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Skeletal muscle development is controlled by a family of muscle-specific basic helix- 
loop-helix (bHLH) transcription factors. Two bHLH genes, dHAND and eHAND, have now 
been isolated that are expressed in the bilateral heart primordia and subsequently 
throughout the primitive tubular heart and its derivatives during chick and mouse em- 
bryogenesis. Incubation of stage 8 chick embryos with dHAND and eHAND antisense 
oligonucleotides revealed that either oligonucleotide alone had no effect on embryonic 
development, whereas together they arrested development at the looping heart tube 
stage. Thus, dHAND and eHAND may play redundant roles in the regulation of the 
morphogenetic events of vertebrate heart development. 

Congeni ta l  lnalformations of the heart oc- 
cur in ahout 8 per 1000 live births in  hu- 
mans and among stillbirths may he up to 10  
times as frequent (1).  Heart  formation dur- 
ing vertebrate embryogenesis involves the  
colnlnitrnent of lnesoderlnal precursor cells 
to  the  cardiac lineage and the  subsequent 
forlnatioll of a primitive heart tube, which, 
in turn, undergoes l ~ o p i n g ,  forlnation of the  
outflow tract and atrial and ventricular cav- 
ities, and septation to form the mature four- 
chambered heart. Little is known of the  
~lnderlying genetic pathways that control 
cardiac morphogenesis. 

,Members of the bHLH family of tran- 
scription factors regulate skeletal nlyogenesis 
(2 ,  3) ,  neurogenesis (4) ,  and helnatopoiesis 
(5). Dilnerization of bHLH proteins mediat- 
ed by the HLH motif results in juxtaposition 
of their hasic regions and forlnation of a 
bipartite DNA-binding domain that recog- 
nizes the E-box consensus sequence 
( C A N N T G )  in the control regions of down- 
stream target genes. Although skeletal and 
cardiac lnuscle express Inany of the same 
muscle-specific genes, skeletal muscle hHLH 
proteins are not expressed in the heart. How- 
ever, indirect evidence suggests that bHLH 
proteins may participate in the control of 
cardiac muscle gene expression (6-1 0). 

W e  recently described a bHLH protein, 
terlned eHAND,  that is expressed in the  
heart, the  extraernbryonic membranes, and 
several neural crest deri~ratives during 
mouse enlbryogenesis (1 I ) .  Because bHLH 
proteins often helong to families, \ye 
screened mouse genomic and embryonic 
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comnlelnentarv D N A  IcDNA) libraries un- 
der 'conditions' of reduced str'ingency with 
the bHLH region of the eHAND cDNA as a " 

probe to identlfy closely related genes (12). 
Several clones that re~resented an  eHAND- 
related gene were isolated. T h e  longest 
cDNA contained 1130 base pairs, with an  
A U G  codon preceding an  open reading 
frame that potentially encoded a 21 7-amino 
acid protein (Fig. 1 A )  (13). T h e  eHAND- 
related gene was named dHAND, because it 
is expressed in the deciduum, heart, auto- 
nomic nervous system, and neural crest de- 
rivatives. T h e  deduced open reading frame of 
the d H A N D  protein contains a bHLH re- 
gion that is 87% identical to that of e H A N D  
(Fig. 1, A and B) (14). 

The expression pattern of dHAND tran- 
scripts during emhryogenesis was determined 
by in situ hybridization of rnouse embryo sec- 
tions (15). A t  7.5 days postcoituln (p.c.), 
dHAND was expressed at high levels in the 
lnaternally derived deciduurn (16), hut ex- 
pression was not detected in the embryo or in 
the extraembryonic membranes. In contrast, 
eHAND is not expressed in the deciduurn hut 
is expressed a t  high levels in extraernhryonic 
rnemhranes (1 1 ). Within the ernbryo, we first 
detected dHAND expression in the lateral 
rnesoderm on day 7.75 p.c. (16). O n  day 8.5 
p.c., dHAND expression was apparent 
throughout the developing heart (Fig. 2, A to 
D);  the abundance of transcripts in the bulbus 
cordis and aortic sac was greater than that in 
the future left ventricle (Fig. 2, A and B). In 
the caudal region of the embrvo. dHAND was - , , 

expressed in the lateral rnesoderln at the level 
of separation of the somatic and splanchnic 
mesoderm (Fig. 2, C and D). 

O n  dav 9.5 u.c.. dflAND was exnressed 
througho~it th; developing cardioviscular 
region, with transcripts most abundant in 
the outflow tract (truncus arteriosus) and in 
the first and second aortic arch arteries (Fig. 
2, E and F). O n  day 10.5 p.c., dHAND 
transcripts were abundant in the  first 
branchial arch as well as in the  truncus 
arteriosus, aortic sac, and third and fourth 

aortic arches (16).  All of these structures 
are populated by neural crest cells (1 7). T h e  
expression of dHAND was less marked in 
the  mesoderm-derived ventricle, atrium, si- 
nus venosus, and cardinal veins. Later in 
development, o n  day 13.5 p.c., dHAND 
expression was barely detectable in the 
heart, but was apparent in the neural crest- 
derived sympathetic trunk and adrenal me- 
dulla, similar to the expression pattern of 
eHAND (16).  After day 16 p.c., dHAND 
expression decreased throughout the  em- 
bryo to levels that \yere not readily detect- 
able by in situ hybridization (16).  

T h e  early events of cardiogenesis have 
heen studied in greatest detail in the chick, 
in which cells from the anterior lateral plate 
mesoderm hecollle colnnlitted to  the cardio- 
genic lineage at approsilnately stage 4 (18). 
Subsequent f ~ ~ s i o n  of the bilateral cardiac 
prilnordia gives rise to the  primitive heart 
tube and initiation of the rhythmic heart 
beat a t  stage 10. T h e  heart then undergoes 
looping, followed hy the appearance of atria 
and ventricles. T o  define further the expres- 
sion patterns of dHAND and eHAND and to 
begin to determine their functions, we iso- 
lated cDNAs for the corresponding chicken 
genes. By low-stringency screening of a chick 
embryo cDNA library (12),  \ye identified 
two groups of clones that appeared to encode 
d H A N D  and e H A N D  homologs, respective- 
ly. T h e  predicted lnouse d H A N D  protein 
was 96?6 identical to the putative chick 
d H A N D  (Fig. l C ) ,  whereas chick and 
lnouse e H A N D  showed 73% identity. W e  
have no  evidence for additional chick genes 
with holnology to dHAND and eHAND. 

T h e  expression patterns of the  chick 
genes were allalyzed by whole-mount in situ 
hybridization (1 9) .  Expression of dHAND 
was first detected a t  stage 8 of Hanlhurger 
and Hamilton (20) in the lateral lnesodernl 
and the  precardiogenic lnesoderln (Fig. 
3A) ;  eHAND expression was detected 
slightly later a t  stage 8 in  the cardiac cres- 
cent (Fig. 3E). Both genes were expressed in  
the  cardiac crescent and f ~ ~ s i n g  heart tubes 
a t  stage 9 (Fig. 3, B and F). A t  stage 10, the  
paired heart prilnordia have fused to form a 
single contracting heart tube; dHAND and 
eHAND were expressed throughout the  car- 
diac tube and the  sinus venosus, which is 
the  venous inflow to the  heart (Fig. 3, C 
and G ) .  By stage 15, when the heart tube 
has looped, both genes continued to he 
expressed homogeneously in  the  various re- 
gions of the  heart, including the  atria, f ~ -  
ture left ventricle, bulhus cordis, and trun- 
cus arteriosus (Fig. 3, D and H ) .  Both 
dHAND and eHAND were also expressed 
throughout the  branchial arches, which be- 
gin fornling at this stage. Expression of both 
genes persisted through stage 20, hut de- 
creased thereafter. T h e  telnporospatial ex- 
pression patterns of dHAND and eHAND 

SClENCE VOL. 270 22  DECEMBER 1995 



were sinlilar duri~lg chick and mouse em- 
bryogenesis ( 1  6 ) ,  suggesting that the func- 
tions of these genes may also be conserved 
across species. 

To determine the functions of the HAND 
genes, we used antisense oligonucleotides spe- 
cific to dHAND and eH.4h'D transcripts to 
prevent their expression in early chick emhry- 
os as was previously achieved for the zinc 
finger gene Slug (21). Embryos were isolated 
at stage 8, incubated for 30 lnin in yolk- 
Tyrode's solution (22) containing antisense 
oligonucleotides, laid ventral side up on albu- 
min agar, and grown in vitro at 38.S°C as 
described 123). An additional dron of solution 
containin; 80 phi oligonucleoticfe was added 
directlv to the enlbrvo ever\; 4 hours and 
cardioienesis was mo;litored Gisually. Under 
these culture conditions, control embrvos sur- 
vived for at least 2 days and underwent nor- 
mal development through at least stage 20. 
Throughout this time, the embryos exhibited 
a rhythmic heart heat comparable to that of 
embryos in situ. 

We used two different antisense oligo- 
nucleotides for both dHAND and eHAND 

that were selected on  tlle basis of hot11 the 
predicted stability of the RNA:DNA du- 
plex, which correlates with susceptibility 
to hydrolysis by ribonuclease H (24) )  and 
the absence of related sequences in data- 
bases, to prevent alll~ealing of the oligo- 
nucleotides to other transcripts. W e  also 
chose antisense sequences that would be 
specific to either dHAND or eHAND 
transcripts and ~vould not 11vbridi;e to 
both. The oligonucleotides were synthe- 
sized as phosphorothioate derivatives to 
protect against degradation by nucleases 
(25). No single antisense oligonucleotide 
had an effect on  cardiac de~~elopment  
when added at a concentratioll of 80 pb1 
(Table 1 ) .  However, combination of anti- 
sense oligonucleotides for dHAND and 
eHAND at concentrations of 40 LM each 
resulted in arrest of heart develobment at 
stage 11 to 12, when cardiac looping oc- 
curs. Treatment with antisense oligonu- 
cleotides that corresponded to two differ- 
ent  regions of dHAND and eHAND tran- 
scripts produced idelltical effects. A sirui- 
lar effect was apparent with combillations 

diiAND P C M S ? P D Y S W ~ > L S Y S P E Y A S G A A G L D H S i i i i i G G V P P G .  G P V  98 

eHAND KRKGSGPKKERRRTESINSAFAELRECIPWPADTKLSKIKTLLATSYI 143 

dHAND hYLMLLPKDDQNGEAEAFKAE1KKTD.VKEEKRKKEL. ..NEILKSTVS 194 

aHAND SNDKKTKGRTGKPQHVdALELKQ 217 
: I :  l l l l l l l l  l l l l l l  I 

eHAND PGEKRIKGRTGWPQQVWALELNQ 216 

Fig. 1. Predicted amno acid sequences of mouse and chick dHAND and 
eHAND proteins (A) Comparison of mouse dHAND and eHAND amino acd 
sequences. The bHLH regon is desgnated by lines above and below the 
sequences. Both proteins contain h~stid~ne-r~ch regions near their NH,-termni 
and share stretches of homology near the~r COOH-termini. Veri~cal Ines 
ind~cate identcal resdues, colons ~ndicate conservative substitut~ons, and 
dots ~ndcate gaps ntroduced to optimize sequence alignment. Numbers to 
the right are residue numbers (B) Comparison of the bHLH region of mouse 
dHAND (row I )  w~th those of related bHLH prote~ns. Related protens include 
eHAND (row 2): Paraxis (row 3), also termed bHLH-EC2 and Meso-1 , which is 
expressed in parax~al mesoderm and somites (30); mouse Sclerax~s (row 4), 
which 1s expressed n mesenchymal precursors of the skeleton (29); mouse 
Tw~st (row 5) (31), which s expressed In mesoderm and neural crest cells. 
mouse Dermo-1 (row 6) (32). whch s highly expressed n developny derms, 
the hematopoiet~c prote~ns SCL-1 (row 7) (33) and Lyl-1 (row 8) (34), and 
MASH-1 (row 9) (35), wh~ch s expressed In the central and peripheral newous 

of oligoll~~cleotides at collcelltratiolls of 20 
pb1 each, but embryos were unaffected at 
concentrations of <10 bLM. Random oli- 
gonucleotides with tlle same base compo- 
sition as the antisense oligonucleotides 
had no effect on  developmetlt. 

At  stage 11 to 12, at which chick elnbryos 
were arrested by dHAND and e H h l D  anti- 
sense oligonucleotides, the heart had begun 
to undergo right\vard looping, and the prim- 
itive atrial and ventricular chambers had 
started to become demarcated; however, 
valves and trabeculae had not yet started to 
form. Whereas control embryos developed 
normally through this stage, the arrested em- 
bryos exhibited a sluggish heartbeat, became 
distended, and developed pericardial edema. 
These defects suggest that the affected em- 
bryos died from hernodynamic insufficiency. 

The observation that development was ar- 
rested only in the presence of both dH,rtYD 
and eHAAiD oligonucleotides suggests that 
the effects were specific and that the two 
genes might peliorm redundant functions. 
The ability of oligonucleotides targeted to 
different sequences in the dHAND and 

C 
Cnick d F N D  MSLVGGFPHHP1NHHEGYPLRRRRCRR..RRRHPLRPRGEPLLHGWLISS 

l 1 l 1 l 1 l l 1 l 1 l l l l 1 l 1 l 1 1 l  1 1 1 1 1 l 1 l l 1 l l l 1 1  
Mouse dl..AND MSLVGGFPHHPTV'HHEGYPLRRSRHHRFHHHHQPLHPRGEPLIHGWL1.G 

- 
Chick ciiAND HPEMSPPDYSC*ALSYSPEYW<GAPGMDHSHYGGVPPGSGPPGLGGPRPVK 

1 l l l l 1 l 1 l 1 1 l 1 l l 1 l 1 l  1 1 l 1 1 l 1 l 1 1 l 1 1  1 l l 1 l l 1 1 l l 1 l  
Mouse a W N D  HPEMSPPDYSV&SYSPEYASGAn,GLDHSH'iGGVPPGAGPPGLGGPRP~V~ 

Chick dtAVD RRGTRNRKERRRTQSINSAFAELREC1PNVPADTK;SKIKTLRiATSYIA 
1 1 1 1 1 1 l 1 1 1 l l 1 l l l l  l l l I I I l I l 1 1 1 1 1 l I I l I I l I  l I I l 1 1 1 1 l  

Modsa 3 F N O  RRGT%NRKERRRTOSINSAFAELRECIPNilPADTKLSKIKTLRiATSYIA 

- 
C r l c 4  d W N D  YLMDIi,PmDQNGEAEArmEIYKTDVmEmilKELNEILKST~SSSD:~ 

l 1 l 1 1 l 1 l 1 ~ ~ 1 l l 1 l 1 l 1 l 1 1 l 1 1 l l ~ l l l l 1 1 l 1 l l 1 1 l ' l l 1 1  I 1  
Mouse aHANC YSM3L~PKDC~t.IGEAEA~KAEIYKTDVKEEK~lrTLNEILKST'lSSNDiCK - 

C Q : ~ ! :  lHRND :KGR:GI*:PQrnrr:ALELKQ 216 
l 1 l 1 l l l  1 l 1 l l 1 l  1 1  

Mouse lH4N3 TKGRTGIV?QHV~~.~LELKQ 217 

- 
Chic< eHAh'D EVTPELHGUSP . . . . . . . . .  AYGPAEFGSGGAGRLEALSGRLGRRKGL'GG 

: I :  , I l l  I I I I I I I  I : I l l  I 
Mouse eHAND C.WPCFPAGGPPPTTAViJih~.YGPDARPSQSPGRLEKGSRLPKRKG.SG - 

- 
Ch.c< eU4ND LARDSQKEPEGFKRELKKAD.GRENKRKXE..TQPEVYSQPLAHGEm i85 

1 . 1  I : I  I l l  I l I . l l l I  I : I : .  
Ma8;s.s eHPND - LAKDAQAGDPEAFKAELKKTDGGRESKRKRELPQQPESFPPASGPGEKXI i99 

system The basic reglon of dHAND 1s most closely related to that of Atonal 
(row 1 O), whch regulates neurogeness n Drosophiia (36) Identical res~dues are 
shown in white on black. (C and D) Comparson of mouse and ch~ck dHAND (C) 
and eHAND (D) sequences Abbreviatons for the amino acid resdues are A, 
Ala, C, Cys; D. Asp; E ,  Glu; F, Phe: G. Gly; H ,  HIS; I ,  Ile; K ,  Lys; L,  Leu; M. Met. 
N ,  Asn: P, Pro, Q, Gln; R ,  Arg, S. Ser, T, Thr; V, Val; W, Trp: and Y. Tyr. 
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eHAND transcripts to arrest cardiac morpho- whole-mount in situ hybridization (Fig. 4). 
genesis and the absence of an effect of random In the presence of a specific antisense oli- 
oligonucleotides also indicated that the effects gonucleotide, the corresponding mRNA 
were specific. was not detected (Fig. 4, C and F), whereas 

T o  investigate further the specificity of the mRNA from the other gene was detect- 
the antisense effects, we examined the ex- ed in normal amounts (Fig. 4, B and G). 
pression of HAND gene transcripts by However, in the presence of antisense oli- 

Fig. 2. Expression of dHAND transcripts in mouse embryos. Transverse and saggital sections of mouse 
embryos on days 8.5 (A to D) and 9.5 (E to F) p.c. were examined for dHAND expression by in situ 
hybridization. Sections in (A) to (D) passed through the embryo twice. Rostral sections of the embryo (A 
and B) demonstrated dHAND expression in the bulbus cordis (bc), ventricle (v), and aortic sac (as). Caudal 
sections (C and D) revealed dHAND expression in the somatic and splanchnic lateral mesoderm (Im). On 
day 9.5 p.c., dHAND transcripts were most abundant in the first and second aortic arches (aa) and the 
cardiac outflow tract (ot), but were also present in the atrium (a), ventricles (v), sinus venosus region (sv), 
and cardinal vein (cv); b, brain (E and F). (A), (C), and (E) are phase-contrast images. 

Fig. 3. Expression of dHAND ar IU e n ~ r v u  I r l  chick embryos. Transcripts of UHAIVU (A ro D) and eHAND 
(E to H) were detected in chick embryos by whole-mount in situ hybridization. Expression of dHAND was 
first detected in the precardiogenic mesoderm (pm) at stage 8- (A), whereas eHAND transcripts were 
detected slightly later in the cardiac crescent (cc) at stage 8 (E). At stage 9, both dHAND (B) and eHAND 
(F) were expressed in the cardiac crescent and the paired heart tubes as they were fusing. Stage 10 
embryos showed expression of dHAND (C) and eHAND (G) throughout the heart tube (ht) and the sinus 
venosus (sv). Expression of dHAND in the stage 16 (D) embryo was apparent in the truncus arteriosus (ta), 
bulbus cordis (bc), future left ventricle (Iv), atria (a), and branchial arch (ba). A similar pattern of expression 
was observed for eHAND in a stage 15 embryo (H). 
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gonucleotides targeted to both genes, nei- 
ther dHAND nor eHAND mRNAs were 
detected (Fig. 4, D and H). 

We also examined the ex~ression of 
transcripts encoding the cardiac transcrip- 
t ion factor MEFZC (26) or cardiac a-actin 
in embryos to determine whether the 
HAND gene antisense oligonucleotides had 
a general inhibitory effect on  differentiation 
of cardiac myocytes. Until the time at 
which heart develo~ment was arrested. 
there was no detectable difference in the 
patterns of expression of cardiac a-actin 
(Fig. 4, I to L) or MEFZC (1  6) transcripts 
among embryos exposed to the different 
olieonucleotides. " 

Cardiac looping i s  thought to occur as a 
result of cellular ~rol i ferat ion and s~ecif ic 
interactions with extracellular matrix mol- 
ecules (27). The most likely explanation of 
the synchronous arrest of development in 
the presence of dHAND and eHAND anti- 
sense oligonucleotides i s  that dHAND and 
eHAND regulate one or more genes re- 
quired for cardiac looping and that, in the 
absence of the encoded proteins, looping is 
arrested and i s  associated wi th Door hemo- 
dynamic performance and embryonic death. 
Resolution of the precise cause of arrested 
cardiac development wi l l  require identifica- 
t ion of the specific target genes of the 
HAND proteins. Because early embryonic 
cardiac defects can be difficult to analyze in 
mice, the use of antisense olieonucleotides " 
in avian embryos may facilitate analysis of 
early genetic events associated wi th cardiac 
morphogenesis. 

Table 1. Effects of HAND gene antisense oligo- 
nucleotides on heart development. Stage 8 chick 
embryos were isolated and incubated in vitro in 
the presence of the indicated oligonucleotides (80 
kM) (27). Values represent the number of embry- 
os that were unaffected or showed arrest of car- 
diac development after 48 hours; arrest was ap- 
parent at 18 to 20 hours; (1) and (2) refer to two 
different antisense oligonucleotides for both 
dHAND and eHAND seauences. Whereas no sin- 
gle oligonucleotide had a significant effect on car- 
diac development, most embryos exposed to 
both dHAND and eHAND antisense oligonucleo- 
tides showed arrested cardiac development at 
stage 11 to 12 (P < 0.0001, Fisher's exact test), 
during cardiac looping. 

Oligonucleotide 

No. of 
embryos 

No' Of arrested at 
embryos cardiac unaffected looping 

stage 

dHAND(1) 10 0 
dHAND(2) 9 1 
eHAND(1) 10 0 
eHAND(2) 9 1 
dHAND(1) + eHAND(1) 4 14 
dHAND(2) + eHAND(2) 4 11 
Random 23 1 



Fig. 4. Expression of dHAND and eHAND in chick embryos exposed to antisense oligonucleotides. 
Transcripts of eHAND (A to D), dHAND (E to H), and cardiac a-actin (I to L) were detected by in situ 
hybridization in embryos exposed to various oligonucleotides. Expression of eHAND was detected in 
embryos exposed to random (A) and dHAND antisense (B) oligonucleotides, but not in those exposed to 
eHAND (C) or a combination of dHAND and eHAND (D) antisense oligonucleotides. Similarly dHAND 
mRNA was detected in normal amounts in embryos incubated with random (E) or eHAND antisense (G) 
oligonucleotides, but not in those incubated with dHAND (F) or both dHAND and eHAND (H) antisense 
oligonucleotides. The cardiac a-actin gene was expressed normally in embryos exposed to random (I),  
dHAND (J), eHAND (K), or dHAND pluseHAND (L) antisense oligonucleotides. h, head; bc, bulbus cordis; 
Iv, left ventricle; a, atria. Unlabeled arrows indicate region of heart. 

The cardiovascular system is derived 
largely from lateral mesoderm and neural 
crest cells, in which the HAND genes are 
expressed at high levels. Ablation of the 
cardiac neural crest in chick embryos results 
in a varietv of cardiac defects, with a Dre- 
dominance of truncal defects, such as per- 
sistent truncus arteriosus, tetralogy of Fal- 
lot, and double-outlet right ventricle, as 
well as aortic arch anomalies (17). Many of 
these defects are similar to those apparent 
in DiGeorge-CATCH-22 syndrome, which 
is thought to be related to abnormal neural - 
crest development. The coincident expres- 
sion of the HAND genes in those tissues 
composed in part of the circumpharyngeal 
neural crest suggests a possible role for these 
genes in the normal development of the 
conotruncus and aortic arch as well as cer- 
tain other neural crest-derived tissues. De- 
fects in looping also appear to contribute to 

several congenital heart defects in humans 
(28). It will be of interest to determine 
whether mutations in dHAND or eHAND 
contribute to human congenital heart 
anomalies. 
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The ARFI GTPase-Activating Protein: Zinc Finger 
Motif and Golgi Complex Localization 

Edna Cukierman, lrit Huber, Miriam Rotman, Dan Cassel* 

Hydrolysis of guanosine triphosphate (GTP) by the small guanosine triphosphatase 
(GTPase) adenosine diphosphate ribosylation factor-1 (ARFI) depends on a GTPase- 
activating protein (GAP). A complementary DNA encoding the ARFl GAP was cloned from 
rat liver and predicts a protein with a zinc finger motif near the amino terminus. The GAP 
function required an intact zinc finger and additional amino-terminal residues. The ARFl 
GAP was localized to the Golgi complex and was redistributed into a cytosolic pattern 
when cells were treated with brefeldin A, a drug that prevents ARFI -dependent asso- 
ciation of coat proteins with the Golgi. Thus, the GAP is likely to be recruited to the Golgi 
by an ARFI -dependent mechanism. 

T h e  budding of transport vesicles from the  
Golgi conlpartrnent requires the  association 
of cytoplasmic coat proteins with the or- 
ganelle membrane. T h e  small GTP-binding 
protein ARFl  acts as a key regulator of the 
illteractiolls of nonclathrin coat protein 
(coatomer) with Golgi stacks (1 )  and of 
clathrin adaptor particles with the  trans- 
Golgi network (2) .  Like other GTP-binding 
proteins, ARFl  exerts its regulatory effect 
by v i r t ~ ~ e  of its GTPase cycle (3). In  its 
GTP-bound form, ARFl  triggers the  asso- 
ciation of coat protein with the Golgi mem- 
brane. T h e  subsequent hydrolysis of ARF1- 
bound G T P  is r e q ~ ~ i r e d  for the dissociation 
of coat protein from Golgi membranes and 
vesicles (4). T h e  ARFl  protein also func- 
tions as a regulator of the enzyme phospho- 
lipase D (5), and a possible relation be- 
tween this role of ARFl  and its function in 
membrane traffic has been proposed (6 ) .  
T h e  fact that pure ARFl  is unable to hy- 
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drolyze G T P  (7)  suggests the  existence of 
a n  ARF1-directed GAP.  Because G T P  hy- 
drolysis o n  ARFl  is r e q ~ ~ i r e d  for coat pro- 
tein dissociation, a n  ARFl  G A P  is likely to 
function in the  uncoating of Golgi-derived 
vesicles that must take place before their 
fiision with the  target membrane. 

W e  recently purified a 49-kD ARFl  
G A P  from rat liver cytosol (8). Polymerase 
chain reaction (PCR) amplification of com- 
plementary D N A  (cDNA)  with degenerate 
primers based on amino acid sequences of 
this protein generated a 0.5-kh fragment. 
Screening of a rat liver cDNA library with 
this fragment as a probe yielded several 
positive clones. Alignment of the sequences 
of two overlapping clones (26  and G l l )  
revealed a n  entire open reading frame 
flanked by 5 '  and 3 '  untranslated regions 
(Fig. I A ) .  T h e  coding sequence predicts a 
protein of 415 amino acids (45,448 daltons) 
that includes all peptides that we have se- 
quenced from the  tissue-p~~rified protein. 
T h e  initiating methionine conforms with 
the Kozak rules for the initiation of trans- 
lation (9)  and is preceded 267 nucleotides 
upstream by an  in-frame stop codon. 

Analysis of the  primary structure of the  
G A P  revealed a hydrophilic protein with 
~nultiple potential phosphor\dation sites of 
protein kinase C .  Although the  ARFl  G A P  
does not show similarity to  other GAPS,  it 
shows a high degree of similarity to Saccha- 
rornyces cereeisine proteins (10) designated 
Gcs lp ,  Glo3p, and SpslSp (45, 46, and 
33% identity, and 70, 70, and 60?h similar- 
ity, including evolutionarily conserved sub- 
stitutions, respectively). A n  even higher 
similarity exists between the  NHz-terminal 
parts of the proteins (Fig. 1B). A colnlnon 
feature of the  G A P  and the  yeast proteins is 
the  presence near their NM2-termini of a 
conserved CXXCX,(,CXXC motif (where X 
is any amino acid), which apparently rep- 
resents a zinc finger structure (1C). Addi- 
tional proteins that contain some of the  
conserved sequences shown in Fig. lB ,  in- 
cluding the zinc finger domain, are present- 
ed in databank entries from humans, nem- 
atodes, and plants. 

In addition to clone 26,  which appears 
to encode the tissue-purified protein, we 
isolated from the  rat liver library two clones 
that are likely to represent alternative splice 
variants (Fig. 2A).  O n e  variant ( W l 5 )  had 
a deletion of 110 base pairs (hp) near the  5 '  
end of the  coding region, including the  
putative zinc finger domain. Although the  
initiation codon is not removed by the  de- 
letion, this codon cannot he ~ ~ s e d  for trans- 
lation in clone W l 5  because of a frame shift 
that generates a n  early stop codon. Howev- 
er, the  W l 5  variant may he translated from 
a second in-frame methionine. 

A second variant ( Z i )  contained a 0.6- 
kb insert within the codoll for amino acid 
278 (Fig. 2A) .  Only five insert-derived ami- 
no  acids are added before a new stop codon 
is encountered, predicting a truncated pro- 
tein of 31 kD. T h e  presence of the  Z i  
variant in rat liver c D N A  preparations was 
de~llonstrated by PCR amplification with a 
set of primers, each derived from the  2 5  
insert and from flanking sequences (1 1 ). 

PCR amplification of geno~n ic  D N A  
with primers flanking the  3 '  and 5'  junc- 
tions of the  deletio~i found in the  W l 5  
clone revealed the  presence of introns o n  
both sldes of the  deletion (Fig. 2B). Thus, 
clone W15 was generated by alternative 
splicing and the  zinc finger domain of the  
ARFl  G A P  is encoded by a distinct exon. 
In  addition to  four cysteines, two conserved 
histidines that are ellcoded by this exon are 
also likely to  participate in the  formation of 
the  zinc finger. 

Coupled in vitro transcription and trans- 
lation of the  Z6 clone in a reticulocyte 
lysate (Fig. 3A,  left panel) resulted in two 
35S-labeled bands. T h e  upper band of 49 kD 
cornigrated with the  tissue-purified G A P  
(1 I ) ,  whereas the  lower band of 43 kD 
appears to represent a product of initiation 
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