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Molecular cloning of a developmentally regulated brain protein,chicken

drebrin A and its expression by alternative splicing of the drebrin gene
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Drcbrins arc developmcntally regulated protcins found in the chicken brain and are classincd into three forms, El,E2and A. Previously we

isolated two cDNAs corresponding to the embryonic drebrin mRNAs from a chick embryo cDNA library.They differed in that an internal

129-nucleotide sequencc,designatcd insl,was inserted in the cE)NA encoding drcbrin E2 and was delctcd in the other cE)NA encoding drebrin

El.To search for the cE)NA cione encoding drebrin A,a cE)NA library of l― day―old chick brains was screened using embryonic drebrin cE)NA
fragmcnts as probes.Conscquently,a novel cE)NA was isolatcd,the sequence of which was entirely identical with that of drebrin E2 except for

thc insertion of a 138-nucleotidc sequencc,dcsignated ins2,in the 5′direction iHllnediately upstreanl from insl,Since the transiation product of

the entire coding region was siinilar to that of drebrin A,this cE)NA should correspond to the rnRNA for drebrin A.Scquencing analysis of three

drebrin cE)NAs clearly indicated that the heterogeneity of chicken drebrins was caused by the insertion or deletion of the two sequcnccs, insl

and ins2.The aHlino―terminal half reglon including ins2 and two short sequences in the carboxyl―terFninal region of the predicted drebrin A、vere
highly evolutionarily conserved.Cloning and sequencing of the drebrin gene revcaled that insl and ins2 were independcntly encoded by separate

exons and thrcc drebrin isoforms wcre thought to arise by alternative splicing from a singlc drebrin gene.The difference in the tilne course of

cxpression and tissue distribution of each drebrin suggests that the machinery of alternative splicing site selcction of the drebrin gene is regulatcd

in a developmental stage―dependent and tissue,specific manner.
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INTRODUCTION

The organization of the nettous systenl is accorn―

plished by the events which are precisely prograHlrned

during development.Thcse events,including neuroge‐

ncsis,cell Hligration,outgrowth of axons and dendritcs

and synapse forrnation, are likely to depend upon

developmental stage― dependent and cell type― specific

expression of a varicty of molecules. Such molecules

include homoeodomain proteins6,38 and interlncdiate

filament protcins19,as well as cell adhesion and axonal

surface glycoproteinsl° '15,40. we prevlously demon―

strated that drebrin is onc of these molccules and may

contribute in part tO the molecular mechanisms Of

ncural dcvelopment16,31,35.

Drebrins are acidic,cytosolic proteins irst detected

in the developing chick brain,then classified into two

embryonic fOrms(El and E2)and one adult form(A).

Expression of each is independently regulated during

development,although it has bccn shown that by anal―

ysis of peptidc lnapping31 and Cross―reactivity of rnono―

clonal antibodies for drebrins32 their prilnary struc―

tures are closcly relatcd.The cxpression of drebrins in

the chick optic tectum has been sulveyed in detail by

two―dirnenslonal gel clectrophoresis31.Drebrin El and

E2appear transiently at thc developmental stages cor―

responding to the beginning of the neuronal differenti―

ation and outgrowth of the proccsscS, reSpectivelyロ

Thcy are widespread throughout the brain at certain

embryonic stages,but are absent in the adult brain.On

the other hand, drebrin A appcars in parallel with

further inaturation of the ncurons and remains in the

adult brain32.All drebrins are distributed in the cyto―

plasm of the neurons, drebrin A being particularly

localizcd in thc dendrites33.

Two forms of immunoreactivc molecules are also

present in the brains of rnarlrnals,including rat34,cat13

and human(Toda et al.,in preparation).Although they
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arc slightly largcr than chickcn drcbrins, convcrslon

from onc form(drcbrin E)to thc othcr(drebrin A)

occurs during dcvclopment34 in thC samc way as it

docs in chickcn drcbrins.Thcir widc intcrspccific dis―

tribution suggcsts that drcbrins play a gcncral rolc in

ncural organization. Imamura ct al.13 haVe reported

that drcbrins in the cat visual cortcx arc dramatically

dccrcascd around the cnd of thc scnsitivc pcriod for

ocular donlinancc plasticity. Thcsc obscttations sug―

gcst that drcbrins arc also rclatcd to ncural plasticity.

The significancc of drebrins in the cell lnorphogene―

sis、vas first dcmonstratcd by transfcction of fibroblasts

、vith thc rat drcbrin A cxpresslon plasrllid36.Transicnt

cxprcssion of drebrin A induces thc forrnation of highly

branchcd neurite― likc ccll proccsses in thcse non―neu―

ronal cclls,Drcbrin A is conccntratcd on thc inncr facc

of thc ccll membranc. Anothcr aspcct of drcbrins is

that thcy can interact with actin filamcnts36. An anti―

serunl raised against thc actin―binding protein purified

from thc rat brain20 speCifically reacts with drebrins,

and vicc vcrsa(Mackawa ct al., unpublishcd obsctta―

tions). In fact, it has been rcccntly rcvcalcd that

drebrins arc colocalized with actin filaments in the

ncurons and ncuroblastoma cclls(Asada ct al.,subHlit―

ted).Thcsc rcsults suggest that drebrin A modifies the

intcraction bctween thc cytoskclctai nctworks and thc

ccli mcmbranc in the neurons.

Although the blological significancc of hctcrogcnc―

ity of drcbrins rcmains to be established, thcir inde―

pcndcnt changcs in expression during development

suggcst that each play a unique role at a particular

dcvclopmcntal stage. We proposed that drebrins El,

E2 and A play rolcs in celi nligration, outgrowth of

neuronal proccsseS and plasticity of dcndrites,rcspec―

tively.These functions should bc causcd by thc diffcr―

cnt molccular structures of the three isoforms. How―

cvcr,thc structural diffcrcnccs bctwccn thc embryonic

and adult forrlls,as wcll as their genonlic organization,

have not yet been deternlined.It is necessary to eluci―

date their structural rclationships, in ordcr to investi―

gatc the biological functions of cach drcbrin.

Vヽc previously isolatcd cE)NAs corresponding to the

two cmbryonic drebrins El and E2 from a 10-day chick

cmbryo cE)NA librarv16. Both sequcnccs arc cntircly

idcntical cxccpt for an internal 129-bp sequencc,dcsig―

natcd insl,that is inscrtcd into drcbrin E2 cE)NA,and

dcleted in drebrin El cE)NA. An antiserum against a

synthetic peptide of thc portion of insl specifically

rcacts with drcbrin E2 and A, but not drcbrin El.

Thcrcforc, thc scquence of insl is also includcd in

drebrin A nlRNA,on the assumptions that drebrin A

is not dcrivcd frorn a posttranslational lnodific4tiOn of

the embryonic drcbrin, rathcr that a uniquc nlRNA

cncoding drebrin A cxists. In this study, wc isolated

cDNA clonc for drebrin A by screening a cE)NA li―

brary constructcd fronl thc ncwly hatched chick brain,

in which drcbrin A was thc most abundant forrn.

Furtherrllorc, wc cstirnated thc genonlic organization

of thrcc drebrin isoforrns by cloning and scqucncing

the drebrin gene.Using the cDNA fragmcnt as a

probe, wc dctccted drebrin transcripts in various tis―

sues frorn scvcral developmental stages of the chick.

MATERIALS AND METHODS

馳 なο筋ガθ″

Thc tissues of chick embryos(5 and ll days of

incubation) and postnata1 1-day― old chicks (Whitc

Leghorn)、vcrc rinsed、vith iccocold phosphate―buffercd

salinc, pH 7.4, thcn quickly frozcn in liquid nitrogcn.

Total RNA was extractcd by the singlc― stcp mcthod

with acid guanidinium thiocyanate―phcnol―chloroform3.

Poly(A)十 RNA was purified by two elutions through

an oligo(dT)cellulosc(Collaborativc Rcsearch)col―

umn28.

cDハИ ttbrαロッcοttSすれサCr'θれαヵ冴sc/ビβれどれg

The cDNA was synthesizcd from poly(A)十 RNA of

postnata1 1-day chick brains by conventional ollgo

(dT)―primcd rcvcrsc transcription using a cDNA syn―

thcsis kit(Pharmacia LKB Blotechnology).Thc dou―

ble―stranded cDNAs ligated with an Ecο RI adaptor

、vcrc fractionated by sizc, and fragments longer than

O.5 kb wcrc ligated to Ecθ RI digested ttgt10 arms

(lBethesda Rcscarch Labs)thcn packagcd into phagc

particles using a cornlnercial in vitro packaging system

(Gigapack II gold,Stratagcne Cloning Systems).

The unamplificd cE)NA library was scrcencd by thc

s t a n d a r d  m e t h o d 1 2 , 2 8  u S i n g  d r e b r i n  E 2  c D N A , D c w 1 7

and an 80-base― pair(bp)r折 ヵfl fragment within the

insl sequencc of Dcw17(Fig.2)as probcs.To isolatc

gcnoHlic cloncs for the drcbrin gcnc, a ttEMBL3

chicken genomic library(Clonetech Labs)was screened

using Dcw17 as a probec The probe was labeled with

[α_32P]dcTP using the multiprime labcling kit

(Amersham)and hybridizcd to thc recombinant phages

transferred to nylon mcmbrane(Hybond_N, Amer―

sham)。 Hybridization was performed in 5× Denhardt's

solution28 containing 6× SSC, 1% sodium dodccyl

sulfate(SDS)and l×105 cpm/m10f drebrin cDNA

probc(spec.act.5×108 cpm/μg CDNA)at 68°C for
16-24 ho Membranes were washed twice in 2×  SSC

containing llろ  SDS at 42° C for 30 Hlin. Thc signals

were detected by autoradiography using an intensll予ing

screen at-70°C.
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E)NA fragments were subcloned into M13mp18 and

sequentially deletcd subclones were preparcd by the

mcthod of Yanisch― Pcrron et al,41, DNA scqucncing

was pcrforrncd in both dircctions by thc dideoxy chain

tcrrnination method of Sanger et al.29. The universal

sequencing primers cottugated With four fluorescent

dycs(-21m13, Applicd Blosystems lndustries)was

ancalcd、vith the singlenstranded M13 E)NA thcn ex―

tended using a modificd T7 E》 NA polymerase

(Sequenase Ver.2.0,United States Biochemical Co.)or

Taq DNA polymerasc(AmpliTaq,Perkin― Elmcr Cctus

lnstruments). The sequencing reaction products wcre

run on a DNA sequenccr(373A,Applied Biosystcms

lndustries)。 Sequence data were assembled and ana―

lyzed using the GENETYX software packagc(Soft―

ware Developmcnt Co.).

え肛4 pοryttτ″ざでcんα,れ″αcr,ο沌

Poly(A)十 RNA prepared from postnatal l― day chick

brains was convcrted into cDNA using oligo(dT)primer

and Moloney murine lcukcHlia virus reverse transcrip―

tase(Bethesda Research Labs)。 The cDNA fragment

was amplified using a GcneAmp E》 NA amplification

kit(Perkin― Elmer Cctus lnstruments). The oligonu―
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clcotide prirncrs uscd wcre as followsi thc upstrcam

primer(UPl), 5′ ―GCAACATCCCGACCCCGC―

GATGGCTGGCGT-3′ ; downstrcam primer(DP5),

5′―TTTGGGGTGCGGTGGCAGGTGATATAGGG

G-3′.Thc polymerasc chain rcaction(PCR)was pcr_

formed in a programmable heat block(PC-700,Astec),

s e t  t o  h e a t  t h e  s a m p l e  t o  9 5°C  f o r  l  m i n , c o o l  i t  t o  5 5°c

ovcr l Hlin, and hcat it to 72°C for 2 nlin. Artcr 40

amplification cycles, the PCR product was scparatcd

on a llろagarose gel and detected by ethidiurn broHlide

staining.

Iれ」ル/θr/αれざcrrprjοtt α沌冴rttαヵざ′αr,θ湾

T h e  c D N A  f r a g m e n t s  c o n t a i n i n g  t h e  f u l l―l e n g t h

drebrin open reading framc scqucnces were subcloncd

into pGEMllZ(PrOmega Co.)for preparation of the

scnsenstranded cRNA of each drebrin. Thc tcmplate

DNA lincarized at thcグ (bαl site was transcribcd by T7

RNA polymerase(Takara shuzo Co.).The transcripts

were then transiated in a rabbit reticulocyte lysate

p r e t r e a t e d  w i t h  m i c r o c o c c a i  n u c l c a s e ( P r o m e g a  C o。) i n

the presencc of a completc anlino acid Hllxture at 37°C

for 60 1nin.The transiation products werc scparated by

SDS― polyacrylamidc gel clcctrophorcsis(SDS―PAGE)

according to the method of LeaHllmli18 and analyzed by
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Fig.1.Restriction analysis of drebrin cE》NAst The fragments of drebrin cE)NA clones digested byど cο RI and Sttαl were electrophoresed on a
l%agarose gel(upper pancl),then transferred to a nylon membrane and probed with a radiolabeled 3′ Psr I一EcοRI fragment of Dcw17(lower

p a n e l ) . T h e  t w o  e m b r y o n i c  d r e b r i n  c D N A s ( w 6 a n d  w 1 7 ) d i g e s t e d  b yどcθRI a n d  S t tαl we r e  u s e d  a s  g u i d e s . ( T h e  l e n g t h s  o f  t h e  h y b r i d i z e d  b a n d s

w e r e  9 3 9  a n d  l , 0 6 8  b p , r e s p e c t i v e l y . ) T h e  t t D N A  f r a g m e n t s  d i g e s t e d  b y工"れdHI( M ) w e r e  u s e d  a s  m o l c c u l a r  w e i g h t  m a r k e r s .
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irnrnunoblotting as describcd prcviously8,32 with a slight

modification.The ECL western blotting detection sys―

tcm (Amersham)was used to detect horscradish pcrox―

idasc―labclcd products.

R,うθ″冴cルαざでP/θrccす3oれαざsαノ

A680-bp 24ι ,夕I fragment ofthe novel drebrin cE)NA,

Dcb21,containing the insl and ins2 sequences(Fig.2)

was subcloncd into plasmid pGEM4Z(Promega co.)。

From the templatc DNA linearizcd at the Ecθ RI site,

thc antisense cRNA probe was synthcsized using T7

RNA polymcrasc in the prescncc of[α -32P]uTP(spec.

act.0.5× 108cpm/μ g CRNA)and purined through

acrylanlidc gel electrophorcsis. The ribonuclease pro―

tection assay was performed using a coHllnerCially

availablc system(RPAH kit,Ambion).Fivc μ g of total

RNA was hybridized with O.5 ng of cRNA probe at

4 5°C f o r  1 6 - 2 4 h , t h e n  d i g e s t e d  w i t h  R N a s c  A  a n d  T l ,

T h e  r a t i o  o f  s a m p l e  R N A  t o  t h e  p r o b e  w a s  d e t e r r n i n e d

prior to the cxpcrirnents. The protected bands wcrc

scparated on a 3,5ワ ろ denaturing acrylanlide gel and

detected by autoradiography.The intensity of the pro―

Dcw 17

tected bands was quantified by an irnagc analyzer

(BAS2000,F可破).

RESULTS

始οttr,θれザ αれου冴 冴″brJれcDM

Independent rccombinant phages, 1× 106,contain―

ing thc l― day‐old chick brain cE)NA library were

s c r e e n e d  w i t h  d r e b r i n  E 2  c D N A , D c w 1 7 , a n d  a n  8 0 - b p

i五,れfl fragment of insl as probes.Twenty― two pOsitive

clones that hybridized with both probes were isolated.

To elinlinatc cE)NA clones that differ from the embry―

onic drebrin cE)NAs, restriction analysis was per―

forrncd using Dcw17 as a guide,The rcstriction enzylne

Sttαl chosen as it provided several digestion profiles.

Thc digcstcd fragments wcrc clcctrophoresed on an

agarose gel, transferrcd to a nylon membrane and

probed with the radiolabeled 3′ PsすI一EcθRI fragment

of Dcw17(Fig。 2).The digestion profiles from three

cE)NA clones differed fronl that of Dcw17. Dcbl, 21

and 22 contained a significantly longer internal き 穐αI

fragment compared with that of Dcw17(Fig.1).To

日
Hiホ|

Dcb 21

5 ' P s d

ins 2  ins l

H A S         P H

中

0.2 kb

Fig.2.Structures of drebrin cE)NAs,The black rectangles indicate 5'‐and 3′―non―coding regions.The shaded rectangles indicate the insertion

sequences,insl and 2.Restriction sites in Dcw17 previously isolated and Dcb21 are shown for И υαI(A),所 ,れfI(H),Psr I(P),and Sttα I(S).The

fragments used as probes wcrc indicated below the restriction inaps.



further charactcrize these clones, the longcst clone,

Dcb21,was chosen for deterHlining the nucleotide se―

quence and for comparison with thosc of embryonic

drebrin cE)NAs.

ハ吻cたοガ姥 αれ冴ル冴冴ctt αれ,沌θ αcJ冴ざビ?冴でれC容 ザ αれθび冴

冴″うガ沌cDttИ

The nuclcotide and dcduced anlino acid sequenccs

of Dcb21(1,919 bp)are shown in Fig。 3.Dcb21 started

at position 457 in】 Dcw17,Thc 3′ ―non‐coding region of

Dcb21 was 137-bp longer than that of Dcw17. Al―

though Dcb21 ended with cight repeats of adenine,

poly(A)addition signal sequcnce27 waS nOt present.

Alignment ofthese two cE》 NAs revealed that they were

identical cxcept that Dcb21 included an insertion of a

138-bp sequencc, designated ins2, in the 5′  direction

immediately upstream from insl(at position 550-687)。

The prccisc insertion point was deternlined through

comparison with the gcnomic clone(see below).The

sequence of ins2 was deduced to 46 aHlino acid

rcsidues.As thc insertion of ins2 did not occur with an

in―frame,the first amino acid residue of insl(residue

230)was substituted froHl glycine to cysteine.

( a )

l                                                                CCGAGACACTGCCGCACCGCCCGGTCCCTCCCGTCCCCCCGCAACATCCCGACCCCCCC

60  ATCCCTCGCGTCGCCTTCCCGGCCCACCCCCTGGACCTCCTCCCCTCCTACCACGACGTGATCGCCCACGACAGCCCCACCGACTGGCCCCTCTACACGTATCAGGATCGCTCTCATGAC

l  M  A  G  V  G  F  A  A  H  R  L  E  L  L  A  S  Y  Q  D  V  I  G  E  D  S  P  T  D  W  A  L  Y  T  Y  E  D  G  S  D  D

180  CTGAAGCTGCCAGCATCAGCACCAGGGGGTCTGCTCCACCTCTCTCCCCACTTTGACATCCACAACGTCATGTACGGCTTCTGCACCCTCAAGGACCCCCAGGCCGTCCTCCCCAAATAT

4 1  L  K  L  A  A  S  C  G  G  G  L  L  E  L  S  G  H  F  E 工 Q  K  V  M  Y  G  F  C  S  V  K  E  P  Q  A  V  L  P  K  Y

300  GTCCTTGTCAATTGGGTCGGTCACGATGTCCCTGACCCCCGCAAATGTGCCTGTGCCAGCCACGTCCCCAAGATCGCAGAGTTCTTCCAGGGTGTCCATCTTATCGTCAATGCCAGCAGC

8 1  V  L  V  N  W  V  G  E  D  V  P  D  A  R  K  C  A  C  A  S  H  V  A  K  I  A  E  F  F  Q  G  V  D  V  I  V  N  A  S  S

420  GTGGACGACATTCACCCCCCCGCCATCCCGCAGCCCC

1 2 1  V  E  D  I  D  P  C  A  I  G  Q  R
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Dcb21 did not cover thc entire sequence of drebrin

cE)NA. The 5′ ―non―coding region and the sequcnce

encoding the anlino― tcrrninus wcrc nlissingo Sevcral

further attcmpts to isolatc cE)NA clones that cxtcndcd

morc toward the 5′ direction than lDcb21 were unsuc―

cessful.To confirrn whcther the putative initiation sitc

of lnRNA corresponding to lDcb21 is the same as that

of Dcw17, we constructed a plasrnid E)NA, Dcb21f,

containing the full―length open reading frame of Dcb21,

by inserting the ins2 sequence into Dcw17.The cE》 NA

fragmcnt was amplified from poly(A)十 RNA of the

l―day―old chick brain by PCR using the sequencc sur―

rounding thc initiation codon of Dcw17,UPl(at posi―

tion 41-70 in Dcw17),as an upstream primer and part

of ins2 scqucnce,DP5(at position 638-667 in Dcb21),

as a downstream primer.Thc PCR product was elec―

trophorcsed on a lワろagarose gcl along with the E)NA

fragment amplined from Dcb21f by another PCR reac―

tion using thc same prilners. As shown in Fig. 4, the

length of the amplined DNA fragment from poly(A)十

RNA was the same as that of cE)NA fragment ampli―

fied fronl Dcb21f(1,083-bp in length)。We deterHlined

by DNA sequencing,that this amplified cDNA frag‐

TCTCCAACCGCCTCCCCCCCGTCTCCAGCCCCGTGCTGCACCCCCTCCCCCTGCGTGAG

L  S  N  G  L  A  R  V  S  S  P  V  L  H  R  L  R  L  R  E

GACGAGAATGCCGAGCCCGTGGCCACCACCTACCAGAAAACCCACCCCACCGTCCACATGAAGCGCCTCAACCGGGAGCAGTTCTGGGAACAAGCCAAGAAACAGGACCAGTTGCCCAAC

D  E  N  A  E  P  V  G  T  T  Y  Q  K  T  D  A  T  V  E  M  K  R  L  N  R  E  Q  F  W  E  Q  A  K  K  E  E  E  L  R  K

GACGAGGACACGAAAAAGGCGTTCCATGCCCGGCTGCGGTTCGAGCACGAGCCCATCGAGCAGGACCGCCTCGACCACCACGACCCCCAGAGGCGCTACCGCCACCGCCAGGAGCAGATC

E  E  E  R  K  K  A  L  D  A  R  L  R  F  E  Q  E  R  M  E  Q  E  R  L  E  Q  E  E  R  E  R  R  Y  R  E  R  E  E  Q  I

GAGGAGCACACGAGGAAGCACCACAGCATCCAGGCCGAGGACCCCCGCCACCGCCTCAAGCACCAGTCCATCTTTCGGGACCACCAACAGGACGACGACACCCACCACCTCCGGAAATCA

E  E  H  R  R  K  Q  Q  S  M  E  A  E  E  A  R  Q  R  L  K  E  Q  S  I  F  G  E  Q  Q  E  E  D  D  R  Q  Q  L  R  K  S

CユGTCACAGGTGGAGGAGCCCCCTCCCATCATTGCCCAGCGACCTCACAACCCCCGGGAGTTCTTCAAGCACCAGGAGCCCGTGGCATCGGGCACCGCCCACCCCATCTCGCCGGGCACC

E  S  E  V  E  E  A  A  A  I  I  A  O  R  P  D  N  P  R  E  F  F  K E  R  V  A  S  G  S  G  D  A  I  S  P  G  S

( b )  1
1

6 0

2 1

1 3 0

3 C 3

5 4 0

1 8 1

6 6 0

2 2 1

7 8 0

2 6 1

9 0 0

3 0 1

1 0 2 0

3 4 1

1 1 4 0

3 8 1

1 2 6 0

4 2 1

1 3 8 0

4 6 1

1 5 0 0

5 0 1

1 6 2 0

1 7 4 0

1 8 6 0

CATACGAC

H  R  T T  A  D  S  C  P  P  S  S  S  S  S  S  S  S  P  P  R  T  P  F  P  Y  t t  T  C  H  R

GACTACCCAAACGTTTCGGCACCCCCCTCCACCCCCTGCCAGTCCACCCCGCCCTCCACGCCCCTGGGCGACCACCCCACC
T  P  N  L  S  S  F  F  P  C  S  Q  S  D  Y  R  K  V  S  A  A  C  C  S  P  C  E  S  S  P  A  S  T  P  L  G  E  Q  R  T

CCCGCCCCCCCCGAACACACGCCCCCAACCCCCAAAGACTCCCCCAGCCCCACCACCCAGGTGCCAGACCCGGCAGCGACTGAGCAGCACTGGCCCTTCCCTCGGCCTCAAGACAAAGCT

R  A  P  A  E  E  T  P  A  T  P  K  D  S  P  S  P  S  T  Q  V  A  E  P  A  A  T  E  Q  n  W  P  F  P  G  P  E  D  K  A

GCAGAGCCGCCCGGGGACCAGCCCGACCCCCACCCCAGGCCGCCGTGGACAGCGGGGGCTGACGTCCTGGGGGACCTGGTCACCCTCCAGCCCTCCGACCCATCCCCAGCGCCCGCTGCG

A  E  P  P  G  D  E  P  D  P  D  P  R  P  A  W  T  A  C  A  D  V  L  C  D  L  V  T  L  E  P  S  E  P  S  P  A  P  A  A

TCCCAACCCCACCCCGTCGACACACCCCGTGTGCCCGACCCCCTCATCCACCTGTCCCAGAGTCATCCCGCGGCCCCCCCTGCCACCACCACCTGGCCCCTCCCCGACACCCCCGCGGGA

S  E  P  Q  P  V  E  T  P  G  V  A  E  P  L  I  E  L  W  O  S  D  C  A  A  P  A  A  T  S  T  W  P  L  P  D  T  P  A  G

CCACCGGTCCCCCCCCAGGACCCCACCCTGCTGGGCCTCGACCACCTGCCCGAGCCCCCCCCCACCTTCTCTGACGCGGACCACCACCACGAGGTCCAAGAACAACAAGAGGAGCACGAG

P  P  V  P  P  E  E  G  T  L  L  G  L  D  E  L  P  E  P  P  A  T  F  C  D  A  E  Q  H  E  E  V  E  E  E  E  E  E  E  E

CACCCCACACCCGGTCACCCCCATCCCACACCGCTCGGCTACCACGACGCCTACCAACAACCCCCCGACGTCCCCCCCATCACCAATCGGGAGATCGCCCCCAAGGACGGCACGGCGGCC

E  A  T  A  G  E  P  H  P  T  G  L  G  Y  Q  E  G  Y  Q  E  C  P  E  V  P  P  I  T  N  G  E  M  C  P  K  D  G  T  A  G

CGTGCCCAGCACGCCAGCGAGGCCTACTTCACCCACTCCCACCACGACCACGCCCCGCCGCCCGAGGACCCGTCCCCCAAAGCCCCGCACCCCGTCTTCTACAACAAGCCGCCACAGATC

R  G  E  Q  A  S  E  G  Y  F  S  Q  S  Q  E  E  E  A  P  P  P  E  E  P  S  A  K  A  P  Q  P  V  F  Y  N  K  P  P  E  I

CCCTCCCCCACGAGGACCAGAGCTTCGGGGGCGGCCTGTACCCCCAGCGCACCCTGGACCCCCCCCCGGCCCGGGGTGTCAGCGGCCGTCCCCGG

D  I  T  C  W  D  T  D  P  L  P  E  E  E  E  S  F  C  G  G  L ★

GCCCCCCTCCCCGCTGGGCCCCCGCACCATCGGAGCCGGGGGGCCCGCCCCGCACCACCCCGGCGTGCCTTTTACACCCCCCCCCATCTCTTTCTCTTTTATAACTTGTCCGTACCACAC

GTGTCACCCCTCTCCCCCCTGCCCCCCCCTGCCCTGTGAACCCCTCGTACCCCCCTCCCCACCCCACCTCCCCGTCCTCGGGGGGATACGTGACACCCCCGTGGTCCCCGCCTGTGGGAT

CCCCTCCCCAGTACTTTCCACCAGTT中

Fig。3.Thc nucleotidc and deduced aHlino acid sequences of a novel drebrin cE)NA.(a)Partial nucleotidc scquence(fro■1 l to 456)and the
deduced anlino acid sequence of Dcw17.(b)The nucleotide sequence and deduced aHlino acid sequence of Dcb21.Thc insertion sequenccs,insl

and ins2 are indicated by light and dark shading,respectivcly.The oligonucleotide prilners used in the PCR assay are underlined.
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(1083 bp

Fig.4.PCR assay for drcbrin cDNA.Thc PCR products wcrc

clcctrophoresed on a lウろ agarose gel and stained with cthidium

bromide.Lanes:(1)thc DNA fragment amplified from postnatal
l―day chick brain cE)NA using thc oligonuclcotidc prilners,UPl and

DP5(see Matcrials and Methods);(2)thc DNA fragmcnt amplified
from Dcb21f with the same primcrs.The tt DNA fragments digested

by H,れdIH(M)were used as molccular weight markers.

ment was identical in sequence to Dcw17 up to thc

point of inscrtion. Thcrcfore, thc novcl cE)NA for

drebrin should contain the same putative initiation

codon and thc following coding region as those for

Dcw17.

れどル″″ηれscttβガわれαれ冴″切れs比〃われザrんで∽r,″cθ冴,れg
昭g,θれざザ冴″bガれCDハИs

We were unablc to obtain the anlino― terrninal sc―

quences of drcbrins by directly protein sequcncing

electro―elutcd drebrins, suggesting that the aHlino―

terrnini are blocked. To confirm that the predicted

initiation ATG codon is correct, we subcloned each

type of drebrin cE)NA containing a 5'中 nOn~Coding re―

gion and a full―lcngth open reading frame into the

pGENItllZ vector. Thc sense― stranded transcript of

each drebrin was synthesized, then transiated in the

rabbit rcticulocytc lysatc system. Inll■unoblot analysis

using thc anti―drebrin monoclonal antibody, M2F632,

showed that thc translation products and chick drcbrins

were indistinguishable on SDS―PAGE(Fig.5), al―

though the additional product that was iarger than

drebrin A was also transiated froHl Dcb21 for some

unknown reason. Thcrcfore, thc ATG codon at posi由

tion 60-62 of Dcw17 should be the real transiation

initiation site for each drebrin nlRNA and Dcb21

sccms to corrcspond to drcbrin A HlRNA.

An open reading frame for drcbrin A was composcd

of 652 arnino acid residucs with a predicted molecular

weight of 71,532 Da,which was smaller than its as―

sesscd molecular weight on SDS一 PAGE(110 kDa).

This discrepancy seems to be due to a silnllar causc to

that in embryonic drebrins16ロ

拘し初θ″θ進抄 うιr〃ιごれごん,cた2れ α沌冴れ冴 冴″bガヵИ αれ冴s夕c―

θれ冴α4/ざ″/宅″Crttk7 F,″̀J'Crjθれ

Computer― aided homology searches of the two avail―

a b l e  p r o t e i n  s e q u e n c c  d a t a b a s e s ( N B R F―P D B  a n d

SWISS― PROT)revealed that the deduced aHlino acid

scqucnces of drebrins showed no significant homology

with known protcin scqucnccs.Although thcy partially

resembled several glutamate― rich proteins, such as

caldesmon and the Hliddle subunit of neurofilament

protein,these homologics appcar to be a conscqucncc

of the glutamate― rich composition of the respective

proteins,Interspecies comparison ofthe deduced anlino

acid sequences of drcbrin A showed a high degree of

sirnilarity.The overall aHlino acid idcntity of the opti―

mal aligncd sequences between chicken and rat36 is

68%.In particular,the homology of the aHlino― terHli―

nal half(domain cl, residues l-361)and two short

regions in thc carboxyl― tcrminal region(domain c2,

rcsidues 521-539 and domain C3,rcsiducs 596-653)is

greater than 80% (Figs. 6 and 7). These regions arc

also consclvcd in human(Toda et al.,in preparation).

As shown in Fig. 7, thc hydropathy plot and the

secondary structurc prcdiction suggest that thc largc

homologous region,domain Cl can be subdividcd into

three.Thc amino― terminal domain of drebrin A(do―

main Cla, residucs l-164)is relatively hydrophobic

and has the potential to forrll rcpcating stretchcs of

β―Structurc that are separated by short stretches of

α―hclix and β―turnS・ By analogy with other proteins

鶴1蔦 簿 壬
A
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El

韓

囀:
1聾|
1轟|

Fig.5.In vitro transcription and transiation of three drebrin cE)NAs,

Thc sense―strandcd transcript of cach drebrin cE)NA containing a

full―length open reading frame was transiated in the rabbit reticulo‐

cyte lysatc system.The transiation product was then electrophoresed

on a 7.5ワろ SDS― polyacrylaHlide gel, blotted and stained with the
anti―drebrin monoclonal antibody,M2F6.Lanes:(l and 5)embryonic

day ll chick brain homogenate;(2)Dcw6;(3)Dcw17;(4)Dcb21.
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that exhibit rcgions of β―struCturc,such as rnyelin basic

protein21 and Synapsin 122, domain Cla may organize
into a relatively stablc β―sheet and form a giobular

core. This region is followcd by a hydrophilic, clon―

gatcd α―helical rcglon(domain clb,residues 164-303).

The sequence of ins2 is includcd in domain Clc(re―

sidues 316-361), in which β ―turnS are concentrated.

An unusual aspect of thc anlino acid scqucnce is that a

strctch of 8 serine residucs bctwccn thc scrics of two

prolinc rcsidues within thc Hliddlc portion of ins2, is

conserved in the rat,with a substitution of proline at

rcsiduc 331 to serine. We propose that this highly

conscttcd domain, domain Cl contributes to cxprcs―

sion and rcgulation of biological function of drebrins.
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Wc havc prcviously obsclvcd that thrcc drcbrins are

phosphorylated with [32Plorthophosphate in the cul―

tured embryonic optic tcctum (Shirao,unpublishcd ob―

servations)and have spcculatcd that phosphorylation

of drcbrins is an essential step for regulation of their

functions,Several conscnsus sequences for phosphory―

lation sites25,39 conSetted between two species are

found in thesc rcgions.Onc potcntial rccognition site

for cAMP― dependent protein kinase lies within the

ins2 insertion scqucncc (at position 351-353). Two

sites for Ca2+,call■odulin―dependent protein kinase II

are at positions 139-142 and 299-302. Onc sitc for

protein kinase C is at position 69-71. Two possible

glycine residues for ミ こmyristoylation (at positions 3

RKVSAAG■ ■■CSIPCESiSPASTPttGEQRTRAPAB五 官PATPKDSPSPSTQV

1'  出 垣ヽ GVGFAAHRLELLASYQDVIGEDSPTDWALYTYEDGSDDLKLAASGGGGLLELSGHFEI

lH  lVAGVSFSGHRLELLAAYEEVIREESAADWALYTYEDGSDDLKLAASGEGGLQELSGHFEN

61'  Qttv■lYGFCSVKEPQAVLPKYVL｀ v小れヽ内アGEDVPDARKCACASHVAKIAEFFQGVDVIVNASS

61'7  Qttv智lYGFCSVKDSQAALPKYVLI卜 研い′GEDVPDARKCACASHVAKVAEFFQGVDVIVNASS

■2■'  VEDIDPGAI⑥
QRLSNGLttPVLHRLRLREDENAEPVGTTYQKTDATVEMKRLNREQF

121''  X/1EDttDACAIGQRLSNGLARLSSPVLHRLRLREDENAEPVGTTYQKTDAAVEylKRINREQF

181'  WEQAKKEEELRKEEERKKALDARLRFEQEFttVEQERLEQEERERRYREREEQIEEHRRKQQ

1811'  WEQAKKEEELRKEEERKKALDARLRFEQEF世 回QERQEQEERERRYREREQQIEEHRRKQQ

241'  SMEAEEARQRLKEQSIFGEQQEEDDRQQLRKSESEVEEAAAIIAQRPDNPREFFKQQE壁

241''  SLEAEEAKRRLKDQSIFGDQRDEEEESQIVIKKSESEヽ ′EEAAAIIAQRPDNPREFFRQQERV

301'  ASGSGD― 一―AISPCSHRT麗 酒簿博題目播開顕観弱軽躍醒罷騨課顕霞霞霞霞軽軽覇覇覇悪胃閣冒覇躍題騒騒薗麗調覇問題闘

301'・  ASASGGSCDAPSPFNHRPGRPYCPFIKASDSGPSSSSSSSSSPPRTPFPYttTCHRTPNLS

358'  圏圏題園0ももさわ革予

36■'コ  SSLPCSHLDSHttVAPTPIPTRSPSDSSTASTPITEQIERALDEVTSSQPPPPPPPPPPA

414'  AEPAATEQHWPFPG一 ―PEDKAAEPPGDEPDPDPRPAWTAGADVLGDLVTLEPSEPSPAPA

4211'  QEAQESAPRLDGEEVCKEAKVAAAPCヽ AttAGCAEEPPRAQEPPLLQSSPT― ―一EDLMCTES

472'  ASEPQPVETPGヽ アAEPLIELWQSDGAAPAATSTWPLPDTPAGPPVPPEEG一 一一―一一一一―一一

478't  PEQAVLAASPEPDASVTSX/ADAFAADTIETTT一 ATTATTIAD心 い′TPAAASLIDLWPGNGE

5 2 1 '   一

一 一 一 一 一 一 ― 十 一 一 一 一 一 一 一 一 一 一 一 一 一 一 一 一 十 一 一 十 一 一 十 一 一 一 一 一 ― 一 ― 一 一 一 一

T L L G L D E L P E P P A T F C

537''  EASTPQAEPRVPTPPSGAEASLAEVPLLNEAAQEPLPPVGEGCANLLNFDELPEPPATFC

537'  DAEQHEEVEEEEEEEEEATAGEPHPTGLGYQEGYQEGPEVPPITNGEMGPKDGTAG RGEQ

597H  DPEEEAEGEPLAASQVLTlマ PSALEEVDQVLEQELEPEPHL一 一LTNGETTQKEGT一 ―一―
QQ

5971  ASEGYFSQSQEEEAPPPEEPSAKAPQPVFYNKPPEIDITCWDTDPLPEEEESFGGGL

65■H  ASEGYFSQSQEEEFAQSEEPCAKAPPPVFYNKPPEIDITCWDADPVPEEEEGFEGGD

Fig.6,Comparison of the deduced aHlino acid sequences of chicken(top line)and rat drebrin A (bottom line).The identical anlino acids and

substitutable aHlino acids are indicated by asterisks and dots,respectively.Underlining indicates the conserved potential sites of phosphorylation,

The conserved possible glycine residues forミーmyristoylation are indicated by outlincd characterst
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and 130)9'37 are also conserved between species, sug―

gcsting the possibility that drebrins may be acylatcd

aftcr exposure of the glycinc residue by endoprotc―

olytic proccessing,as is found in the picornavirus cap―

sid protcin VP45.

The central region of drebrin A including insl(do―

main Vl,rcsidues 362-519)has the potcntial to form

repcating stretches of α―helix.The sequencc of domain

Vl is divcrged between chickcn and rat,although the

insl(residucs 362-404)scquence shows a wcakcr re―

scmblance. The proline― rich feature of domain Vl

(21%)is retained in the two species.

The carboxyl―tcrrninal region(residucs 521-653)is

hydrophilic for most of its icngth and contains two

highly conserved domains,c2and C3,separated by a

non―homologous sequcncc(domain v2, residues 540-

595).A pronlincnt scquence consisting of a stretch of 9

B    H          B

・― ―El酔

glutamate residues in domain V2 of chicken drebrin A

is not conserved in the rato Since protein motifs in

domains C2 and 3, identified by the search with the

PROSI「 FE protcin database,arc not conscrvcd among

the species, at present we do not have significant

evidence supporting the importance of these conserved

domalns.

Cttθ初'cθ/g2″彦αr′θ沌ザ筋″で冴″bガれs
According to thc profiles of genonlic Southern

blots16,we proposed that cach drebrin HlRNA is tran―

scribcd fronl a singlc gcnc that should include both thc

insl and ins2 sequences.To isolate a drcbrin genonlic

clonc,the chicken gcnomic library(1.7× 106 plaques)

w a s  s c r c c n c d  w i t h  d r e b r i n  E 2  c D N A , D c w 1 7  a s  a

probe. As prcviously reported35, 。ne positive clonc,

designatcd eDcg5,containing 15,4kttbp inscrt was iso―

H   B  B

ふ
Ｅ
中Ｇ
α
Ｏ
」
０
メ
エ

residues

― EHIE「 ELEI Ⅲト ーーーーーーー……EF・・□ ―………… ― ―― ll酢――

Clb        i  Clc C2路 革革V2章革革l  C3

Fig. 7. Hydropathy profilc and secondary structure prcdiction for drcbrin A.The hydrophobicity plot of thc dcduccd anlino acid scqucncc of

d r c b r i n  A  w a s  g c n e r a t e d  b y  t h e  m e t h o d  o f  K y t e  a n d  D o o l i t t l e 1 7  w i t h  a  s p a n  s e t t i n g  o f  9  r e s i d u e s . S h a d i n g  i n d i c a t e s  t h e  i n s e r t i o n  s e q u e n c e s , i n s l

and 2.Thc secondary structure,shown bclow the hydropathy plot,was predicted by the incthod of Chou and Fasman4.Thc prcdicted β―Structurc

is indicatcd by rcctangles,the α―hclical structure by lincs,the β―turn by dots.A diagrarn of thc conscrvcd(Cl,2 and 3)and non‐cOnscrvcd(Vl

and 2)domains in the predicted drebrin A molecule is also indicated.

′ 申
2 kb

中

0 5kb

Fig.8. Restriction map and structural organization of thc drebrin gcnoHlic cionc,cDcg5.The upper linc indicatcs thc rclativc sites for』αtt HI

(B)and rri4dIII(H).The bottom Hne shows the region of which the sequence is partially deterHlined.Exons are indicated by rectangles and are

labeled a to m.Shaded rectangles,i andj,indicate the exons for ins2 and insl,respectively.
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a

CATCCAGAAGGTGATGTACGGCTTCTGCACCGTCAAGGAGCCCCACCCCGTGCTCCCCAAATATGTCCTTGTCAATTCC9tgagtggggcaacgtggggacacctcctgctgagccc9ga
I  Q  K  V  M  Y  G  F  C  S  V  K  E  P  Q  A  V  L  P  K  Y  V  L  V  N  W

ctcctgt

b ‐e

gctcagcacacccctggctgatgtagGTCCGTCAGGATGTCCCTCACGCCCGCAAgTGTGCCTGTGCCACCCACCTGGCCAACATCCCAGAGTTCTTCCAGgtgagtgatgccgg99atg
V  G  E  D  V  P  D  A  R  K  C  A  C  A  S  H  V  A  K  I  A  E  F  F  Q

99gaCt999CCtgcc99ag99gggtctctgatgggttttgcccccaCCgcccccagGGTGTCGATCTTATCCTCAATCCCACCACCGTGGACCACATTGACCCCGGGCCCATCGGCCACC
G  V  D  V  I  V  N  A  S  S  V  E  D  I  D  P  G  A  I  G  Q

GCCTCTCCAAtGGGCTGGCGCCCGTCTCCACCCCCGTCCTGCACCCCCTGCCGCTGCGcGACCACGAGAATCCCCAGCCCGTGgtaacgtccccgtggccacgtccctat99ccac99tg
R  L  S  N  G  L  A  R  V  S  S  P  V  L  H  R  L  R  L  R  E  D  E  N  A  E  P  V
tcccc●9tgcCgatcccagccctacccct9CCaccctctgactgtgctccatcccagGGCACGACCTACCACAAAACCCACGCCACCGTCCACATGAAGCGGCTCAACCCCCACCAGTTC

G  T  T  Y  Q  K  T  D  A  T  V  E  M  K  R  L  N  R  E  Q  F
TE3GAACAッヽGCCAAGgt9ggca9cgag99atggagagggacgggtgccccggcgtg99ctgatggccccatgtcccgtccctgcagAAACAGCAGGAGTTGCGCAAGGACCAGGAGAGGA
l i  E  o  A  K K  E  E  E  L  R  K  E  E  E  R

良AAA6GCGTTGGATGCGCGCCTCCGGTTCGAGCACGACCCCATGGACCAGGAGCGGCTCCAGCAGGACGACCCCGAGACGCCCTACCCGGACCCCGAGGACCACATCCAGGACCACAG9c

E  R  E  E  Q  I  E  E  H  RE  Q  E  E  R  E  R  R  Y  RE  Q  E  R  M  E  Q  E  R  LK  K  A  L  D  A  R  L  R  F
at99gOC9agCCg

f

gggtgtggggtgtca999gtgCt99999cc9ggggtagccac9ctcagctctgctcctggccccattgcagGACCAACCACCACACCATCGAGGCGGAGGAGCCCCGGCACCGCCTGハ AG
E  A  E  E  A  R  Q  R  L  KR  K  Q  Q  S  M

GACCAGTCCATCTTTgtaagtgccatttgga9ctg9gaac
E  Q  S  I  F

g

gt9gt9ctOtC99999tgatggtgtcaggagtgatggtgcc9999atgatggtgccgtatctttgcagcGGGACCACCAACAGGACCACGACACGCAGCACCTCCCGAAATCAGAGTCAG
D  R  Q  Q  L  R  K  S  E  SG  E  Q  Q  E  E  D

AGGTCCAGgtgagctcagcacccagagctgatcggggcctggtgtggggcagccccctac

h

tgcccgagct99999ttCCagccttgcttctccctgcagGAGCCCCCTGCCATCATTGCCCACCCACCTCACAACCCCCGGGAGTTCTTCAAGCACCACGACCCGGTCGCATCGGGCACC

K  Q  Q  E  R  V  A  S  C  SQ  R  P  D  N  P  R  E  F  F
CGCCACGCCATCTCCCCCCCCACCCATAGGACAC9tgaggggctgagggcacagggaggt9cagtac9tgcgagttcg

TG  D  A  I  S  P  G  S  H  R

tgtgccttg999CagCact9t9t9ttttgctgtgg9ct9t9Ctgt999ttCCtgctgtag9gatgCgct9tgcctgagcagaaagat99cccccgaggct9に gtcatggccccとttgccc

acccggccttggtgctgcctcaccgtcct9CC9tCCttCtgtcctgcc9tcctgccOtcctgct9tcagtgctOtcagtgctgcctccctgcc9tcctccccatcccggtgcctctgtgt
CCC99CCCCatccat9gccactctgagcagggactgacccatctctttgctctctctctctccgtcc9tctgtctgに ctttctctcg9cagGTCGTCTCCACTGTCCTTTCATAAACACA

GCTCACAGTGGCCCCCCTTC

G  R  L  H  C  P  F  I  K  T

CCCCCCCGACCCCTTTCCCCTATATCACCTCCCACCGCACCCCAAATCTCTCCTCTTTCTTCCCATgtaggtagctg

A  D  S  G  P  P  S  S  S  S  S  S  S  S  P  P  R  T  P  F  P  Y  I  T  C  H  R  T  P  N  L  S  S  F  F  P

99agCCCCtgggcacocagccccttggccctgcagccctccccagccctgctgcttgtgggactggggtgcaaggacagagctgtgggatcagcagccaaccacag9999ccaag99gca
cctcCtgtgctctgtggtgcatcagaagtcaaatggogacag99cagagccOtgcCCag99ac9tgatgctgtgcccgtggggcagcgagggatggacga99ctgtgtccaggaccacgt

99agCtgt9cCtatggggcagaagggggcacac99tgctgtgcccctccagccagataaagtgggcaccgtgtggtgctgcagagagcggaggctctgcca999ctC99tggggca9cgt
at999cagc9tgtgccacggcagggctg99gactgcagcttgtgagggtgcccagagg99cacggggcttactgcaccaggcctccctcctgctcaaggaag99actcgagtt99gggtg

99tatgt99caatgtgcgtctcacagctttcggccagactg

〕
C9C9999C9Ct9999CCtgctccctccccgttcaggtOttcaccccccagtgca99cggttCCCCccaagccatgtctccgttgtctgcagGCAGCCAGTCCCACTACCGAAACGTTTCG

C  S  Q  S  D  Y  R  K  V  S
GCACCGGGCTCCACCCCCTGCGAGTCCACCCCCCCCTCCACGCCGCTGGGCGACCAGCCCACCCCCGCCCCGGCtCAACACACGCCCCCAACGCCCAAAG9t999Cga9999ctg9Cgct
A  A  G  C  S  P  C  E  S  S  P  A  S  T  P  L  G  E  Q  R  T  R  A  P  A  E  E  T  P  A  T  P  K

OCCt9Ct9Ca

k

gtcctact9catctccagagaacaccatcgctgcccacccatcccacccacccttCaccatttccCagcccaaagctctctcCatct9ccCCCCtgtgctcagccatcctcag9gt999c
tCt9aCC9CtgttCCccccctCCCCaccttgcagACTCCCCCACCCCCAGCACCCAGGTCGCAGAGCCGGCAGCCACTCACCAGCACTCCCCCTTCCCTGGGCCTGAAGACAAAGCTCCA

D  S  P  S  P  S  T  Q  V  A  E  P  A  A  T  E  Q  H  W  P  F  P  G  P  E  D  K  A  A

GAGCCCCCGGGGGACGAGCCCGACCCCGACCCCAGGCCGGCGTCCACAGCCCCGGCTGACGTGCTGGGGGACCTGGTCACCCTCGACCCCTCCGACCCATCCCCAGCGCCCCCTGCGTCC
E  P  P  G  D  E  P  D  P  D  P  R  P  A  W  T  A  C  A  D  V  L  C  D  L  V  T  L  E  P  S  E  P  S  P  A  P  A  A  S

GAACCCCAGCCCGTCGAGACACCCGGTGTCGCCGAGCCCCTCATCGACCTGTCGCACAGTCATGCCGCGGCCCCCCCTCCCACCACCACCTGCCCCCTGCCCGACACCCCCCCGGGACCA
E  P  Q  P  V  E  T  P  G  V  A  E  P  L  I  E  L  W  Q  S  D  G  A  A  P  A  A  T  S  T  W  P  L  P  D  T  P  A  C  P

CCCGTCCCCCCCGACGACGGCACGCTCCTGGCCCTGGACCACCTGCCCGAGCCCCCCCCCACgTTCTCTCACGCCCACCACCACGAGGACGTCCAAGAAGAAGACCACGAGGAGGAGGCC
P  V  P  P  E  E  G  T  L  L  C  L  D  E  L  P  E  P  P  A  T  F  C  D  A  E  Q  H  E  E  V  E  E  E  E  E  E  E  E  A

ACgccaCGTGAGCCCCATCCCACAGGGCTCGGCTACCAGGAGGGCTACCAAGAAGGCCCCGAGGTGCCCCCCATCACCAATGGGGACATGGGCCCCAAGGACGCCACCGCGGGCCGTGGC
T  A  G  E  P  H  P  T  C  L  G  Y  Q  E  G  Y  Q  E  G  P  E  V  P  P  I  T  N  G  E  M  C  P  K  D  G  T  A  G  R  G

GACCAGgtgagcaccgtgagg
E  Q

|

9CCgCaccccaaatcccgcagGCCAGCGACGCCTACTTCAGCCACTCCCAGGAGGACGACCCCCCGCCGCCCCAGGACCCGTCGGCCAAACCCCCGCAGCCCGTCTTCTACAACAAGCCG
A  S  E  G  Y  F  S  Q  S  Q  E  E  E  A  P  P  P  E  E  P  S  A  K  A  P  Q  P  V  F  Y  N  K  P

CCAGgtga9t9c9cag9gcaggaatggtgggg9ggtg9tcctccac

gggtgccccctaaCCccatccccacagAGATCGACATCACGTCCTCCGACACGGACCCGCTGCCCGAGGAGGAGGACACCTTCCGGGCCCCCCTGTAGGCCCACCGCACCCTCCAGCCCC
E  I  D  I  T  C  W  D  T  D  P  L  P  E  E  E  E  S  F  G  G  G  L ★

CCCCGCCCCGGGGTGTGACCCCCCGTCGCCGGGGCCCCCTCCCCCCTCGGGCCCCCCAGGATGGGAGCCCGGGCGCCCCCCCCCCAGCACCCC

Fig。9. Nucleotide sequence of the drebrin genoHlic clone,eDcg5,The E)NA sequences of exons a to m are shown, along with some of their

flanking sequences.The deduced anlino acid sequences show below the nucleotide sequences ofthe exons.
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latcd(Fig.8).Thc relativc clcavagc sites for two re―

s t r i c t i o n  c n z y m e s ( r f l i″d H I  a n d  βαt t H I ) w e r e  c o n s i s―

tcnt 、vith the results of gcnonlic Southcrn blotting.

DNA fragments carrying cxons werc dctected by hy―

bridization with a 5′Fむ″I fragmcnt or a 3′FなrI一どcθ RI

fragmcnt of Dcw17(Fig.2).Thc Hこ れdHI fragment

(11.2 kb)hybridized with the 3′ FむrI一どcθRI fragment,

but not the 5′ F,srl fragmcnt. Thc β α′?2 HI fragment

(5。6 kb)hybridizcd with both fragmcnts,suggcsting that

it carrics rnost of thc cxons for drcbrins. Thus, thc

sequence of thc 5′ 』αtt H【I fragment was partially dc―

terrnined and thc exact location of the exons was

confirrncd through comparison with the cE)NA se―

qucnccs.

「『he eDcg5 inscrt started frorn the Sα 冴3AI sitc in

Dcw17(at position 236)and carried the rerlaining

cxons. The dctcrrnincd nucleotide scqucncc of the

cxons and their flanking rcgions arc shown in Fig. 9,

、vhich covcred the sequencc froHl position 236 in Dcw17

to l,680 in Dcb21. Within this reglon, all the exons

wcrc flanked by appropriatc splicc sitcs23‐30 and thc

drcbrin gene consistcd of at icast 13 cxons,named a to

m, Strikingly, thc scqucnces of insl and 2 wcrc inde―

pendently encoded in the individual exons, i and j,

rcspcctively, separated froni the neighboring cxons by

the insertion of rclativcly long introns,Since Southcrn

blot data and thc structure of thc gcnonlic clone re―

portcd here are consistent 、vith there being a single

drcbrin gcnc in thc chickcn gcnomc, the mechanism

for gcncrating thrce drcbrin HlRNAs fronl thc singlc

drcbrin gene should bc according to a coHllnon lnccha―

nisnl for an alternativc splicing that is the inclusion or

exclusion of individual exonsl. Thc scqucnces 5′  up―

strcarn and 3′downstreanl from the ins2 cxon rcscmble

conscnsus sites for intron acccptor and donor,rcspcc―

tively 23. TheSe splicc junctions should be used for

inclusion of ins2 only in thc drcbrin A nlRNA. SiFni―

larly,altcrnativc usc of the splice acceptor and donor

in thc boundaries of thc insl cxon should rcsult in

incluslon and exclusion ofinsl in the drebrin E2 and A

m R N A s  a n d  t h c  d r c b r i n  E l  m R N A , r e s p e c t i v e l y .

脅純ノθ材′α湾冴wα r筋′/gg冴筋rrθ″ザ ジ ,c,れgざJ″ビざ挽 筋 θれ

ザ rんで冴″bガ″gβ″β

Although drcbrin FnRNAs were detccted by North―

crn blotting with cithcr insl or ins2 as a probe(data

not shown),thc three drebrin mRNAs were indistin―

guishablc due to the lirnitation of resolution.To esti…

mate the expression of each drebrin HlRNA in the

various tissucs during dcvclopmcnt,wc detcctcd cach

drebrin transcript by ribonuclcasc protection assay us―

ing the antisense―stranded cRNA probe of a 680-bp

Иどαl fragmcnt of Dcb21(Fig.2).As shown in Fig。 10,

three protected bands corrcsponding to drebrin El,E2

and A wcrc dctcctcd(337,466 and 680 bascs in lcngth,

rcspcctivcly). The prOtected bands corrcsponding to

the drebrin El and E2 rnRNAs、 vere detected in the

whole body of thc 5-day chick embryo.The expresslon

level of drcbrin El was slightly higher than that of

drcbrin E2. Thc protected band of thc drcbrin A

HlRNA was not dctected at this developmental stagc,

In thc ll―day chick embryo, drcbrin E2 rnRNA was

morc abundant than thc othcrs and distributcd in thc

varicty of the tissucs invcstigated,cxccpt for the liver.

The expression level of drcbrin El was relatively low at

this stage and the tissuc distribution of drebrin El

mRNA was similar to that of drebrin E2 mRNA.

Although the origins of thc protcctcd bands in thcsc

non―neural tissucs wcrc not idcntificd, it has bccn

sho、vn that cmbryonic drebrins also locahze within the

intestina1 longitudinal rnuscular iaycr and skclctal rnus―

clc in addition to the periphcrai ncrvc cclis32,suggest―

ing that embryonic drebrins are also cxprcsscd in thc

non―neuronal cells. In contrast to thc widespread dis―

tribution of embryonic drebrin rnRNAs,the protected

band corresponding to drcbrin A rnRNA was rcstrictcd

in the neural tissucs. In the postnata1 1-day chick,

A

drebrn El

drebr n E2

drebrin A

，灘

P1      /

゛ ぶ じ ざ

////

一 A

一 E2

- E l
| ‐騨 ! 1 縛

Fig. 10. Ribonucleasc protection assay for cach drebrin transcript.

Total RNAs were isolated from the whole body of the 5-day chick

embryo(E5W)and various tissues of the ll‐ day of chick embryo

(Ell)and postnata1 1-day chick(Pl).The protectcd fragmcnts corre―

sponding to drcbrin El,E2and A mRNAs(337,466 and 680 bases

in length, respectively)were detectcd in 10 μg of total RNAs. Thc

protccted fragments were elcctrophorcscd on a 3.5ワ ろ denaturing

acrylamidc gel and dctcctcd by autoradiography(A).The intensity of

the protected bands was quantified using a image analyzer(B).Cx,

ccrcbral cortex; C)t, optic tectunl; Cbl, ccrebellum; Sm, skelctal

musclc;Hrt,heart;Int,intestine;Lv,livcr;Kdn,kidncy.
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Fig.10(cθ れ,ヵ″で″).

thrcc drebrin HlRNAs wcrc dctectcd alrnost solely in

the neural tissues,although drebrin E2 HlRNA is still

detectable in the kidney.In the cortex,the expresslon

levels of drebrin E2 and A were alrnost even and that

of drebrin El was considerably low.The amounts of

the protccted bands corrclatcd wcll with the amounts

of proteins31 and ilnmunoreactivity32, suggesting that

changcs in thc amounts of drcbrins are mainly regu―

lated at the levels of their rnRNAs,The level of drebrin

A InRNA in the cerebellum was slightly low,as corlll―

111

pared with that in the cortcx and optic tectum. Thc

ratio of the intensity was l,0:7.8:4.0(cerebellum:

cerebral cortex:optic tectuHl).On the Other hand,con―

siderable amounts of drcbrin El and E2 1nRNAs still

remain in the cerebellunl,at ratios of l.0:3.5:1.5 and

l.0:2.7:1.5, respectively. Thcsc results coincide with

the fact that the Hligration,the growth of the dendrites

and the forlnation of synapscs continuc in the l― day

postnatal cerebelluHl14.

DISCUSSION

Wc isolatcd part of a novcl cE)NA clone that was

d i s t i n c t  f r o m  t h e  t w o  c D N A s  f o r  t h e  e m b r y o n i c  d r e b r i n s

prevlously reported. Thc nuclcotidc sequence of this

cE)NA was entirely identical to that of drebrin E2

except for thc internal 138-bp insertion, designated

ins2.The transiation product of thc transcript contain―

ing the full―length coding region showed the same

molecular weight as chicken drebrin A, estilnated by

SDS一 PAGE. Moreover, the developmcntal change in

the amount of the rnRNA containing both insl and 2

and its distribution analyzed by the ribonuclease pro―

tection assay is consistent with that of drcbrin A dc―

tected by two― diIIlensional gel electrophoresis31 and

inllnunoblotting32.Therefore,this novcl drebrin cE)NA

containing the two insertion sequences, insl and ins2,

should correspond to the lnRNA encoding the remain―

der of the isoforms,drcbrin A.

IHllnunoblots have shown that drebrins arc classified

into three forms in the chicken32.NIt。lecular cloning of

three types of drebrin cDNAs indicated that the het―

erogeneity of chickcn drcbrins can bc explained by

insertion or deletion of thc two scquences,insl and 2,

that is, drebrin El HlRNA cxcludes both insl and 2,

drebrin E2 nlRNA includes insl, but not ins2, and

drebrin A HlRNA includes both these insertion se―

quences.In mammals,two isoforms(E and A)of

drebrins have been detected using a monoclonal anti―

body to chicken drebrins, We rcccntly isolated and

characterized the adult form of drebrins from a rat

hippocampal cE》 NA library36. sinCc thc scquence of

ins2 was well consetlved between chicken and rat,it is

proposed that this insertion also results in the hetero―

gcncity in rat drcbrins.We havc no cvidence support―

ing further insertional sequences in chicken drebrins.

Only a singlc product was amplified by PCR fronl thc

total cE)NAs of the chick brain between the oligonu‐

cleotide prilners, UPl and DP5, suggcsting that no

additional sequence is inserted or dcleted at least in

this rcgion.
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なりしκ初ざ

One of charactcristics of drebrins is that their ex―

pression is rcgulatcd developmcntally. ]巳ach of three

drebrin isoforms shows unique changes in expresslon

during neuronal diffcrentiation32. Drebrin El appears

in postmitotic and prernigratory cells.Drebrin E2 re―

placcs drcbrin El in rnigratory cclls, Drebrin A accu―

mulates in postinigratory,mature neurons. Thcsc ob=

scrvations give rise to the notion that the three drebrin

isoforms have different rolcs.Thc cellular and subcel‐

lular distribution of the three isoforlns also support

this hypothcsis.

Each drebrin isoform shows significant differences

in its tissuc distribution. IHllnunoblots32 and the ri―

bonuclease protection assay reportcd here revealed

that cmbryonic drebrins wcrc widcly distributed in a

variety of tissues except for the liver at certain develop‐

mental stagcs,whcreas drebrin A was detected only in

the neural tissues at the latter stage. These obselva―

tions suggest that cmbryonic drebrins also have other

roles in non―neuronal cells, whereas the function of

drebrin A seems to be restricted to the neural tissues.

Thc subcellular localization also varics among

drebrins. We prevlously reported changes in their io―

calization in the cerebcllar granule cclls during differ―

entiation32,35. First, drebrin El distributes uniforHlly

within thc ccli somata of postinitotic, prenligratory

granule cclls,thcn drebrin E2 accumulates in the grow―

ing dendrites of rnigratory and postl■lgratory cells and

finally,drebrin A localizes in the postsynaptic sitcs of

the granulc cell dendrites. It has been shown that

drcbrin A is concentratcd on thc submembranous re―

gion in the ncurons33 and fibroblasts transfected with

the drebrin A exprcssion plasHlid36, dcspitc bcing hy―

drophilic, showcd typical characteristics of a cytosol

protcin. Thesc obselvations suggest that drebrin A

intcracts with the plasrna membrane directly,or indi―

rcctly through binding with a lnembrane or a submern―

braneous protcin. Considcring its effect on the trans―

fected fibroblasts36, it is rcasonablc to suppose that

drcbrin A is concentratcd on the inncr surface of the

cell membrane where it is then involved in control of

thc ccli shapc. The interaction of submembraneous

protcins and Hlicrofilaments is thought to be important

for thc control of cellular morphogcnesis2. The mor―

phological diversity of thc ncurons and the plastic

changes in their processcs should be rcgulated by coHl―

plcx, 3-dirnensional ncいworks of thcsc protcins. Since

drebrins are colocalized with actin filaments in the

ncurons and neuroblast cells(Asada et al.,subHlitted),

drebrin A Hlight be one of key components of the

submembrancous nctworks.Precise biochenlical analy―

sis of the intcraction of drebrin A with the other

submembraneous components will be needed to con―

firm this hypothesis. Moreover, to understand the

molecular basis of differences in the subcellular local―

ization among the three isoforms,it would bc of intcr―

est in future investigations to use cultured cells trans―

fected with the expression plasrnid carrying the embry―

onic forrns and thc sitc―specific deletion mutants.

7を切 θttα′ α沌冴 wα r,α′ /2g″′αr夕冴 α′rビ/れαr,υで w″ cで ざルで

ざタルご″わ沌ザ れで冴め 筋 採″

In this study, we demonstratcd that three drebrin

HlRNAs were transcribed froHl a singlc drcbrin gcnc by

alternative splicing.The restriction profiles of the ge‐

noHlic clone,eDcg5,werc consistent with thc results of

genonlic Southern blots16.Therefore,the possibility of

the existence of an additional drebrin gene closely

related to this cione is considered unlikcly.

A large number of genes that express several re―

latcd, but structurally distinct mature HlRNAs have

been reportcdl.These alternative splice site selections

arc often suttect tO tiSsue―spccinc and/Or dcvelopmcn―

tal control. In some instances, functional differences

among the protein isoforms gcncratcd by thcsc mecha―

nislms have been also discussed. For example, the di―

versity in the N―CAM polypcptide structurc achicvcd

by alternative splicing correlates with distinct stages of

neuronal diffcrentiation26. N― CAM-140 and -120 are

expressed from thc time of neural tube formation,

whcreas N― CAM-180 is thc first to appcar on postl■ 1-

gratory cells. These threc N― CAM polypeptides havc

identical arnino―terrninal extracellular domains but

truncatcd carboxyl―terlninal domains,N…CAM-180 and

-140 are integral membrane proteins,whereas N―CAM―

120 is attachcd to the rnembrane via a GPI lipid anchor

and can be released spontaneously from the mern―

branell. The divcrsity of MAP2 is also generated by

alternative splicing in a developmcntal stage― specinc

manner24.The high-1■ olecular weight forFn Of MAP2 is

expressed in the dendrites, whcre its HlRNA is also

located. In contrast, thc low― molccular wcight forrn,

MAP2c,which is particularly abundant in thc dcvelop―

ing brain, lacks the cross― linking sidearrn domain and

dcndritic targeting signal. Therefore, the high―  and

low―molecular weight forims of MAP2 Hlight regulate

the stability of Hlicrotubulcs in a different manner.

Although the biological significance of the structures of

the drebrin isoforms raised by alternative splicing is

not yet undcrstood, thcir cxprcsslon and distribution

are strictly different. Thereforc, it is proposed that

alternative sphcing is irnportant for drebrins to play

appropriate roles suited to the various requirements of

ncural dcvclopmcnt.



Although the molccular rnechanisrns undcrlying thc

altcrnativc splicc sitc sclcction arc for the most part

unknown, thc cな ―activc clcmcnts rcquircd to dccidc

thc splicing pattcrn sccnl to cxist ncar thc splicc junc―

tion. Emeson et al.7 haVe demonstratcd that thc

tissucnspccific altcrnativc splicc sitc sclcction of thc

c a l c i t o n i n / c a l c i t O n i n  g c n c―rcl a t e d  p c p t i d c ( C G R P )

prirnary transcript was prirnarily rcgulatcd by cJs―activc

clcmcnt(s)ncar thc calcitonin― spccific 3′―splice junc―

tion. Thcy suggcstcd that tissuc― spccific rrαtts―acting

factor(s)may bind to the element(s)and inhibit thc

calcitonin splicc acccptor sitc in thc CGRP―producing

ccllso Sirnllar factor(s)cxprcsscd in a tissue―specific and

a stage―dependent rnanner rnay regulate the alternative

splice sitc sclcction of the drcbrin gcnc.Bccausc of its

stringent spatial and temporal regulation,thc drcbrin

gene should provide a useful rnodel systcnl for cxaHlin―

ing thc molccular rllcchanisrns of alternativc splicing.
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cal cytoskeleton,И湾′!ὶ.Rai C2〃 β,θた,7(1991)337-374.

3 Chomczynski, P, and Sacchi, N., Singlc― stcp mcthod of RNA

isolation by acid guanidiniuna thiocyanate―phenol‐chioroform ex‐

traction. /1,?α′ =,′θc/Pで,″., 162(1987)156-159.

4 Chau,P.Y,and Fasman‐ G.D,,Empirical prcdictions of protein

conformation,力 ′:′コと4.Ral β ,οcんで初.,47(1978)251-276.

5 Chow, M.ゃ  Ncwman, J.F.Eも , Fllman, D., Hogle, J,M,and

Rowiands,D.」 .,Myristylation of picornavirus capsid protein VP4

and its structural significancc,Narιィrで,327(1987)482-486.

6 Doen C.Q..Hiromi,Y.,Gehring,W,J.and Goodman,CtS.,Ex―

prcssion and ftlnction of the segmentation gcncヵrs力'rα″z[`
during 返ルos9βんF′α ncurogcncsis,Scrで″cで,239(1988)170-175.

7 Emeson, R=B., Hediran, F., Yeakley, J.M., Guise, J.W.and

Roscnfcld,M.G.,Altcrnativc production of calcitonin and CGRP

mRNA is rcgulated at the calcitonin‐ specific spHcc acccptor,

Nar"/で,341(1989)76-80,

8 Fuiita,S,C.and Obata,K.,Monocional antibodics dcmonstratc

regional spccificity in thc spinal funiculi of the chick embryo,

ハ姥ιど拘scF.R容 ,,1(1984)131-148.

9 Grand, R.J.A., Acylation of viral and cukaryotic protcins,

βfθcんで777.ユ,258(1989)625-638.

10 Harrclson,A.L.and Goodman,C.S.,Growth conc guidancc in

insectsi fasciclin II is a mcmbcr of thc inlinunoglobulin superfam―

ily,Scどで湾cで,242(1988)700-707.

1l Hemperly,J.J.,Edelman,G.M.and Cunningham,B.A.,cDNA

cioncs of thc neural ccll adhcslon molcculc(N― CAM)lacking a

mcmbranc― spaning region consistent with evidcncc for incmbrane

attachment via a phosphatidylinositol intcrrnediate, PrOご 。 Narた

ソ4cα冴. ScF. じSA,83(1986)9822-9826.

12 Huynh,T.V.,Young,R.A,and Davis,R.W,,Constructing and

screening cDNA libraries in ttgt10 and ttgtll,In D.M.Glover

113

(Ed.),Dハ ち4 Crθ′?丁"giス 炉ケαc″ごα′刀r享〃θαごん.IRL Press.Oxttrd、

1985,pp.49-78.

13 1mamura,K.,Shirao,T., Mori,K.and Obata, K.,Changcs of

drcbrin cxprcssion in thc visual cortex of thc cat during dcvclop―

mcnt,7 キヽβιどみθsが.Rビs.,13(1992)33-41

14 Jacobson, M., Dで とヽビlop′??ビ′2rα′ NcLr′θbFθ′θ糾 ‐ 3rd cdn。 , Plcnum.

New York,1991,pp.430-441.

15 」csscll, T.M., Adhesion molcculcs and thc hicrarchy of neural

dcvclopmcnt. Nc″ ′̀θ′2, 1(1988)3-13.

16 Koiima, N., Kato, Y., Shirao,T,and Obata, K.. Nucleotide

scqucnccs of two cmbryonic drcbrins.dcvclopmcntaHy rcgulatcd

brain protcins,and dcvclopmental changc in thcir rllRNAs、 紙o′.

β′切′77Rビs。‐4(1988)207-215.

17 Kytc,J.and Doolittlc,R.F.,A simplc mcthod for displaying thc

hydropathic character of a protcin‐  ユ Moム  β′θ′.. 157 (1982)

105-132.

1 8  L a e m m l i ‐U・K . , C l c a v a g c  o f  s t r u c t u r a l  p r o t e i n s  d u r i n g  t h e  a s s c m ―

bly ofthc hcad of bactcriophage T4.Nrrr[r′で.227(1970)680-685,

19 Lendahl,U.,Zimmcrman,L.B.and McKay,D,G.,CNS stem cclls

express a new class of intcrmcdiatc filamcnt protein, Cで 〃、 60

(1990)585-595。

20 Maekawa, S, and Sakai, H., Isolation of l10K actin binding

protcin froHl maHllnalian brain and its i「lnlunocytochcmica1 lo―

calization within culturcd ccHs‐EIp.Cで ′′沢でs‐178(1988)127-142.

21 Martcnson, R.E., Possible hydrophobic rcgion in myclin basic

protcin consisting of an orthogonally packcd β ―ShCCt、 ユ 式t[r―

/θC77で′″。,46(1986)1612-1622.

22 McCaffe甲 ,C.A.and DcGcnnaro,L.J..Detcrmination and analy‐

sis of thc prirnary structure of thc ncrvc tcrHlinal spccific phos―

phoprotcin,synapsin l. ど んイDOユ ,5(1986)3167-3173

23 Mount,S.M.コ A cataloguc of splicc junction scqucnccs,純r` ,々 ()

刀ごFtt Rビs.・10(1982)459-472.

24 Papandrikopoulou,A.,Doll,T..Tuckcr.R.P..C}arncr,CC.and

Matus,A.,Embryonic MAP2 1acks thc cross-linking sidcarm

sequences and dcndritic targeting signal of aduit MAP2. rlVr7r[r′で‐

340(1989)650-652.

25 Pcarson,R.B,,Woodgett,J.R。,Cohcn,P.and Kcmp‐ B.E.ゃSub―

stratc spccificity of a multifunctional calrnoduHn― depcndent pro―

tein kinasc,ユ β,θた C/7で777.‐260(1985)14471-14476.

26 Pollcrbcrg,G.E.,Schachncr,M.and Davoust‐ J.,Surfacc mobili―

ties of two molecular wcight forms of thc ncural ccll adhcslon

molcculc NCAM are charactcristic of distinct diffcrcntiation

stage, Narrr′で,324(1986)462-465.

27 Proudfoot, N.」, and Bro、vnlee,(3.G., 3′‐Non‐coding region se―

quences in cukattotic mcsscngcr RNA, N住 ′[r′で, 263(1976)211-

214.

28 Sambrook,J.,Fritsch,E`F.and Maniatis,T。 ,紙 Gたにヽこr′αメCFry′?F′:浄

力 とαうο″rθ′7 Ma77ιイα′,2nd cdn.,Cold Spring Harbor Laborato甲

Press.New York,1989.

29 Sangcr,F.,Nicklcn,S,and Couison‐A.R.,DNA scqucncing with

chain terHlinating inhibitions, Pヵθご. ミQr′ フ4crrどt Sごf. じSA‐ 74

(1977)5463-5467.

30 Sharp,P.A.,Splicing of nlcsscngcr RNA prccursors,S(イ で,7(・ご.23S

(1987)766-771.

31 Shirao, T. and Obata, K., T、 vo acidic protcins associatcd 、vith

brain dcvclopment in chick cmbryo・  ユ ミt[rrθご/2ビ〃?`. 44(1985)

1210-1216.

32 Shiraon T`and Obata,K., lmmunochernical homology of 3 dcvcl―

opmcntally rcgulatcd brain proteins and thcir dcvclopmcntal

change in neuronal distribution, Dで [1. β′ηル7尺でs.,29(1986)233-

244.

33 Shirao,T.,Inoue,H.K..Kano,Y.and Obata.K。,Localization of

a dcvclopmcntally regulated neuron‐specific protein S54 in dcn‐

d r i t c s  a s  r c v c a l c d  b y  i m m u n o e l e c t r o n  m i c r o s c o p y , β′力が, 7尺l j S . 4 1 3

(1987)374-378.

34 Shirao,T.,Koiima,N.,Nabeta,Y.and Obata,K.,Two forms of

drcbrins, developmcntally rcgulatcd brain protcins. in rat, Prθご

ル′?.Иごα冴.65(Ser.B)(1989)169-172.

35 Shirao,T.,Kdima,N.,Terada,S.and Obata,K.,Expression of

three drebrin isoforms in thc dcvcloping ncrvous systcm, Nerr―

/θsc,.尺でs.,Suppl., 13(1990)S106-Slll.

36 Shirao,T.,Koiima,N.and Obata,Ks,Cloning of drcbrin A and



114

induction of neurite―like processes in drebrin‐transfected cells,         of protein kinase C, use of synthetic peptides corresponding to

Ne″万θ″ οrr,3(1992)109-112.                                       physiological sites as probes for substrate recognition requre‐

37 Towier,D.A.and Gordon,J.I.,The biology and enzymology of      ments,ど ″ぇユBttc力̀ れ,,161(1986)177-184.
eukaryotic protein acylation, ス ″″″.Rで υ.B泣 れで″.,57(1988)   40 Yamamoto,M.,Boyer,A.M.,Crandall,J.E.,Edwards,M.and

69-99.                                                            Tanaka,H.,Distribution of stage‐ specific neurite‐associated pro‐       !
38 Wilkinson, D.G., Bhatt, S., Cook, M., Boncinelli, E. and         teins in the developing murine nervous system recognized by a       ― ・

Krumlaui R,,Segmental expresslom of HOX‐2 homeobox‐con‐     monoclonal antibody,ユ ミ弱 rosc,,6(1986)3576-3594,

taining genes in the developing mouse hindbrain, A脇 ど冴万夕, 341     41 Yanisch‐ Perron, C., Viera, J. and Nessing, J., Improved M13

(1989)405-409.                                                  phage cloning vectors and host strainsi nucleotide sequences of

39 Woodgett,J.R。,Gould,K.L.and Hunter,T.,Substrate specificity     the M13mp18 and pUC19 vectors,Cc″で,33(1985)103-119.       ・


