cells in response to a 
narrow range of activin concentrations (1 4). 
Our results (Fig. 2) indicate that the con- 
centration of ligand and the amount of 
receptor are both important in determining 
the signal transmitted. Thus, the range of 
activin concentrations that leads to m d e  
differentiation is lower in animal cap cells 
from injected embryos, which are expressing 
more receptor than normal, than from un- 
injecwd embryos. 

The precise role of activin signaling in the 
formation of the embryonic body axis has 
not been established (4, 14, 15). Increasing 
the amount of receptor in early embryos 
should change the activin response in re- 
gions of the embryo where activin signaling 
normally occurs. Because the activin recep- 
tor is most likely to play a role in the 
formation of mesoderm, x A W B  RNA 
was injected bilaterally into two-cell embry- 
os at the boundary between the animal and 
vegetal pole, to get greater than normal 
amounts of receptor in the marginal zone. 
Injected embryos were left to develop to 
tadpole stages (stage 28), fixed, and exam- 
ined externally and histoIogically for devel- 
opmental defects. 

Embryos injected with xActRIIB RNA 

Table 1. Defim produced in embryos inpcnd 
with XAaRI IB RNA. Thc XActRIIB and p- 
galactosidase (@gal) RNA were injected twice 
into the marginal zone of two-cell stage 
embryos, and the embryos were allowed to 
develop to stage 28. The d o  from two 
independent experiments are shown. 

Embryos with phenotype 
(96) 

RNA 
injected Mo'pho- Total 

Nor- logical 'pins (n) 
md. defeat bif- 

idat 

'Bucdonextemalappanncc. tEm w i t h m n  
dorsal saucnucs on thc or VCnXcies of the 
embryo. Posterior (P) defm indudcd tail- and trunk- 
like proausions. Anterior (A) d c h s  had dupliatcd 
headsaucntrs.nKprcsnrrofcrtrado~tissucwas 
confinned by histol *Embryos in which the pas- 
terior end ofthe cmT+ was b&catui. 

that developed abnormally were divided 
into several categories based on characteris- 
tic defects (Table 1). Both the percentage of 
embryos displaying these defects and the 
type of defect were dependent on the 
amount of xActRIIB RNA injected. In em- 
bryos injected with the highest levels of 
RNA, the most common defect was a failure 
to dose the blastopore during gastrulation, 
which resulted in spina bifida. Although 
spina b ida  occurs in response to some toxic 
treatments, and in varying frequency when 
embryos are inpaed with a variety of RNAs 
(16), embryos injected with large amounts 
of activin RNA also display a high frequency 
of spina b ida  (4). Furthermore, closure of 
the blastopore is mediated by the move- 
ments of a specific population of dorsal 
mesodermal cells, and those movements can 
be induced in animal cap cells by activin 
(1 7). Thus, spina b ida  observed in embryos 
injected with large amounts of xActRIIB 
RNA may d e c t  an alteration in the induc- 
tion or patterning of this population of 
dorsal mesodermal cells. 

In embryos injected with intermediate 
amounts of xActRIIB RNA, the frequency 
of spina bi6da dropped and abnormal em- 
bryos most frequently showed a defect con- 
sisting of inappropriate dorsal tissues in 
aunk regions of the embryos (Fig. 3, A and 
B). These defects were similar to those ob- 
sewed in embryos injected with RNA en- 
coding aaivin A or B (3, 4). Histological 
analysis revealed a variety of defects in the 
formation of dorsal mesodermal tissues, in- 
cluding splitting of the notochord, fusion of 
somitic mesoderm across the midline, and 
an extension of somitic mesoderm into ven- 
tral regions of the embryo (Fig. 3, D and E). 
In a few cases, there was suflicient additional 
dorsal tissue to be classified as a duplication 
of the dorsal axis, although it should be 
emphasized that these secondary axes were 
relatively disorgankd. Because activin 
alone cannot generate an axis in W-irradi- 
ated embryos (4), the defects observed in 
embryos injected with xActRIIB RNA are 
likely the result of inappropriate develop 
ment of d e r m a l  tissue along a predeter- 
mined axis. Finally, a rare group of embryos 
formed duplicated anterior s t r u m ,  con- 
sisting in most cases of two heads (Table 1 
and Fig. 3C). 

These results demonstrate that the xAc- 
tRLIB cDNA encodes a new type of activin 
receptor. Because overexp&ion of xAc- 
tRIIB in Xenopus embryos renders them 
more sensitive to activin, this receptor can 
functionally mediate at least one of the 
biological activities associated with activin 
signaling. Moreover, increasing the concen- 
tration of receptor in embryos d t s  in 
developmental defects primarily in the for- 
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mation of dorsal mesodermal derivatives in 
posterior regions of the embryo. The defects 
observed in these receptor studies are re- 
markably similar to the defects that have 
been observed when activin is expressed in 
embryos by RNA injection. Activin is thus 
further implicated in the later steps of the 
multistep process by which specific meso- 
dermal tissues are induced and patterned in 
the vertebrate embryo. 

Note added in proof Since the submission 
of this work, the xActRIl(18) and rnActRIIB 
(19) sequences have been reported; injection 
of xActRII RNA into Xenopus embryos was 
also found to &ect development. 
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An Amino Acid Mutation in a Potassium Channel 
That Prevents Inhibition by Protein Kinase C 

A slowly activating, voltage-dependent potassium channel protein cloned from rat 
kidney was expressed in Xenupus oocytes. Two activators of protein kinase C, 
1-oleoyl-2-acetyl-rac-glycerol and phorbol 12,13-didecanoate, inhibited the current. 
This inhibition was blocked by the kinase inhibitor staurosporine. Inhibition of the 
current was not seen in channels in which Ser'03 was replaced by Ala, although other 
properties of the current were unchanged. These results indicate that inhibition of the 
potassium current results from direct phosphorylation of the channel subunit protein 
at Ser'03. 

M ODULATION OF ION CONDUC- 

tance by transmitters and second 
messengers is important in the 

regulation of cell excitability (1). KC cur- 
rents in several types of cells are affected by 
agents that change the activity of protein 
kinase A (PKA) and protein kinase C (PKC) 
(2). In the case of a delayed-rectifier Kf 
channel ( 3 )  and a Ca2+-activated, voltage- 
dependent KC channel (4) ,  phosphorylation 
by PKA results in increased activity of the 
channel when the channel is reconstituted 
into lipid bilayers. 

A cDNA was cloned from rat kidney, and 
RNA transcripts from this cDNA injected 
into Xenopus oocytes directed expression of 
a KC current, I , ,  (5). This current activates 
slowly when the membrane is depolarized 
and does not reach a steady state even after 
several minutes (5) .  Nucleotide sequences 
encoding this same protein have been isolat- 
ed from heart (6) and uterus (6, 7) cDNAs, 
and from human genomic DNA (8). The 
predicted protein has 130 amino acids (129 
in human) and, apparently, a single trans- 
membrane domain (5, 9) (Fig. 1). Phorbol 
esters that activate PKC also inhibit I , ,  in 
Xenopus oocytes (10). We now show by 
site-directed mutagenesis that this inhibition 
of current probably results from phospho- 
rylation of a single serine residue. 

Depolarization of Xenopus oocytes inject- 
ed with in vitro-transcribed RNA encoding 
the putative KC channel (1 1) evoked a slow- 
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ly developing outward current that reached 
steady state only after 50 s (Fig. 2). Phorbol 
12,13-didecanoate (PDD) (50 nM, applied 
for 5 min) inhibited this current (Fig. 2) 
maximally within 10 min. The effect contin- 
ued for at least 45 min. This inhibition was 
much more marked at negative potentials; 
the current measured at the end of a 20-s 
depolarization was inhibited by 88.8 * 
5.1% at -40 mV but only by 18.1 2 3.7% 
at +40 mV (n = 6) (Fig. 2). The rate at 
which the current developed during the 
depolarizing pulse was not changed by treat- 
ment with PDD (Fig. 2). 

The partially activated current could be 
evoked repeatedly with 5-s depolarizing 
pulses to -10 mV (Fig. 2). Under this 
condition, inhibition by PDD reached a 
maximum after 10 min (Table 1). In con- 
trast, a similar application of the enantiomer 
4a-phorbol 12,13-didecanoate, which does 
not activate PKC, had no effect on I , ,  (n = 
3). Staurosporine (3 pM) prevented the 
action of PDD (control current = 370 * 41 
nA; in PDD, current = 395 2 66 nA, n = 

4; staurosporine itself inhibited the current 
by about 20%). Similar results were ob- 
tained with another PKC activator, l-ole- 
oyl-2-acetyl-rar-glycerol (OAG) (Fig. 3A). 
OAG inhibited the current by 19.6 2 3.1% 
(n = 4) and 31.8 + 3% (n = 10) at concen- 
trations of 1 pM and 10 pM, respectively; in 
some batches of oocytes the action of OAG 
reversed quickly (within 10 min) when the 
application was discontinued (n = 1 l) ,  but in 
others it did not reverse even after the oocytes 
were washed for 30 to 45 min (n = 14). In 
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