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Role of Phosphatidylinositol Kinase in PDGF 
Receptor Signal Transduction 

- - - 

The molecules with which the platelet-derived growth factor (PDGF) receptor 
interacts to elicit the biochemical reactiom responsible for cell proliferation have not 
been identified Antisera directed against specific PDGF receptor peptides coprecipi- 
tated a phosphatidyhositol (PI) kinase and the PDGF receptor. Imrnuoopredpitates 
Erom PDGF-stimulated cells contained 10 to 50 times as much P I  kinase as those from 
unstimulated cells. Mutation of the PDGF receptor by deletion of its kinase insert 
region resulted in a receptor markedly less effective than the wild type in eliciting cell 
proliferation and defeaive in PDGF-stimulated P I  kinase, but stiU capable of PDGF- 
induced receptor autophosphoryhtion and phosphoinositide hydrolysis. These data 
show that the PDGF receptor is physically associated with a PDGF-sensitive P I  kinase 
that is distioct from tyrosine kinase and is not required for PDGF-induced P I  
hydrolysis. The finding that the mutant PDGF receptor missing the kinase insert 
domain elicited h o w n  early biochemical respooses to PDGF, but did not associate 
with or  regulate P I  kinax, suggests a novel role for the receptor-associated P I  kinase in 
the bransmission of mitogeoic signals. 

T HE BINDING OF PDGF TO ITS RE- examined the ability of wild-type and mu- 
ceptor rapidly activates the receptor's tant PDGF receptors to physically associate 
tyrosine b a s e  and elicits a number with and regulate PI kinase. 

of biochemical responses that culminate in To test the hypothesis that a PI kinase 

noprecipitates of PDGF-stimulated Balbtc 
3T3 cells for PI b a s e  activity (Fig. 1). PI 
kinase activity was specifically immunopreci- 
pitated with antisera to peptides represent- 
ing either extracellular ("77") or inaacellu- 
lar ("88") portions of the PDGF receptor 
(Fig. 1). Immunoprecipitates from PDGF- 
stimulated cultures contained 10 to 50 times 
as much PI kinase activity as those from 
unstimulated cultures. In parallel experi- 
ments, the recovery of PDGF receptors in 
immunoprecipitates of [3SS]methionine-la- 
beled cultures was unaffected by PDGF 
treatment (4, 5). The peptides to which the 
receptor antisera were raised specifically 
blocked precipitation of the receptor (4) and 
coprecipitation of PDGF-sensitive PI kinase 
(Fig. 1). These data show that a PI kinase is 
physically associated with the PDGF recep- 
tor. The increased recovery of PI kinase 
activity in immunoprecipitates from PDGF- 
stimulated cultures suggests that activation 
of the receptor by ligand either stimulates a 
PI kinase already associated with the recep- 
tor or causes the receptor to associate with a 
PI kinase. 

cell division. ~l though the mechanism by might be phys&lly associated with the Receptor antisera coprecipitated the re- 
which the PDGF receptor is coupled to PDGF receptor, we assayed receptor immu- ceptor with a PDGF-sensitive PI kinase 
early responses is unknown, the receptor 
mu& act by associating with and m&ig 
other effector molecules. Recently, Kaplan 
and collegues (1) reported that stimulation 
of intact cells with PDGF led to the appear- 
ance of PI b a s e  activity in phosphotyrosine 
immunoprecipitates, suggesting that either 
the PI kinase is a substrate of PDGF-stimu- 
lated tyrosine kinase or that it is physically 
associated with the tyrosine-phosphorylated 
PDGF receptor. A PI b a s e  is known to 
associate wi& v-src in Rous sarcoma virus- 
transformed cells and with middle T-c-src 
complex in polyoma-transformed cells (1, 
2). Analysis of mutants suggested that the 
ability of these oncogene products to asso- 
ciate with PI kinase is required for trans- 
forming activity (2,3). For these reasons, we 

Howard Hughes Medical InsdtutC, University of Cali- 
fornia, San Francisco, CA 94143. 

Antiserum Fig. 1. Phosphatidylinositol I -- 
kinase activity in PDGF re- 

= 
ceptor immunoprecipitates. 
Coduent quiescent cul- 
tures of Balblc 3T3 cells in 
150-cm2  asks were incu- Peptide 
bated in the presence (+) or PDGF 
absence (-) of PDGF (10 
@ml) for 15 min at 37°C. The cclls were washed once with cold phosphate-b&d saline and then 
lysed in situ with 50 mM NaCl, 20 mM nis HCI, pH 7.4, 1 mM sodium orthovanadate, 1 mM 
phenyhethylsulfonyl fluoride, 5 mM EDTA, 50 mM sodium fluoride, 20 mM sodium pyrophosphate, 
and 1% Triton X-100 (RIPA) (18). The lysates were clarified by centnhgation and incubated for 2 
hours at 4°C with receptor antiserum 77 or 88 at a 1: 500 dilution in the presence or absence of the 
peptide (50 pglml) to which each antiserum was raised, as indicated. Peptide 77 represents amino acid 
residues 425 to 446 in the receptor's extracellular domain, and peptide 88 represents amino acid 
residues 738 to 760 in the cytoplasmic domain (4, 19). After an additional 20-min incubation at 4°C 
with protein A-Sepharose, the immunoprecipitates were recovered by centdigation and washed three 
times with 1 ml of RIP& then three times with 1 ml of 100 mM NaCl and 10 mM nis, pH 7.4. The 
washed immunoprecipitates were resuspended in 100 )11 of 20 mM Hepes, pH 7.2, 5 mM MnC12, 
sonicated PI (0.2 mglml), with 10 &i of [ y - 3 2 P ] ~ ~ ~  as described (2, 3). The kinasc reaction was 
allowed to continue for 20 min at room temperature; incorporation of 32P into phosphatidylinositol- 
monophosphate (PIP) was linear over this time. Labeled phospholipids were extracted, separated by 
thin-layer chromatography, and detected by autoradiography as previously described (2, 3). This 
experiment is representative of three replica= experiments. 
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from Chinese hamster ovary (CHO) cells receptor antisera (Fig. 2, A and B) and by 
transfixted with cDNA encoding the mouse immuno&ty chromatography with a 
PDGF receptor (Fig. 2). No PDGF-semi- monodonal antibody to phosphotyrosine 
tive PI kinase activity was coprecipitated (Fig. 2C). The latter p d e s  the activated 
from the parent CHO cells, which lack tyrosine-phosphorylated fonn of PDGF re- 
PDGF receptors (Fig. 2). Similar results ceptor as well as other phosphotymine- 
were obtained by immunoprecipitation with bearing proteins. The increase in the recov- 

ery of PI kinase activity obtained with 
monoclonal antibodies to phosphotyrosine 
compared to that obtained wi& receptor 
antisera correlated with an increase in the 
recovery of PDGF receptor (5). These data 
confirm that recoverv of a PDGF-sensitive 
PI kinase in receptor irnmunoprecipitates is 
a specific phenomenon requiring the PDGF 
receptor. 

w e  used two methods to determine 
whether the PI kinase activity is actually 
intrinsic to the PDGF receptor or resides in 

Fig. 2. Phosphatidylinositol kinax activity in PDGF receptor or 
phosphotyrosine inununopracipitates h m  PDGF receptor transfec- 
tants. Chinese hamster ovary cells or CHO cells stably transfectcd with 
a vector placing mouse PDGF nccptor cDNA under the transcriptional 
control of the SV40 early promoter (R18) (9) were incubated in the 
presence (+) or absence of PDGF (-) and receptor immunopre- 
cipitatcs were prepared as described in the legend to Fig. 1. Phospho- 
tyrosine immunopracipitates were prepared by adsorption of clarified 
d lysatcs to phosphotymsine monoclonal antibody 1G2 i m m o b i  I CHO I R18 I 
on Scpharosc beads (18). PI kinasc activity in the immunopracipitates 
was analyzed as described in the legend to Fig. 1. (A) Antiserum 77 + -PIP 
(against an expacellular domain) immunoprecipitatcs; (B) antiserum 
88 (against a cytoplasmic domain) immunopresipitatcs; (C) phospho- 
tyrosine antiserum imrnunoprecipitates. The amount 0fs2P incorporat- 
ed into PIP corresponding to the spots shown on the autoradiogram 
from left to right (in counts per minute) was: (A) 34,19,52,357; (B) 
37, 22, 14, 921; (C) 143, 403, 208, 4623. This atperimcnt is 
representative of five replicate qcriments. 

an associated molecule. ~ & t ,  phosphotyro- 
sine-bearing ptoteins were purified from 
lysates of PDGB-stimulated cultures by anti- 
phosphotyrosine (APT) affinity chromatog- 
raphy. Subsequent adsorption of the APT 
column eluates to wheat g r m  agglutinin- 
Sepharose removed more than 90% of the 
PDGF receptor but less than half of the 
PDGF-stimulated PI kinase activity. Sec- 
ond, PI kinase activity was separated from 
the PDGF receptor when APT eluates were 

PDGF: - 

PDGF: - 

r I r  

analyzed by Lon-exchange chromatogra- 
phy (Mono Q). The PI kinase eluted from 
the column at a lower salt concentration 
than the receptor (6). These data suggest 
that most of the PI kinase activity present in 
APT eluates is not intrinsic to the PDGF 

PDGF: - + - + 

A 1 CHO I A18 1 602 ( Akl 1 825 1 Act 1 I CHO I R18 1 602 1 Akl 1 825 1 Act I receptor molecule, but resides in an associat- 
ed molecule. Consistent with this interpreta- 
tion is the observation that a mumnt PDGF 
r e q t o r  (Aki) with an active PDGF-sensi- 
tive tyrosine kinase does not exhibit recep 
tor-associated PI kinase (Fig. 3) (see below). 
Moreover, published studies have shown 
that a PI kinase associated with &ty- 
purified epidermal growth factor (EGF) re- 
ceptor could be separatdfrom the receptor 
by gel filtration (7) and that the PI kinase 
activity copurified with v-src and v-ros is not 
a property of the oncogene products them- 
selves (8). 

We examined a number of CHO cell lines 
that express PDGF-receptor mutants for 
PDGF-sensitive PI kinase activity in order 

Fig. 'DGF- 
stimu , and 
PDGl--sumulated 1'1 knase actlvlty In CHO 

:xpressing n s. Cul- 
of untrans CHO 

rransfected ITS en- 
g wild-typ reptors 
incubated in me presence (t j or  absence 
~f PDGF as described in thc legend to 
I .  Lvsatcs were analyzed by immunoblot 
(A) receptor antiserum 77 or (B) phos- 
frosine antiserum as previously dcscribcd 
1) or  \trere (C) immunoprecipitated with 
nun 77 and PI lunasc activity in the 
moprecipitates assayed as described in 
gend to Fig. 1. The Aki and Act mutant 

CHO t recep~ arrows), which have dele- 
tions, pparent M, approximately 10 
kD I( c wild-type receptor [upper 

arrow m (A)]. PI ~ t s  per mini ated into PIP in 20 min. This 
experiment is representauve ot five replicate experimcnts. In each case the recovery of receptor in 
immunoprecipitates of the Aki cells was at least comparable to  that of the wild-type cells. The particular 
clone of Aki cells used in these studies expressed approximately five times as much receptor per cell as 
the clone expressing the wild type [K18 in (A)]. Experiments performed with cell Lines cxprcssing the 
Aki receptor at levels comparable to thc level of wild-type receptor expressed bv R18 gave rcsults similar 
to those shown hcrc (6). The experiments represented in (C) I\, litional times with 
monoclonal antibodies to phosphotyrosinr rather than recept ling the immuno- 
precipitations. Qualitatively similar results were obtained (6). 

3. PDGF I 

lated tyro -. . . 
pression, P 
,e activity. . .  . 
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nutant PL>C 
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,ssion vectc 
PDGF rec 

, , , -  to correlate the presence or absence of 
PDGF-sensitive PI kinase with other recep- 
tor-mediated responses such as autophos- 

were 
(-) c 
Fig. I 
with 
nhnn. 

phorylation at tyrosine, PI turnover, and 
mitogenesis. The preparation of the cell 
lines expressing mutated PDGF receptor 
cDNAs and their characterization have been 
described in detail (9-12). Six cell lines were 
selected h r  study: the parent CHO cells, 
which are devoid of PDGF receptors; R18, 
which express the wild-type mouse PDGF 
receptor (9); Aki, which express a PDGF 
receptor in which the kinase insert region 

r"--. 
(4 ,  12 
antise 1 immu 

+ the le PDG 
2 Akl 

rity is expre 
" - 

825 Ac 

ssed as cow 

tors (lowc; 
run at an a 

:ss than th 
~ t e  incorpor 

has been deleted to yield a receptor wi& a 
continuous rather than split tyrosine kinase 
domain (10); K602A, which express a 
PDGF receptor in which lysine at the aden- 
osine mphosphate (ATP) binding site has 

,ere reFlicat4 
or antiscra 

:d three ad; 
for perforn 
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been converted to alanine (11); Y825F, PDGF-stimulated PI kinase could be detect- duced. Such a role for type I PI kinase is 
which express a receptor in which the tyro- 
sine at putative autophosphorylation site 
825 has been converted to phenylalanine - .  

(12); and Act, which express a receptor with 
a carboxyl-terminus deletion (11). All of 
these receptor forms were expressed at the 
cell surface and were capable of binding 
PDGF with high affinity (9-12). 

The levels of receptor expression, PDGF- 
stimulated receptor autophosphorylation at 
tyrosine, and PDGF-stimulated PI kinase 
activity for each of the cells lines are shown 
in Fig. 3. PDGF-stimulated autophospho- 
rylation of the PDGF receptor at tyrosine 
was detected in cells expressing the wild- 
type receptor (R18) or the single putative 
autophosphorylation site mutant (Y825F) 
(Fig. 3B), and PDGF-stimulated PI kinase 
activity was detected in receptor immuno- 
precipitates from these cells (Fig. 3C). No 
PDGF-stimulated receptor autophosphoryl- 
ation was detected in cells expressing the 
ATP-binding site mutant (K602A) or the 
carboxyl-terminus deletion mutant (Act) 
(Fig. 3B); these mutants also lacked detect- 
able tyrosine kinase activity in vitro (11). 
Receptor immunoprecipitates from cells ex- 
pressing these mutant receptors had no de- 
tectable PDGF-stimulated PI kinase activity 
(Fig. 3C), suggesting that an intact tyrosine 
kinase may be necessary for PDGF-stimulat- 
ed PI kinase. 

In contrast to the mutants described 
above, deletion of the kinase insert region 
resulted in a receptor mutant, Aki, that had 
tyrosine kinase activity but lacked the recep- 
tor-associated PI kinase. Stimulation of cells 
expressing the Aki mutant with PDGF led 
to autophosphorylation of the PDGF recep- 
tor at tyrosine (Fig. 3B). In addition to its 
autokinase activity, the receptor Aki mutant 
could function as a phosphotransferase, as 
judged by its ability to tyrosine-phosphoryl- 
ate a 32-kD substrate in response to PDGF 
(10). However, no PDGF-stimulated PI ki- 
nase was detected in PDGF receptor immu- 
noprecipitates of Aki cells (Fig. 3C). Simi- 
larly, no PDGF-stimulated PI kinase was 
detected in PDGF receptor preparations pu- 
rified from Aki cells by lectin-affinity chro- 
matography or by antiphosphotyrosine 
chromatography (6). These data show that a 
PDGF-stimulable tyrosine kinase is not suf- 
ficient for expression of PDGF-stimulated 
PI kinase activity. Whether failure to detect 
PDGF-stimulated PI kinase activity in re- 
ceptor immunoprecipitates from Aki cells 
stimulated in vivo with PDGF represents 
inability of the Aki mutant to associate with 
or to activate PI kinase is unclear. It does not 
appear that a tyrosine-phosphorylated active 
PI kinase is generated in cells expressing the 
kinase insert deletion mutant, in that no 

ed with monoclonal antibodies to phospho- 
tyrosine in these cells (6). However, it is still 
~ossible that the Aki mutant does associate 
with and activate PI kinase in vivo by means 
other than tyrosine phosphorylation, but 
the association or activation is lost during 
the sample processing. Regardless, the in&- 
action of the Aki mutant with PDGF-stimu- 
lated PI kinase is clearly different from that 
of the wild-type PDGF receptor, suggesting 
a role for the kinase insert region of the 
receptor in signal transduction. 

The mitogenic response to PDGF stunu- 
lation in CHO cells expressing the Aki mu- 
tant PDGF receptor was less than 20% of 
that seen in CHO cells expressing wild-type 
PDGF receptor (10). This critical role for 
the kinase insert region in PDGF receptor 
function is consistent with the high degree 
of sequence conservation of this region 
between mouse and human PDGF recep- 
tors (13). That the Aki mutant does not 
associate with or regulate a PDGF-sensitive " 
PI kinase suggests that the receptor-associat- 
ed PDGF-stimulated PI kinase may be nec- 
essary for PDGF-induced mitogenesis or 
may reflect an inability of the mutant recep- 
tor to modify other substrates necessary for 
mitoaenesis. " 

Other early biochemical responses to 
PDGF, including PDGF-induced phos- 
phoinositide hydrolysis and calcium influx, 
were intact in cells expressing the Aki mu- 
tant (10). Thus PDGF-stimulated PI kinase 
is not necessary for PDGF-induced release 
of tritiated inositol l-monophosphate, ino- 
sitol 1,4-bisphosphate, or inositol 1,4,5- 
trisphosphate from metabolically labeled 
cells (10). This finding is consistent with the 
recent report that type I PI kinase converts 
PI to phosphatidylinositol-3-monophos- 
phate (PIP), a novel product for which no 
role in PI turnover is currently known (14). 
The PDGF-stimulated PI kinase found in 
receptor immunoprecipitates converted to 
PIP only when PI was presented in micellar 
form; detergent-solubilized PI was not uti- 
lized as a substrate. The PDGF-stimulated 
PI kinase found in receptor immunopre- 
cipitates was also insensitive to inhibition by 
adenosine (6). On  the basis of these proper- 
ties, the PDGF-stimulated PI kinase can be 
classified as a type I PI kinase (15). The 
finding that the PDGF receptor associates 
with and activates a novel PI kinase suggests 
that PDGF-induced PI turnover may be 
qualitatively different from that induced by 
other receptors not coupled to PI kinase. 
Specifically, the PDGF-stimulated PI kinase 
may alter the distribution and types of PI 
phosphates available for hydrolysis by phos- 
pholipase C, and thus change the pattern of 
inositol phosphate second messengers pro- 

, . 
supported by the recent identification of 
phosphatidylinositol 3,4,5-phosphate in ac- 
tivated neutrophils (16). 

Like other individual PDGF-induced 
postreceptor events (17), activation of the 
PDGF receptor-associated PI kinase may be 
necessary for PDGF-induced mitogenesis, 
but is not sufficient. The mitogenic response 
to PDGF was markedly decreased in CHO 
cells that express the Y825F mutant PDGF 
receptor compared to that of cells expressing 
the wild-type receptor (12). However, the 
level of receptor-associated PI kinase in cells 
expressing the Y825F mutant was not sig- 
nificantly different from that found in cells 
expressing the wild-type receptor (Fig. 3C). 
Thus, activation of the PI kinase alone can- 
not account for the mitogenic effect of 
PDGF. 

In conclusion, a PI kinase is physically 
associated with the PDGF receptor, and the 
activity of this enzyme or its association with 
the receptor is regulated by PDGF. Analysis 
of mutant PDGF receptors showed that all 
mutants lacking PDGF-stimulated PI kinase 
were markedly deficient in PDGF-induced 
mitogenesis. The loss of PDGF-stimulated 
PI kinase and PDGF-induced mitogenesis 
with preservation of PDGF-induced PI 
turnover in cells expressing the kinase insert 
deletion mutant shows that the receptor- 
associated PI kinase is not necessary for 
PDGF-induced PI hydrolysis, but may be 
necessary for producing specific second mes- 
sengers mediating the mitogenic action of 
PDGF. 
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tein as connexin38. The sequence of con- 
nexin38 was compared with two rat gap 
junction proteins (7, 9), connexin32 and 
cornexin43 (Fig. 1). Many amino acid resi- 
dues are identical in all three proteins. The 

Cloning and Expression of a Xenopus Embryonic Gap overa~~ amino acid homology is 32% be- 

Junction protein tween connexins 38 and 32 and 41% be- 
nveen connexins 38 and 43 with regions of " 
higher and lower homologies. Comparison 

L. ERIHARA, E. C. BEYER, K. I. SWENSON, D. L. PAUL, of cornexin38 with a rat lens gap junction 
D. A. GOODENOUGH protein. connexin46 ( 101, and a human liver 

\ ,  

gap junction protein (11) gives similar re- 
Gap junctions in the early amphibian embryo may play a fundamental role in the sults. A search of the National Biomedical 
regulation of differentiation by mediating the cell-to-cell transfer of chemical signals. A Research Foundation protein database and 
complementary DNA encoding a gap junction present in Xenopus oocytes and early 
embryos has now been cloned and sequenced. This protein sequence is homologous to 
the well-characterized gap junction structural proteins rat connexin32 and con- 
nexin43. RNA blot analysis of total Xenopus oocyte RNA showed hybridization to a 
single 1.6-kilobase band. This messenger RNA is abundant in oocytes, decreases to 
levels below the sensitivity of our assay by stage 15 (18 hours), and is not detectable in 
RNA from a number of adult organs. To confirm that the oocyte cDNA encodes a gap 
junction channel, the protein was over expressed in Xenopus oocytes by injection of 
RNA synthesized in vitro. Pairs of RNA-injected oocytes formed many more time- and 

the CenBatik and European Molecular Biol- 
ogy Laboratory DNA database identified no 
other sequences with significant homology. 

A hydropathicity profile (12) of con- 
nexin38 predicts the same four potential 
transmembrane domains described by Beyer 
ut ul. (7). Unlike the other gap junctlon 
proteins, connexin38 was predicted to have 
a fifth hydrophobic domain close to the 

voltage-sensitive cell-cell channels than water-injected pairs. ~ 0 0 ~ - t e r m & u s .  Lacking in the sequence 

C ELLS OF THE EARLX AMPHIBIAN 

embryo are coupled by low-resist- 
ance pathways that are permeable to 

ions and small molecules. Gap junctions are 
thought to be responsible for this coupling. 
The precise roles of junctional coupling in 
the oocyte and early embryo are not known. 
Gap junctions couple follicular cells to the 
oocyte and may help control oocyte matura- 
tion (1). In embryonic tissues, it has been 
suggested that gap junctions transmit regu- 
latory factors involved in the determination 
of regional patterns of diEerentiation (2, 3). 
Some similarity between gap junction pro- 
teins from amphibians and mammals is sug- 
gested by the report that antibodies generat- 
ed against adult rat liver gap junctions cross- 
react with proteins in Xenopus blastulae (2). 

brary in Agtll constructed from Xenopus 
oocytes was screened with a cDNA coding 
for rat connexin43 under low-stringency 
conditions (7). One positive clone, XOlA, 
was obtained. The clone was subcloned into 
the plasmid vector Bluescript (Stratagene) 
and sequenced on both strands by means of 
the dideoxy chain termination method (8) .  
The cDNA was 1301 nucleotides in length. 
The cDNA contained a single open reading 
frame of 1002 bases and portions of 5' and 
3' untratislated regions. No polyadenylated 
tail or consensus polyadenylation signal was 
observed. 

The DNA has been entered into the Gen- 
Bank data base (access no. J03091). The 
open reading frame encodes a protein of 
334 anlino acids with a molecular mass of 

for connexin38 is a transmembrane segment 
corresponding to the S4 region proposed to 
be involved in the voltage-dependent gating 
of Na' (13), dihydropyridine-sensitive Ca2+ 
(14), and fast, transient K+ (15) channels. 

An RNA blot analysis (Fig. 2) of Xurtopus 
total RNA from different develo~mental 
stages demonstrated the presence of con- 
nexin38 RNA in eggs. The signal declined 
by early gastrula and was below the sensitiv- 
ity of our assay by early neurula. Total RNA 
from adult tissues was also tested for the 
presence of connexin38 mRNA; a signal 
was detected in ovary but not in liver, heart, 
intestine, testes, and kidney. Connexin38 
appears to have a distribution thus far de- 
tected only in the ooqrte and early embryo. 
It does not have a distribution similar to 
connexin43 in the rat, which is found not 

On the o&er hand, unlikemammalian gap 38 kD. I11 accordance with the nomencla- only in the ovary, principally between ovari- 
junctions, voltage-clamp studies of pairs of 
amphibian blastomeres show that the 
steady-state junctional conductance is steep- X E N  C X N ~ O  1 MAGWELLKLLLDDVQEHSTLIGKVWLTVLFIFRIFILSVAGESVWTDEQSDFICNTQQPGCTNVCY~AFPIS~ 7 5  

RAT CXN43 1 * G D * S A t ~ K * ~ t K t * A Y * * A G ~ t * * * S t t t t * * * L L * G T t V G R E K S  7 5  
Iv \ o l t a ~ e  dependent (4-6). RAT CXN32 1 * N - + T G + Y T * * S G * N R + t t A t t R * * * S * I * * * * * ~ L V t t A G N H  7 4  

u .  

TO elucidate the lnolec~lar basis for the XEN C X N ~ ,  7, R ~ ~ ~ F L F V S T P T L T Y L G H H V Y L S K K E E K E R Q K E N E - - - - S R I L V E - - - A Q T - - - - - Q  1 3 8  

RAT CXN43 7 6  *F****II***V*+*L**A*VF*VEIR****LNK**E*LWAQTM;*NV*KHLK*I*IKKFK*GIEEHG*VKMRG 1 5 0  differences between amphibian RAT CXN32 7 5  .L~~~~LIL~.~~A~~V~*VAHQQHI,K*M------LRLL-LEGHGD~LHLE--*VKR-------H-V*T 1 3 0  

manunalian gap junction we XEN CXN38 1 3 9  L K C T Y T T S W F K S I F E A G F L - L G - Q W Y I - Y G r V w S P I F V C S L  2  1 0  
have cloned arid sequenced cDNA for a RAT CXN43 1 5 1  + L R ~ ~ I I * I L * * * V * ~ V A * * - * I - * * * * - * * * S L * A V Y T * K * D * P * Q * D L T I * * * ~ * * A  2 2 2  

RAT CXN32 1 3 1  * W W * t V I * ' * * R L L * * * V * M Y V F Y L I * P G * ~ - V R L V - K A F P N T D * * * * T * * V * * * * * G * C I I  2 0 3  
Xerzoaus eaD iunction protein. A cDNA li- 

2 . . , I ,  
XEN CXN . e  2 1 1  ~:~:NELIHL~FKCFQHCIKECATCPP-TGIPFNGAGNRF.PPQE-YTNPPL(SNQDIDLPAYNK~IICGH~IWSSIQ~E 2 8 4  
Wt: CXN4l 2 2 1  * ~ I I ~ ~ F Y V F F ~ G V K D R V K C R L ( D P Y H A ~ T G ~ L S I ' S K D C C S ~ ~ . Y A * F ~ G C * * ~ A P ! ~ * M ~ F P C Y K L i i T G D K I ~ N S C ,  2 9 7  
RAT CXN.'2 2 0  I *.VA*WY I IRACARRAQRRSNI'~SRKCSCFGliRL,5PEY KCN-EIIKLL*F* fCS*KDILRHSP*TGAG:AEKS 2 7 7  

L. Ehihara, Deparunent of Pliarmacology, Columbia 
Unrversitv, New York, NY 10032. 
E. C. ~ e i e r ,  Deparunent of Pedratrics, Haward Medical 
Schwl k d  Division of HernatologylOncology, The 
Childrens Hospital and Dana-Farher Cancer Institute, 
Koston, MA 021 15. 
K. I. Swenson, D. L. Paul, D. A. Goodenough, Depart- 
ment of Anatomy and Cellular Biology, Harvard Medical 
School, 220 Longwwd Avenue, Boston, MA 02115. 

XEN CXN38 2 8 5  QQVNGLVKPKCQCDCWSQSAISWSGAPGIISNMDAVKRNHQTSSKQQYV 3 3 4  
RAT CXN43 2 9 8  CRNfNKQASEQNWANYtAEQNRMGQA*STISN*HAQPFDFPDDNQNAKWAAGHELQPWLIVWRPSSRASSRAS 3 7 2  
RAT CXN32 2 7 8  DRCSAC 2 8 3  

RAT CXN43 3 7 3  SRPRPDDLEI 3 8 2  

Fig. 1. Alignment of the amino acid sequence of Xenopus connexin38 (XEN CXN38) with rat 
connexin43 and connexin32 (RAT CXN43 and RAT CXN32). Identical residues are indcatcd by 
asterisks and gaps by dashes. Gaps are inserted manually to optimize the alignment. 
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