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K> %S> bonbyxin & H A4 2 Bombyx mori o 4 #KE D b M
BMT2mXh, TVUH Sania cynthia ricini DOBRBMEIIH U T,
TIVVYDERLEABERBE LEBERIIEIBEEEROANTF
KRLEYTH B, AFRTH_BHOFN Y EFLVEEF (A-
lE&UC—l)%,ﬁ%:ﬁ&%54759—&0$%b%®%
ErhEL, BHMOfVvaYrEREFLHELRL CHhSZE
HOKLYEXFY VEBEEFLITRFTREMULEZRBFHIEFEL, 7
7IY— (AZ773U—BXEFC77IVU—) 2HBELTWB. ¥
-, WFhoKYEF Y VEBRBEFBA VY2V VRAEFEEERS
BIXUZz0oa—F¥$a373I /BEFALAXVTHRAEEZD > TS,
Ky s o v REFLEVaA-FEhBIE Y EF > VHiRE (T1
FORYEFLY) ROFRALNES ST, Y7 FNTFE,
BEl, CRTFF, AMOHBAERSD, FLFuf>vayuris
CHUBRTHY, TYFERTFH—CR X VBERENHE > TS
0&7%Fmﬁ@ﬁgﬁ7sjﬁﬁw%%ﬁénrwé.:nem
CrheRVEFYYRAVVaAUVEREL, TOHAREFR
L 2RUDLTAIRALEOA VY a YU VEEFOLTHERA—-TH
2rEzohd LhL, 222l a2l
SaUVEEFLRRY, KYEF Y UVREBFRIEA PRV ERE
Eﬁf,thXéntﬁﬁ%@ﬁ@%ﬁiTwé.KVE$9V
D—REBEEDEE, I VYaY Y EHBETBEILRIDFEIR
ZokBEEIOGEIRBEAELLT, 1) AVYa Uy ERAMRORK
ROBEEBRT S, 2) Ay a2l oLl ¥ —EEPNEX
VP b= SN T27I / BEAXF I EF S TRED
4?919Vﬁ&7?F2K%<5&6,3)4&93U>u:i
KERRL, —HEFXETVAREKERTLOTWAEY, FrEx

-4-



SV RO BEKARBRTAEDOTI/ BBESRTITVDII LS
5, KyEFyovi—RAhEULTHEET S, OHEABDT END.
x5, KYE*ovyC773VY—HFHi, KFYEFTUATYH,
BoT77IVU—LELNSITEEBIHIE, RELIAKLEZDO2THLS.



2 . FF aa

¥ K B2 B B B% R U E > Prothoracicotropic hormone (P T TH)
i, EHOMIEETIHESWHBTAREH, MBKRCEBE,
2504 KRVEYTCHBIZIITY Y OEREHBERT (11,29).
TISYYRKROEREILHEL, RHORRPERBREEC
4. ¥4bs, PTTHRZIIVICYVVORRLBHEEZHEIT S L
wEbh, BEHOREXPEE*BL LA TERLTOEIRNVEYTH
5.

5 4 2 Bombyx mori MM, HA2BAHEOPTTH (£7F
® W=7, ##% 2K-PTTH) itmxT, ®FreExyy (47
EWAHET, WH AK-PTTH) BEFELTVWSE. FYEFTUE,
B4a (B4 aA8) BERHUTREBERECIRVY, Y7
2%#MOHTH BT YUY Sania cynthia ricini ORBMEITH L
CHMEE B E R O §EE %% (28,30,31,68). .

HoVEFPvit, TREHA, BZOORTFFHIVKEINT
DXL T—T, DFLRT7I/BEFORRESBROFFEREFE
5. REETR, Fry¥Fvro2—RBEEIR EF ¥ ~11
(51-53) 2 Ko E¥* oy —IV(44,5) iz 20T, £LHBS82—RKE
B KFrexrvy -1, —III, =V (35,51) KDWTHREERATL
5. ChofYEFSUNFR, FI/BLAVTA Y2 U VR
ﬁ%aﬁﬁﬁéﬁbTW6.é6K,A,B:Ow&ffFﬁﬁ4
VL aUVrABOTANT 4 FEATHERTE Y (53), avV¥
Aa— X —RE-BERIFR, FrE¥xs o rrald itk
BROZSKEELLIIELERLTOVE (D). KreEexyrroxV
BT A RREEEELLEN, AM2aERH T IEENER
REERBTHIN, (Y aV/ERVEYTHEIILHLSLEER
BREBEBHREHESDTVWILEEXLORD.
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BRIEUATIERRZEHNDEY, FUyEFY VREFORELZEAHR
-

1) RZFEFRPRTREBOSARVRIEF L UHBEOEE, B
FURF A EEEDV AR DO E— X —Z0BBEE2RELLD L
TEHEEEFHBRIFR, FUEFPv0FxReTRHARILVEERICH
ULTEERZHR:®2E5X 5.

2) LBFH, EYEHFTELELT, BEHYYIBIDLD
AV aVYROLFOBENRBRERTEY (40,42,70), T oBE
PRETDBILBA Va2V SFOEMEEXDLTEETDH 5.
Xbi, TOBER2LEMNRYOEHBYOAI P a U LHETD
CEREIVDFRBBLBRLEOBEKREBRII-DOHME 2HERHET
BB TESB,

2) B X hi-REFORF u—TL LUTOoERAR, FrEX
SUNEOLEDLRIEELABHALRIZDILEDLFRER
#®U s 3. ‘

3) RAFERHiw Xy, KUEFPUVRBEODOLIHNIILAELRD
BELODFRPOERDIILBRENRTVS(51-53), 2D BED
B, FUEFYUy2a2—F338Z2<0RBFOEERLDD
DO, ATS5AS VY TEEBEROEHIIIDZDDE, HBLIK, A
A20BEBOBEVIEZDDD, KUVEFSUVREFEHERET S
LTHODILTARILNTES, REZTRASGHRERY, 1V
YaUvH UL RBAVYYa Y rBPFE2—-FTI2RETFRY /A
WHla—h2at—-TH3B(66). LIS RBET 1Y
AV VBB FE2a—F3 3 REFRRSLKFETIROARRVA
R 23,

AWX TR, BVRBERZ-_BEHoF YEFL UvEET (A-1
BXUC—-1) oBRBLBEBIFZ>VTRSN, TR0y
AYVBITA VY aVURAFORBEFBBLOUBERIIOL
THRET 3.



3 . ®AE 2 IGER

3—-1 FYIRILAFESu—-7

HoEFsry-11073 7BEHAGDEDEE, ZBEOEMK
AVIdRILAFETO—-T2EHELE (H1). Fu—-7AR,
ABDONE» SIZEEDAsp 5208 B DCysE T 1TEHDT7 I/ B
W T AR51EELGRBFVIRILEFIFRT, A1 aEEI N
JEIWKGHNTELHLELEDLRTVWEI2F U 2EHBULTERL
HbDTH3. 7o—7BiE, BHONEHIGEEHDThrd 6 24FH
DCIUETO ITHEO7I/ BIENTR5EE»SRZFVIRIL

*F KT, ¥a»¥ay Nz (Drosophila melanogaster)® 2 K
FHEBEUDNER2EZILAEBRLE-DHDTH 3.

3-2 HIANGA4T5VU—DKR

B4 aDNA ($% X #70; HRIBEBENK) % SaudAITHHHAL
L, ¥10-23¥ 0 EEHNDODNAKAH%2EB5. CODNAKA%2 v
VEBHRTFNVNAUTZAAZ7E—ETCHRY U BEAEL R, LEM
BL DNA(24)% BanHIX EcoRIT5Z2#Ib U4 U 7z BanHI7 — &
WTADNAVY A —E¥THELEL, in vitro Ny r— IV I RIE%ET
ot BFEOMEULEMBIBTI7—UhoR3F I A5147
S5U—NEsh .

3-8 RUyE¥EFPUyREFORE

HoERS Uy A-77IV—REEBEFORRBICE, 12570 —-r &K
VB35 7 ADNASA7S5U—kHL, £3 [r—2%P] ATP
PTARURILFAFEFF—Fin &y ’Kggx 5Lz o—
TATC, T5—INATUHA¥—YarvE@BREDAIY—=
YRG0k, FVIRILAFFSu -7 (FOo—-TABLTE
B) Y DONATUHAE—SarBLrUTHVOEHR, Lathed X
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(41):
T =94-(84/L)-1.2(100-H)
T: 2 SSCFTCOI7ANE—DHEVDRE
L: 7u—708% (BE¥)
H: 7Ju—7HHODNA DR EO I — (%)
7-#¥L, SSC: 0.154 Nacl, 0.015M Na-citrate.
2w, L=51, H=78 2ULT, T=52 %2¥.

NATY XL ¥—>arit, 8X SSC, 10X Denhardt(Denhardt
£ 0.02¢ v MmMEFNS I, 0.02% Ficoll, 0.02% polyvinyl-
pyrrolidone) , 1% SDS, 0.5mg/nl Bt RNA, lpmol/nl 7
O—7DNA*GOA®EY, 520CT20MIT 2>, gk, 52°
CT, 6X SSC, 0.1$ SDSTT 28M, &4WvW7T, 2X SSC,
0.1 SDS £#4TTNMITRD:. WERAZV—VEAVES
— b STFTST 4 - kY, BHOT T —VEEELE A7V
—:V&'ii%*@%@b‘é&é%ﬁﬁi¢77—:‘2’1‘)‘?%6216&‘(‘/}‘
%< & b3EMYIEL L. o '

Ky U%vyC-7 73U —REFORBEKE, ABb204 (
KYEFSYC-773V—BEFOIU—HHAREELcDNA
yo—y: 18K) #70—7 L LUTHY, 12F70—-Y&XVKD
¥)ADNASATSU—RHLT, A2 Y- TE2T5—-7 N
A TYHA¥—variEAd)iivizhol.

NATYX4¥—>avik, 6X SSC, 10X Denhardt, 1% SD
S, 10% Dextran sulfate, 0.25mg/mnl ¥ ¥ ¥ FDNAHT, S~
XAAFHRILAFEE [@—32P]1 dCTPTSXL (21
Fa—7 ¥, 65°CT 200 RIGEH., &g, 65°CT, 2X
SSsc, 0.1 SDS T T 28, 5l&&kx, 0.2X SSC, 0.1%
SDSFTT30AMiITR>. AVIRXILIXF KFao—7it&kd
AP YU—=V SRR, F—FS3TFSS5T7 40D, HHO
Ty —URBELE. AJ Y-SV TR —DBEEPS6RDLT T —
CHREBESRBIETARZLLEDIEEIEL L.
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3-4 KrEFy Uy REFORBN
AUEIRILAFESO—TARBOTORI Y=V TILED
meohi-ro—r6@ (L4K101, 24K105, 24K10
7, 24K108, 24K111, 24K112) ©o>%, 24K
108224K111%2B<4Ep s u—ix, Yo—-—7BrHL
THBETH-7- (H2). Chesd4forn—randsb, KUY
¥LVEEFE 12V —FOL4K112IKLEVEFTRTROR.
Fu—7A, BoFhid L TsBED HindlIIKR (W1 F0
EEY) 2 plcRI -1y T ra—-=r7L, =FVYRIL
¥ —III 2EWT2S), WL2pDFL—varIa—XrL
EHEELE. choIa—XY 1 r2FEBL, EERFOREERZITR
i, BEERAREO X233 aiwrwlLi., £, THhH6Ia2—
X POV O»EDNAYO -7 UTHVE., BERFE, ¥
FAEYRILAFFHBOEHEAL, T-deaza—dGTP & [a-
3561 dCTP %2225 FHEUNITIVRELE. BERIAXTES
DY DB THREL . ' |

ABb204 70 —72HVWEAZU—=v XKD 5EDIH
—> (24K401, 24K402, 24K403, 24K405,
24K4086) $Bshi-. thero—rD>H, 24K403
W LIEYEBE AT o7, 70— RN LTBETHDIVL 22D
LIREEBE S pICRI 2 —H¥ T r7o—-=vL, E3bERL
B TEERMEPREL:. BEERFRELZEILOBELART
Eé.ﬁéhtﬁ%ﬁﬂﬁ,wfn%ﬁgﬁﬂ%ﬁv7bW:7(
DNASIS, HYY7Z7 b I 7)) IKLKVEHFLL

3-5 REFHOE LI FEER
—oDEETHOR I LAF FELYYoEEHER (K) BA

#(39)® 3 ST (three-substitution-type) it X VR& . T2

b, SEHEMUEHR (U-C, A-G) OoH5E:2P, EEERT
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Z# (U-A, C-G) o E*Q, BEEEHKRAELH (U-G, C
—-A) OHE%R2RET B L,

K =-(1/4)1n[(1-2P-2Q) (1-2P-2R) (1-2Q-2R)]
DRIZLVKDHEERD I-.

3-6 VR I AR IVAVRE £ A

RNAZ7AWVE— [#HRBEFY(A)RNAGrg)24-5465H
BHY(ADRNAQB3pg)2&EL-b0, ®E (BHEEBKXE) &
Yliw, [e—3%3P]l]dCTPT ThTh=ov 2?7 b3 AL—vY3
vUil-7a—7a (p4KGEM2O0;XM4 0K EEF505» 51045
FT%EY) £ 7o0—-7b (p4KHD34 ;M4 nEERT
1 5564F T2 &8) %, 508 formamide, 5X SSC, 1§ SDS,
10% Dextran sulfate, 0.3mg/ml ¥ ¥EFDNABBKEHT, 42°C
1I6BNA TU XA E¥E—-YarEdih, ik, 65°CT, 2XS SC,
0.1 SDS&#T2HM, HWT, 0.2 SSC, 0.1¥ SDS&#
FT0RMIT ok HMEAIJV—VERHY, = 557574
—it&y, YISFNERHELL.

3-17 YHFoNATYX A E—->ay

A4 ay ) ADNA%*BanHI F /- i EHindIIITHZEHMAL LR, 7
Ao—x¥w (0.73) BAKBGTHEL, S XY7 LYK,
0.4N NaOH TEEXHE/-(56). =v 2 b SV AL—Yarlik7/no
—7a (p4KGEM2O0) %, 6X SSC, 10X Denhardt, 1%
SDS, 10% Dextran sulfate, 0.3mg/nl ¥ ¥ ¥ FDNABHKH,
65°C 20BMANA T U XL E—Sav sk, BV, /—FIn
AT7IVHAE—-—>ar A —%GETTTRo27=. HBRAI V- %
A, 2= S TFTS374 &Y TFINVEREL .
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4 . &R

4 -1 KoEFSUVA-1BREFORE

FVIARILAFEFO—-TA, BOWTHhIIHULTHLBETDH
ZA4K112H%D HindlIIKH (1045 EX) 0B XRFA 2N
4wrUE(B2). TODNAKRHRIERE, FrExFy 0 AHEW7
I/JBBHEY, BHEB7I/JEBEER22I-FLDZD 2IBEEXN S
BBFA—T VYV —FA4 YT 7L PEELTVWE, =TV ~—
FA4YT 7L —hLDEHEKITE, CAT-box (GGCAATGT)H K T TATA-
box (TATATAARRIE X B A A, THEI I KU (A)m> 7 F v (AAT
ARA), 12 EN DEFE S (ATACAGTTTTIT; 568 K) HEELTH
D, TOA—FYV—F42F7L—slE DNARY XS —¥-II
REVEBEINRIIEEFELEXoh B,

AS207 S VREE, BHWB7I/ BELZ0>5, BHSEHO
FIOMBEArgERE KU EFLY 11073 JBEF (5D E—
FLik. RIFERHLS, FUEFSVRR—KEEORZZH
FREBSLKBEETI AL RERTWS., LI, BHSBEEHODOT
I/VBBERTREFNEUBEHERLTVI3ERTHS. Lol &h
5, COA—F oV —F4 T 7L—aBa—-FT3X7FFR,
KoEXFS Yy —I1IoNY7>beEX6RDB. COBETFR, 4-2
HIXVEFSVA-1REFORRALaE -] TRNIEIK,
BEOEMU-ERORBEFR LI —DOT77IV—%2BALT
wWasZlhb, HYEFYUA-1 (A-773V—01EBOR)
*&EMFT. HoERFP Y —IIBE N D pyroglutamatedd, iR
BOBHITEVGInkY EEREhIEE X 50 B(7D).

BREASML 22— FUS 3EERALN, -5, -10, -1SEEL
TW3, YV FNWRFPFFFO—BEURBB(DB LT arv¥aun
TOHRHEABNORERA(13)92 5, Het -19 FEREBEKLFH
Xbh3d. BELAZHOMIZE, 573 VBBEOXRTFF (C

’
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RFPFE) BAEL, CRIFFOTmEIE EEET S/ BRBEX(
Lys-Arg) TR ERTW3., COBEE7I JBBENR, MY S
SUBIVERFFA—CERIBYHFERSLEE X 5 (14), 4
YvalUvd CRIFETCHREZHRTVWEI). Tl e, K
VEFSUA-1D AvaV Y iARTERROBNERT(S,
10), 7LAORYEXS YA BCRTF ERREXHRT, A,BY
PERIBRBREVEFOURESRENRBILERBLTVS (X
5) . |
EVE#yyA—lﬁm,AﬁkﬁwrﬁmnF>C7yﬂ—;
TAG) A® b, {2V YBREWF (IGF) -1, —1I(5,34)
LEWDARTF ERERTFEEI—FKLTORY, 7L
E¥v v REFOBRI, SWhs, YFFVXFFFK, B#H, C
RPFER, ABLa—F$3Hb0THY, 1>ayyiREFW)
LEEALTHB. HEL, BEETRERGRETATOS VY
AU VEERFN, A2 1EM AP0V EFO>TVIDOR
HU(66), Y EFSYA- 1BEFRIRA Y MO REEL RO,
¥, KYUS LY A- 1 BBRFOREHAROTMHEMNEL R, &5
EmEREOE DI, 6&EEN (TTCTIC) D K EEF HHEL T 5.
X5, SWORERAOEMI, FU(A)RAOBELEXLGH
SERABBEEL T (NAHKE) . CThdoI iy, FYE
FOUUA-1REFRIOL AR -BREFCHELAERBLT
w3 (32, 33).

4 - 2 WoEFY U A-1REFORFELaE—K
HUyEFS U RIM2DOBMIIBEET 4 M OBBELBMBETOL
bh, FIIBEEBTHBEPIIEREEXAS(48), FUEFS A~
1REF2 70— U TRETRLZESEYEIM aRFEEE
TE3h, J—HFoNLATYH4E¥—Yavickv#<ik (K6 a,
b). KUVEFLUVA-1REFLIVERR (/a2 —-F1Y7H
B) 2 u—-72UEEEE, HSRBEFYV(AIRNA, 4-5%%
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HE AU (ARNADOTRIZE SV F U BBRETE RO, A-
lBERFOA—FA Y IHEBE T —T L LEEEE, R #H600
BEOEINHYTI2mRNAXBRE TS, COEXE, A-1
BREFELIVEBEEINRDZITHAI > MRNAOE I XL —F%L T 3,
R UEF Y VA-1EBEFE2 T o —-JICAWVEY Y INA T U X
{¥—varsiihor (B6c). HindlIITHLLE B4 2
JADNATH, #1lFodrs200F0BEEN T THEEU LD Y
FrRPIWVBBRETE3. LErd, WlFooyrlrivik, KrEexy
YA-1EBEFE22—-FLTEY, YIFIPVoBIRIREFSD U
A-1EREBEFlat—itfHYs3. Colehd, A-1REBEFT
BUETHRL2EETF, TROBA-IJ7F7IV—EREFR, ha4ay)
AHEZ, 10a—UE EELTWBEEXONSD., £/, BanHIT
HIELZDNATH, H10Fohrs30FoE EHEHKIIIAD Y Y
%wﬁ&&?%b.?&bﬁ;ﬁyE#yyA—77su;ﬁ&%
R, A4 a5 ) a3 4K REFELZ2REERL TR H#ETE
5. KoEF U A-773Y—LURHERBZHNOFEIEFL LT Y
SU—THBB-773IU—0REFS, HAIF ) AHISRL
EHIa—FET B LB RER TS (38).

4 -3 KoEFSUC-1EBTFOBE
ABb204o0—-7 M LTBETHZL24KL03HKD
HindIII/KpnIM iy (456 E M) oL ERFAER7icRmLE. o
BMAHRBEETILIEENIGRD A—-TS Y —-F4 T 7L —
Ak, FUEFPUVA-18REF, BLTEB77 I U —KIEF(38)
EHDITVWEEERFNOHAER2DHDTWE Y, HoLIKED A
TFFEa—-FLTW3., L2d, COXFTF Ko7 BERAR,
REETCRK—RBBAODEHDHBLIR—BIREIO R EFS Y
-1, —1II, —III, —1IV, —V(34,44,51-53)vwFhEH—HL ik
W, Ldb, CORBFLA/IF ) ANV ERBEHET S (B
M) s, COREFERIYEFLYC-18EF (C-77
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IV—D1BEHOE) &0k, FEFL U C-1DB#ENE
D Glnlk, FrEFLUA-1ELALEKSI, HRROBHBIZKDY
pyroglutanateR X h 3 Ex 6h 3. £, KorE¥xv o C
—1%a—FF3F—-F2V—F4YY7L—-—DFTHBERLR, X
U(AYImS 7 7V (AATAAAN) B E T 3.
BRMEASMaEa—-FU>2EERAM, -7, -15, -10KEFEL
TWw3, YV FNWRTFFO—BBRBE(TD), BXT¥YavPavy
NTOBREABMCORERFN (1)1, KrEFTXA-1LH
B, Met -19 NEFRHEEALEZXSOhSD. BECHKLASNEKED
Micid, BELAHEXEU DT RLTI/BEREOCRTF FARAE
EL, CR7FFOomKER SEXE7IVBEEN (Lys-Arg) THK
ThTwd, COEEBETI JVEBENR, 1>v>alyryoCRY
FRTHBEEIRTVWSER). oo, FrExyrC-1%
A4 ay sy RHEVEFSVA-L1LARZEBRZOBH 2T,
FL7oR EFVUDORRHVF I EF S UPLELGREND T
LERBLTO 3. | . -
KUEFOUVC-1BEFREBVTH, ABIZENTT7UyN—E
FtafFripsd, Lol rExrsryC- 1 REFOBRE, 5
Whred YVFWVRFTFE, B#E, CRTF K, AETHYH, 1~
SayYrvEEFW, FUrEFLUVA-1REFLELKHEAUTH 3.
X5k, KyE¥FyyC-1EEFRKD, A-12HERK, 1>¥F
OYREEET, FrEFP Uy C- 1 REFOEEHBOBE RN
vy, BEEEREREIDION, FELTRHI»ZIXRERSA (5,
AATATT; 3’80, AATATAT) % BELTW3. THhH6DIER, ®¥
FFYrvC-1REFHT0LAEShEREFTCHD I E2REL
T3 (33).

4 -4 ey ryREFHOEEREFNOMRE

KoEFRS Uy A-1REF%2, x> yB77IV—EEF
D—o>DB-1&EF@BE, n—7oy PEFTKIVEEZRF %
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¥ UL~ (KM8a). A-1, B—1MT, B#, CRFSFF, A
HrrbBoTEERIOBVHEAESX#S6RB. LrL, HEEOE
&, BETHREHLEYELL 2L, X6, C-12A-1H, C
- 12B-1MTl, BETEERIAOHAZERD»ETVH 50T,
CR7FFELAHoRIz BoHA®ESH6HZ (I8b,c) . 1
VAU VERBFTR, AEBLIUBHTOHARIBYRETF
DENEBITILLBREETRTVDH(66), KoEFS VEREFM
T, W I a Y EREFTHY 256, BEEEFAR,
BETHRIEVREERTEST, CRIFFLAHIZIBEWT KK
REXHRTOVL S,

CoZrid, AHORBNILLKD, FrEFv vy EBEFHOR Y
LAF FEMY Y OHELHERE (R1) KEVWTHIXLKETHATY
3. ¥ bbb, KOEFSUA-1 B-1REFMOHEHERE
i, AS{, B, CRFFFitik, 0.5 HRTHB. ZhiHL,
A-12B-1M, B-12C-1MrEBVTH, Afl, CRF¥
FT,  TFhb0.508ThHbH, BHTRIMIZ 0.75, 1.02& f#2F
KELROTW3., COB#HIPIBC-1EEFLMOFEF
VURBTFLOEMAHEROKREER, BROSA Va2V VYERER
FOBHK BT ILLLHERE2, ASPSITCRTFFubiFd#
(BRI EBEL-EBOHLAZLLBER2>TVS (FEXxERLE
TEBOe s, Sy raVU HOEHER) . FrEFdy
C-1EEFBHETEEOEHRENEVWILE, A-1, B-10
BB LIUTA-1, B-1, C-1DAEECRTFFH HuBEHL
BEIS BREBNEOVDOREZNL, C-10BHRM77IUV—-DB
EBROHBOMEE LRI WIrOBRI-EDIL, BERENRE
Ko TWwWBrEXOGRB, O L, HYEFIXCT773IY
— BN, BRRBHEOBBIIBWT, oA, B77IVU—¢2
BrrodsH3 LrrBLTWS (5-2 H IFREEHhZREFY
VOZRBERUEERE) THER) . £R, KX C77
IU—OmRNAK, BroXEFPETRALTVIOEINL,
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ABXUB773IV—mRNAWR, 2B L RB3SHUBELI»RAR
Loy (JIEsRER) .

4 -5 HEFS U HOT7 I )BES DK

R ER YV BBEFIPSFHEREIAZ I LIToRIEFS DT
JBRAEREVEFSUVRREBRILOBOAELTI/ BESR, b
FLvraq4rvayy, EvEy L7 afrvayy, IGF
~I, =II, LT EMUSFLUVOT7IEBERFEEEL DR
MOTHhHB. AHIZIWT, KUEFYVAZ77IU—REB7 73
YU—LABE, C-1lEBA77IVY—¢48&E, B773IVU—£&5
BEIEVWYHASNE. BHEIEOP>VWTR, A, BE77IU—HMT
TIJBEFOMBEEN 61 THI0oHL, A, CH, B, CH
TREHFh 443, 6Lk, BETLZE, BY, B, BIS,
BUDABEDY, A, B77IV-—ATR TEXREFETRTL I
HbHETC - 1 TRIRTEREIRTVWBILTHS. TOKERR
BEEBRALANXNVTOERELAULL, C77IY—HHA, B773V
— LGP BOREIN—-TEET BRI E2EMT TS,

Y27

!

4 -6 KoUEFO A v vaY v EREFHOEERIIRT
TI/)BEFOLER

KYEFPUA, B, CEIZV7IV—REBEFORKRLLT, A-
1, B—-1, C-1&&EF%, erh4>r>vay>y cDNAM@)L,
N—Fay FEFIKEY, EERFAEEELE (H10). A-1
Y{rvayryM, B-1lA4v>vayrsi, C-1l&4r¥ay
YHOWTAhAIZBOVTY, AHO—HERVWT, EEEFOHR®E
HEW. CcoZled2s, FrEF YA YaUEALDS Y
2UVEIEBLENS, HAEBEEE2EZHDTHY, Mo w—
TUEBET D IELEXO6RD.

UL, AL TR, RorE¥FP Uy &E773 021V
UM THENEERFABEEZIRTWEII LIS, BEHBHLL
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HERArEERRHAEELL TR EHESND.
EERAAEENBEIR TV IAHRDVT, FrExrre
ErA YL a YU VERFFFHMT7 I BEREFIOMREL2ESI®RT
RLULIEEOBER2TH D, EoEFSVR7IVEBLAMVESWTD
£ aY vERTFRLEVHBEEZRL TY . AHIET D
@ﬁ,EF%V&JUV&EFIGF—I(&M@ﬁ@ﬁﬁ,E%%
=L TWwBokHL, FYEFSYLIGF -1 HMTRESERL
 (A—-1, 603; B—1, 685%; C—1, 60%) % mLTWAI &
TH 5.
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5 . BEEidw

5-1 A aY BEELLTORYEXF Y ViREF

—EBEoONVEFCUVRIEF (A-1BKUTC-1) 2h 2
JAXVHEBL, EEREFAREEZEOEEREWT 2T, Cho
KoEFYUREFR, BHRTFEFRNVETEDICHBEZ R,
BBORESK-EBEFTHSE. WTHhoRYEFLVREFHA
YAV UVERBEFLEEREFABSICTIVBEFALAANVTHEE 2
HboTwd, KUYEFVUVREFRIV2-FEhBIFIEFY Y
FiBE (FL7olR EFSY) B, OThHNEL2SIERSY IS
WRTF X, B#, CR7FF, ABoER%2HH, 1>>ayv
LEZLFALT TSRV FRRFPF I -V IXVGRELEMNE ST
37IBEIDREIIL TS, EEREFAOHBE, BEEKOR
BFBR, ESREME2ITIBNOBENRELIS, HrEFd .
SHAY VAU VERET A LN RE AL (H11). CASE -
2i, BEHOMGNVECTHBEIHR EFS N, BHIYOBILE
FIWEYTHDIA Y2y eHBEBOHLEERDODILEZHMITRL

T 3.

5-2 FHEAIRIEFS VD2 RBES ICEHEBR

R EFOYUO—RBERXDHER, TCRIEESEHBTICEL=
REBEXBEXI R LAY Y2 Y e HBETHIILRLLXDVFREERSD
KUEFSUVDZRBEICEDILNIRE, BIXTEXTSFFHE
Y—BO—RBEISTFTHIAIBELLTROILED T o B,

5—-=2~-1 YV FrwRFF¥

SYFIWRTFFR, BREKDI2BBIRXTSTFF2hEE~EL
SYFNWEETE HW-607I VEBBEIORIENRSFFTH
3. YTV FNWRTFFRRT7I/VBEAOHEI»SG=Z=D2DF T FAA
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VBT BILRTESB(T4). —Di NE»SEBEOTIVE
BET, COYT KA VAL EHFRE2BCELT7I/ BEBEE (LysE)
BEERTVWS., RKO—2i, LRSEBELLEVW T2 LHIHE
DI/ BBEIPOLIBMAEZE7FI/BTHERERTH VR %2R E
L33 T KAXAUTHB. BBROYTFAA VK, CHRIEWSL
MEDOT7 I/ BEBENLOED, "YUy I ARBEEELID TI/HB
BE (Glyb L <iEPro) , ¥-RBHOBVWT I/ BEE (Glu%)
TRREATOVB YT RALATH B,

Fi, BReEOBHN (UK) 23R, Mk, Bz
Bl sr s> 73 /8B K& (Ala, Gly, Ser, Cys, Thr) % &
DT EBH R TN B(74).

FYEXS DY I FWRT+ KR, £E77IV—-MT7I/ &
BAN, S2Llys(A>>YaVrsEBILT, YT FNWVXTF KL
BEHOMNBILHEET 3LysoE), S8 Leu, S16 LeulASAREFETH
Toiy (B9). ¥/, AV YaYrEXTF ROV T F RS
FFRIEO2>WTHRABIL, EXSTFTYMT7I/ EEFIE, S3 Leuy,
S11 Leu, S12 Ala, S13 Leu, S 25 Ala, S16 Leuk BRWTHE
XEhToiRY., UL, AvYalYrERXRTFFROYITFRTF
FRE&BA, RYXEFCYOYTFNVRTFED, FI/EEFAD
HEZERZVWHDOD, VI FMRTFFOHODO—BREBEEFH:L
Twd, €6k, BREOEHN (YY) 2RTBULOT I/ EE
2 (K€% A—-1:Thr, B—1:Ala, C—1:Ala) HEKR
NEFEEHEZL TS,

5—-2-2 B#

KoEFYY, AYYaYVvERTFFOTNTOBHET, =K
BEOBRKEDOEERLRTBEHOTANT A FREEEXSTS
JEBBHEBT Cys, B19 Cys, ZRHEELK2E T B8 GlyBN{REFX
hAhTwad (H9). L~2L, RrEFP i1 ral &7y
JEBRADODERDZIVYTRKAAVBIBHREET 5.
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AvYa2ayY YT, BENKEMNEO7I  BBE (B1-B4) &,
A7 /) BBEAR Thr, A9 Ser, A10 Ile2dtiz, FAk#ED K
x4V&%ﬁb,ﬁ%*v:uv#ﬁwaa%&a&orwé(n
10). TOHTERXA VD P )BEHR, FrEFS 2Ly
AV VERTFFMTROABA, FUEFPUE77IV-ETH
RRoTW3, TOoZei, fi41vyavryraEldireExry
HLUTRIBLBROWTHBS Lk, £, FrEFS/ET7 73U —
KH U TRHRENLRRBOERPTRTHSSILE2RLTVS. 7t
TERA Y aUrREREXEYEFS Uy -IIERBULRZVWESER (5],
FOEBREIRL TV S,

42y B#EB12 Ser»5B22 Cysk D TOH T FAA U
B, 4A>a2ayYrRFOoORKEDEEBRT De -~V I X%k
B3 35(8,78). KYEFSVDIDYTEKRAA BT BET7IIH
A, 1vvay A, RAEIBL, RAEDOFAS V%
BELU, 1Y>aV BO0RROHEE IS >TWEEEFEXON D,

4>>ayY>B&B24 Phe, B25 Phe, B26 Tyr, B27.Thro¥
TEXAAL i}, Bls, AENEHLER, —EKE2BRIBIKES
EOWKBIE, X6, f1rvvayrB¥fArvayrbelar—-¢
BETAROESHMLR>TWB(7-9,46,55,76). 1 > > a2V
DEDHT FRA LB FB37IBEHNDOIGF -1, —1II ik
TA3HE (< iwB24 Phe, B26 Tyr) it&b, 41 r>¥aU A
viavrvlLeSE—r EETBOLLMEAT, IGF-1 &V
IGF-IlILES 32— HETHIILBRERTVWSEEBN. &
A8, KyEFSUER, CTOFTRAM BT BI7I/EBEFN
Avvalyy, IGFOVWTHEDHIRELBRRODTWVWS, DI
W, x4 rvayryeli—eEaLRY, Ti2b
L, KoEFS LS E—24 0 aYrlbe /2 —-LEELZD
RFTCHBILERBLTIWS, K, YauyvauynNzodr
Yayrvlte L r—@, #HEHRERLODOTWART X242y
EHET BN, IVHEMEHIRENISIIDLA Y a Y EXTSFE
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THHIREF Y (RrEFPr-11) LREELR2V(2D). X
G, TOHYTERXALA TR, RUEFYUVETHTI/BREFN
BERoTv3, §2HbBC—-1TR, {1v>valyridbiydlLte?
XS THSD B16, B2, T LTXDEHKMNET 5B,
BIOBSHR Y EFSVABXTB77IY—2LBRBILiREY (A,
B77IV—HMTRINSTI/EBREFARZELREIATVS),
RUYEFYUVABLIUBI77IV—2C77IV—XNTBH4D
Le 7 X —BEETITHRERDHZI L2 RBLTVS. RN
TFERHEMGR, TV VHBEBRABBEEELE—DOEHEL
FRUVERSUVORHE, BERERIOVT C77IVU—HNYT
ZRFRAEDHhOTORY,

ENEY MV REDYITSVEEDEL A2 Y TR, B10
DB HisHPEETD. COREERE HisBERSA a2V Y
BAEREKEBERT AR, HUNALERTILDEFRTRRTI/VBE
ETH3(7,10), FUrEFSUR_ESBPAEBIBRLREVESE
x6hseh b, A, B773Y— Bl0 RHEET SHisE =K
HEPAIN LB DL FREATVWE(35). FEXFSLC—-1TB
10 XPhePHFEET AL, TOFEEZENULTIHDTH S .

5-2-3 CAXRF+F

CR7F KR, AGLBHEIEEILKIKRRD=REEL, DERX
S IREEDZ-DODRTFEREEZSRTWSB(65). TDIDI,
AV aYrDCRTF R, BYULEILEHFEF>TWS (14
,15,65,68). X 6, BELFHEP TR, CR7FFOoPREC
B—-RUFE2BRTBCIyWEALEDHNH 5 (14, 15,66).
HEFOUE77IV—MOCRIFFo7IJBEANR, &
BEEBRE2EDILIKBEEFERTVWS (H9). #8773 U—0DC
RPFFREVREBR-=Z2REER2 LY, EHUOBBE2EITILEEX
bh3., Ldrl, FrEexvriqryaYyryrledsnT, CRY
FRrO7IBEFOHBEER 2. Tk, CRTFFH,
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ST FIWRFF KEA#BK, B2O07IBEINIVBEXERFR
YOBEZEXBETILABBRANLERELE X 6N D,

KyEFSUyOCRTF KR, BREOEBHERXITIZVWIGE -
I, —Il DCR7FFEREXBIC7I /) BEFINERY, IGF
BRI+ EFBRLEPOE, TROLDPERBROBHEFTLEESK
BREIreE, WO NWV—TILETZEEX SRS,

Ky EF L YyCRIFFROBBLEETIEEETI VEREBEY
iR, FoEFP VAo valVUVeABRMNITYVRIVERT
FH -k, BRZ20EH (CRITFFORE) BT D
T2 FHIED.

5—-2-4 A#
KUEFLUVETI77IV—TABEDORIFERERS. B773V—
WAV a2 eAULUTU7Z7IVRBRERE, A77IV—-RebUS3
¥LYULEAUTCWN7FIVEBESE, C77IV—RIUTIVEEEX
DRB. ChooBXDEE, B2 Cysk WV CEHEMOTI/VEBEE
DEEEET S (H9) . ,
HYyEF U A$IR, E773IV—MT, 7/ BEFAIXLKE
BXhTwad, KFUrEFSUAHLA VY Ya Y A#RZERNIEEE,
FIJBEAOHERER REEHLEDHDIL, B, 1r¥aly
VESRTFFBHLEARI, ZREEORKEOBRERKRTILD
DCANT 4 FESC*»E5ExD37I/BEE (A6 Cys, A7 Cys, A
11 Cys, A20 Cys), ZRBBEORR:*ET7I/ BEE (AlS
Leu, A19 Tyr) B, ¥ RTCDALA Y2 Y VEXTFFOMT RE
XRTWE. Lhl, P73/ BEANXEEIRTOROE T FAA
V(AB—AL0N BFELTWVWS, TOHFT KR4 VR, EEhENR
FED, AvvaUviomBhs, BENKHMLIIHAKED
KAAVERRL, BYEFSUEIRNTIRBOBRBBMUTHDI
Zx6h 3.
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5-3 Koy vyREFoy /2480 0a—¥

HE A Va2 UV EERBETFRY /AU VIHULKRI2E-FEL
TWw5(68). 2238, AfaF)rditRrExr s ViEETFH
AL HIC—FELTWVWS, oA AaTBTBI2Arval
VHESTFEA—FTBEREFOAC—KDEEE, HM2ABRED
HEBREREBWT, AZORYEXFLURBLBLTZRLOI»BHN
R, REOEEEWE IR, BHEHIREFBILEAIRE
FEHMEEEIFE [(Yavvaynzoayt yEEAF G 2Y]
Y, Bur oBEHEUEREBEF RS /2R OTE (A1 a0y
FURETGHRY] THRTIHEEHZ. Afa0oRrEFy
COBER, BETHALTVELEX S5H 3.

5-4 KoY VvBEBEFR IO AIREZEEFTHS
KU EF vV BBEFREMGYOA Va2V VHBRBEEFEVWLD
POETERZD TS, ¥, REFTCEHBEOREERLT AT
DALY aY v EREFY A —24barEFO>TY
20 L(68), KrvEFyryEEFRA POy 2HH>TLRN.
x5, KYEFLYUERBETFRR, BEXIRI3THEIHBOHR
i, CEEHD LHTEENORERFAFXFEL TS (H12).
X5, A77IV—EEFRE, FUV(ARFNOBERIALFE
LTw3, cho=-o0oalR, AF5AY Y 7%2%J3mRNA
PEEEXhRBUF JARBASRELEXS R B EASRE
BEF, BLLIR LraRY (530 oW (61,73)TH Y, i
yE%&Vﬁﬁ%ufmﬂXéntﬁﬁ%a%i6&5(MJ&
Lirl, KV EFYUA-1REFIZE, RNAKXKY XS5 —¥-II
TEHEXRISZFUE—F—, £k, RU(AYEMSY T FVEIFHE
bvfﬁbﬁﬁbﬁéﬁﬁ%t%ﬁéné.éét,ﬂy6%97
C—1REFD IUWLIOEERFNE BOcDNASATSY
—&Dﬁéutﬁn—y(XBb204)k%$k~ﬁ?éct#
5, C— lEEFHRMTRALTVWBLEXSRB(). 2D, F
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PR UVERETR BBLS> 370 AEhiREFEEXOND.
MEBL>2 70t A -RETR BHTREWORRTHY,
EEB%@E&E%KB%T%%@MM%(&wﬁ(LMJ&M&
ﬂ,ﬁoﬁﬁ@{yvauy—lﬁﬁ%u,7mtxénkﬁﬁ%
YEx 6N TW3B(63).

5-5 KreExFy vy EEFOEALL

BHEBWOL Va2l VERETFR, £F, BV SuFrT—¥
EETHS HEA V2V VREFESKUEAL & (14,66). K
—DDEEL Y Ya Y VY EEBEFHREEL, ThEhA¥al,
IGF -1, —II, USFYUREMALEZEEXGRTVS. ¥X,
LT, £ aVYreIGF-IIRIBRAKERLHATEEL,
IGF—1%, el IBRekrEEodsd NERGHELE
EL TWw3(86,12,71). v
SHMBLEHFHCEY, AIARWRATAT XAV a VYR
K RIETBHFOBERRERTVS (30,77). TOAAL LB
UéﬁyE#vym%@4yyauym%%@ﬁﬁé%ibbﬁa
a,4&&19yﬁﬁﬁ%tbrmﬁyexyyﬁﬁ%umwxﬁ
L ELobRB, ET, Kr¥Fvy, A ¥alUriiE
DHEBREFHAEEL, HAI Y a2V vEBFLHAR Y EFY
CHEBEFIAIRE. R, BEA YV Y VRETFERXTOEES
VL ayYvESFEI—KTAIRBF (CORBFEDRAA VY
QUVHELREETB) AL, HERVEFSVERETFRE
cnET7FIY—REF (CAPOREBEFEDEIRA Y2 VR
KrRELAEW) ~EL, SR EBEFOEEERT . COK,
KU P2y vEBRFTRE77IV—HORERFSPIIEESH
w3 (F12) ceds, HyEFyrEBEFHEET7 7 IV K
%mbtﬁufmt1$n,%bfﬁﬁ%@ﬁﬁ%ﬁﬁtﬁ%ﬁ
%b<ﬁ,ﬁyE%&yﬁﬁ%ﬂfmtxéﬁﬁf/A¢®iué
%%Kﬁ%éhk&t%77su—mﬁmb,%bfﬁ%%@gﬁ
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%%ﬁtﬂﬁ&@hfn#ﬁ,%@ﬁﬁ@ﬁﬁthf%iéna
ﬁvf#vyﬁﬁ?ﬁfntxénkﬁﬁ%t%iBnéﬁ,ﬁ
Ei?h%ﬁbtﬁﬁ%wmwe,ﬁﬁﬁ%mék%%ybmy%
%Oﬁﬁ%uﬁﬁmrh&w.:@Emtbf,tﬁﬁﬁﬁ%ﬁi
EFHMSgExhToRr AEEDEL, KyEF vy VBEFOELDOSE
EF,&mxﬁu:aﬁﬁ:Okﬁ%&%%iéné.ﬁﬁﬁ%ﬁ
ﬁ%nfjA#B%bnk,%b(ﬁ,fﬂtZKnkﬁ&%wﬁ
mﬁﬁﬁiwkb,ﬁﬁﬁ%aﬁﬁmﬂ@ﬁﬁﬁﬁ@<&b,%w
PO -7 CREREFL2RBTEIRVEOOEABETHS. O
PRETETVRVEERETY, RoRAYYa VU YREERIET
528F%2—FTB3REFTHIrDLARY,

5—6 IV SVAVE)R 3

TUBVERBOAL AT, $HHI-55OBK(69), H-BKH
()DL ETIHRY, FYEFS YRR BBRAMBESZL,
ﬁEﬁ%nkﬁﬁéﬁyg#&vwiﬁﬁﬁﬁ$ﬁféé.b#m
4vyayvroREE»S, AV aVYOEBEATH SO
@%ﬁk##bofwéﬂ%ﬁ@ﬁ#,ﬁ4uPTTHﬁ&ﬁ®E
HETHEbAZVWINORHL, KU EFTYYEAAIDORENT
w s EETECE (20, ¥, HoevxooHnh IGFE
» Bnry o BRREAOHE. (AT 60-65%) #HT B (X2)
crRYhe, KYEFUYRAM2OKRERE, LKHRED
BRIBOT EELRB/HMERLLTIVBEEXE6RD. —FH, 1
vy ayviE, YavsavnNTORRAREORRPHEREME DM
MEET L (19, 50, ¥/, AXAHO—H8 Agrius cinglulata
»FFh N HS5 Danaus plexippus DREAEHE LD MY yytVU K,
SYYRY K, BEBokEEETCE U7 FHASRTVS. <
hooorhb, AvvaUvEXRFFFE, RAORERET,
RBEG, ERAARHCEOEERREEEO TV EHETHE
Th .
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BB Y (10,42, TR EMEY U T, ¥ ¥alYERE
BET3HFTORER GEFHD U REDENFTEKIIRI R
Twd, 2, YawvavnRT TR, T4y aUVeER
?64>9:U>bt7&~ﬁﬁ&bun,%@ﬁﬁ%(cDNA)
D—EWpro—=vFExh(GYH, AL a7l X-&IE
FLEERFOHAERZE DI LERIERTVS., O &R, ¥
g SauNTRR, AVYa Y e BEANLBLEDTFOFERZT
w5, T UCERFE K6 (VARXT) ORRCHEETIRF
OHENSBHEBRILBCT VY2V YERXTF K (MIP) OF
EHXcDNAZS O—=Y itxb@ELD 6N (62). THE—ED
BERU, HEYUEEovaRLDETEAYa Y VERTF FER
Wey, SEHBY, BEHLEYEAHOTEKEFELEAENIERER
BEEHEHOTVWBREEXON S, Che4ralryEXRTFED
BElIUBBErHIRTBILE, - MEERRTF P
EVOBBPELLEERNRESEX, FL2HELZ2ELTIDOD
TH 5.
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c . B &E

AHREBHFTIDILDHEY, RACHEEZB D FEAWEEHR,
ROUREYEE_BEOERS, AEXHAEFHR, KRE=Z#H
BROVKBYEE—BEOERS, KRRRZEFHHEARBEEER,
BREEEL, AVIXRILFAFFI0-T 28R LTLKEED
ERAZRERZHREFUAESZHER, HEHESEL, 204
ERU-ONn-HBRFEARE, ARBFHETLBHLZT.
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x1: X LVAFFEMYYOELMER (K)

Chain or Peptide

Comparison A B C

bombyxin A-1 vs. B-1l 0.47 0.39 0.64
A-1 vs. C-1 0.40 0.75 0.54
B-1 vs. C-1 0.40 1.02 0.56

human insulin vs. rat insulin-I 0.07 0.20 0.44
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X2 AV aYVIYBERNTFFPFAERO7 X JEBBEMNOHBE 4

(%)
Bombyxin Insulin IGF-1I
A-1 B-1 C-1
A-1
Bombyxin B-1 80
C-1 80 80
Insulin 50 45 45
IGF-I 60 65 60 55
IGF-II 65 55 60 80

60
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Tu—-—70EEEFNERL TS,
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BEXREERERFAZRELI-AELEXERLTVWS. ¥/, REF
HWEIH @ CAT, TATA, AATAAA, S, B, C, AIJHIZ, CAT— box,
TATA-box, WU (A>T F N, YT FNVXXFSFFK, B#H, CR
TFF, AHEZRDL TV 3.

B 4
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primer extensionZEIL LV REETHh-(B)EEHHEBMNELDT.
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FHEXABRVEFIDVOESKARE
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B 6
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# KU(A)RNA(5pg). b) Fua—7bxHVE J—-¥Fndg
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B 8
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Probe A (5lmer, A-chain Probe)

4 20
H-D ECCULRPCS VDV LILSYC -0H

5'_ GACGAGUGCUGCCUCAGACCCUGCAGCGUCGACGUCCUCCUCAGCUACUGC -3

3'_ CTGCTCACGACGGAGTCTGGGACGTCGCAGCTGCAGGAGGAGTCGATGACG -5"'

Probe B (5lmer, 16 mixture, B-chain Probe)

8 24
H-T ¥ ¢C G R H L A R T L A D L C W E -0H

5'_ ACCUACUGCGGACGCCACCUGGCCCGCACCCUGGCCGACCUGUGCUGGGAG -3
C u u U

3'_ TGGATGACGCCTGCGGTGGACCGGGCGTGGGACCGGCTGGACACGACCCTC -5'
G A A A

48

Bombyxin-IT A-chain
mRNA

Probe A

Bombyxin-II B-chain

mRNA

Probe B
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123456
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=] 41

5'-AAGCTTGTGGAACCTCGCAACAAACGAGACCGTCTTAACCTAAGGCTTCAAAGAATGAT 59
TTCAACGTTGTAACCCGGTCACCACTTGAAACAAGCAGTTTCTCTATGGTAAAATTTTCC 119
ACTACCAATCTTTTGAAATGTTTCAAGCTATCAAAGCAATTGGACCACGCCATACTTTCA 179
CAAATAAATCATAAAACATGATTACTACAGCTCTGATGAAGTCATAAACGCTCGCTTCCA 239
GCCACGCGTGCATCGAGCGTTATGAACTGGTTCTAAGTTCACCACTGATACCGGATGATG 299
CTTACTTTGTCTCCTAGTTACTACCTACTACATAATGAAGATGACAAATATTTATAAATT 359
TTGCTAGGCGTTCAAAGTTAAAAGTTGCGTCAAGTAAATGTACAACATTTAATTCAGTTC 419

ATTGGTTAATTATTGGAACCTAGGCAATGTCATATAAATCACATGCCCATGTGTTATTAT 479

ATAAATATTCATTAACTAATCGTCCATATATAMAGGAAGGGTTGCTTAGCTTTCTTGACA 539
: EE X

::EACGTTTCATCTGTGGCATCAGCGAGACGTCCTCCGAAACACACTTTAGTCGCCAAAC 599

SIGNAL PEPTIDE
[-19 -10 i
MetLysIlelLeuLeuAlalleAlaLeuMetLeuSerThrValMetTrpValSerThrGln
ATGAAGATACTCCTTGCTATTGCATTAATGTTGTCAACAGTAATGTGGGTGTCAACACAA 659

B-CHAIN
10 20
GlnProGlnArgValHisThrTyrCysGlyArgHisLeuAlaArgThrLeuAlaAspLeu
CAGCCACAAAGAGTGCACACGTACTGCGGGCGTCACTTGGCTCGCACTCTGGCCGACCTG 719

C-PEPTIDE
| 30 40
CysTrpGluAlaGlyValAspLysArgSerGlyAlaGlnPheAlaSerTyrGlySerAla
TGCTGGGAAGCGGGCGTGGACAAGCGCAGCGGTGCTCAGTTCGCGAGCTACGGCTCCGLG 779

A-CHAIN
50 [ 60
TrpLeuMetProTyrSerGluGlyArgGlyLysArgGlylleValAspGluCysCysLeu
TGGCTGATGCCGTACTCGGAAGGACGCGGCAAACGAGGCATCGTGGATGAGTGCTGTCTC 839

70
ArgProCysSerValAspValLeuLeuSerTyrCys**®
AGACCCTGCAGCGTGGACGTGCTTCTGTCGTACTGTTAGACCATTCCTTTACCGAATGGT B899

TCGTTCTCAATACATTTGGAAATAAAAAACCGTAAATAATAATAAAAAGITTCTTAITTTC 959
— e e et e
CTGAACCACAATTGAAAGTGTTGACTGGAGATTTAGATACAGTTTTTTAGACATCATTTA 1019

GATGATTTTGATTGGCAAGCAAGCTT-3" 1045

a
—



52



=1 6

a) b) c)
12 1 2

23 kb

9.4
6.6
44

2.3

# — 0.6kb 5

d)

CAT TATA

— 4.5kb
— 3.8

— 2.5

w— 1.0

| {Prel B

probe a

probe b

AATAAA



5'—AAGCTTCCATATAAAATGAGAGACTTTCGCACGCTCGC
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e MetLysLeu
CATCCTGCCATCACAACGAGTAGCACGTGAGGAATCATCATGAAACTG

SIGNAL PEPTIDE

-10 )
ValMetLeuLeuValValValSerAlaMetLeuValLeuGlyGlyAla
GTCATGCTCCTTGTTGTCGTTTCTGCCATGCTCGTGTTAGGAGGAGCA

B-CHAIN
[ 10
GlnThrAlaSerGlnPheTyrCysGlyAspPheLeuAlaArgThrMet
CAAACAGCCAGCCAATTTTATTGTGGAGACTTTTTGGCGCGTACAATG

20 | 30
SerSerLeuCysTrpSerAspMetGlnLysArgSerGlySerGlnTyr
TCCAGCCTGTGTTGGTCGGACATGCAGAAACGAAGCGGATCCCAGTAC

C PEPTIDE
40
AlaGlyTyrGlyTrpProTrpLeuProProPheSerSerSerArgGly
GCGGGCTACGGCTGGCCGTGGCTGCCCCCCTTCTCCTCGTCTCGTGGG

A-CHAIN

50] 60
LysArgGlyIleValAspGluCysCysTyrArgProCysThrIleAsp
AAACGCGGTATTGTCGATGAGTGCTGCTACAGACCCTGCACAATAGAC

70 1
VallLeuMetSerTyrCysAspAsni#
GTTCTGATGTCATACTGCGATAACTAGTGCGGAAAACTCGACAATTTG

ACAATTTTCGTAAACGCCTGATTTATATTAAATAAATTATGTACTAAA

ATAATATATIGTTTTATTAATGGTACC-3"'
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transcription initiation polyadenylation

tagctTTCTTOACATTCacgtt —— /——— AATAAAaaaccgtaaataataataaaaag[TTCIT(ttttc
taactTTCTTOACATTCacatt ——/ /———AATAAAtagctgtaaataccaaaaagttg[TTCTTGtcttc
tagctTTCTTOACATTCacatt —— /———AATAAAtagctgtaaataacaaaaagttgTTCTTQtcttc
ttgctTACATCACATTCaaatc —— /———CATAAActgg —(70 bp)—atttgtaalTACATCAtcct
ttgctTACATCACATTCgaatc ——f /———AATAAActgg —(85 bp)—cctttttgTAC TCAttta
tcgcAATATIICACATCCtgcca —-/l—-AATAAAttatgtactaaaatm@ttttattactgg
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A genomic DNA encoding bombyxin, a 5kD brain peptide of the silkmoth Bombyx mori with prothoraci-
cotropic hormone activity, has been isolated. The nuclectide sequence coding for bombyxin shows high
homology with insulin-gene family members and the overall organization of the preprobombyxin gene is the
same as in preproinsulin genes, indicating that bombyxin shares a common ancestral molecule with
insulin-family peptides. The bombyxin gene has no intron contrasting to other members of insulin-gene

family.

Introduction

Prothoracicotropic hormone (PTTH), a brain
secretory peptide of the insect, stimulates the
prothoracic glands to synthesize and release
ecdysone, the steroid required for insect growth
and metamorphosis. The brain of the silkmoth
Bombyx mori produces, besides its own PTTH
(MW. ca. 22,000, previously termed 22K-PTTH, ref.
20), another smaller peptide bombyxin (MW. ca.
5,000, previously termed 4K-PTTH, refs. 20, 21, 30)
that shows the prothoracicotropic activity when
assayed with the saturniid moth Samia cynthia
ricini but not with Bombyx (19). Bombyxin com-
prises heterogeneous molecular species and each
molecule consists of nonidentical A- and B-chains.
Thus, the primary structure has been determined
completely for bombyxin-lls (34, 35) and -1V (35)
and partially for bombyxin-1, -lll, and -V (23, 33).
These molecular forms differ from one another by
only minor amino acid substitutions. These bom-
byxin molecules show considerable homology in
the amino acid sequence with insulin-family pep-
tides. The A- and B-chains of bombyxin have

! All correspondence should be addressed to Masafumi Iwami,
Biological Institute, Faculty of Science, Nagoya University,
Chikusa-ku, Nagoya 464-01, Japan.
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been proved to link with disulfide bonds in exactly
the same way as in insulin (35) and the insulin-like
tertiary structure of bombyxin has been predicted
by comprehensive computer analyses (23).

We have recently started to isolate and char-
acterize the gene coding for bombyxin. The use-
fulness of information on this line is obviously
manifold: elucidation of the gene structure may
give a deeper insight into evolution of insulin-family
peptides; gene expression and its regulation dur-
ing development may present a clue for finding the
function of bombyxin in Bombyx; the nature of
bombyxin microheterogeneity may be defined in
regard to whether due to racial or individual gene-
tic variation in Bombyx or due to multicopy genes
of bombyxin in the Bombyx genome. We report
here the cloning and characterization of a bombyx-
in gene from a Bombyx genomic library using
synthetic oligonucleotide probes. The results in-
dicate that the overall organization of the prepro-
bombyxin gene is to code for signal peptide/B-
chain/C-peptide/A-chain and the nucleotide se-
guence for A- and B-chains are highly conserved
compared to insulin-family genes, corroborating
the previous notion derived from peptide analyses
that the bombyxin belongs to the insulin family.



32 M. lwami et al.

Materials and Methods

DNA and RNA preparation High molecular
weight DNA was extracted from the silk gland of
Bombyx mori (Kinshu X Syowa) by SDS/CsCI
gradient method (48). RNA from the silk gland
(5th instar) and the larval brain (4-5th instar) of
Bombyx (J112 x C115) was extracted and purified
as described (18). Poly(A)™ RNA was selected
by oligo(dT)-cellulose column (2).

Isolation of the bombyxin genomic DNA Two
kinds of synthetic oligonucleotides designed on
the basis of amino acid sequence of bombyxin-I|
(34) were used to isolate genomic clones for bom-
byxin. Probe A is a 51-mer antisense oligonu-
cleotide (5-GCAGTAGCTGAGGAGGACGTCGA-
CGCTGCAGGGTCTGAGGCAGCACTCGTC-3")
corresponding to Asp 4 to Cys 20 of the A-chain
which was designed by using the most frequently
used codons for 30k-protein of Bombyx (37).
Probe B (16 mixture), a 51-mer antisense oligonuc-
leotide (5’-CTCCCAGCACAGéTCéGCCAGGGTG—
CGéGCCAGGTGGCG?CCGCAGTAGGT-3’) cor-
responding to Thr 8 to Glu 24 of the B-chain, was
designed by the use of the codon frequency of
Drosophila (27) to decide the nucleotide assign-
ment at redundant positions. A genomic library
(Sau3Al partially digested, 1.2x10° independent
AEMBLS3 clones) of silk gland DNA from B. mori
was initially screened with radio-labeled probe A
and then with probe B. For both screenings with
probes A and B, the hybridization solution con-
tained 6x SSC (SSC: 0.15M NaCl/0.015M Na-
citrate), 10X Denhardt (Denhardt: 0.02% bovine
serum albumin/0.02% Ficoll/0.02% polyvinylpyrroli-
done), 1% SDS, 500 xg/ml yeast tRNA and 1
pmol/ml *2P-labeled probe DNA for 20 hr at 52°C.
Post-hybridization wash was carried out in 6X
SSC/0.1% SDS for 2 hr, and in 2 SSC/0.1% SDS
for 30 min at 52°C. Six hybridizing recombinant
phages were isolated and four of them were also
hybridized with probe B. One of these phages,
AMK112, was further analyzed.

DNA analysis The Hindlll fragment of the insert
of AK112 which hybridized with both probe A and
B was subcloned into pUC vectors (49). The
deletion mutants for sequencing and those for the
bombyxin probe were constructed by the method
of exonuclease Ill digestion (16). Nucleotide
sequence was determined on both strands of the
Hindlll fragment by the chain-termination method
(38) with 7-deaza-dGTP and **S-dCTP (31). Nu-

cleotide sequence data was processed with the
DNA analysis software (DNASIS, Hitachi software
Engineering).

Northern hybridization analysis Poly(A)™ RNA
(3.3 xg) from the silk gland and 5 pg of poly(A)*
RNA from the larval brain were glyoxalated and
electrophoresed on 1% agarose gel (29). The
fractionated RNAs were transferred to nylon mem-
brane (45). The hybridization was carried out at
stringest condition for 16hr at 42°C in 50% form-
amide containing 5Xx SSC, 10X Denhardt, 1%
SDS, 300 xg/ml sonicated salmon sperm DNA and
the 3?P-labeled probe for the bombyxin coding
region (position 505-1045 in Fig. 1). The mem-
brane was washed and then exposed to Kodak
XAR-5 film with intensifying screen at —70°C.

Results

A 1045 base-pair (bp) Hindlll fragment of the
insert of A4k112 which hybridized with both probe
A and B has been sequenced to reveal an open
reading frame of 276 nucleotides which contained
two segments apparently capable of coding for the
20 amino acid residues of the bombyxin A-chain
and 28 residues of the B-chain (Fig. 1). All the
residues of these two chains but one, position 5 of
the B-chain, are identical to those of bombyxin-I|
(34). Peptide analyses have previously revealed
the existence of multiple molecular forms of bom-
byxin with minor residue substitution, and the posi-
tion 5 of the B-chain appeared to be a variant site
(34). The N-terminal pyroglutamate of bombyxin-
Il B-chain is most probably generated by the
post-translational modification of Gin 1 (46).
Northern biot analysis with this gene as a probe
indicates that bombyxin mRNA is transcribed in the
larval brain (Fig.2). The length of the mRNA
(about 0.6 kb) is consistent with that predicted from
this bombyxin gene.

Three potential initiation codons are found at
positions —5, —10 and —19. In view of the
general features for the signal peptide (47) and the
consensus sequence for translation start sites in
Drosophila (7), we suspect that Met —19 may be
the initiator.  Flanking the B-chain C-terminus and
A-chain N-terminus, there are paired basic amino
acid residues (Lys-Arg) suggesting that the post-
translational proteolytic cleavage may occur at
these sites (8). The fact that the region between
the A- and B-chains resembles the C (connecting)-
peptide of proinsulins in its length and the net
charge of amino acid residues which are essential
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5'-AAGCTTGTGGAACCTCGCAACAAACGAGACCGTCTTAACCTAAGGCTTCAAAGAATGAT 59
TTCAACGTTGTAACCCGGTCACCACTTGAAACAAGCAGTTTCTCTATGGTAAAATTTTCC 119
ACTACCAATCTTTTGAAATGTTTCAAGCTATCAAAGCAATTGGACCACGCCATACTTTCA 179
CAAATAAATCATAAAACATGATTACTACAGCTCTGATGAAGTCATAAACGCTCGCTTCCA 239
GCCACGCGTGCATCGAGCGTTATGAACTGGTTCTAAGT TCACCACTGATACCGGATGATG 299
CTTACTTTGTCTCCTAGTTACTACCTACTACATAATGAAGATGACAAATATTTATAAATT 359
TTGCTAGGCGTTCAAAGTTAAAAGTTGCGTCAAGTAAATGTACAACATTTAATTCAGTTC 419 )
ATTGGTTAATTATTGGAACCTA] ¥CATATAAATCACATGCCCATGTGTTATTAT 479 Fig. 1 Nucleotide  se-
ATAAATATTCATTAACTAATCGTCC GGAAGGGTTGCTTAGCTTTCTTCACA 539 guence of the genomic DNA cod-

FEEEA ing for bombyxin. Nucleotides
TTQACGT TTCATCTGTGGCATCAGCGAGACGTCCTCCGAAACACACTTTAGTCGCCARAC 599 are numbered sequentially from
STGNAL PEPTIDE the Hmdplsne glthelS-end
9 10 Kl The predicted amino acid sequ-
MetLysIleLeuLeuAlaIlleAlaLeuMetLeuSerThrValMetTrpValSerThrGln ence shown above is numbered
ATGAAGATACTCCTTGCTATTGCATTAATGTTGTCAACAGTAATGTGGGTGTCAACACAA 659 sequentially from the N-terminus
of bombyxin-l B-chain. Signal

B-CHAIN ‘ ) :

0 50 peptide, B-chain, C-peptide and
GlnProGlnArgValHisThrTyrCysGlyArgHisLeuAlaArgThrLeuAlaAspLeu A-chain are indjcated by brack-
CAGCCACAAAGAGTGCACACGTACTGCGGGCGTCACTTGGCTCGCACTCTGGCCGACCTG 719 ets. Promoter-like sequences,

CAT box (GGCAATGT) and TATA

: - C-PEPTIDE 5 box (TATATAA), are hatched
CysTrpGluAlaGlyValAspLysArgSerGlyAlaGlnPheAlaSerTyrGlySerala PowadenWamgl signale gggp
TGCTGGGAAGCGGGCGTGGACAAGCGCAGCGGTGCTCAGTTCGCGAGCTACGGCTCCGEG 779 AAA) and a downstream P
conserved element (ATA-

A-CHAIN CAGT ) (36) are underlined.

—— e 50 . I i . 60 Typical transription  initiation
rpLeuMetProTyrSerGluGlyArgGlyLysArgGlyIleValAspGluCysCysLeu insects (ACATTC
TGGCTGATGCCGTACTCGGAAGGACGCGGCAAACGAGGCATCGTGGATGAGTGTTGTCTC 839 sedlience: oF In ( )

(17) is boxed and short-direct re-

70 I
ArgProCysSerValAspValLeuLeuSerTyrCysAmb

peats (6bp; TTCTTC) are indi-
cated by asterisks under the nu-
cleotides.

AGACCCTGCAGCGTGGACGTGCTTCTGTCGTACTGT TAGACCATTCCTTTACCGAATGGT 899
TCGTTCTCAATACATTTGGAAATAAAAAACCGTAAATAATAATAAAAAGTTCTTCTTTTC 959

CTGAACCACAATTGAAAGTGTTGACTGGAGATTTAGATACAGTTTTTTAGACATCATTTA

GATGATTTTGATTGGCAAGCAAGCTT-3"'

i

Fig. 2 Northern hybridization of bombyxin mRNA.
Lane 1: poly(A)* RNA (5 xg) from the silk gland, lane 2:
poly(A)" RNA (3.3 ug) from 5th-instar larval brain. kb: kilo
bases.
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to the formation of the proper tertiary structure of
these propeptides (9, 42) leads us to presume that
this 25-residue segment is equivalent to the C-
peptide of proinsulins. Immediately following the
A-chain, there is an amber termination codon in-
dicating the absence of D- and E-peptides compa-
rable to those in IGF-I, -Il, and their precursors (5,
22). The overall structure of the preprobombyxin
gene is thus to code for signal peptide/B-chain/C-
peptide/A-chain, being exactly the same as that of
the preproinsulin genes (3).

The homology of the deduced amino acid
sequence of bombyxin with the sequence of in-
sulin-family peptides is high in the A- and B-chains,
particularly in A-chain, while it is less marked in
signal and C-peptides (Fig. 3), consistent with the
general trend seen among the insulin-family mem-
bers previously sequenced (42). The homology
at the nucleotide sequence level is higher than that
at the amino acid sequence level. For example,
the nucleotide sequence of the bombyxin gene
possesses 57-68% homology in the A-chain and
43-49% in the B-chain with human insulin, IGF-l,
and IGF-ll. The highest degree of the nucleotide
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SIGNAL PEPTIDE B-CHAIN
-9 -10 T 1 20 '
bombyxin N- M K[ IATMOS TVMWVSIT QQPQRVHT RTAD D
insulin N- M ALWMRLLPPL LALWGPDPAAA FVNQHLCGSHLVEALYL FYTPKT
IGF-T N- MHTMSSSHLFY CLLTFTS[SATA GPET DALQFVICGDRGF YFNEPT
IGF-1II N- M JIPMGKSMLVILTFLAFASCCIAAYRPSET VDTILOF VIGGDRGFYFSRPA
C-PEPTIDE
30 40 70
@ QFASG@E %Ys s,
EAEDLOVIGQVELGGGPGAGS AL N -c
SSRRA [PQT LRRILE .
SRv SIODLALLE - -C

Fig. 3 Amino acid sequence homology between preprobombyxin and three other human insulin-family prepropeptides (3, 5,

22). The boxes indicate identical residues.

sequence homology (68%) is seen in the A-chain
between bombyxin and IGF-II (5), even higher than
between human insulin (3) and IGF-Il (63%).

The 5'-flanking region of the gene contains
TATA-box like sequence (TATATAA) and CAT-box
like sequence (GGCAATGT) 94bp and 158bp up-
stream from the presumed translation initiation
codon, respectively (Fig.1). Primer extension
analysis (data not shown) provided evidence that
bombyxin mMBNA was transcribed from the typical
transcription initiation sequence for insects
(ACATTC; 63bp upstream from the translation ini-
tiation codon)(17). In the 3'-region, two sets of
polyadenylation signal are located 44bp and 64bp
downstream from the translation termination
codon. A 12bp-conserved element (ATACAG-
TTTTTT)(36) is also observed at 120bp down-
stream from the translation termination codon.

All the insulin-family genes so far characte-
rized have one intron in the 5'-untranslated region.
Besides all genes but murine insulin gene | have
one or two additional introns in the coding region

ATG TAG

bombyxin Pes1| Bas | c1s | aco
KR KR
ATG TAG
pre72 | B9 Josi cso | aes

insulin =
KR

ATG

RRA

TAG

E5

7]

I1GF | Heers [ 76 iacas| ass [D]eas
1 R

ATG

Amino acids are numbered from the N-terminus of bombyxin-1I B-chain.

(12, 26), as schematically shown in Fig. 4 for some
representative genes together with the bombyxin
gene. By contrast, no splicing signals are found
in the bombyxin gene we isolated. Processed
genes have poly(A) stretches at the downstream of
the polyadenylation signals and short direct re-
peats flanking the coding region (39). Except for
a few functional processed genes (1, 28, 41, 43),
processed genes have in-frame stop codons in the
coding regions giving rise to pseudogenes. The
bombyxin gene characterized here contains 6bp
direct repeat (TTCTTC) in the flanking regions (Fig.
1, asterisks) but has neither poly(A) stretches nor
in-frame stop codons, indicating that this gene may
be functional.

Discussion

Though immunologically and biologically ac-
tive insulin-like materials have been amply re-
ported from invertebrates (24) and prokaryotes
(25), amino acid sequencing data on bombyxin

Fig.4 Schematic representa-
tion of the organization of genomic
DNAs of bombyxin, human insulin (4),
IGF-I (6) and IGF-Il (14). Open boxes
designate domains that are present in
mature molecules and hatched boxes
those absent. Pre represents signal
peptides. Numerals in boxes indicate
the nucleotide number in respective
coding segments. ATG and TAG or
TGA show the initiation codon and am-
ber or opal termination codon, respec-

234

tively. Solid triangles represent in-

‘eF o — (T vvs e (gl
‘ R

processing site

trons. Paired or single basic amino
acid residues by one-letter codes (KR,
RR, R) indicate post-translational proc-
essing sites
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were the first to demonstrate directly the presence
of insulin-related peptide in animals other than
vertebrates (33, 34). Recently, in the mollusc
Lymnaea stangalis, the presence of an insulin-
related prepropeptide has been predicted from
cDNA analyses and the transcript has been local-
ized by in situ hybridization in the cerebral light-
green cells, the growth-controlling neuroendocrine
cells (40). The present study further demons-
trates, on a gene level, that bombyxin belongs to
the insulin family, by showing the nucleotide sequ-
ence homology and the domain organization of the
preprobombyxin gene with the predicted post-
translational cleavage site to generate a mature
bombyxin. Thus the notion that the invertebrate
possesses peptides that share a common ances-
tral molecule with vertebrate insulin-family pep-
tides is now unequivocally established.

We have determined so far the primary struc-
ture of six molecular species of bombyxin com-
pletely or partially (23, 33-35) and the purification
data indicate that there are still other bombyxin
molecules to be sequenced. Accordingly, it is
highly probable that there exist multiple bombyxin
genes, though it is not known whether they come
from genetically different Bombyx races or indi-
viduals or represent the members of multicopy
genes of a Bombyx genome. It is interesting to
characterize these genes possibly exist and com-
pare these with the one cloned here in regard to its
characteristic features, e.g. lack of intron.

Bombyxin failed to stimulate the prothoracic
glands of Bombyx as far as the pupal-adult (19)
and 4th-to-5th larval (44) developements were con-
cerned, and its function in Bombyx is still unknown.
Of particular interest is the finding that bombyxin is
present in the ovary and early developing embryo
of Bombyx (15) in contrast to the Bombyx PTTH
(previously termed 22K-PTTH or PTTH-B) which
becomes first detectable after the appearance of
neuroendocrine system (11). Together with the
fact that bombyxin has a high amino acid se-
quence homology with IGF-Il, we suspect that
bombyxin might act as a growth factor in
embryonic tissues. Insulin has been known to
stimulate the growth of imaginal disks and several
cell lines of Drosophila (13, 32), and the release of
triglycerides, diglycerides and fatty acids from fat
body in Agrius cinglulata and Danaus plexippus
(10). Furthermore, the brain neurosecretory cells
of Bombyx have been shown to be immunoreactive
to anti-insulin antibody (21, 50), though bombyxin
failed to bind to anti-insulin antibody (33). Taken
together, it is conceivable that insect nervous tis-

sues produce an array of insulin-like peptides
including bombyxin and they play significant roles
in various facets of metabolism, cell proliferation,
and differentiation, particularly during embryo-
genic stage.
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Introduction

Prothoracicotropic hormone (PTTH), a brain secretory peptide of insects,
stimulates the prothoracic glands to synthesize and release ecdysone, the
steroid required for insect growth and metamorphosis (Ishizaki and Suzuki,
1984; Bollenbacher and Granger, 1985). In addition to its own PTTH (MW. ca.
30,000-Da, ref. Kataoka et al, 1990), the brain of the silkmoth Bombyx mori
produces a 5,000-Da peptide bombyxin that manifests the prothoracicotropic
activity when tested with the saturniid moth Samia cynthia ricini (Ishizaki et
al., 1983; Nagasawa et al., 1984a).

Bombyxin represents a peptide group of heterogeneous molecular species
that differ by only a few amino acid substitutions. Bombyxin molecules are
heterodimers consisting of A- and B-chains whose amino acid sequences show
considerable homology with vertebrate insulin-family peptides (Nagasawa et
al., 1984b; 1986). The primary structure of bombyxin has been determined
completely for bombyxin-lIs (Nagasawa et al., 1986; 1988) and -IV (Maruyama
et al., 1988) and partially for bombyxin-I, -III, and -V (Nagasawa et al.,
1984b; Jhoti et al., 1987). The A- and B-chains of bombyxin have been
proved to link with disulfide bonds in exactly the same way as in insulin
(Nagasawa et al., 1988) and the insulin-like tertiary structure of bombyxin
has been predicted by computer analyses based on the assumption of homolo-
gy with porcine insulin (Jhoti et al., 1987).

We have recently started studies using recombinant DNA technology to
clone the bombyxin cDNA and genomic DNA (Iwami et al., 1989; 1990;

Adachi et al., 1989; Kawakami et al., 1989). Elucidation of the gene struc-



ture may give a deeper insight into not only the evolution, gene expression,
and its regulation of bombyxin, but also molecular understanding of insulin-
family peptides in general. I review here the organization, structure and
expression of bombyxin genes and speculate the physiological function of
bombyxins. The bombyxin genes have unique features in their organization
and structure, such as the presence of multi-copy genes, formation of gene-
pairs, and characteristics as the functional processed gene. These facts
suggest that different mechanisms for the evolutidn of insulin-family genes

have been operating in invertebrates and vertebrates.



Isolation of Bombyxin Genes

Two kinds of oligonucleotide probes designed on the basis of the amino
acid sequence of bombyxin-II (Nagasawa et al., 1986) have been used to
isolate the cDNA and gene encoding bombyxin. Two clones, ABb360 and
ABb204, from a Bombyx larval brain cDNA library (Adachi et al., 1989) and
two clones, A4K105 and A\4K112, from a Bombyx genomic library (Iwami et
al., 1989; Kawakami et al.,, 1989) were characterized. One of the genomic
clones (\dK105) contained four bombyxin genes and the other (A\4K112) con-
tained one bombyxin gene. Five bombyxin genes from the genomic library
have been classified into family A and B according to their sequence homol-
ogy (Kawakami et al., 1989). Thus, bombyxin genes A-1, A-2, A-3, B-1, and
B-2 have been defined. The nucleotide sequence of the ABb360 cDNA com-
pletely matched the corresponding region of gene A-2. Thus, the ABb360
cDNA has apparently been derived from the gene A-2 transcript. The \Bb204
cDNA encoded a bombyxin whose deduced amino acid sequence was apparent-
ly different from other bombyxins previously characterized, but this ABb204
cDNA was of partial length. The complete gene encoding this new bombyxin
was cloned using the ABb204 cDNA as a probe and named gene C-1 (Iwami
et al., 1990). In this way, six genes which encode different bombyxin mole-

cules have been characterized.

Organization of Bombyxin Genes

Four bombyxin genes (A-2, A-3, B-1, and B-2) form a cluster in a 9-



kilo base-pair (kb) Bombyx genomic DNA segment (Figure 1). Two genes
which belong to different families are closely apposed to form a pair (A-2/B-
1 or A-3/B-2) with opposite transcriptional orientation, presumably functioning
as a regulatory unit for transcription (Kawakami et al., 1989). Genes B-1 and
A-2 are about 1.1 kb apart and genes B-2 and A-3 are separated by about
2.3 kb. The wider space between B-2 and A-3 is due to the presence of an
insertion sequence (BIS). Gene pairs B-1/A-2 and B-2/A-3 form a highly
homologous tandem repeat, suggesting that these gene pairs must have been
generated by duplication of an original gene pair. Genes A-1 and C-1 also
form pairs with the B-family genes (Kondo et al., unpublished results). A
similar gene-pair organization has been extensively studied for the moth
chorion protein superfamily (Goldsmith and Kafatos, 1984; Kafatos et al.,
1987).

The copy number of bombyxin family A- and B-genes was estimated by
genomic Southern hybridization to be 12 and 10, respectively (Kawakami et
al., 1989). In addition, the hybridization patterns have suggested that the
family A- and B- genes are localized close to one another, possibly forming
pairs like the B-1/A-2 and B-2/A-3 gene pairs, and that most of the bombyx-
in gene copies are clustered in three regions in the genome. Like families A
and B, a group of genes closely related to gene C-1 is also present in the
Bombyx genome (Iwami et al., 1990). Gene C-1 is thus a member of a multi-
gene family, the bombyxin C-family. Furthermore, the data of peptide analy-
ses of native bombyxins (Nagasawa et al., 1984b; 1986; 1988; Jhoti et al.,
1987; Maruyama et al., 1988) which showed the presence of bombyxins that

could not be assigned to any of the families A, B, and C suggest the



presence of still other bombyxin families to be identified. The existence of
multiple bombyxin gene copies per Bombyx genome is in sharp contrast to
vertebrate insulin-family genes that exist in a single or two copies per hap-
loid genome (Steiner et al., 1985). The difference in the gene copy number
and the unique organization of multiple gene copies in the genome suggest
that evolutionary mechanism for insulin-family genes of invertebrates differ

significantly from that of vertebrates.

Structure of Bombyxin Genes

The structure of bombyxin A-, B-, and C-family genes is shown sche-
matically in Figure 2, together with that of human insulin gene as a repre-
sentative of vertebrate insulins. All bombyxin genes encode preprobombyxin,
the precursor molecule for bombyxin, with the domain organization of signal
peptide/B-chain/proteolytic cleavage signal/C-peptide/proteolytic cleavage
signal/A-chain. The structure of preprobombyxins is the same as that of
preproinsulin, suggesting that preprobombyxins are posttranslationally modified
to form mature bombyxins through the excision of the C-peptide, as in pre-
proinsulin (Chan et al., 1981). The presence of pyroglutamate at the B-chain
N-terminus of native bombyxins (Nagasawa et al., 1986) indicates that the B-
chain N-terminal glutamine residue of probombyxins is probably converted to
pyroglutamate by a posttranslational modification (Turner, 1986).

The homology of the nucleotide sequence of bofnbyxins with the se-
quences of insulin-family genes is high in the A-chain region, while it is less

marked in other domains. For example, the nucleotide sequence of the A-



chain of the bombyxin A-1 gene possesses 57-68% homology with the corre-
sponding sequences of human insulin, insulin-like growth factor (IGF)-I, and
IGF-1I genes (Iwami et al., 1989). The highest degree of the nucleotide
sequence homology in the A-chain region (68%) is seen between bombyxin A-
1 gene and IGF-II gene, being even higher than between human insulin and
IGF-II genes (63%).

Homology dot-matrix analysis between bombyxin genes (Iwami et al.,
1990) indicates that gene C-1 is related more distantly to the A- and B-
family genes than the A- and B-families are related to each other, especially
for the B-chain region. This result indicates that the C-family gene is evolu-
tionarily remote from the A- and B-family genes. Table 1 shows the evolu-
tionary distance per nucleotide site calculated using 3ST model of Kimura
(1981). In contrast to the A-chain region of bombyxins which is evolutionarily
conserved throughout the bombyxin genes, the B-chain region is well con-
served o_nly among the A- and B-families. The conservation of the A-chain
among bdmbyxins must be due to a low acceptance of mutation as associated
with the structural requirements necessary for maintaining a common physio-
logical function. The high substitution rate in the B-chain of the bombyxin
C-1 gene compared to the A- and B-family genes may indicate that the C-1
B-chain has escaped from the stringent structural requirements for the func-
tion common to the A- and B-family B-chains. Then the function of C family
bombyxins which the B-chain structure contributes to would differ from that
of other bombyxin families.

All the bombyxin genes characterized apparently lack introns in the

untranslated region and the C-peptide region where insulin genes have introns



except the murine insulin-I gene (Steiner et al., 1985). The murine insulin-I
gene has an intron in the C-peptide region, but has not in the untranslated
region. Although bombyxin genes lack introns completely, they have the
typical eukaryotic transcription promoter (TATA-AAA), transcription initiator
(CACATTC), and polyadenylation signal sequences, suggesting that bombyxin
genes are transcribed by RNA polymerase I

The processed gene (Vanin, 1985) or retroposon (Rogers, 1983) has been
defined as the gene that was generated by the reverse transcription of a
processed mRNA and subsequent reinsertion into the genome. The hallmarks
of processed genes are 1) the lack of introns, 2) presence of poly(A) tract 3'
to the transcription terminator, and 3) presence of direct repeats bounding
the transcribed region. Processed genes in most cases have in-frame stop
codons in the coding regions giving rise to pseudogenes, but there exist a
few functional processed genes (Andersen et al., 1986; McCarrey and Thomas,
1987; Stutz and Spohr, 1987). All bombyxin genes characterized lack intron
and, as shown in Figure 3, have boundary short direct repeats though the
repeat is incomplete for B-2 and C-1. In addition, the A-family genes contain
the remnants of poly(A) tract immediately preceding the downstream repeat.
The structural features of bombyxin genes thus indicate that bombyxin genes
are the processed genes which are functional. It is recalled that the murine
insulin-1 genes have also been inferred to be the functional processed genes

(Soares et al., 1985).



Amino Acid Sequence of Bombyxins

The amino acid sequences of preprobombyxins are aligned with those of
native bombyxins, human and guinea-pig insulins, IGF-I, -II, and human relaxin
(Figure 4). When the amino acid sequences of bombyxins are compared with
those of insulins, striking similarities are found between the residues that
contribute to the tertiary structure of insulin and the corresponding residues
of bombyxins, as has previously been pointed out by comparing insulin mainly
with bombyxin-II (Jhoti et al., 1987). Thus, all residues known to make up
the hydrophobic core of insulin, A2, A6, All, Al6, A20, Bll, BI5, and B19,
are all conserved or conserved as hydrophobic in bombyxins. The residues on
the insulin protomer surface that contribute to the hydrophobic core, A3,
Al19, B6, B12, B18, and B24, are likewise conserved or conserved as hydro-
phobic. Al and B8 glycines which serve for the maintenance of the insulin
conformation through its contribution to the main-chain turn are also con-
served. In addition, the hydropathy profiles of preprobombyxins and preproin-
sulin are also similar to each other, except for the B-chain C-terminal re-
gions (Figure 5). The B-chain C-terminal region of insulin contributes to the
hydrophilic surface of the protomer but not to the core important for the
insulin conformation. Thus, it appears highly probable that all bombyxins have
an insulin-like globular structure.

The amino acid sequences of the A- and B-chains show high homology
between the bombyxin A- and B-families. However, the amino acid sequence
of C-1 is considerably different from that of other bombyxins. With respect

to the B-chain in particular, the difference between bombyxin C-1 and other



bombyxins is prominent. The amino acid sequence homology of bombyxin C-1
with A- and B-family bombyxins (44% and 36%) is significantly lower than
the homology between the A- and B-families (61%). Remarkably, four resi-
dues at position 9, 10, 16, and 24 of the B-chain are substituted when com-
pared to the A- and B-families in which these four sites are completely
conserved (Figure 4). The residues at these sites of C-1 bombyxin also differ
from those of insulin. The difference of C-1 from bombyxin-IIl and -IV is
also prominent. Thus, the unique structure of C-family bombyxin suggest its
possible unique function, as was argued in a previous section from the nu-
cleotide sequence comparison.

In insulins, B16 and B24 have been implicated in the receptor binding
and B9 and B10 are situated close to the proposed receptor-binding region
(Pullen et al., 1976). These four surface residues of bombyxin C-1 differ
from those of other bombyxins, although these residues are completely con-
served .in the latter. Assuming that bombyxins have a structure-function
relationship analogous to insulin with respect to receptor binding, bombyxin
C-1 might differ in its physiological function from other bombyxins by using
a different receptor (Iwami et al, 1990). Interestingly no bombyxins structur-
ally related to bombyxin C-1 have yet been isolated from the Bombyx head
by the purification which was based on the bioassay of the prothoracicotropic
activity on Samia.

All insulins that form 2-zinc hexamers have histidine at B10 which
binds zinc but the hystricomorph and hagfish insulins lack B10 histidine and
do not form 2-zinc hexamer (Blundell et al., 1970; Chan et al, 1981; 1984).

Bombyxin C-1 also lacks histidine at B10, suggesting that C-1 bombyxin does
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not form 2-Zinc hexamer. It has been argued that bombyxins may not form
either dimer or hexamer and the presence of histidine at B10 in bombyxin A-

and B-families may be a result of convergent evolution (Jhoti et al., 1987).
Expression of Bombyxin Genes

Northern hybridization experiments demonstrated that brain was the only
tissue examined which contained a transcript (ca. 600 nucleotides) as visual-
ized by the bombyxin A- and B-family probes (Kawakami et al., 1989). The
localization of the bombyxin mRNA examined by in situ hybridization indi-
cates that four pairs of mid-dorsal neurosecretory cells produce the A- and
B-family transcripts (Figure 6). These same cells \;vere immunoreactive to a
monoclonal antibody against the synthetic bonibyxin—l A-chain fragment
(Mizoguchi et al., 1987).

Figure 7 shows the developmental change in the bombyxin A-, B-, and
C-family mRNA amounts during larval-pupal development of Bombyx (Adachi
et al., unpublished results). It has been described previously that the A-family
mRNA amount per brain total RNA decreased gradually with the growth in
the 5th—instar (Adachi et al., 1989). The B- and C-family mRNA amounts
also decreased gradually during the development. When these curves are
redrawn on the basis of the number of mRNA molecules per brain, however,
the titer remains essentially unchanged (3-6 molecules per brain for the A-
and C-families; 8-12 molecules per brain for the B-family). Though the
amount of bombyxin in the Bombyx brain rose significantly at around pupa-

tion (Ishizaki, 1969; Ishizaki et al., 1983), the bombyxin mRNA titers per
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brain did not change appreciably at that time. Furthermore, the amount of
bombyxin per brain (Ishizaki and Suzuki, 1984) is several thousand times
larger on the molar basis than its mRNA. Taken together, it seems probable
that the posttranscriptional processes are important in regulating the bombyx-
in titer rather than the transcriptional process. However, this inference is
not conclusive because the amount of bombyxin mRNA may have been under-
estimated in view of the possible presence of mRNAs transcribed by genes of

other families.

Speculation on the Function of Bombyxins

The physiological function of bombyxin has remained unclarified for
Bombyx, but its insulin-like structure is thought to suggest some essential
function in Bombyx. Insulin and IGFs control cell proliferation and differenti-
ation in a variety of tissues and at various developmental stages of verte-
brates (Froesch et al., 1985). In insect, exogenous insulin has been shown to
affect the cell growth as evidenced by the stimulus on the imaginal disks
and several cell lines of Drosophila (Davis and Shearn, 1977; Mosna, 1981).
Furthermore, bombyxins show a high amino acid sequence homology with IGFs
which have potent mitogenic (Zapf et al., 1981; Mercola and Stiles, 1988) and
morphogenetic (Beck et al., 1987; Stylianopoulou et al., 1988) activities.
Taken together, it seems probable that bombyxin possesses the activity as a
growth factor of exerting effects on cell growth, proliferation, and differen-
tiation of various tissues and at various developmental stages.

Bombyxin has been reported to accumulate in the abdomen of the
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female developing adult of Bombyx (Ishizaki, 1969). Fugo et al. (1987) have
shown that bombyxin is present in the ovary and early developing embryo of
Bombyx. Our unpublished results (Kawakami et al.) showed that the transcript
of C-family bombyxin genes was detected in the developing embryo whereas
the A- and B-family genes were expressed only at the postembryonic stages.
It is recalled that in vertebrates insulin and IGFs exert effects on oocyte
maturation (El-Etr et al.,, 1979) and embryogenesis (Froeséh et al., 1985).
From these facts, it is tempting to hypothesize that bombyxins, at least

those of a particular family, control oogenesis and embryogenesis of Bombyx.
Speculation on the Evolution of Bombyxin Genes

From the nucleotide sequence comparison between bombyxin families, I
propose a hypothesis for the bombyxin gene evolution in Bombyx as follows
(Figure 8). First, a proto-bombyxin gene diverged from the proto-insulin line
by gene duplication, then three (or more) bombyxin genes representing the
original genes for the A-, B-, and C-family (or more families) genes present-
ly exist diverged from the proto-bombyxin gene, and lastly the three (or
more) bombyxin genes were duplicated to give rise to multi-gene families.
Short direct repeats bounding the coding region of bombyxin genes are highly
conserved both in the sequence and the position within respective families
whereas they are largely divergent between the families (Figure 3). Thus, the
generation of the processed genes may have occurred after the proto-bombyx-
in genes of the respective families had diverged. Alternatively, the processed

genes may have repeatedly generated from a single proto-bombyxin gene to
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settle at different sites of the genome. The settled bombyxin genes then
evolved the respective families. The brain neurosecretory cells of Bombyx
have been shown to contain a molecule immunoreactive to anti-insulin anti-
body (Yui et al., 1980; Ishizaki et al, 1987), though bombyxin failed to bind
to anti-insulin antibody (Nagasawa et al., 1984b). Therefore, it seems likely
that the Bombyx brain contains an insulin-related peptide structurally and
possibly functionally distinct from bombyxins. I presume therefore that the
proto-insulin line evolved "insulin", the insulin-related molecule which reacts

with the anti-insulin antibody, independently of bombyxins.
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Conclusion

Progress has been made toward the molecular understanding of bombyx-
in. Our recent studies on bombyxin cDNA and gene structure have revealed a
striking similarity in the mode of biosynthesis between bombyxin and insulin.
Bombyxin has been presumed to be synthesized first as a large precursor
molecule from which the mature bombyxin is posttranslationally generated
after the excision of C-peptide, in the same way as in insulin. Thus the
conclusion that bombyxin shares a common ancestral molecule with verte-
brate insulin-family peptides as first proposed by peptide analysis of purified
bombyxins (Nagasawa et al., 1984b; 1986) was substantiated and further
extended based on the genetic information. Moreover, the presence of multi-
ple bombyxin gene copies and their organization in the genome have suggest-
ed that evolutionary mechanism for insulin-family genes differs between
vertebrates and invertebrates.

Recently, in the mollusc Lymnaea stangalis, the presence of an insulin-
related prepropeptide has been predicted from cDNA analyses and the tran-
script has been localized by in situ hybridization in the growth-controlling
neuroendocrine cells (Smit et al., 1988). Now in our laboratory, the structure
and organization of as many as thirty bombyxin gene copies have been clari-
fied (Kondo et al., unpublished results). Six clustered genes encoding bombyx-
in-related prepropeptides have also been isolated from the Samia genome
(Kimura et al., unpublished results). Furthermore, cDNA encoding an insulin-
related prepropeptide has been cloned from a library prepared from the

Locusta pars intercerebralis (Lageux and Hoffmann, personal communication).
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The structural information about these insulin-family genes of invertebrates
will contribute to understanding the function and evolution of the insulin-
family genes not only of invertebrates but also of vertebrates, and a new

facet for the insulin-family peptide evolution will be generated.
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Table 1: Evolutionary Distance per Nucleotide Site (K)*

Chain or Peptide

Comparison A B C

bombyxin A-1 vs. B-1 0.47 0.39 0.64
A-1 vs. C-1 0.40 0.75 0.54
B-1 vs. C-1 0.40 1.02 0.56

human insulin vs. rat insulin-I 0.07 0.20 0.44

*K values were calculated using 3ST model (Kimura, 1981). Nucleotide se-
quences were referred from Iwami et al. (1989) for bombyxin A-1, Kawakami
et al. (1989) for bombyxin B-1, Iwami et al. (1990) for bombyxin C-1, Bell et
al. (1980) for human insulin, and Lomedico ét al. (1979) for rat insulin-l.

Reprinted from Iwami et al. (1990).
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FIGURE LEGENDS

Figure 1. Restriction map of a Bombyx genomic DNA segment in clone
A4K105 (Kawakami et al., 1989). The closed and open boxes represent bom-
byxin family A (A-2 and A-3) and family B (B-1 and B-2) genes, respectively,
and the arrows under the boxes show the direction of transcription. The
stippled box represents a transposon-like inserted element (BIS). B, BamHI; E,
EcoRl; H, Hindlll; K, Kpnl; P, Pstl; S, Sall. Modified from Kawakami et al.

(1989).

Figure 2. Schematic representation of the organization of genomic DNAs
of bombyxin A-1 (Iwami et al, 1989), A-2, A-3, B-1, B-2 (Kawakami et al,
1989), C-1 (Iwami et al., 1990), and human insulin (Bell et al., 1980). Open
boxes designate domains that are present in mature molecules and hatched
boxes those absent. Numerals in boxes indicate the nucleotide number in the
respective coding segmer;ts. The closed boxes represent TATA-boxes (TATA)
and polyadenylylation signals [POLY(A)]l. Human insulin gene contains two
introns, one in the 5'-untranslated region and the other in the C-peptide
(triangles). Paired or single basic amino acid residues by one-letter codes
(KR, RR, R) indicate posttranslational proteolytic cleavage signals. ATG,
transcription initiation codon; TAG, transcription termination codon; S, signal

peptide; B, B-chain; C, C-peptide; A, A-chain.

Figure 3. Nucleotide sequences of the flanking regions of six bombyxin

genes [A-1, from Iwami et al. (1989); A-2, A-3, B-1, and B-2, from Kawaka-
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mi et al. (1989); C-1, from Iwami et al. (1990)]. Short direct repeats flanking
the both sides of the presumed transcribed region are boxed, and the rem-
nants of poly(A) stretch present in the family A genes are underlined. Re-

printed from Iwami et al. (1990).

Figure 4. Amino acid sequence comparison between preprobombyxihs
(Iwami et al., 1989; 1990; Kawakami et al., 1989), bombyxins (Nagasawa et
al., 1984b; 1986; Maruyama et al, 1988), human preproinsulin (Bell et al.,
1980), guinea-pig preproinsulin (Chan et al., 1984), human preprolGF-I (Jansen
et al., 1983), preprolGF-II (Bell et al., 1984), and human relaxin (Hudson et
al., 1983). Gaps are introduced for maximum- alignment. Amino acids are
numbered from the N-terminus of each domain of insulin. Boxes indicate the
residues which are conserved among bombyxins except for preprobombyxin C-
1. The residues which are completely conserved throughout the peptides

shown and those conserved for all bombyxins are indicated by the open and

solid circles, respectively. <Q, pyroglutamate.

Figure 5. Hydropathy profiles of preprobombyxin A-1, B-1, and C-1, and
prepfoinsulin using the method of Kyte and Doolittle (1982). The values for
every four sequential amino acids were calculated. S: signal peptide; B: B-

chain; C: C-peptide; A: A-chain.
Figure 6. in situ hybridization of bombyxin mRNA.

A), A transverse section of a brain of 5th instar 0-day larva of Bombyx mori

hybridized with bombyxin A-1 probe. Serial sections demonstrated that four
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pairs of the dorso-medial neurosecretory cells of pars intercerebralis con-
tained the bombyxin family-A mRNA. B), A transverse section of a brain of
5th instar 0-day larva of Bombyx hybridized with bombyxin B-2 probe. Four
pairs of the neurosecretory cells hybridized as in A. From Ikeno et al.

(unpublished results).

Figure 7. Change in the amount of bombyxin mRNA in Bombyx brain
during larval-pupal development. A), B), C): Northern hybridization bands (0.6
kb, arrow) of total RNA (20 pg) from animals various days after Sth-instar
ecdysis (V), wandering (W), and pupal ecdysis (P). Conditions for the hybridi-
zation was described in Adachi et al. (1989). Hybridization probes were gene
A-1 for A), gene B-1 for B), and gene C-1 for C). D): Curves plotting the
amounts of bombyxin A-, B-, and C-family mRNAs per brain for each devel-
opmental stage. The number of molecules was calculated as described (Adachi

et al., 1989). From Adachi et al. (unpublished resuits).

Figure 8 Schematic drawing of a proposed evolutionary process of
bombyxin genes. Solid boxes and wavy lines represent exons and introns,
respectively. Proto-A, -B, and -C represent family-A, -B, and -C proto-
bombyxin genes, respectively. To right is shown an alternative picture, for
the processes distal to the step marked by asterisks, which proposes a differ-

ent step where the processing of bombyxin genes occurred.
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The nucleotide sequence of 5S rRNA from Mycoplasma capricolum is more similar to that
of the gram-positive bacteria than that of the gram-negative bacteria.

The presence of two copies of rRNA genes in M. capricolum genome has been
demonstrated. The two different rRNA gene clusters have been cloned in E. coli plasmid vec-
tors and analyzed for the rRNA gene organizations, demonstrating that the gene arrangement
is in the order of 16S, 23S, and 5S rDNA.

The ribosomes of M. capricolum contain about 30 species of proteins in 50S and 20 in 30S
subunits. The number and size of the ribosomal proteins are not significantly different from
those of other eubacterial ribosomes.

INTRODUCTION

The ribosome is an essential component in the cell, serving as a site of protein
biosynthesis; thus all self-replicating cells have their own ribosomes. Many
biochemical and genetic studies of ribosomal components have been done using
various organisms, showing that the ribosomes exhibit divergent evolution. It is,
therefore, advantageous to use ribosomes or ribosomal genes for studying evolu-
tion, since the results of one organism can be directly compared with those of others.
The present paper summarizes our recent work on the ribosome of Mycoplasma
capricolum. Several lines of evidence have suggested that the mycoplasma is
phylogenetically related to gram-positive bacteria.

MATERIALS AND METHODS

M. capricolum ATCC27343 (KID) was used throughout the experiments. The
detailed experimental procedures were described in the separate papers [1-3].

RESULTS AND DISCUSSIONS
The Nucleotide Sequence of 5S rRNA

The sequences of 5S rRNAs from over two hundred organisms have been reported
and used for deducing phylogenic relationships among them [4,5]. We have deter-
mined the total nucleotide sequence of M. capricolum 5S rRNA mainly by the rapid
chemical degradation procedure of Peattie [6] and reported in a separate paper [1].
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Animals
Protozoa
Fungi
Plants

Phylogenic position of Mycoplasma
(204 species of 5SrRNA)

Halobacterium
Methanogens
Thermoplasma
Mitochondria(Wheat)
Chloroplast
Bluegreen algae

Pseudomonas

Photobacterium

Escherichia

Rhodopseudomonas

Thermus

Micrococcus

Mycoplasma FIG. 1. Phylogenic
Spiroplasma tree of 5S rRNAs.
Bacillus spp. Knuc represents
Clostridium the rate of nucleotide
1/2Knuc 05 ) 03 . o1 . substitution (see [5]).

The length is 107 nucleotides, the shortest of all the 5S TRNAs so far known. The 58
rRNA has the lowest G + C content (42 percent among the 5S rRNAs yet se-
quenced, but still higher than the average G + C content of the total genome DNA
(25 percent) of this species. The nucleotide sequence of M. capricolum 5S rRNA is
more similar to that of the gram-positive bacteria than the gram-negative. Figure 1
shows the phylogenic relationship of M. capricolum to other organisms deduced by
the sequence homologies of the 5S rRNAs (see [5]). Comparisons of the mycoplasma
tRNA sequences with other bacterial tRNAs also revealed the same relationship [7].
Walker et al. [8] have sequenced 5S rRNA of Spiroplasma sp. BC3, indicating that
the spiroplasma is closely related to the mycoplasma. On the other hand, Ther-
moplasma acidophilum, whose 5S rRNA sequence was determined by Luhrsen et al.
[9], has been shown to be a member of Metabacteria [5].

The Organization of rRNA Genes

It has been previously shown that M. capricolum has only one set of TRNA genes
by hybridization-saturation experiments between 16S and 23S rRNAs, and DNA
[10]. We reexamined the copy number of rRNA genes by the Southern blotting
analysis [11]. The total DNA was completely digested either with EcoRlI, Bglll, or
Xbal endonucleases, separated by agarose gel electrophoresis, and submitted to
hybridization with 32P-3'-end-labeled 16S, 23S, and 5S rRNAs, respectively. The
results have clearly shown that the M. capricolum genome carries at least two sets of
genes for 16S, 23S, and 5S rRNAs [2]. For example, the Bglll digested DNA gel
gave two distinct bands of 6.8 and 9.8 kilobases (Kb) long, equally with 16S, 23S,
and 5S rRNA. The results also suggest that each one of the copies for 16S, 23S, and
5S rRNA genes are clustered on the chromosome. To see the TRNA gene organiza-
tion, we have cloned several DNA fragments containing M. capricolum rRNA genes
to the Escherichia coli plasmids pBR322 or pBR325. The gene organization in the
cloned DNA fragments was analyzed by the Southern blotting method. Figure 2
shows the physical maps of two of these hybrid plasmid DNAs. The plasmids
pMCB221 and pMCB339, respectively, contain 6.8 and 9.8 Kb DNA fragments
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FIG. 2. Physical maps of M. capricolum rRNA genes. The DNA fragments generated by Bglll
digestion of M. capricolum genome were cloned in the plasmid vector pBR322. The hybrid plasmids (A)
pMCB221 and (B) pMCB339, respectively, contain 6.8 and 9.8 Kb DNA fragments including rRNA
genes. Thick lines represent the M. capricolum DNA. The vector DNA is shown as thin lines. The dark
zones represent TRNA-coding regions.

generated by BglII digestion, each including a different set of rRNA genes. In both
DNAs, the rRNA genes are arranged in the order of 16S, 23S, and 5S rDNA. Thus
the arrangement of M. capricolum TRNA genes is common to other prokaryotic
rRNA gene clusters so far known. We have determined the nucleotide sequences of
several parts of the cloned rRNA genes, including the spacer region between 16S and
23S rRNA genes. The results have revealed that the coding sequences of 16S and 23S
rRNA genes of M. capricolum are highly similar to those of Bacillus subtilis and E.
coli, suggesting that the TRNA genes are well conserved in these prokaryote
genomes. On the other hand, the spacer sequences between 16S and 23S rRNA genes
have little resemblence between M. capricolum and B. subtilis or E. coli. We have so
far not detected any tRNA like-sequence in the spacer region.

The isolation of the two different clones, each containing a set of rRNA genes,
strongly supports the idea that the M. capricolum genome carries two sets of rRNA
genes [2]. Contrary to this, Amikam et al. [12] recently reported that M. capricolum
contains only one set of rRNA genes, while there are two sets in M. mycoides subsp.
capri and Acholeplasma laidlawii. The reason for this discrepancy is not clear. The
genome size of mycoplasmas is one-quarter to one-fifth of that of E. coli or B. sub-
tilis. It is known that the rRNA gene copies are at least seven in E. coli [13] and ten
in B. subtilis [14]. These facts suggest that the copy number of rRNA genes varies
from one bacterial species to another roughly in proportion to their genome size.

Ribosomal Proteins

The total and ribosomal proteins of M. capricolum were analyzed by two-
dimensional (2D) gel electrophoresis, and compared with those of E. coli and B.
subtilis [3]. First, the total proteins were separated by O’Farrell’s 2D gel system
[15,16] to estimate the approximate number of proteins in the cell. The number of
protein spots detected was about 350, indicating that the M. capricolum genome
contains at least about 350 genes for proteins. The number of whole cell protein
spots of E. coli or B. subtilis detected under the same conditions is about 1,100.

Second, the ribosomal proteins were analyzed by the 2D gel system of Kaltschmidt
and Wittmann [17]. The number of the M. capricolum ribosomal protein species is
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at least 30 for 50S and 20 for 30S subunits with average molecular weight of about
15,000 daltons. This shows that the number and size of M. capricolum ribosomal
proteins are not significantly different from other eubacterial ribosomal proteins in
contrast to a great reduction of the number of total proteins. This suggests that the
number and size of the genes for ribosomal proteins are conserved in the
mycoplasma genome in spite of the limited genetic capacity. The protein profiles of
both 30S and 50S subunits in 2D gel electrophoresis, as a whole, resemble those of
B. subtilis or B. stearothermophilus rather than E. coli. Several characteristic
features of ribosomal proteins from gram-positive bacteria, for example, the lack of
protein S1 (see [18,19]), are also seen in M. capricolum. These observations are con-
sistent with the idea that the mycoplasma is phylogenetically close to Bacilli.
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Summary. DNA segments carrying rRNA genes of Myco-
plasma capricolum have been cloned and characterized by
restriction endonuclease mapping, DNA-RNA hybridiza-
tion and nucleotide sequencing. The M. capricolum genome
has two sets of rRNA gene clusters, where the arrangement
is in the order of (57)16S-23S-5S(3"). The spacer region be-
tween 16S and 23S rDNA is extremely rich in AT and
does not carry any tRNA genes.

Introduction

Mycoplasmas are parasitic prokaryotes and the smallest
free-living organisms known (for reviews, see Maniloff and
Morowitz 1972; Razin 1978). Their genome size is about
0.5x10° daltons, and is about one-fifth of that of
Escherichia coli. We have estimated the number of the genes
in the mycoplasma genome to be only about 400 (Kawauchi
et al. 1982). Furthermore, the GC contents of DNA from
most of the mycoplasma species are extremely low as com-
pared with those of other bacterial DNAs. In spite of these
characteristic features, little is known concerning the the
structure, organization and expression of the mycoplasma
genes. This is mainly due to the difficulty of obtaining avail-
able genetic markers, and to the lack of a genetic recombi-
nation system in the organisms (see Stanbridge and Reff
1979). However, the recent progess in gene cloning and
DNA sequencing techniques has provided useful tools for
studying the genetics of mycoplasmas. As a first step in
genetic analyses of mycoplasmas, we have attempted to elu-
cidate the organization of rRNA genes in Mycoplasma ca-
pricolum. In a previous report, we demonstrated that the
M. capricolum genome contains at least two sets of genes
for 16S, 23S and 5S rRNAs (Sawada et al. 1981). In the
present paper, we have constructed a library of genomic
DNA segments from M. capricolum and identified the re-
combinant plasmids carrying cloned rRNA gene clusters.
The gene organization in each cluster has been analyzed
and compared with those of other prokaryotic rRNA genes.
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Materials and methods

a) Materials. The restriction endonuclease Mboll was pur-
chased from Bethesda Research Laboratories, Inc. (Mary-
land, USA). Other restriction endonucleases, bacterial alka-
line phosphatase, T,-DNA ligase and T,-polynucleotide ki-
nase were purchased from Takara Shuzo Co. Ltd. (Kyoto,
Japan). Proteinase K and ribonuclease A were from Sigma
Chemical Company (St. Louis, USA). Phosphorus-32 was
from Amersham Japan (Tokyo, Japan). Nitrocellulose
filters were purchased from Sartorius GmbH (Gottingen,
FRG) and Millipore Corporation (Massachusetts, USA).

b) Preparation of DNA and rRNA. Mycoplasma capricolum
ATCC 27343 was grown as described previously (Sawada
et al. 1981; Kawauchi et al. 1982).

For the preparation of high molecular weight DNA,
cells were harvested by centrifugation, suspended in TE-
buffer (10 mM Tris-HCL, 1 mM EDTA, pH 7.6) and lysed
at 37° C for 2 h in the presence of 0.5% SDS and 100 pg/ml
proteinase K. The lysate was treated twice with TE-buffer-
saturated phenol. The aqueous phase was dialyzed against
TE-buffer overnight and treated with 50 pg/ml ribonuclease
A at room temperature for 1 h. DNA was then purified
by the proteinase K treatment, as described above.

Total rRNA was isolated from 70S ribosomes, and 168,
23S, and 5S rRNAs were prepared from 30S and 508 ribo-
somal subunits as described in Sawada et al. (1981). Ribo-
somes and their subunits were isolated by sucrose gradient
centrifugation as described in Kawauchi et al. (1982). 5S
rRNA was further purified by polyacrylamide-7 M urea gel
electrophoresis. The purified RNA preparations were hyd-
rolyzed to give an average chain length of about 100 nucleo-
tides and treated by bacterial alkaline phosphatase. The
5’-ends were then labeled with [p-*?P] ATP using polynu-
cleotide kinase according to Maxam and Gilbert (1977).
Radioactive ATP was prepared according to Walseth and
Johnson (1979).

¢) DNA-cloning. M. capricolum DNA was completely di-
gested with either EcoRI1, HindIIl or Bg/Il under the condi-
tions recommended by the manufacturers. The EcoRI-di-
gested DNA fragments were ligated with EcoRI-digested
and phosphatase-treated vector pBR325. Similarly, the Hin-
dIII- or Bg/ll-digested fragments were ligated with HindIII-
or BumHI-digested pBR322. The ligated DNAs were used
for transformation of E. coli HB101. Ampicillin-resistant
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and chloramphenicol- (for pBR325) or tetracycline- (for

pBR322) sensitive clones were picked up, purified and used
for colony hybridization analyses using 5’-*?P-labeled total
rRNA as a probe (Grunstein and Hogness 1975). Positive
clones were subjected to a second colony hybridization for
confirmation.

For the sequencing of the spacer regions between 16S
and 23S rRNA genes (see Section ¢ of Results), subclones
containing the spacer regions were constructed from an
EcoRI/HindIll DNA fragment of 1.2 kilo base pairs (kb)
using the EcoR1/HindlIl double-digested pBR322 as a vec-
tor (see Results).

d) Physical mapping. Plasmid DNAs were isolated from
the transformed cells according to Oka et al. (1981). The
DNA was digested with endonucleases and separated by
0.7% or 1% agarose gel electrophoresis using an E-buffer
system (40 mM Tris-acetate, 20 mM acetate, 2 mM EDTA,
pH 7.9). EcoRI and/or HindIIl digests of lambda phage
DNA (4,45-57) Were used as size markers. Gels were photo-
graphed under 365nm ultraviolet light using a red filter
and the separated fragments were denatured, neutralized
and transferred to a nitrocellulose filter (Sartorius SM 71)
according to Southern (1975). The DNA fragments on the
filters were hybridized with 5’-32P-labeled 16S, 23S or 5S
rRNA as described (Sawada et al. 1981).

e) Sequencing of DNA fragments. DNA fragments sepa-
rated by electrophoresis were eluted from the gels by the
glass beads method (Vogelstein and Gillespie 1979). Nucle-
otide sequences were determined by the method of Maxam
and Gilbert (1977).

Results

a) Cloning of rRNA genes

A library of the M. capricolum genomic clones was con-
structed by insertion of Bg/ll-, EcoRI- or Hindlll-digested
fragments of the DNA into plasmid pBR322 or pBRR325
using E. coli HB101 as a host. A total of 2510 clones (610
clones in the Bgl/ll, 1235 in the EcoRI and 665 in the Hin-
dHI libraries) was isolated. All clones were examined by
colony hybridization for the presence of the rRNA se-
quences. About 40 positive clones were detected. The plas-
mids were isolated and analyzed for the structures by re-
striction endonuclease digestions. Figure 1(a) shows restric-
tion maps of the representative recombinant plasmids carry-
ing rRNA genes. From the Bg/II library, two kinds of plas-
mid containing respectively a 6.8 kb (pMCB230) and a
9.8 kb (pMCB1002) insert were isolated. The Southern hy-
bridization analysis of the Bg/ll-digested genomic DNA
gave two distinct bands of 6.8 kb and 9.8 kb that hybridized
with the 3’-terminally labeled 16S, 23S and 5S rRNAs (Saw-
ada etal. 1981). It is thus clear that the inserts in the
pMCB230 and pMCB1002 are different, each containing
a set of rRNA genes originating from different parts of
the chromosome. The rRNA gene clusters included in the
6.8 kb and 9.8 kb fragments are tentatively designated rrnA
and rruB, respectively.

From the EcoRI library, a plasmid containing a 4.5 kb
(pMCE223) EcoRI fragment was isolated. The 4.5 kb insert
in pMCE223 is a part of the 6.8 kb insert in pMCB230
(rrnAd), because the EcoRI digestion of the pMCB230 gener-
ated a 4.5 kb DNA segment that revealed a restriction map
identical to the insert in pMCE223. On the other hand,
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Fig. 1. (a) Restriction maps of the pMCB230, pMCB1002, pMCE223 and pMCH1358. Thick lines represent the inserted M. capricolum

DNA fragments and thin lines show vectors, pBR322 or pBR325. **

B™ represents BamHI1 site (pBR322) or Bg/ll site (M. capricolum).

E: EcoRI, H: Hindl11, HA: Haelll, Hp: Hpal, p: Pst] and S:Smal. Haelll cutting sites were determined only in pMCE223 4.5 kb EcoRlI
fragment. (b) The locations of rRNA genes on the cloned DNA segments. Locations of the 3’-end of 23S rRNA genes and the 58
rRNA gene are approximate. (¢) The subcloned DNA segments in pMCB1002EH1 and pMCE223EH1 (see Fig. 3)
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the 9.8 kb Bg/lIl insert in pMCB1002 (rrnB) had only one
EcoRI cutting site (see Fig. 1a). Genomic Southern hybrid-
ization also showed the presence of a 4.5 kb EcoRI frag-
ment that hybridized with 168, 23S, and 58 rRNAs (Sawada
et al. 1981).

Plasmid pMCH158 having a 2.0 kb DNA insert was
isolated from the HindlIl library. The restriction maps
showed that the 2.0 kb insert overlapped with the insert
in pMCE223, pMCB230 or pMCB1002, as shown in
Fig. 1(a).

b ) Physical mapping

The 4.5 kb EcoRI fragment was isolated from pMCE223
(rrnA) and digested separately with Haelll, HindIII and
Hpal. The products were separated by 1% agarose gel elec-
trophoresis, transferred to nitrocellulose filters and hybrid-
ized with *2P-labeled 168, 23S or 58 rRNA (Fig. 2). The
results are summarized in Table 1. An Haelll digestion of
the 4.5 kb EcoRI fragment generated four fragments of 1.7,
1.4, 1.0, and 0.4 kb. The 1.4 kb fragment hybridized with
both 16S and 23S rRNAs and the 1.0 kb fragment with
both 23S and 5S rRNAs, while the 1.7 and 0.4 kb fragments
hybridized only with 23S rRNA (Fig. 2. lane 1). Similarly
the Hapll digestion gave a 2.2 kb fragment hybridizable
with both 16S and 23S rRNA and a 1.9 kb fragment with
23S and 5S rRNAs (Fig. 2, lane 3). These results show the
physical linkages between 16S and 23S rRNA genes and
between 23S and 58 rRNA genes. The hybridization of
rRNAs with HindlIll digestion products also supports this
conclusion (Fig. 2, lane 2). These results and the locations
of the hybridized fragments on the restriction map of the
4.5kb EcoRI fragment (Fig. 1a) indicate that the rRNA
genes are arranged in the order of 16S8-23S-5S8 as shown
in Fig. 1 (b). The location of 5-ends of the 16S and 23S
rRNA genes and the 3"-end of the 16S rRNA gene was
estimated by nucleotide sequencings (see section ¢ and Iw-
ami et al. 1984). Although the precise location of the 55
rRNA gene has not yet been determined, a preliminary
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Fig. 2a—d. Southern hybridization of a 4.5 kb
fragment of pMCE223 with **P-labeled rRNAs.
The 4.5 kb EcoRI insert of pMCE223 was isolated
and digested by Haelll (lane 1), HindlIIl (lane 2)
and Hpal (lane 3), respectively. The products were
separated by 1% agarose gel electrophoresis,
stained by ethidium bromide a, and hybridized
with *?P-labeled 16S b, 23S ¢ and 58 d rRNAs,
respectively. The sizes (kb) of Haelll digestion
products are shown in the left side of a

Table 1. Southern hybridization ol a 4.5 kb fragment of pMCE222
with *?P-labeled rRNAs

Enzyme Products Hybridization®
(kb)
168 238 58
Haelll 1.7 — + —
1.4 + (+) s
1.0 = + +
0.4 - + -
HindIT1 1.55° - - +
1.5° - + -
1.2 + (+) -
0.3 - (+) -
Hpal 2.2 + + —
1.9 — + +
0.4 + = —

* 4 :strongly hybridized; (+): faintly hybridized
» These two fragments could not be resolved in the gels

nucleotide sequencing revealed that the sequence homolo-
gous to the M. capricolum 58 rRNA (Hori et al. 1981) is
located at about the region 3 kb downstream from the
5’-end of the 23S rRNA gene on the same strand (unpub-
lished result).

Southern hybridization experiments were also carried
out with plasmid pMCB1002 DNA containign rrnB
(Fig. 3a—d). The results indicated that the rRNA gene ar-
rangement in rrnB was the same as that in rrnd (Fig. 1b).
Furthermore, the restriction maps of the estimated coding
regions of rrnA and rrnB resembled each other (Fig. 1a).

The 2.0 kb HindIIl insert in pMCHI158 hybridized
strongly with 16S and weakly with 23S rRNAs (data not
shown). The nucleotide sequencing analysis of this fragment
demonstrated that the insert included the following parts
of rrnB: the 5'-flanking sequence of the 16S rRNA gene,
a full length of the 16S rRNA gene and the 5'-terminal
sequence of the 23S rRNA gene (see Iwami et al. 1984).
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plasmids were subcloned in pBR322 (pMCE223EH1 for
rrnA, and pMCB1002EH1 for rruB, respectively: Fig. 1c¢).
The fragments hybridized strongly with 16S rRNA and
weakly with 23S rRNA. Fine restriction maps of the two
fragments were constructed, as shown in Fig. 4. The two
maps were identical except that a Dral cutting site existed
only in pMCB1002EH1 (rrnB). The sequences of both ter-
minal regions of the 1.2 kb DNA segments were first deter-
mined. About 90 nucleotides from the HindIIl end were
found to be highly homologous to the sequence of the

TTGTTCTTTG AAAACTGAAT ATTAGATGAA ATGCAATTTT CTGATTATAA CAATATTTAT 240

AATTAGATAA TTATTACGAT ATTAAATTCG TAATGACATC AAAAACAATT AACTAAAATT 300

_____________________________ o scucasaans mamanmsrs 908

AATTGAGTTA CAAATTGCTA GARAGATTTT CTAAAAMATA GTAAGAGCAT ATGGTGAATG 360

CCTTGGAARA TGRAGCCGAA GAAGGACGTG ACTACCTGCG ATAAGTCTGG GGGAGCT ulz

Fig. 5. Nucleotide sequences of the spacers between 168 and 23S

5-terminus of 23S rRNA genes of E. coli (Brosius et al.
1981) and Bacillus subtilis (Loughney et al. 1982). There-
fore, the 0.4 kb Alul fragments including the putative 5-ter-
minal sequence of 23S rRNA gene and its upstream region
(see Fig. 4) were isolated and sequenced according to the
strategy shown in Fig. 4. Most of the sequences were estab-
lished by sequencing both DNA strands more than twice.
Figure 5 shows the sequences of the noncoding (RNA-like)
DNA strand of the 0.4 kb Alul fragments from both rrnd
nad rrnB. The 3’-end of the 16S rRNA gene was deduced

rRNA genes. The total sequence of the 0.4 kb A/ul [ragment from
pMCE223EH1 (rrnA) is shown, compared with that from
pMCBI1002EH1 (rrnB). Bars indicate identical nucleotides and as-
terisks indicate deleted nucleotides

from the sequence of the 3'-terminal region of M. caprico-
lum 168 rRNA (Woese et al. 1980). The 5"-end of the 23S
rRNA gene was not determined experimentally but assigned
on the basis of sequence homologies with E. coli, B. subtilis
and Anacvstis nidulans 23S rDNA (Brosius etal. 1981;



Loughney et al. 1982; Tomioka et al. 1981). Thus, the spacer
between the 3’-end of 16S rRNA gene and the 5-end of
23S rRNA gene in rruA was estimated to be 228 nucleotides
long, and that in rruB was 226 nucleotides long. The two
spacers revealed 97% sequence identity; only six nucleotide
substitutions and two nucleotide insertions/deletions were
found between them. The spacers were extremely poor in
GC (20%), and did not include tRNA-like sequences. The
sequences of the 3’-terminal region of the 16S rRNA and
the 5'-terminal region of the 23S rRNA gene of M. caprico-
lum so far determined revealed 69% (131/189) and 74%
(139/189) identities with the corresponding sequences of E.
coli and B. subtilis, respectively.

Discussion

In a previous paper (Sawada et al. 1981), we demonstrated
that there are at least two sets of closely linked genes for
168, 23S, and 5S rRNA on the M. capricolum chromosome.
The present study confirms the above observation. Two
independent DNA segments carrying the genes for the three
rRNA species have been cloned in the E. coli plasmids.
The sizes of the cloned DNA fragments are coincident with
those predicted by the genomic Southern hybridization
(Sawada et al. 1981). Each of the two rRNA gene clusters,
rrmA and rruB, carries a set of genes for 16S, 23S, and
55 rRNAs. Southern hybridization analyses of the cloned
DNAs and sequencings of the DNA segments have revealed
that the order and orientation of the rRNA genes in each
cluster are (57)16S-23S-5S(3"). The structures of the two
rRNA gene clusters of M. capricolum resemble each other
as judged by the restriction maps. Although information
on transcription of rRNA genes is lacking, it is plausible
that each of the clusters forms a transcription unit. The
order of the TIRNA genes of M. capricolum is the same
as that of other prokaryotes such as E. coli (Vola et al.
1977), B. subtilis (Stewart et al. 1982), A. nidulans (Tomioka
etal. 1981) and Rhodopseudomonas capsulata (Yu et al.
1982).

Characteristic features of M. capricolum TRNA gene
clusters can be found in the spacer regions between the
16S and 23S rRNA genes. First, the spacers do not include
tRNA genes. All the seven rRNA operons of E. coli (Lund
etal. 1976; Tkemura and Nomura 1977; Morgan et al.
1977), all the two rRNA gene clusters of A. nidulans (To-
mioka et al. 1981) and two out of ten rRNA gene clusters
of B. subtilis (Loughney et al. 1982) contain one or two
spacer tRNA genes. Thus, the overall organization of the
M. capricolum rRNA gene clusters resembles those of the
eight B. subtilis clusters that do not contain spacer tRNA
genes. Second, the spacer sequence of M. capricolum is ex-
tremely poor in GC (20%) in contrast to a relatively high
GC-content (48%) of the coding sequence of rRNA genes
(Ryan and Morowitz 1969). The GC-content of the spacer
is even lower than that of the total genomic M. capricolum
DNA (25%; Neimerk 1970). Third, the sequences of the
two spacers of M. capricolum are highly conserved, reveal-
ing 97% sequence identity. Furthermore, most of the differ-
ences between the two sequence are found in a limited part
of the spacer. This suggests that the bulk of the spacer
sequence may play some functional roles. In £. coli and
B. subtilis, the spacer sequences are relatively conserved
among the different rRNA operons in the same species,
while little sequence homology of the spacers has been
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found between the two species with exception of the spacer
tRNA gene regions (Brosius et al. 1981; Loughney et al.
1982; Ogasawara et al. 1983). It has been suggested that
the spacer sequence includes the processing signals of rRNA
gene transcripts in the maturation steps of rRNA synthesis
(Bram et al. 1980; Ogasawara et al. 1983). Interestingly, a
remarkable sequence homology is found in certain regions
of spacers and in the 5'-flanking sequences of the 16S rRNA
genes between M. capricolum and B. subtilis (Iwami et al.
1984). These facts suggests that M. capricolum possesses
a processing mechanism similar to that of B. subtilis. This
will be discussed in detail in another paper (Iwami et al.
1984).
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Summary. The nucleotide sequences of the rrnB 168 ribo-
somal RNA gene and its 5-and 3’-flanking regions from
Mycoplasma capricolum have been determined. The coding
sequence is 1521 base pairs long, being 21 base pairs shorter
than that of the Escherichia coli 16S rRNA gene. The 16S
rRNA sequence of M. capricolum reveals 74% and 76%
identity with that of E. coli and Anacystis nidulans, respec-
tively. The secondary structure model constructed from the
M. capricolum 16S rRNA gene sequence resembles that pro-
posed for E. coli 16S rRNA. A large stem structure can
be constructed between the 5'- and 3’-flanking sequences
of the 16S rRNA gene. The flanking regions are extremely
rich in AT.

Introduction

Mpyoplasma capricolum contains only two sets of rRNA
genes in the genome (Sawada et al. 1981). In a previous
paper, we have shown that the rRNA genes from M. capri-
colum are clustered and arranged in the order 16S-23S-5S
(Sawada et al. 1984). Thus the organization of the rRNA
gene clusters of M. capricolum is essentially the same as
that of other prokaryotes. However, in contrast to other
prokaryotes, the M. capricolum rRNA gene clusters have
no tRNA genes in the spacer between 16S and 23S rRNA
genes (Sawada et al. 1984). It has been also known that
58 tRNA of M. capricolum is only 107 nucleotides long,
the shortest of all the 5SS rRNAs so far known (Hori et al.
1981). The 16S rRNA of M. capricolum has also been re-
ported to be shorter than other bacterial 16S rRNAs (Stan-
bridge and Reff 1979). Furthermore, the GC-contents of
the Mycoplasma rRNAs are the lowest among the prokar-
yotes (Ryan and Morowitz 1969). These data suggest that
the M. capricolum rRNA has unique characteristics as com-
pared with other bacterial rRNA.

In this study, we have determined the nucleotide se-
quences of a 16S rRNA gene from M. capricolum and its
flanking regions and compared them with those of prokar-
yotic 16S rRNA genes from Escherichia coli (Brosius et al.
1978 ; Carbon et al. 1978, 1979) and a blue-green alga, Ana-
cystis nidulans (Tomioka and Sugiura 1983).

* Present address: Meiji Institute of Health Science, 540 Naruda,
Odawara 250, Japan

Offprint requests to: A. Muto

Materials and methods

The recombinant plasmid pMCH158 contains one of the
16S rRNA genes and its 5'- and 3’-flanking regions of M.
capricolum (Sawada et al. 1984). The plasmids were propa-
gated in E. coli HB101 cells and isolated by the procedure
of Oka etal. (1981). The DNA was digested by HindIIl
and separated by 0.7% agarose gel electrophoresis. The
2.0 kilo bases (kb) insert DNA fragment was eluted from
the excised gel pieces using glass beads (Vogelstein and Gile-
spie 1979). The 5'-terminal end-labeling was carried out
by using (y-*?P)ATP and T4 polynucleotide kinase after
alkaline phosphatase treatment as described by Maxam and
Gilbert (1980). A fine structure map of the insert DNA
was constructed by the method of Smith and Birnstiel
(1976). Polyacrylamide gels (5%) were used for separating
labeled fragments and for the strand separations. When
the strand separation was unsuccessful, the labeled frag-
ment was digested by the second restriction endonuclease
treatment and separated by gel electrophoresis. The DNA
fragments were eluted from polyacrylamide gels by diffu-
sion, and base-specific chemical cleavages (G, G+ A, T+C,
C) were performed according to Maxam and Gilbert (1980).

Other materials and methods were as described (Sawada
et al. 1984).

Results and discussion

The plasmid pMCH158 contained a 2.0 kb HindIIl M. ca-
pricolum DNA fragment which hybridized with 16S and
weakly with 23S rRNA. Figure 1(a) shows a fine structure
map of the 2.0 kb insert DNA. Most parts of the map
were identical with a part of the map of pMCB1002 which
contained the rrnB rRNA gene cluster of M. capricolum
(see Fig. 4 of Sawada et al. 1984). Since the locations of
rRNA genes in pMCB1002 are known, the 2.0 kb fragment
in pMCH158 is expected to contain a full length of the
16S rRNA gene and the 5’-terminal region of the 23S rRNA
gene of the rrnB cluster. Thus, the complete sequence of
the 2.0 kb fragment was determined. The sequencing strate-
gy is outlined in Fig. 1(b). Most of the sequences were con-
firmed by sequencing both DNA strands.

Figure 2 shows the total nucleotide sequence of the non-
coding (RNA-like) strand of the 2.0 kb insert of pMCH158.
The 3’-end was assigned by the sequence of the 3’-terminal
region of M. capricolum 16S rRNA reported by Woese et al.
(1980a). The 5-end was assigned on the bases of sequence
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Fig. 1. Physical maps of the cloned rRNA gene cluster in plasmids pMCB1002 and pMCH 158 (a) and fine structure map and sequencing
strategy for the insert of plasmid pMCH158 (b). Thick lines represent the rRNA coding regions. The vector pBR322 DNA is shown
by open boxes. The lower part shows the sequencing strategy. Arrows indicate the direction and length of the DNA regions sequenced.

KBP: kilo-base pairs. BP: base pairs

homology with that of E. coli (Brosius etal. 1978) and
A. nidulans (Tomioka and Sugiura 1983). Thus, the coding
region of the M. capricolum 16S rRNA gene was 1521 base
pairs (bp) long. As shown in the figure, the 2.0 kb insert
also contained the 5'-flanking sequence (134 bp) of the 16S
rRNA gene, the spacer between the 16S and 23S rRNA
genes (226 bp) and the 5'-terminal sequence of the 23S
rRNA gene (110 bp) (see also Sawada et al. 1984). In Fig. 2,
the sequence of the 16S rRNA gene of M. capricolum was
aligned together with that of E. coli (Brosius et al. 1978)
and A. nidulans (Tomioka and Sugiura 1983). The M. capri-
colum sequence revealed a remarkable similarity to those
of E. coli (74% 1dentity) and A. nidulans (76% identity).

The identity values were higher than those for the 5S
rRNA between M. capricolum and E. coli or A. nidulans
(56% or 53%; Hori et al. 1981; Dyer and Bowman 1979).
The GC content of the M. capricolum 16S rRNA gene was
48%, which was lower than that of E. coli (55%) and A.
nidulans (56%).

The 16S rRNA gene of M. capricolum was 21 bp shorter

than that of E. coli and 34 bp longer than that of 4. nidu-
lans. When compared with E. coli, the M. capricolum gene
contained three relatively large deletions (positions 68-69,
833-834 and 996-997) and an insertion (position 177-185).
The deletion at position 68-69 also existed in the corre-
sponding region of the A. nidulans 16S rRNA gene. The
sequence homology around these deletion and insertion re-
gions was low among the three species. On the other hand,
highly conserved regions were: (i) the 5'-terminal region,
(i) position 498-546 which corresponds to the proposed
ribosomal protein S4 binding site in E. coli (Nomura et al.
1980), and (iti) the 3’-terminal region containing the se-
quence 5-ACCTCC-3, a proposed prokaryotic mRNA
binding sequence (Shine and Dalgarno 1974).

Secondary structure models for E. coli 16S rRNA have
been proposed by three groups (Woese et al. 1980b; Stiegler
et al. 1981; Zwieb et al. 1981). Two of these models have
been revised recently (Maly and Brimacombe 1983; Woese
et al. 1983), thus reaching essential agreement between
them. The secondary structure of M. capricolum 16S rRNA

Fig. 2. Total nucleotide sequence of the inscrt of pMCH158. The noncoding (RNA-like) strand of M. capricolum (MC) 16S rRNA
is shown together with that of E. coli (EC) and A. nidulans (AN) 16S rRNA gencs for comparison. The 16S rRNA coding regions
arc boxed. Dots indicate nucleotides identical with those of M. capricolum. Bars indicate deletions. Repeated sequences are underlined.

Numbering in the right-hand margin is for each 16S rRNA species
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Fig. 3. Secondary structure of 16S rRNA gene of M. capricolum.
Crossbars indicate normal base pairs and dotted bars represent
G-U pairs

constructed according to them was nearly identical to that
of E. coli as shown in Fig. 3. The sequence identity between
E. coli and M. capricolum 16S rRNAs was 74%, and yet
almost all of the stem and loop structures in E. coli 16S
rRNA could be observed in M. capricolum, indicating a
strong conservation of the secondary structures between
these two bacterial 16S rRNAs. The sequence conservation
is greater in nonpaired (loop) regions than in paired (stem)
regions. This means that a base change occurring in the
stem regions has been cancelled by a compensatory change
of the opposite base, so that the secondary structure can
be maintained. A striking example of secondary structure
conservation is seen in the stem and loop structures of posi-
tions 67-86 and 809-866 of M. capricolum compared with
the corresponding regions of E. coli, although the sequences
of these regions were not well conserved between the two
16S rRNAs with deletions in M. capricolum (Fig. 4). On
the contrary, there were several regions where the primary
as well as the secondary structures did not resemble each
other. A stem of 8 bp long between the positions 588-595
and 644-651 in E. coli has been suggested as a part of
ribosomal proteins S8 and S15 binding sites (Ungewickell
etal. 1975; Zimmermann et al. 1975; Zimmermann et al.
unpublished results), while the corresponding region in M.
capricolum (positions 580-587 and 636-643) had only three
base pairs (positions 636-638 vs 585-587), forming a fairly
large loop with the rest of the bases in this region (Fig. 5).
The 5'-flanking region as well as the spacer between
16S and 23S rRNA genes was extremely poor in GC (20%)
(Fig. 2), having no sequence homology with those of E.
coli. The homology of the flanking sequences between M.
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E. coli capricolum and E. coli 16S rRNAs

capricolum and Bacillus subtilis was also very low with,
however, certain parts highly conserved (see later). No pro-
moter-like sequence was found in the 5'-flanking region,
because this insert was not long enough to include the pro-
moter region. The spacer sequence between the 16S and
23S rRNA genes was identical with that in pMCB1002
(Sawada et al. 1984), confirming that the rRNA genes in-
serted in pMCH158 were a part of the rrnB cluster.

A possible secondary structure model of the flanking
sequences of the 16S rRNA gene was constructed (Fig. 6).
A large stem structure could be generated by pairing the
5’-flanking sequences of the 16S rRNA gene with the 5'-ter-
minal region of the 16S and 23S spacer as in the case of
E. coli (Young and Steitz 1978) and in B. subtilis (Ogasa-
wara et al. 1983; Stewart and Bott 1983). These stems have
been suggested as possible substrates for processing en-
zymes during rRNA maturation (Young and Steitz 1978;
Ogasawara et al. 1983). Furthermore, a stretch having al-
most the same sequence as position —111-—98 appeared
again in the spacer at position 1602-1616 (see underlined
sequences in Fig. 2), which can base pair with a part of
the spacer sequence between the 23S and 5S rRNA genes
(unpublished result). Thus, there existed two almost identi-
cal base-paired structures in the 16S rRNA stem and in
the 23S rRNA stem. These repeated structures in the two
stems have also been reported in B. subtilis by Ogasawara
et al. (1983), but not in E. coli. Moreover, a striking homol-
ogy between M. capricolum and B. subtilis was found in
the sequences including the repeated stem regions. As
shown in Fig. 7, a stretch in the 5'-flanking sequence (posi-
tion —116-—77) and two stretches in the 165-23S spacer
sequence (position 1557-1577 and 1601-1620) were highly
homologous with those of the corresponding regions of B.
subtilis, but not with those of E. coli. The repeated struc-
tures in the two stems were located within the homologous
regions as compared with B. subtilis (the sequence boxed
in Fig. 6). Ogasawara et al. (1983) have suggested that these
regions may be the target sites for processing enzymes. This
would mean that the processing signals of rRNA gene tran-
scripts as well as the specificity of processing enzymes are
conserved between M. capricolum and B. subtilis, but not
between these two species and E. coli. We have previously
demonstrated that the mycoplasmas are phylogenetically
more closely related to the gram-positive bacteria such as
B. subtilis rather than gram-negative bacteria such as E.
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a)
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1560 1570 1580 1590 1600 1610 1620

coli, from the 55 rRNA sequence (Hori et al. 1981) and
ribosomal proteins (Kawauchi et al. 1982). The similarity
of the spacer structures of the rRNA gene clusters between
M. capricolum and B. subtilis also supports this conclusion.
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ABSTRACT UGA is a nonsense or termination (opal) co-
don throughout prokaryotes and eukaryotes. However, mito-
chondria use not only UGG but also UGA as a tryptophan
codon. Here, we show that UGA also codes for tryptophan in
Mycoplasma capricolum, a wall-less bacterium having a
genome only 20-25% the size of the Escherichia coli genome.
This conclusion is based on the following evidence. First, the
nucleotide sequence of the S3 and 116 ribosomal protein genes
from M. capricolum includes UGA codons in the reading
frames; they appear at positions corre_s;ponding to tryptophan
in E. coli S3 and L16. Second, a tRNA""P gene and its product
tRNA found in M. capricolum have the anticodon sequence
5’ U-C-A 3, which can form a complementary base-pairing
interaction with UGA.

We recently have sequenced a part of the Mycoplasma cap-
ricolum ribosomal-protein gene cluster that codes for poly-
peptides highly homologous to the Escherichia coli riboso-
mal proteins S3 and L16. The sequence contains four UGA
codons in the reading frames; three appear at the sites corre-
sponding to tryptophan, and one, at a site corresponding to
arginine in the E. coli proteins. No “universal” UGG codon
for tryptophan has so far been found. We have also isolated a
clone containing a pair of M. capricolum tRNA genes, the
sequence of both of which resembles that of tRNAT™ of E.
coli. The anticodon sequence of one of these tRNA genes is
5'-T-C-A-3', which can base-pair with both opal codon UGA
and universal tryptophan codon UGG. That of the other is
5'-C-C-A-3’, which may base-pair exclusively with UGG.
These two tRNA genes are expressed in the cell. All these
findings suggest strongly that, in M. capricolum, UGA codes
for tryptophan using the opal tRNAyca but not tRNAcca.

RESULTS AND DISCUSSION

UGA Codons in M. capricolum S3 and L16 Genes. As re-
ported in a previous paper (1), we isolated the recombinant
plasmid pMCB1088 containing a 9-kilobase-pair fragment of
M. capricolum DNA. The fragment contains the genes for at
least nine ribosomal proteins—S3, S5, S8, S14, S17, LS, L6,
L16, and L18—as deduced from its encoded protein se-
quences being highly homologous with the corresponding E.
coli ribosomal protein sequences (refs. 1 and 2; unpublished
results). Fig. 1 shows the complete nucleotide sequence of a
629-base-pair (bp) HindIll fragment which is a part of the
insert of pMCB1088 (see refs. 1 and 2). The DNA corre-
sponds to the 3’ half of the S3 gene and about 90% of the L.16
gene from the 5’ terminus. When the M. capricolum se-
quences are aligned with the E. coli protein sequences (3, 4)
(Fig. 1), four UGA (opal) codons are found within the read-
ing frames. The possibility that these UGA codons are termi-
nation signals can be excluded by their occurrence in the
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regions having extensive sequence homologies with the E.
coli proteins. More importantly, three out of the four UGA
codons appear at the positions corresponding to tryptophan
in the E. coli proteins. This suggests that UGA is a sense
codon, probably for tryptophan, in M. capricolum. No UGG
codon for tryptophan has so far been found. One UGA ap-
pears in S3 at a site corresponding to arginine in the E. coli
L16.

Genes for Tryptophan tRNAs. Since UGA, which is a stop
codon in the universal code, seems to be read as tryptophan
in M. capricolum, one would expect the occurrence of an
opal tRNA that can decode the UGA codon. Plasmid pM-
CH964, having a 2.0-kilobase-pair HindIII fragment in
pBR322, was isolated as one of the clones that hybridize
with unfractionated M. capricolum tRNAs. By restriction
mapping of this fragment followed by hybridization with 3?P-
labeled total M. capricolum tRNAs, the tRNA genes were
localized within a 600-bp Alu 1 subfragment that had been
derived from the middle part of the Hindlll fragment (data
not shown). The DNA sequence of this region (Fig. 2) re-
vealed the presence of a pair of tRNA genes with a 40-bp
spacer between them. The tRNA encoded by the first gene
has an anticodon sequence 5'-U-C-A-3’ that can decode both
opal codon UGA and universal tryptophan codon UGG,
whereas the second one has an anticodon sequence 5'-C-C-
A-3' for the universal UGG codon for tryptophan (Fig. 3).
The structural gene region for these two tRNAs is preceded
by the expected promoter structures: a Pribnow-box-like se-
quence (underlined in Fig. 2) =20 bp upstream and a —35 se-
quence (also underlined in Fig. 2) 45 bp upstream from the
coding sequences. The tRNA genes are followed by a proba-
ble termination signal: a dyad symmetrical structure and a
stretch of thymidine residues (indicated by two arrows and
by a broken line, respectively, in Fig. 2) 24 bp downstream
from the coding sequence for tRNAcca. The above structure
suggests that the two tRNA genes are arranged in a single
operon. The tRNAca gene could have emerged by duplica-
tion of the tRNAcca gene, since the two tRNA genes are
closely related to each other not only in their tandem linkage
on the chromosome but also in their high sequence homolo-
gy (78% identity) and both tRNAyca and tRNAcca can be
charged with tryptophan in vitro (see below).

Expression of tRNAT™ Genes. To determine whether the
two tRNA genes described above are expressed in vivo, we
purified tRNAs that hybridize with the DNA fragment con-
taining these two tRNA genes. The purification procedure
consists of hybridization of crude tRNAs with the DNA frag-
ment, followed by identification of the hybridized tRNAs by
sequencing. Since tRNAyca is one base longer than
tRNAcca, as deduced from their DNA sequences, they may

Abbreviation: bp, base pair(s).
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AA GCT TTA'ééA GCT GGA GCT AAA GGA ATT AAA ACT GCT GTA AGT GGA AGA TTA GGT GGA GTT 062
c Ala LeulLys—: AlalGly Ala Lys Gly Ile Lys|Thr Ala|Val Ser Gly Arg Leu Gly Gly|Val
.C. Ala|Met :_Airg_: Leu|Gly Ala Lys Gly Ile Lys|Val Glu|Val Ser Gly Arg Leu Gly Gly|Ala

GAA ATG GCA CGT ACT GAA GGA TAT TTA GAA GGT TCA GTA CCA CTA TCA ACT TTA AGA AAT 122
Glu|Met |Ala Arg Thr Glu|Gly|Tyr|Leu Glu[Gly|Ser|Val Pro Leu|Ser|Thr Leu Arg|Asn
Glu)Ile|Ala Arg Thr Glu|Trp{Tyr[Arg Gln|Gly|Arg|Val Pro Leu|His|Thr Leu Arg|Ala

R
[ele}

AAT ATT GAT TAT GCT TTA TAT GAA GCT CCA ACA ACA TAT GGT CAA ATT GGA GTT AAA GTA 182
Asn]Ile Asp Tyr|Ala Leu Tyr GlufAla|Pro|Thr Thr Tyr Gly|Gln|[Ile Gly Val Lys Val
Asp|Ile Asp Tyr|Asn Thr Ser Gln|AlajHis|Thr Thr Tyr Gly|Val|Ile Gly Val Lys Val

R
00

TéA ATT AAT CAT GGT GAA GTA TTIT --- --- —-— -—-— AAA AAA GAA AGA ATG AAT AAT TCA 230
IRP Tle]Asn His[Gly Glu|ValiPhe --- --- --- --- Lys Lys[Clu]Arg Met Asn Asn Ser
Trp Ile|Phe Lys|Gly Glu Ilt_a_i Leu Gly Gly Met Ala Ala Val]Glu|Gln Pro Glu Lys Pro
S3 End L16 Start

CAA ATA ATG GCA AAA CCA AGA ACT AAT AAA GGA GGT AAA AGA TAA TT- ATG TTA CAA CCA 289
M.c. Gln Ile Met Alaf{Lys|Pro Arg Thr AsnfLys Gly|Gly|Lys{Arg —--- Met Leu Gln Pro

E.c. Ala Ala Gln Pro|Lys|Lys Gln Gln ArgjLys Gly}Arg|Lys Met Leu Gln Pro

m R
elie)

AAA AGA ACA AAA TAT CGT AAA CCT CAT AGA GTT AGT TAT GAA GGA AAA GCT AAA GGA GCT 349
M.c. Lys Arg|Asn|Lys|Tyr{Arg Lys]|Pro{His|ArgiVal Ser Tyr Glu[Gly|Lys[Ala Lys|GlylAla
E.c. Lys Arg|Thr|Lys|Phe|Arg Lys|Met]His Lys:Gly Arg Asn Arg}Gly]Leu}Ala|Gln|Gly|Thr

*
AAA GAA ATT AAC TTT GGT GAA TTT GGT TTA ATG GCT TTA GAT GGT GCT TGA ATT GAT AAT 409

M.c.  Lys Glu11ejAsn[Phe Gly]Glu|Phe Gly Leu|Met [Ala|Léu, Asp Gly Ala TRP!TIe}Asp Asn
E.c. Asp —--|Val|Ser|Phe Gly|Ser|Phe Gly LeufLys|Ala Val|Gly Arg Gly Arg:_Lgu_} Thr Ala

CAT CAA ATA GAA GCT GCG CGT ATT GCT ATG ACA CGT TAT ATG AAG CGT GAT GGA AAA ATT 469
M.c. His|Gln Ile Glu Ala Ala Arg|Ile{Ala Met Thr Arg|Tyr Met|Lys Arg|Asp|[Gly Lys Ile
E.c. Arg|Gln Ile Glu Ala Ala ArgjArg|Ala Met Thr Arg|Ala Val|lLys Arg|Gln|Gly Lys Ile

*

TGA ATG AGA fX_T’,E TTC CCA CAT ATG GCA ATG ACT AAA AAA CCT GCT GAA GTT CGT ATG GGT 529
M.c. TRP|Met [Arg|Ile|Phe ProjHis Met Ala Met|Thr|Lys}Lys ProjAla Glu|Val Arg Met Gly
E.c. Trp|IlefArg|Val|Phe ProjAsp Lys Pro Ile|Thr|Glu]lLys Pro|Leu Ala|Val Arg Met Gly

*

TCA GGA AAA GGA AAT CCT GAA AAA TGA GTA GCA G;I.‘é _GI'I_" AAA AAA GGA ACA é’I.'_T ATG TTT 589
M.c Ser[Gly Lys Gly Asn|Pro[GlulLys[TRP Val Ala]Val ValiLys Lys[Gly|ThrilieMet Phe
E.c Lys}Gly Lys Gly Asn|Val|Glu]Tyr|{Trp Val Ala Leu }l_ej Gln Pro|Gly|Lys LVEBLQU Tyr

GAA GTT GCT CAA GTA AAT GAG CAA Gz‘é GCT AGA GAA GCT T 629
M.c. Glu|Val Ala Gln|Val]|Asn|Glu Glnﬁlal Ala Arg Glu Ala
E.c. Glu|Met Asp Gly|Val]Pro|Glu|Glu;Leu]Ala Arg Glu Ala

Fic. 1. DNA sequence of a part of M. capricolum S3 and L16 ribosomal protein genes. The DNA sequence of the mRNA-like strand,
together with the predicted amino acid sequence, of a HindIIl fragment from a plasmid pMCB1088 (see ref. 1) that contains a part of M.
capricolum [American Type Culture Collection 27343 (Kid)] ribosomal protein S3 and L16 genes (M.c.) was aligned with the corresponding E.
coli protein sequences (E.c.). The sites for identical amino acids and those of conservative amino acid substitution are boxed with solid and
dotted lines, respectively. TGA triplets are marked with asterisks. DNA sequencing was performed by the chain-termination methods (5, 6).

TTTAACTATT CAAGAAATAT ATTAATAATT TAGAATCTGA AATTAACAAT ATTAATGTAA TGAGTGTTTA TAATACCATT GATTTATTAT TAAAAGAACA 100
TATCGTTTTT GCTAATACTT TTAATGGAAA AGATATTTCT TATGAAATAG CAGCTGATAA ATCTGTTCAT TTAAAGTGTG ATGAATGTTT AAAAGTAATT 200
CACTTAGATG ATAAGAACAT AAAAAATTAT CACTTTTTAG AATTATTAGA TTTATGTGAA AAATATAATA TTAAATTAAC TCATTTCAAA TCGAAGGTCA 300

TGGGTATTGT TTAAATGTTC AAATAAAGAA ATAAATAAGT AGGTAAGTTA GCTAATGATA CGCATTTGCC TTGAAAAACT CATTAATTGA CTTTATAATT 400

ATAGGTGAGT TTTAﬂAGGGG CATAGTTCAG TAGGTAGAAC ATCGGTCTTC AAAACCGAGT GTCACGAGTT CGAGTCTTGT TGCCCCTGCC AFTTTGAAAG 500

TAAATCACAC TTTGTGTGAT TTTTTTATAG GAGAGTAGTT CAATGGTAGA ACGTCGGTCT CCAAAACCGA GCGTTGAGGG TTCGATTCCT TTCTCTCCTG 600

CCATAAGAAA TAAAAAAAAA CTGGAAATTC CAGTTTTTTT ATTCTTCAAT TGCAACAAAA CCTATAGTTT CAATTCCTGC ATGAATAGTG TAAATATTTG 700

GCACATATCC ATGAATAAAT TTTACTTTTT CATCACTAAG AATTTGCTTA ACAATTTCAA CAGTTTTGCT TGATGTTAGT GGAGTTGATA AAAAATATAA 800

TTTATATTTA TTTTTTTTAA ACTTGTTAGA AAGATTTTTT AATCAATTTT TCAATAAGAC TATTGTAAGT TCTTCCAATG GCTTCTTTTT TAGGTTCTTT 900
TGCTCAAACG ATTAGTAATT TAGTTTTTAA AAGATTTAAA ACAGTTGTAA TAACTCCTTT AGCTCTACCA CCACTTGATA ATTTTTTTAG ATCT 1000
FiG. 2. DNA sequence of two tryptophan tRNA genes and their flanking region. Coding sequences for tRNAca and tRNAcc are boxed.

A Pribnow box-like structure and —35 sequences are underlined. Probable transcription-termination (dyad symmetrical) structure is shown by
two arrows. A stretch of thymidine residues is shown by a broken line.
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Fi1G. 3. Cloverleaf structures of tRNAyca (@) and tRNA¢¢ 4 (b)
deduced from DNA sequence.

be easily distinguished by polyacrylamide gel electrophore-
sis. Fig. 4 shows an electrophoretic separation of tRNAs, the
3’ ends of which were labeled with [**P]pCp and T4 RNA
ligase after hybridization with the DNA fragment (see lane
a). Only two tRNA species, differing slightly in length, pre-
dominated. Partial sequence analysis of these tRNAs by the
chemical degradation method revealed that the fast migrat-
ing one agreed with the DNA sequence for the tRNA¢ca
gene, and the other, with that for the tRNAca gene (data
not shown). Thus, in the cells, both the genes for tRNA ¢4
and tRNA¢ca are transcribed and processed. However,
when tRNAs were purified without first removing amino ac-
ids, tRNAcca was predominantly labeled with [**P]pCp
(Fig. 4, lane b). This suggests that the bulk of the tRNA ¢
molecules but not tRNAqc4 have been already charged with
amino acids in vive, because amino acid bound to the -C-C-A
terminus would prevent the ligation of [**P]pCp to the 3’
end. To verify this and identify the amino acid bound to
tRNA 4. the following experiment was performed. The
deacylated tRNAs were incubated for a short period with
amino acid in the presence of the M. capricolum S-100 frac-
tion to reacylate the tRNAs. Charging the tRNAs with tryp-
tophan inhibited the incorporation of [**P]pCp into both
tRNAcca and tRNA ¢ (Fig. 4, lane d), whereas other amino
acids, leucine for example, did not affect the labeling effi-
ciency (Fig. 4, lane ¢). These results indicate that both
tRNAcca and tRNAyca accept tryptophan in vitro.

The presence of tRNA 2, in M. capricolum strongly sup-
ports the idea that UGA is translated as tryptophan by using
this tRNA. Tryptophan is “universally” coded for by a single
codon, UGG, which is decoded by tRNAcca throughout
prokaryotes (9) and eukaryotes (10). In mitochondria, not
only UGG but also UGA are used as tryptophan codons (11—
13). both of which are translated by a single tRNA with the
anticodon UCA (14-17). Thus, the discovery of two tRNA
species having anticodon sequences of, respectively, CCA
and UCA in one genetic system contrasts with previous ob-
servations in other systems. Although the UCA anticodon
can decode both UGA and UGG according to the wobble
theory (18), we have not so far found UGG codons in the
reading frames not only in the S3 and L16 genes but in other
ribosomal protein genes (see also ref. 2). This suggests that
UGA is predominantly, if not exclusively, used as a trypto-
phan codon in M. capricolum. It is thus interesting to see
whether and how tRNA¢c4 participates in translation. The
failure to find tRNAcca appreciably charged in vive with
tryptophan might mean that its role is subsidiary.

Proc. Natl. Acad. Sci. USA 82 (1985)
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Fig. 4. Hybridization of tRNAs with pMCHY%64 DNA. Total
tRNAs were prepared from M. capricolum by direct phenol extrac-
tion, followed by hybridization with pMCH964 DNA. For hybridiza-
tion, pMCHY964 DNA (1 mg) was fragmented by sonication and
bound to a Sephacryl S-300 column according to the method of Biin-
emann and Westhoff (7). Hybridization was carried out at 42°C for
24 hr in a hybridization buffer containing 20 mM Pipes |piperazine-
N.N'-bis(2-ethanesulfonic acid)] (pH 6.5), 0.6 M NaCl, 1 mM
EDTA, 0.2% NaDodSO,, and 50% (vol/vol) formamide. After un-
bound material was removed by washing with the hybridization
buffer at 42°C, the hybridized tRNAs were eluted with the buffer at
90°C, precipitated, and washed with 70% (vol/vol) ethanol. The
tRNAs so obtained were incubated at 37°C in 100 mM Tris-HCI (pH
10.0) for 30 min to “strip” amino acid (deacylate), if necessary. The
3' ends of the tRNAs were labeled with [*°*P]pCp and T4 RNA ligase
as described by Peattie (8), followed by electrophoresis in 12% poly-
acrylamide gel and autoradiography. Electrophoresis was at 50
V/cm for 5 hr (lanes a and b) or at 10 V/cm for 30 hr (lanes c—e).
Lanes a and b: tRNAs hybridized to pMCH964 DNA and labeled
with [**P]pCp after deacylation (a) or without deacylation (b). Lanes
¢ and d: tRNAs were aminoacylated with leucine (c¢) or tryptophan
(d) before [**P]pCp labeling. Lane e: tRNAs were incubated with the
§-100 fraction from M. capricolum without amino acid. Aminoacyla-
tion was carried out at 37°C for 5 min in a reaction mixture consist-
ing of 50 ul of 0.2 M sodium cacodylate buffer (pH 7.0) containing 10
mM magnesium acetate and 8 mM ATP, 10 ul of amino acid solution
(1 mM), 20 ul of the M. capricolum S-100 fraction, and 10 ul of H-O
in a total volume of 100 wl.

Evolutionary Aspects. The A+T content of the M. caprico-
lum genome is about 75%, one of the highest among all orga-
nisms. Reflecting this, an obvious preference for adenosine
and thymidine in the M. capricolum genome has been seen in
various regions: e.g.. TRNA genes (19), their spacers (20),
and codons (2). In a previous paper (2), we have demonstrat-
ed that the codons used for the M. capricolum ribosomal
proteins S8 and L6 are strongly biased to those rich in A and
U and that more than 90% of the codons have A or U at the
third position. The same tendency of codon usage can be
seen in the S3 and L16 genes, as shown in Fig. 1. The total
A+T content of the coding regions is about 67%, and only 12
out of the total 207 codons have G or C at the third position
[9 of these 12 are AUG (methionine) codons]. This suggests
that the constraint for the preferential use of A and T in the
protein genes is operating at the DNA level as a selection
force. Thus, the use of UGA rather than UGG as a trypto-
phan codon in M. capricolum may be the consequence of
this evolutionary pressure.

It has been suggested that mitochondria have evolved
from certain prokaryotes by endosymbiosis (21. 22). The use
of UGA as a tryptophan codon in M. capricolum as in mito-
chondria raises an interesting possibility in the phylogenetic
relationship between mycoplasmas and mitochondria. My-
coplasmas are parasitic in eukaryotes, and the A+T-richness
of their genomic DNAs resembles that of the mitochondrial
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DNAs of lower eukaryotes. The codon usage of the yeast
mitochondrial protein genes is strongly biased to the A- and
U-rich codons (13, 23, 24), as is the case in M. capricolum
(2). Furthermore, the M. capricolum tRNAJZ, sequence is
more similar to yeast mitochondrial tRNALE, (14) (66%
identity) than to cytoplasmic tRNAZ®, (25) (55% identity).
Thus, the mycoplasma-like organisms might have played
some role in the evolution of mitochondria.

The deviation from the universal codons that occurs in mi-
tochondria, such as AUA for methionine instead of isoleu-
cine and AGA for nonsense instead of arginine (11), may not
be the case in M. capricolum, because AUA can be seen in
the reading frame of the M. capricolum genes at the posi-
tions corresponding to isoleucine in the E. coli protein se-
quences (e.g., the 47th codon of the L16 gene in Fig. 1) and
AGA is the most abundantly used codon for arginine in this
organism (2).
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ABSTRACT Codon usage pattern in the threonine four-
codon (ACN) box in Mycoplasma capricolum is strongly biased
towards adenine and uracil for the third base of codons.
Codons ending in uracil or adenine, especially ACU, predom-
inate over ACC and ACG. This bacterium contains two
isoacceptor threonine tRNAs having anticodon sequences
AGU and UGU, both with unmodified first nucleotides. It
would thus appear that ACN codons are translated in an
unusual way; tRNA™(AGU) would translate the most abun-
dantly used codon ACU exclusively, because adenine at the first
anticodon position can, according to the wobble rule, pair only
with uracil of the third codon position. The tRNA™"" (UGU)
would mainly be responsible for translation of three other
codons, ACA, ACG, and ACC. Anticodon UGU would also be
used for reading codon ACU as a redundancy of tRNAT".
(AGU), as deduced from the mitochondrial code where un-
modified uracil at the first anticodon position can pair with
adenine, cytosine, guanine, and uracil by four-way wobble.
The tRNA™(AGU) has much higher sequence homology to
tRNAT"(UGU) from M. capricolum (88%), Bacillus subtilis
(77%) and Escherichia coli (86%) than to tRNA™ (GGU) from
B. subtilis (66%) and E. coli (63%), suggesting that tRNAT".
(AGU) has been derived from tRNA™ (UGU), but not from
tRNAT"(GGU).

In the eubacterial genetic code, the first bases of tRNA
anticodons for four-codon boxes are generally guanine and
uracil (uracil almost always modified), with, additionally,
frequent occurrence of cytosine (see ref. 3). Anticodon GNN
translates codons NNU and NNC, and anticodon hoUNN
[hoU = a 5-hydroxyuridine derivative (see ref. 4)] translates
codons NNA, NNG, and possibly NNU by wobbling (4).
Anticodon CNN translates only NNG codons. Presumably,
predominance of codons NNG in the G+C-rich bacterial
lines leads to a need for anticodon CNN (3). The only
exception is the arginine four-codon box (CGN), where
anticodon ICG (I for the hypoxanthine of inosine) translates
codons CGU, CGC, and CGA; and anticodon CCG translates
codon CGG.

During analyses of the tRNA gene sequence in Mycoplas-
ma capricolum, we have found a gene cluster containing five
tRNA genes, one of which is a gene for putative threonine
tRNA with anticodon sequence AGU. Anticodon AGU,
unmodified, can, according to the wobble rule (1), translate
only codon ACU, but not ACC. Because threonine codon
ACGC rarely appears in reading frames in M. capricolum, the
most plausible explanation for the above finding would be
that the first nucleoside of this tRN A anticodon is replaced by
inosine (5) after transcription, so that anticodon IGU can
translate codon ACC, as well as ACU and ACA, by three-
way wobble, as in the case of ICG in the arginine four-codon
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box. Anticodon IGU appears in yeast (6). Another possibility
would be that tRNAT(GGU) exists in addition to tRNAT
(AGU), so that codons ACU and ACC can be translated,
although coexistence of anticodons GNN and ANN (or INN)
has never been reported.

We have thus analyzed the product of the gene for
tRNATM(AGU), as well as the other threonine isoacceptor
tRNA(s). Unexpectedly, the results have shown that the two
possibilities mentioned above are both incorrect; there exist
two isoacceptor tRNAs, one having anticodon sequence
AGU and the other having UGU and both having unmodified
first nucleotides. Thus far, unmodified adenine at the first
position of the anticodon has only been found for tRNAA™
(ACG) in yeast mitochondria (7, 8).

MATERIAL AND METHODS

DNA Cloning and Sequencing. The gene library of Myco-
plasma capricolum [American Type Culture Collection 27343
(Kid.)] was constructed with HindIII-digested genomic DNA
ligated to plasmid pBR322. The recombinant plasmid
pMCHS502 containing a 4.0-kilobase-pair (kbp) DNA insert
was isolated as one of the clones that hybridized with
unfractionated M. capricolum tRNA. DNA sequencing was
done by the dideoxynucleotide chain-termination method (9).

Isolation of tRNA by DNA Column. Total tRNAs were
prepared from M. capricolum by direct phenol extraction. A
column of Sephacryl S-500 conjugated with 1.3-kbp Acc 1l
fragment of the 4.0-kbp DNA (see above) was prepared
according to the method of Biinemann and Westhoff (10). The
1.3-kbp fragment contained genes for tRNA™(AGU) and a
part of the 5’ end of tRNATY(GUA). Hybridization to and
elution from the DNA column of the tRNAs were done as
described (11). The eluted tRNAs were further purified by
12% polyacrylamide gel electrophoresis (11).

Isolation of tRNA by Benzoylated DEAE-Cellulose Column.
Deacylated total tRNAs were incubated with threonine in the
presence of the M. capricolum S100 fraction. The threonine-
charged tRNAs were separated from other tRNAs by chro-
matography on benzoylated DEAE-cellulose column after
2-naphthoxyacetylation of the tRNAs™ according to the
method of Gillam et al. (12). The threonine tRNA fraction
was then subjected to 12% gel electrophoresis to separate the
tRNA species; the tRNA bands were eluted from the gel and
used for RNA sequencing.

RNA Sequencing. The nucleotide sequence was determined
by the chemical methods of Peattie (13) and the enzyme
method of Donis-Keller (14) using 3’ or 5’ 32P-labeled RNA.
The sequence was also determined by the postlabeling
method of Kuchino et al. (15). Modified nucleotides were
identified in the two-dimensional TLC using two different
solvent systems: System I, isobutyric acid/0.5 M ammonia
(5:3) in the first dimension and isopropyl alcohol/HCl/water
(70:15:15) in the second dimension (16); System II, isobutyric

*Present address: Laboratory of Embryology, Department of Biol-
ogy, Faculty of Science, Nagoya University.
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acid/ammonia/water (60:1:33) in the first dimension and 100
ml of 0.1 M sodium sulfate (pH 6.8), 60 g of ammonium
sulfate, and 2 ml of n-propylalcohol in the second dimension
17).

Chemicals. Enzymes were purchased from Takara-Shuzo
(Kyoto), [5'-3?P]pCp and [y-32P]JATP were from Amersham
(Japan), Sephacryl S-500 was from Pharmacia Fine Chemi-
cals, benzoylated DEAE-cellulose was from Serva (Heidel-
berg), and cellulose thin-layer plates were from Funakoshi
Pharmacological (Tokyo).

RESULTS

We isolated the recombinant plasmid pMCHS502 containing a
4-kbp HindIlI fragment of M. capricolum DNA as one of the
clones that hybridizes with unfractionated tRNA. The frag-
ment contained a cluster of five tRNA genes. The order
was 5'—tRNAT(AGU)-tRNATY(GUA)-tRNAS™(UUG)-
tRNALYS(UUU)-tRNALY(UAA)-3’ (Fig. 1). The tRNA gene
cluster was preceded by a putative promoter structure and
followed by a probable termination signal. The tRNA genes
were divided by short (4- to 8-base-pairs) spacers. Thus these
genes seem to consist of a single transcriptional unit. Of
special interest is that the anticodon sequence of tRNAT"
gene was AGU, because in the eubacterial code, the first base
of anticodons is always guanine, uracil, or cytosine, with an
exception of anticodon ICG for arginine (see above).

To determine whether the tRNA™/(AGU) gene described
above is transcribed and the product tRNA has the anticodon
sequence AGU or IAU, we purified the tRNAs that hybridized
with a DNA fragment (a derivative of pMCHS02) containing a
complete sequence of tRNA™(AGU) and the 5'-half of
tRNAT™"(GUA) genes. The purification procedure consists of
hybridization of total tRNAs with the DNA fragment, followed
by identification of the hybridized tRNAs by sequencing. Two
tRNAs were detected; one of them agreed with the DNA
sequence for the tRNA™", and the other agreed with the DNA
sequence for the tRNATY, as expected. The anticodon se-
quence of tRNA™" was AGU in which adenine was unmodified
as judged by TLC (see below).

In the eubacterial code, threonine codons ACU and ACC
are read by anticodon GGU; and codons ACA, ACG, and
possibly ACU are read by anticodon hoUCU. Anticodon
AGU would be able to recognize only ACU, but not ACC.
Table 1 shows that threonine codon usage pattern in M.
capricolum is strongly A+T(or U)-biased, as expected from
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Table 1. Threonine codon usage in Mycoplasma capricolum
Codons ACU ACC ACA ACG

Occurrence* 131 4 85 0

Percent (59.5) (1.8) (38.6) (]

*Number of threonine codons in 20 ribosomal protein genes, secY
and adk of M. capricolum (from ref. 27).

a high A+T content of the genome (18). Codons ending in
uracil or adenine, especially ACU, predominated, and yet
codon ACC was used in a low frequency. Codon ACG has not
been found thus far.

We then isolated the isoacceptor threonine tRNAs, and
their sequences were determined. The deacylated total
tRNAs were incubated for a short period with threonine in
the presence of the M. capricolum S100 fraction to reacylate
threonine tRNAs. The charged tRNAs were 2-naphthoxy-
acetylated and separated from other nonacylated tRNAs on
a benzoylated DEAE-cellulose column, followed by further
purification with polyacrylamide gel electrophoresis. Fig. 2
shows an electrophoretic separation of the tRNAs. Three
RNAs (a, b, and ¢ in Fig. 2), differing slightly in length,
predominated. A longer RNA (d) was also found as a minor
component. All the four RNA species were eluted and
sequenced. The band d was tRNAL®Y(UAA). The tRNAs of
band a and b were tRNAT(AGU) and tRNAT™(UGU),
respectively. The tRNA of band ¢ had anticodon sequence
NAU (N, unidentified modified base) and is probably
tRNA!, The first modified base (*C) of the anticodon for the
E. coli tRNA"(*CAU) contains a nonaromatic amino acid
(Yokoyama et al., personal communication). If the same is
applied to the M. capricolum tRNA"(NAU), then the amino
acid residue in this tRNA would be 2-naphthoxyacetylated
and be recovered together with tRNAT". TLC identification,
using two different solvent systems, of the first (5') nucleotide
of anticodons clearly revealed that adenine in tRNATM"(AGU)
and uracil in tRNA™(UGU) were both unmodified; radio-
active spots of these nucleotides perfectly agreed with the
UV spots of authentic adenylic acid and uridylic acid,
respectively (Fig. 3). Fig. 4 shows the total sequences of the
two threonine tRNAs including modified nucleotides.

Because the bulk, if not all, of the threonine-charged
tRNAs should be recovered from the benzoylated DEAE-
cellulose chromatography, we conclude that M. capricolum
contains two isoacceptor tRNAs with anticodon sequences of

Tyr(6UA) Lys(uu)
GTA
T A T
€L G
6t g-c
TR TA -
6-C cTeq €6 o6
My 6T Ty aA-T6 m
™ggcs a 6 Agpech™ 16T Th,
(5 )-TCTTCTARAAATATTTCATTTTTTATATAAA oA ) G A A
e Lo G 6CG, CoalTCB, 5508 Co
-10 ;% STeah™ Are_CTCCCry 2 T1-aBCCCCHA e
T | - o
(AAMTATAGTARATATCGTATANAC (GC;E e 8
. - AT
b i3 i i
TTGTGTCTTGTGTTAGAGGAAGCGAATTTATATTE:gACCAGTTCTTG-CACCI\TTATTATE-IéACCATCTTB-CACCACTTGTATTE ~GACCATTTTGAAATCA-TTTTTTA
-4 g-¢ ol
§-C g-C G
AT o A1
A CTA A roch 6 geecTe
U A oy aTA TeeTccn ang oTo CeaeecTon,
S A L o S et JTEEE
STA™ ATl AN Ay, S1a6A" A1-ncTC,
T-A G- 1-A C6gCT,
T-A G-C G- Schr
6-C G-C 6L T
A1 A-T A-T
¢ A ¢ ¢ ¢ A
T A T_A T A
AGT 16 e
Thr (AGU) 6In{uue) Leu(UAR)

F1G. 1. DNA sequence of a M. capricolum tRNA gene cluster.
genes is shown.

Noncoding (RNA-like) strand of a part of pMCB502 DNA including tRNA
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FiG. 2. Polyacrylamide gel electrophoresis of tRNAs. Deacyl-
ated total tRNAs of M. capricolum were incubated for 10 min at 37°C
with 2 mM threonine in the presence of the S100 fraction to acylate
threonine tRNAs. The charged tRNAs were 2-naphthoxyacetylated
and separated from noncharged tRNAs by a benzoylated DEAE-
cellulose column. (Lane 1) Total tRNAs; (lane 2) “‘charged’ tRNAs
isolated by benzoylated DEAE-cellulose column chromatography;
(lane 3) tRNA™(AGU) isolated by using a column of Sephacryl
$-500 conjugated with the DNA fragment containing the gene for
tRNA™(AGU). a, tIRNA™(AGU); b, t(RNA™(UGU); ¢, (NAU; N,
unidentified modified base) probably tRNAY; and d, tRNAL
(UAA).

AGU and UGU. The first anticodon nucleotide is not
modified in either of these tRNAs.

DISCUSSION

We have shown that in M. capricolum there exist at least two
threonine isoacceptor tRNAs having anticodon sequences of
AGU and UGU, the first bases adenine and uracil being both
unmodified. No tRNA having anticodon GGU or CGU has
been found, although a possibility of the presence of these
two tRN A species as minor components cannot be excluded.
Assuming that tRNAT(AGU) and tRNAT™(UGU) are the
only threonine tRNAs in this organism, codon ACU, which
is the most abundantly used threonine codon (18) (see Table
1), would appear to be translated by anticodon AGU.
Anticodon UGU would mainly be responsible for three other
threonine codons, ACA, ACG, and ACC. Because unmod-
ified uracil at the first anticodon position has been reported
to be able to pair with adenine, guanine, cytosine, and uracil
by four-way wobble in the mitochondrial code (2), tRNAT"-
(UGU) could also be used for reading codon ACU as a
redundancy of tRNAT"(AGU).

As postulated previously (3), the early code would have
used GNN anticodon for translation of codons NNY (where
Y = wracil or cytosine) and anticodon hoUNN for codons
NNR (where R = adenine or guanine) in all the four-codon
boxes. This rule can be applied to most of the eubacterial
code, except for the arginine four-codon box. The evolution
of AGU and UGU anticodons in the Mycoplasma line can be
deduced as follows.

The simplest explanation for the appearance of anticodon
AGU would be that GGU mutated to AGU by A+T-biased
mutation pressure as assumed from a very high A+T-content
(75%) of the M. capricolum genomic DNA (19). However,
this seems not to be the case. The tRNA™{(AGU) would
most probably have been derived from tRNA™(UGU), but
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Fic. 3. TLC identification of the first (5') nucleotide of
anticodons of tRNA™(AGU) and tRNA™(UGU). tRNA™(AGU)
and tRNA™(UGU) were isolated by DNA column and benzoylated
DEAE-cellulose column, respectively. The tRNA was partially
digested with formamide, and the 5' ends of the digests were labeled
with [y-?PJATP and polynucleotide kinase. The labeled products
were separated by 20% polyacrylamide gel electrophoresis according
to their chain lengths and autoradiographed. The 5' end-labeled
oligonucleotide in each radioactive band was eluted from the gel and
digested with ribonuclease P1 to produce N-[5’-**P]monophosphate.
The product was mixed with nonlabeled specific N,N,N,N-5'-
monophosphates and displayed by two-dimensional TLC (15). The
anticodon sequence could be identified from the total tRNA se-
quence determined by the above method. To see the modification of
the first nucleotide of anticodon, the corresponding nucleotide was
further identified by TLC. The labeled first nucleotide of the
anticodon from tRNA™(AGU) (a and b) or from tRNA™(UGU) (¢
and d) was displayed by TLC using solvent system I (« and ¢) and
system Il (b and d), respectively, and exposed on an x-ray film.
Positions of authentic unmodified nucleotides were determined by
UV irradiation. I (inosinic acid) should be positioned as indicated in
the figures. Positions of various modified uridine nucleotides do not
agree with that of the unmodified one (see refs. 16 and 17).

not from tRNA™(GGU), as assumed from the following
facts. The M. capricolum tRNA gene arrangement,
tRNAT(AGU)RNAT(GUA)-RNAGI(UUG)-tRNALY-
(UUU)-tRNALey(UAA) studied here (Fig. 1), is similar to a
part of the B. subtilis **16 tRNA gene cluster,”” the arrange-
ment of which is tRNA™(UGU)}~tRNAT"(GUA)~tRNATP-
(CCA)-tRNAMS(GUG)-tRNAS"(UUG)-tRNASY(GC-
C)-tRNAYS(GCA)-tRNAL“(UAA) (20). The B. subtilis
genes shown in italic letters are those also found in M.
capricolum. The sequence similarity between presumed
homologous tRNA genes of M. capricolum with those of B.
subtilis is high—i.e., 79% between tRNA™ (AGU) (M, M.
capricolum) and tRNA™(UGU) (B, B. subtilis), 78% be-
tween tRNATY(GUA) (M) and tRNAT(GUA) (B), 90%
between tRNAS™(UUG) (M) and tRNA®™(UUG) (B), and
69% between tRNALY(UAA) (M) and tRNAXY(UAA) (B).
On the other hand, B. subtilis tRNA™/(GGU), the gene of
which is a member of the ‘6 tRNA gene cluster’ (21), has
only 64% similarity to the M. capricolum tRNAT(AGU).
These observations suggest that the M. capricolum
tRNAT(AGU) gene has resulted from a mutation of the
tRNAT™ (UGU) gene that is homologous with the B. subtilis
tRNA™(UGU) gene mentioned above. B. subtilis has one
more tRNA gene cluster—i.e., the ‘21 tRNA gene cluster,”
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FiG. 4. Structures of the two threonine tRNAs of M. capricolum.
The two tRNAs were purified through gel electrophoresis (see Fig.
2), and sequence was determined by chemical (13) and enzyme
method (14) and also by a postlabeling method (15). Modified
nucleotides were identified by TLC (16, 17). N represents uniden-
tified modified uracil. (a) tRNA™(AGU) and (b) tRNAT®(UGU).

containing the second tRNAT(UGU) gene; its gene arrange-
ment is unrelated to the **16 tRNA gene cluster,”’ and yet the
sequence of the second tRNA™(UGU) is identical with that
(first) in the ‘“16 tRNA gene cluster’’ (20, 22). The sequence
similarities of the first and the second B. subtilis tRNAT™-
(UGU) to M. capricolum tRNA™(UGU) are high (77%),
thus suggesting that the second B. subtilis tRNATh(UGU)
gene in the ‘21 tRNA gene cluster’’ and M. capricolum
tRNAT™(UGU) gene are homologous counterparts. M. cap-
ricolum tRNATM(AGU) also reveals a higher similarity
to E. coli tRNA™(UGU) (86%) than to tRNAT(GGU)
(63%).

From these observations, two possibilities would exist for
the evolution of threonine tRNAs in the Mycoplasma line. (i)
First, anticodon UGU became unmodified as a result of
partial deprivation of the uracil-modification enzyme system,
so that UGU could translate all the threonine codons by
four-way wobble as deduced from the mitochondrial code,
and GGU disappeared. This process would be simultaneous
with a tendency to genomic economization in the Mycoplas-
ma line (23). An increasingly A+T-biased mutation pressure
led to an extreme predominance of ACU (and ACA) codons
over ACC and ACG in the genes. Under these circumstances,
one of the genes for tRNAT(UGU) mutated to tRNATH-
(AGU). (i) UGU became unmodified, followed by mutation
of one of the genes for UGU to AGU. This would be a
transient stage where UGU, AGU, and GGU all existed.
GGU then disappeared, for the low demand for translation of
codon ACC would be supplied by anticodon UGU, and
anticodon GGU was not needed. In any case, the appearance
of tRNAT™1(AGU) is adaptive to fulfill a heavy demand for
translation of codon ACU. This situation may be somewhat
analogous to an increase in G+C-rich bacterial lines in the
content of anticodons CNN, which would have been called
for by a predominance of NNG codons in the protein genes
(see Introduction).

One significance of the presence of anticodon AGU would
be that, as mentioned above, it would translate codon ACU
more efficiently than anticodon UGU. Moreover, the
codon-anticodon pairing 5’ACN3’-3'UGUS’ involves only
one GC pair, which might cause misreading. Thus the
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presence of anticodon AGU would be advantageous in view
of both efficiency and correct reading of the most frequently
used ACU threonine codon in this organism. In this connec-
tion, it is of interest to note that Mycoplasma mycoides seems
to contain only one species of glycine tRNA having anticodon
sequence UCC (24, 25). Because codon-anticodon pairing
5'GGN3'-3’CCUS’ in glycine four-codon box involves two
G-C pairs, all four codons can be translated by four-way
wobble more correctly, as compared with the case of the
threonine box. The four-codon boxes where two G-C pairs
are involved in codon recognition by the second and the third
positions of the anticodon are for proline, alanine, and
arginine in addition to glycine, whereas those containing only
one G-C pair are for leucine, valine, and serine in addition to
threonine. It is thus possible that codons in the former boxes
containing one G-C pair could be read by anticodons ANN
and UNN (N = cytosine or guanine, adenine or uracil),
whereas in the latter containing two G-C pairs, four codons
could be read only by anticodon UNN (N = guanine or
cytosine), with an exception of arginine four-codon box. As
already pointed out, all the eubacterial species so far studied
use anticodon ICG for translation of arginine codons CGU,
CGC, and CGA and anticodon CCG for codon CGG. In M.
mycoides, a gene for tRNA with anticodon ACG has been
reported (26), although whether adenosine is replaced by
inosine after transcription and whether anticodon CCG exists
have yet to be studied.
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Phorbol Esters Can Persistently Replace
Interleukin-2 (IL-2) for the Growth of a
Human IL-2-Dependent T-Cell Line

TOSHIKAZU TAKESHITA, YUSO GOTO, MASATAKA NAKAMURA, MASAHIRO FUJII,
MASAFUMI IWAMI, YORIO HINUMA, AND KAZUO SUGAMURA*
Department of Bacteriology, Tohoku University School of Medicine, Sendai 980 (1.T., Y.G.,
K.S.), Institute for Virus Research, Kyoto University, Kyoto 606 (M.N., M.F., Y.H.), and
Molecular Oncology Division, Meiji Institute of Health Science, Odawara 250 (M.1.), Japan

A selected clone from an IL-2-dependent human T-cell line was persistently
propagated in the presence of phorbol esters with the ability to activate protein
kinase C (PKC), such as 12-O-tetradecanoylphorbol-13-acetate (TPA) or phorbol-
12,13-dibutylate (PDBu). Thus, a TPA(PDBu)-dependent T-cell line, designated
TPA-Mat, was established from IL-2-dependent T cells. The TPA-dependency of
TPA-Mat was not lost during cultivation for more than a year in the presence of
TPA, and TPA-Mat cells still showed IL-2-dependent growth. However, the TPA
(PDBu)-dependent growth of TPA-Mat did not seem to be mediated by an
autocrine mechanism of IL-2 or by any other growth factor production, because
these factors were not detected in TPA-Mat cell supernatants. Therefore, the
phorbol esters substituted for IL-2 and may be directly involved in transduction of
growth signals in TPA-Mat cells. Although activity of PKC was down-regulated,
messenger ribonucleic acid (MRNA) of the PKC B-gene was detected in TPA-Mat
cells cultured with PDBu. Furthermore, the growth of TPA-Mat cells was
stimulated not only by phorbol esters but also by nonphorbol ester tumor
promoters with the ability to activate PKC. These observations suggest that the
sustained activation of PKC by the phorbol esters could induce continuous growth

of the IL-2-dependent TPA-Mat cells.

In the immune response, resting T cells initially are
activated by a specific antigen in the presence of
antigen-presenting cells such as macrophages. The ac-
tivation of T cells induces their production of IL-2 and
expression of IL-2 receptor (IL-2R). Consequently, they
are able to proliferate through an IL-2-dependent mech-
anism and to expand clonally. Thus, IL-2 and IL-2R are
central to T cell proliferation. Recent studies demon-
strated that intracellular growth signaling can be
transduced from high affinity IL-2R after IL-2 binding
(Robb et al., 1981; Smith and Cantrell, 1985; Depper et
al., 1985). Receptors for several ligands—such as epi-
dermal growth factor (EGF), insulin, platelet-derived
growth factor (PDGF), and colony stimulating factor 1
(CSF-1)—are known to associate with tyrosine-kinase,
which could have a crucial role in the triggering of
signal transduction (Sibley et al., 1987; Yeung et al.,
1987). The putative IL-2R (i.e., Tac molecule) is consid-
ered to have a cytoplasmic domain that is too small to
harbor any kinase activity, although non-Tac mole-
cule(s) in the high-affinity IL-2R have been identified
recently (Sharon et al., 1986; Tsudo et al., 1986; Teshi-
gawara et al., 1987; Robb et al., 1987). The molecular
basis of these non-Tac molecule(s) has not yet been elu-
cidated, and the mechanisms of signal transduction
from the IL-2R remain to be resolved.

As IL-2R expression of activated T cells is transient

© 1988 ALAN R. LISS, INC.

in the normal immune response, spontaneous IL-2-
dependent human T-cell lines rarely are established in
vitro. However, in the murine system, IL-2-dependent
T-cell lines often have been obtained spontaneously
from in vitro culture with IL-2-containing medium. On
the other hand, IL-2-dependent human T-cell lines
have been established easily, but only when T cells are
infected with human T-cell leukemia virus type I
(HTLV-I). As HTLV-I infection results in the expres-
sion of IL-2R, the IL-2R expression is thought to
correlate with HTLV-I-induced T-cell transformation
(Sugamura et al., 1984; Inoue et al., 1986). Therefore,
the signal transduction from IL-2R must be investi-
gated for elucidation' of regulatory mechanisms of
malignant as:well as normal T-cell growth.

Phorbol esters, such as TPA and PDBu, are potent
tumor promoters in vivo (Berenblum, 1941; Hecker,
1971; Blumberg, 1980) and activators of PKC, a
calcium- and phospholipid-dependent protein kinase
(Castagna et al., 1982; Niedel et al., 1983; Nishizuka,
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1984). They induce transformed phenotypes (Blumberg
et al., 1976; Weinstein et al., 1977, Weinstein and
Wigler, 1977) and differentiation in culture (Hu-
berman and Callaham, 1979; Lotem and Sachs, 1979)
and are able to stimulate growth (Touraine et al., 1977;
Rozengurt et al., 1984; Kaneshima et al., 1983) of
various cell types in vitro. Transient growth of IL-2-
dependent murine T-cell lines is induced by TPA
(Kamber, 1986; Kim et al., 1986), and IL-2 induces
rapid activation of PKC in an IL-2-dependent murine
T-cell line in accordance with its growth promotion
(Farrar and Anderson, 1985). These findings suggest
that PKC is important in signal transduction from the
IL-2R and that activation of PKC médiates the contin-
uous growth of IL-2-dependent cells. In an effort to
prove this, we established a TPA(PDBu)-dependent
human T-cell line (TPA-Mat) from a HTLV-I-infected
T-cell line that required IL-2 for growth.

MATERIALS AND METHODS
Cell culture

ILT-Mat cells were maintained in growth medium
(RPMI 1640 medium supplemented with 10% fetal calf
serum) containing 200 U/ml of human recombinant
IL-2 (obtained from Shionogi Pharmaceutical Co.,
Osaka, Japan), and TPA-Mat cells were maintained in
growth medium containing 81 nM TPA at 37°C with
7% COQg in air. The medium was renewed every 2 or 3
days by centrifugation.

Incorporation of 3H-thymidine

In 200 pl of appropriate medium in 96-well micro-
plates (Falcon No. 3072), 2.5 x 10* cells/well were
incubated for 48 hr at 37°C under 7% COyz in air.During
the last 4 hr of incubation, 1 p.Ci/well of 3H-thymidine
(®H-TdR) (Amersham) was added, and cells then were
harvested. The incorporated 3H-TdR was measured in
a liquid scintillation counter. Values are means for
triplicate determinations.

Southern and Northern blot hybridization

High-molecular-weight genomic DNA (15 pg) ex-
tracted from cells was digested with EcoRI, electropho-
resed through a 0.7% agarose gel, and transferred to a
nitrocellulose membrane (Schleicher & Schuell, Das-
sel, FRG) (Southern, 1975). The T-cell receptor B-chain
constant region cDNA probe from 86T5 (Hedrick et al.,
1984) and HTLV-I pX probe from pHTD2 (Ohtani et
al., 1987) were labeled by nick translation and hybrid-
ized under 50% formamide at 42°C for 24 hr (Maniatis
et al., 1982). The membranes were washed three times
for 15 minutes each at 65°C in 20 x SSC (3 M NaCl and
0.25 M sodium citrate) containing 0.1% sodium dodecyl
sulfate and exposed to X-ray films with intensifying
screens at —70°C.

Total cellular RNA was isolated from cells by extrac-
tion with guanidine thiocyanate and centrifugation of
extracts through a 5.7 M cesium chloride cushion as
described previously (Glisin et al., 1974). Samples of
total RNA (20 pg) were subjected to electrophoresis on
a 1% agarose gel containing 2.2 M formaldehyde
(Lehrach et al., 1977), transferred to a nitrocellulose
membrane in 20 X SSC, and hybridized as described
for Southern blots.
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Detection of PKC activity

Cells (2.5 x 107) were harvested for preparation of
subcellular fractions. Subcellular fractionation was
carried out as reported by Farrar and Anderson (1985)
with some modifications. The harvested cells were
washed three times with phosphate-buffered saline
(PBS) and once with 0.33 M sucrose by centrifugation.
The cells were lysed in 1.0 ml of ice-cold sample buffer
(20 mM Tris-HC] pH 7.5, 0.33 M sucrose, 2 mM EDTA,
0.5 mM EGTA, and 2 mM phenylmethylsulphonyl
fluoride) by using a Terumo syringe 30 times. The
cytosol and particulate membrane fractions of the
lysates were prepared by centrifugation at 100,000 g
for 60 minutes. The pelleted membrane fraction was
solubilized in 1 ml of sample buffer containing 0.5%
NP-40 by gentle homogenization with a glass rod for 30
minutes at 4°C and centrifuged at 12,000 rpm for 15
minutes and 1.0 ml of soluble membrane or cytosol
preparation was applied to a 1.0 ml DE52 column
pre-equilibrated with sample buffer minus sucrose in
order to purify PKC, as described elsewhere (Kitano et
al., 1986). Columns were washed with 15ml of sample
buffer and then eluted with 2.0 ml of 0.08 M NaCl.
Eluates were dialysed against 300 ml of buffer (20 mM
Tris-HC1 pH 7.5, 50 mM 2-mercaptoethanol and 60%
glycerol), and dialysed aliquots (25 pl) were assayed for
PKC activity in reaction mixtures (125 pl) containing
1 mM CaCl,, 10 mM magnesium acetate, 100 uM
[y-32P]ATP (60 cpm/pmol), and 25 ng of histone type
V-S (Sigma) in the presence or absence of 2.5 ug of
phosphatidylserine and 0.5 ug of diolein. The reaction
was carried out for 10 minutes at 30°C and terminated
by the addition of 1 ml of 0.1 sodium pyrophosphate
containing 10 mM EDTA. The reaction mixtures were
immediately passed through nitrocellulose membrane
filters, and they were washed with 15 ml of 0.1 M
sodium pyrophosphate containing 10 mM EDTA. The
32p radioactivity on the membrane filters was mea-
sured in a liquid scintillation counter. The indicated
PKC activity was calculated by subtracting the incor-
porated radioactivity in the absence of phospholipids
from that in the presence of phospholipids.

Mono Q column chromatography

Cells (2 x 108 were lysed in 6 ml of sample buffer
containing 0.5% NP-40 and centrifuged at 12,000 rpm
for 15 minutes. The supernatant was applied to a Mono
Q HR5/5 column (Pharmacia) pre-equilibrated with
sample buffer minus sucrose. The column was washed
with 30 ml of sample buffer minus sucrose and then
eluted with a linear gradient of NaCl (0.0-0.6 M) in
sample buffer minus sucrose at a flow rate of
0.5 ml/minutes, and fractions of 1 ml were collected.

3H-PDBu binding

The 3H-PDBu binding assay was done in tubes using
a reaction mixture (200 pl) consisting of 20 mM Tris-
HC1 (pH 7.5), 1 mM CaCl,, 10 mM magnesium acetate,
4 pg of phosphatidylserine, 80 nM *H-PDBu (15.8
Ci/mmol, New England Nuclear), and 25 pl of sample
obtained from Mono Q column chromatography. The
tubes were incubated for 10 minutes at 30°C, and
subsequently 20 pl of bovine y-globulin (20 mg/ml) and
200 ul of 24% polyethylene glycol (average 7,500
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Fig. 1. Southern blot hybridization of DNA from ILT-Mat and
TPA-Mat cells to gene probes of HTLV-I pX and T-cell receptor g
chain. (a) TL-Oml, an HTLV-I-carrying T cell line as a positive
control; (b,e) ILT-Mat cell line; (¢,f) TPA-Mat cell line; (d) LCL-Kan,
a human B cell lines as a negative control.

daltons) were added. After further incubation for 10
minutes at 0°C, the tubes were centrifuged for 10
minutes at 12,000 rpm. The supernatants were com-
pletely discarded, and the pellets were resuspended in
50 pl of PBS and placed on glass filters. The radioac-
tivity was counted in a liquid scintillation counter.
Nonspecific binding was measured in the presence of
10 uM unlabeled PDBu.

RESULTS

Several T-cell lines established from peripheral
blood leukocytes of adult T-cell leukemia patients
carried the provirus genome of human T-cell leukemia
virus type I (HTLV-I) and required IL-2 for growth as
described previously (Sugamura et al., 1984). These
cells proliferated transiently in response to TPA. One
of these lines, ILT-Mat, was maintained in the growth
medium containing IL-2 for more than a year. To
examine whether or not IL-2 can be replaced by phor-
bol esters, we attempted to obtain a cell line dependent
on TPA for growth from the culture of ILT-Mat cells
(1 x 10* cells/well) in medium containing 81 nM TPA
in a 96-well microplate. After 3 weeks, proliferating
cells were observed in about 80% of the wells, and a
TPA-dependent cell line, named TPA-Mat, was estab-
lished from a single well. Southern blot hybridization
of cellular DNA with probes of T-cell receptor g (TCRB)
and HTLV-I genes demonstrated that the patterns of
TCRB and HTLV-I specific sequences observed in TPA-
Mat and ILT-Mat were identical, confirming that TPA-
Mat was derived from ILT-Mat (Fig. 1.) Cell-surface
markers and expression of HTLV-I antigens were ex-
amined for TPA-Mat and its parental ILT-Mat cell line.
Both cell lines were positive for CD2, Ia, IL-2 receptors
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Fig. 2. Effects of IL-2 and phorbol esters on cell growth. ILT-Mat (a)
and TPA-Mat (b) cells were cultured in the growth medium (4 ), or
growth medium containing 81 nM TPA ( @ ) or 200 wml of IL-2 ( O
) in plastic dishes (Falecon no. 3002) and the medium was renewed
every two days by centrifugation and readjusting the cell number to 2
% 10°ml or less. Viable cells were determined by the dye exclusion
staining,

(p55 and p75), and 16% of ILT-Mat cells and 1% of
TPA-Mat cells expressed HTLV-I antigens. They were
negative for CD3, CD4, and CDS8.

Figure 2 shows the growth curves of TPA-Mat and
the parental ILT-Mat cells. Proliferation of TPA-Mat
cells was observed in the presence of either TPA or
IL-2, with a doubling time of about 24 hr. The TPA-
dependency of TPA-Mat was not lost during cultivation
for more than a year in the presence of TPA. In
contrast, the parental ILT-Mat cells proliferated in
response to IL-2 but died within 6 days in the presence
of TPA. When TPA-Mat cells were maintained in the
presence of IL-2 for more than half a year, they did not
lose their TPA-dependency, which suggests that TPA-
Mat is a stable mutant derived from ILT-Mat. As
shown in Figure 3, TPA-Mat cells proliferated dose-
dependently with TPA, PDBu, and IL-2, respectively,
and half maximal incorporation of H-thymidine (*H-
TdR) was detected with 1.4 nM TPA, 47 nM PDBu, and
3.4 U/ml of IL-2. 4a-Phorbol-12,13-didecanoate (4a-
PDD), which is a phorbol ester that does not cause
tumor promotion or PKC activation, did not induce
proliferation of TPA-Mat cells. Similarly, growth of
TPA-Mat cells was promoted by another phorbol ester,
4B-PDD, and nonphorbol ester tumor promoters such
as teleocidin, aplysiatoxin, and mezerein, all of which
are known to activate PKC (Table 1). However, other
phorbol esters, such as 4-O-methyl-TPA and 4B-phor-
bol, which do not cause PKC activation did not promote
growth of TPA-Mat cells (Table 1). Also examined were
the cumulative or synergistic effects of PDBu and IL-2
on TPA-Mat cell growth. As shown in Table 2, the
cumulative effects rather than syngergistic effects
were observed.

Next, TPA-Mat cells were examined for their ability
to produce IL-2 in response to TPA. "H-TdR uptake of
TPA-Mat cells was assayed in the presence of antihu-
man recombinant [L.-2 monoclonal antibody, which can
neutralize IL-2 activity. As shown in Figure 4, the
antibody did not affect TPA-induced incorporation of
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Fig. 3. Phorbol ester- or IL-2-dose dependent incorporation of 3H-TdR
into TPA-Mat. TPA-Mat cells incubated for 48 hr in the growth me-
dium containing the indicated doses of TPA (@), IL-2 (O), PDBu (A) or
4a-PDD (A). During the last 4hr of incubation, SHTdR was added, and
3H-TdR incorporated was measured.

TABLE 1. 3H-thymidine incorporation of TPA-Mat cells treated with
phorbol esters and nonphorbol ester tumor promoters!

3H-TdR incorporation

Treated with (cpm)

TPA 137,365 + 4,267
PDBu 109,417 + 3,533
4-O-methyl-TPA 256 = 58
4B-phorbol 695 + 385
4a-PDD 374 + 142
48-PDD 130,790 = 6,817
Mezerein 132,275 + 6,928 -
Teleocidin 138,848 + 2,279
Aplysiatoxin 174,466 * 2,433
10% FCS 338 = 305

1TPA-Mat cells precultured with the PDBu containing medium were washed and
then assayed for *H-TdR incorporation in the presence of 100 nM of the agents
indicated.

TABLE 2. Cumulative effects between PDBu and IL-2 on
3H-thymidine incorporation of TPA-Mat cells!

Incorporation of 3H-thymidine (cpm)
with PDBu doses (in nM)

IL-2 (U/mD) 0 1.5 3 6

0o 6,363 24,500 47,237 94,718
2.5 47,742 75,364 108,120 132,128
5.0 87,645 120,095 149,921 162,093

ITPA-Mat cells were incubated for 48 hr in the growth medium containing the
indicated doses of PDBu and IL-2. During the last 4 hr of incubaton, 3H-TdR was
added, and *H-TdR incorporated was measured.

3H-TdR but inhibited its IL-2-induced incorporation.
The supernatant of TPA-Mat cells cultured in the
presence of TPA was also examined for IL-2 activity.
Any significant activity of IL-2 in the supernatant was
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Fig. 4. Effects on anti-IL-2 monoclonal antibody on 3H-TdR incorpo-
ration into TPA-Mat. TPA-Mat cells were incubated for 48 hr in
growth meduim containing serially diluted mouse monoclonal anti-
body to human recombinant IL-2 (L-61, obtained from Shionogi
Pharm Co., Osaka, Japan) and 1.1 nM TPA (@ ) or 1.5 wml of IL-2
(O) for 48 hr. During the last 4 hr of incubation, 3H-TdR was added,
and 3H-TdR incorporation was measured.

not detected by a ®H-TdR incorporation assay using a
murine IL-2-dependent T-cell line (Table 3). Futher-
more, no mRNA of IL-2 was detected in TPA-Mat or
ILT-Mat cells in the presence of either TPA or IL-2
(Fig. 5) These results suggest that the TPA-dependent
growth of TPA-Mat cells was not mediated by an
autocrine mechanism involving IL-2.

We then investigated the PKC activities of the
membrane and cytosol fractions of TPA-Mat and pa-
rental ILT-Mat cells (Table 4). The PKC activity in the
cytosol fraction of ILT-Mat cells was detected and
rapidly decreased after PDBu treatment, whereas the
PKC activity in the membrane fraction increased in-
versely. In contrast, the PKC activity in TPA-Mat cells
cultured with PDBu seemed to be down-regulated, as
reported by others (Solanki et al., 1981; Jaken et al.,
1981; Chida et al., 1986), because the activity was not
detected in either the membrane or cytosol fraction at
0 hr of incubation with or without PDBu treatment.
However, the activity became detectable in the cytosol
fraction after preincubation without PDBu for at least
1 or 2 hr and was translocated from the cytosol fraction
to the membrane fraction by PDBu treatment. As the
PKC activity of TPA-Mat cells at 0 hr was undetect-
able, we tried to detect the activity with a more
sensitive method. The number of TPA-Mat or ILT-Mat
cells used for extraction was increased eightfold, and
the extracts were fractionated with a Mono Q column
(Fig. 6). A sharp peak of PKC activity in ILT-Mat cells
was detected coincidentally with a main peak of 3H-
PDBu binding activity. Similarly, a sharp peak of PKC
and *H-PDBu binding activities was detected in TPA-
Mat cells, although the activities in TPA-Mat cells
were less than one-seventh of those in ILT-Mat cells.
We then examined the transcript of the a, B, and
v-genes of PKC in TPA-Mat cells by Northern blot
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TABLE 3. IL-2 activity in culture supernatant of TPA-Mat cells!

3H-thymidine uptake

Samples (cpm)
Supernatant of TPA-Mat 2,684 + 349
14 nM TPA 3,595 = 392
IL-2 (U/ml)

12 113,407 = 3,062
6 63,298 = 9,320
3 7,924 + 1,431
1.5 2,646 + 499
0 1,206 + 132

"TPA-Mat cells were cultured for 3 days with the growth medium containing
81 nM TPA. The culture supernatant of TPA-Mat cells was concentrate sixfold
by vacuum dialysis and assayed at the original concentration for IL-2 activity by
the method of *H-TdR incorporation by a murine IL-2-dependent cell line,
CTLL-2. Serially diluted IL-2 and 14 nM TPA, which was estimated to remain in
the supernatant of TPA-Mat cells, were used as controls.

hybridization with synthetic oligonucleotide probes
complementary to the unique region of the gene. The
results indicated that although PKC activity was
down-regulated in the cells, the B-gene was signifi-
cantly transcribed (Fig. 7).

DISCUSSION

The present study shows that TPA or PDBu contin-
uously induce the growth signal in TPA-Mat cells
derived from an IL-2-dependent T-cell line, ILT-Mat.
The induction of the growth signal by the phorbol
esters was not mediated by an autocrine mechanism of
IL-2 production, because TPA-Mat cells were found not
to produce IL-2 in the presence of TPA. Furthermore,
any other factor supporting their own growth was not
detected in the supernatant of TPA-Mat cells cultured
in the presence of TPA (data not shown). Therefore, the
phorbol esters seem to induce the intracellular growth
signal directly in TPA-Mat cells.

The growth signal was induced in TPA-Mat cells by
phorbol esters, such as TPA and PDBu, that are known
to be PKC activators, but not by phorbol esters, such as
4-0-methyl-TPA, 4B-phorbol, and 4a-PDD, which do not
cause PKC activation. Growth of TPA-Mat cells was
also promoted by nonphorbol ester tumor promoters
such as teleocidin, aplysiatoxin, and mezerein, which
also are known to activate PKC (Fujiki et al., 1984;
Miyake et al., 1984). These observations suggest that
PKC has an important role in the proliferation of TPA-
Mat cells in the presence of the phorbol esters. A rela-
tionship between cell growth signaling and PKC acti-
vation has been proposed in various cell types. It was
reported that TPA induced transient growth of IL-2-
dependent murine T-cell lines (Kamber, 1986; Kim et
al., 1986), and Farrar and Anderson (1985) and Farrar
et al. (1985) also reported that IL-2 and IL-3 rapidly
induced activation of PKC in an IL-2-dependent and
IL-3-dependent murine cell lines, respectively, in ac-
cordance with all growth promotion. Moreover, other
cell growth factors, such as PDGF and fibroblast growth
factor (FGF), also are known to stimulate hydrolysis of
phosphatidylinositol-4,5-bisphosphate to inositol-1,4,5-
trisphosphate and diacylglycerol, known as an activator
of PKC, in Swiss 3T3 fibroblasts (Berridge et al., 1984;
Tsuda et al., 1985). Very recently, Pasti et al. (1986)
obtained direct evidence that PKC activation by PDBu
induces DN A synthesis in fibroblasts. They showed that
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Fig. 5. Analysis of IL-2 mRNA in ILT-Mat and TPA-Mat. Normal
peripheral blood leukocytes were cultured with growth medium
containing 1% phytohemagglutinin M for 4 days (a). ILT-Mat cells
were maintained in growth medium containing 200 wml of IL-2 (b).
TPA-Mat cells were maintained in growth medium containing 81nM
TPA (e). RNA samples isolated from these cells were hybridized with
an IL-2 ¢cDNA probe (Taniguchi et al., 1983).

microinjection of purified PKC into Swiss 3T3 fibro-
blasts pretreated with PDBu restored the mitogenic
response of the cells to PDBu. These studies demon-
strated the transient promotion of cell growth mediated
by PKC in the presence of the phorbol ester. We have
presented here direct evidence that the phorbol esters
can induce continuous growth promotion of an IL-2-
dependent T-cell line. TPA-Mat cells cultured with
PDBu transcribed the B-gene of PKC, which is identical
to the PKC II gene that is considered to be the gene for
PKC found in lymphocytes (Knopf et al., 1986). Their
PKC activity was down-regulated in the presence of
phorbol esters, but activity was still detected when the
cell extract was fractionated, and it increased with a
short time preincubation in the absence of PDBu.
Therefore, it is possible that the PKC was activated
continuously by the phorbol esters and quickly de-
graded and also that this activity was sufficient for
sustained induction of the growth signal in TPA-Mat
cells. Intracellular calcium also has been suggested to
participate in growth stimulation of T cells (Alford,
1970; Luckasen et al., 1974). Therefore, we preliminar-
ily examined a possible involvement of calcium in phor-
bol ester-induced growth of TPA-Mat cells, but phorbol
esters did not seem to increase intracellular calcium
influx, and a calcium ionophore could not stimulate
growth of TPA-Mat cells (data not shown).

The facts that TPA-Mat cells respond to IL-2 as well
as to TPA and they cumulatively stimulated the
growth of TPA-Mat cells, and also that IL-2 induced
activation of PKC in the murine cell line (Farrar and
Anderson, 1985), strongly suggest that PKC has a
crucial role in signal transduction from IL-2 receptors
triggered by IL-2. However, we have never detected
IL-2-induced translocation of PKC from cytosol to
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TABLE 4. Detection of PKC in cytosol and membrane fractions of ILT-Mat and TPA-Mat cells

Activity of PKC (pmol/min/mg protein)

Incubation PDBu

Cell line time treatment Cytosol Membrane
ILT-Mat 0 hr Untreated 3,092 = 71 285 + 210
Treated 1,172 £ 6 2,942 + 190

TPA-Mat 0 hr Untreated —110 + 68 —82 + 69
Treated —86 + 22 —-71 + 28

1 hr Untreated 41 + 17 —-116 = 78

Treated -19+2 90 + 44
2 hr Untreated 243 = 15 —182 + 163

Treated 567 17 256 = 16

ILT-Mat cells cultured with IL-2 and TPA-Mat cells cultured with PDBu were incubated in the growth medium without IL-2 or PDBu for the indicated times.
Subsequently, they were untreated or treated with 200 nM PDBu for 10 min and then harvested for preparation of subcellular fractions. Subcellular fractionation

was carried out as described in Materials and Methods.
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Fig. 6. Mono Q column chromatography of cell extracts. TPA-Mat (a)
and ILT-Mat cell lysates (b) were applied to a Mono Q column and
then eluted with a linear gradient (---) consisting of 0.0 — 0.6 M NaCl,
and fractions of 1 ml were collected. 251 aliquots of each fraction was
used for the assay of PKC activity ( ® ), or "H-PDBu binding in the
presence ( A ) or absence ( /A ) of phosphatidylserine.

membrane in TPA-Mat and ILT-Mat cells (data not
shown), although the possibility cannot be ruled out
that undetectable activation of PKC may contribute to
the signal transduction. On the other hand, we recently
obtained evidence that the phorbol ester-induced
growth signaling could be different from the IL-2-
induced growth signaling in TPA-Mat cells in respect
to their sensitivity to adenosine 3'5'-monophosphate
(cAMP) (Goto et al., manuscript in preparation). An
increase of cAMP by treatment with forskolin com-
pletely inhibited the TPA-induced growth but slightly
inhibited the IL-2-induced growth of TPA-Mat cells.
These observations suggest a possibility that there are
at least two different pathways for IL-2-induced signal
transduction: one is a PKC-dependent pathway that is
sensitive to cAMP, and the other is a PKC-independent

a bc de

Fig. 7. Analysis of PKC g mRNA in ILT-Mat and TPA-Mat. ILT-Mat
cells were cultured in growth medium containing 200 w/ml of IL-2 (a),
and they were then incubated with 200 nM PDBu for 24 hr (b).
TPA-Mat cells were cultured in growth medium containing 200 nM
PDBu (¢), and they were further incubated with 200 uw/ml of IL-2 for
two months (d). Normal peripheral blood leukocytes were cultured
with the growth medium containing 1% phytohemagglutinin M and
200 u/ml of IL-2 for 7 days (e). RNA samples isolated from these cells
were hybridized with a synthetic oligonucleotide probe (39 nucleo-
tides) corresponding to nucleotide positions 548 and 586 of the
anti-sense sequence of PKC B gene (Coussens et al., 1986).

pathway that is insensitive to cAMP. The comparative
study between phorbol ester-dependent growth and
IL-2-dependent growth may elucidate the fine mecha-
nism of signal transduction for cell growth.
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On the basis of hybridization analyses with viral DNA fragments as probes, we previously concluded that, in DNAs
of many fowl adenovirus type 1-induced rodent tumors, units consisting of viral DNA segments flanked on both sides
by cellular DNA segments are repeated more than 100 times per diploid genome of celi. Molecular cloning of virus-
cellular junction fragments and analyses of their sequence arrangement in the present study confirmed that the previ-

ous conclusion was basically correct.

in many lines of tumors and transformed cells in-
duced by fow! adenovirus type 1 (FAV-1) (1), a certain
length of viral DNA segment is repeated more than 100
times per diploid genome of cell (2, 3). The length is
rather uniform in a tumor (or transformed cell) line,
though it varies from one tumor line to another. South-
ern blot hybridization analyses of DNAs of these lines
using viral DNA segments as probes led us to conclude
that the viral DNA segment at its termini undergoes re-
combination with cellular DNA sequences, and that the
viral DNA segment together with flanking cellular DNA
sequences as a unit is repeated up to 100 times or
more. The study on a rat tumor line, RC13, forinstance,
predicted that there are two types of major virus—cellu-
lar repetition unit (Fig. 1A), and that the EcoRlI cleavage
would produce ca. 160 copies of a 10-kbp fragment as
the major right virus—cellular junction fragment (MRJ),
ca. 120 copies of a 10-kbp fragment and 40 copies of
a 15-kbp fragment as two major left virus—cellular junc-
tion fragments (abbreviated to MU1, and MUZ2, re-
spectively) per diploid genome. The present study aims
to confirm the previous conclusion by attempting to ex-
amine whether one can molecularly clone the pre-
dicted MRJ and MUs from RC13 DNA.
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RC13 celt DNA was cleaved with £coRl, and the re-
sulting DNA fragments were cloned in Charon 4A
phages as described previously (4). The resulting *
phages were_screened by hybridization (5) using as
probes viral DNA fragments, EcoRI-A and EcoRI-F la-
beled by nick-translation (2}, since their portions were
predicted to be a part of MRJ and MUSs, respectively.
Thus, we picked five and six phage clones likely to con-
tain the right and left junction fragments (JFs), respec-
tively. The agarose gel electrophoresis of EcoRI-di-
gested DNAs of the above five clones revealed that
four of them had inserted fragments showing the same
mobility as the predicted MRJ (data not shown). Inserts
in the four clones were cleaved with Bglll and with Pstl
and analyzed by Southern blot hybridization (2) using
the insert of one of the clones as a probe. All the inserts
provided quite similar profiles of the autoradiogram
(data not shown), indicating that all the inserts have the
same sequence arrangement. Therefore, one of the
four inserts was transferred to pBR325 for easier han-
dling and designated as a candidate for MRJ (abbrevi-
ated to CMRJ). Similar analyses on six phage clones for
the left JF indicated that inserts of five clones have the
same sequence arrangement (data not shown). The in-
sert of one of the five was designated as candidate for
ML1 (abbreviated to CMLI1).

The cleavage site of Hindlli on CMRJ (Fig. 1B) was
found to be the same as the predicted MRJ (Fig. 1A).
Then, a segment of CMRJ delimited with EcoRI- and
Hindlll sites (marked by asterisks in Fig. 1B) was
mapped by cleavage with each of enzymes, Pstl, Mlul,

0042-6822/89 $3.00
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CMRJ S .. .TTTCGTCAGGGTTGACACGCTTTAGGGGAACCTCCTCGTTCATGATGTCGAACCCTAGAAAATATTGGTTGAGATGGTTGAAGTCACATTAAAACTTCCA
»n »
Virion 5'...tttcgtcagggttgacacgctttaggggaacctcctcgttcatgatgtcgaaccctagaaaatattggttgagattaaacgaccaggcttgtacggttcyg

AGTTAGCATCAAACATGAAGAGTAGACAGGGAGAAATTGACAGTGTCACTGCTGTCACCACACACGCGCACACACACACACACACACAACACAGACACAC

acgaacccctgaaccccgtttgtattctggctgaggcgacggtaccgcgcagggtcacgagegagggcyggcgagcgcgtgacagtgaccagacgggagcece

ACACACATACACACACACACACGT...3" CMRJ

gtttaacgacagagaattggaaga...3' Virion

Variable
region 5°.. ccc;qctagqqqchccacgqaqttltttLttttttttttcttttccaqgaqtcccttcgqtcccagccagcqggaccatagacacttttgaqgccgaq
CMLJ1 §° . ..CCCGGCTA-GGCGC~CCACGGA=- -~~~ TTTTTTTTTTTCTTTTCCAGGAGTCCCTTCGGTCCCTGATAGCGGGACGTT GGA - - CCTCTGAGGACGAG

3999tqc&gtqtccccqgcctccqaqccgagqtqscccqc .3° Variable region

AGGGTGCTGTGTCCCCGGCCTCAAAAATCTATAATAACCTCAAAAACTAACGCAGTCATAACCGACCATAACCGCAGCGTGTCGC .3° CMLJI

%
Virion DNA left end << 5'c?tcatctataataacctcaaaaactaacgcagtcataaccgaccataaccgcagcgtgtcgce...3' vVirion

FiG. 1. The predicted major virus-cellular DNA repetition units, and cloned candidates for junction fragments. Descending arrows represent
EcoRl sites; ascending arrows, Hindlll sites. Asterisks above restriction sites in the figure are referred to in the text. (A) The cleavage map of
two types of major virus—cellular DNA repetition units in RC 13 cell DNA predicted previously (3): The hatched region represents viral sequence;
the open region, cellular sequence. Two types of repetition units differ only in EcoRI sites shown in parentheses: The right one is for type |
repetition unit and the left one for type Il repetition unit. (B) The cleavage maps of cloned CMR} and CMU1. Some segments delimited with
Hindlll and/or EcoRl were mapped more precisely with several restriction enzymes and presented in enlarged form. Procedures for mapping
were described previously (6). (C) The cleavage maps of virion DNA fragments parts of which are predicted to be parts of JFs: The right side is
Hindlll-B fragment; the left side, Hindlli-l fragment. (D) Base sequence in the vicinity of possible virus-cellular junction in CMRJ and CMU1, and
the related DNA sequences. Actually, more than 270 consecutive bp extending rightward from the left Bg/ll cleavage site (marked by arrowhead
in (B)) of CMRJ and that of the corresponding virion DNA segment were determined. Similarly, all 306 consecutive bp of CMU1 ranging from an
Alul site to a Haelll site (marked by arrowheads in (B)), and base sequence of the corresponding virion DNA were analyzed. However, only a
part of the base sequences of one of the two complementary strands each extending on both sides from the possible virus-cellular junction
are presented. Bases are represented by the first letter of their spelling. Uppercase letters represent the bases of CMRJ and CMU1: lowercase
letters, those of virion DNA, and of the variable region of the rat ribosomal DNA nontranscribed spacer (7 7). Underlining indicates AC-rich stretch
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BamH|, Bglll, and Xhol (Fig. 1B). The comparison of
cleavage maps for the latter four enzymes with those
of Hindlll-B segment of virion DNA (Fig. 1C) revealed
that the segment extending frem the left end to the Bg/ll
site marked by the arrowhead in Fig. 1B has the same
cleavage pattern as the virion DNA segment, whereas
the remaining segment does not. Therefore, the base
sequences on the right side of the above Egfll site and
of the corresponding site of the virion DNA were deter-
mined and compared. The comparison revealed that
both are identical in the first 146-bp sequence counted
from the Bg/ll site (asterisked in Fig. 1D), but that they
have no significant hamology in the more distal se-
guence. In this distal part of the CMRJ sequence, there
is an AC-rich stretch (underlined in Fig. 1D) of 87
bases. A computer-aided search (9) of the rodent data-
base in GenBank revealed that four genes such as mur-
ine-labile 4.5 S RNA contain sequences very similar to
the above AC-rich sequences (initial score >170), and
that seven genes such as rat elastase | gene contain
seguenceas very similar to the TG-rich opposite strand.
However, the sequence lying between the asterisked
and the underlined did not show a similar high score
for any gene in the database. These results may be in-
terpreted as follows. The segment of CMRJ extending
from its left end to the 146th base counted rightward
from the above Bglll cleavage site is derived from viral
DNA, and the remaining segment is derived from the
cellular DNA segment which includes an unidentified
cellular gene containing an AC:TG-rich sequence.
Similarly, the Hindlll cleavage sites on CMU1 (Fig.
1B) were found to be the same as those of predicted
MLUI1 (Fig. 1A). Then, the DNA segment delimited with
the EcoRl site and the Hindlll site (marked by asterisks
in Fig. 1B) was mapped by Pstl and Xhol cleavage. The
segment delimited with two Hindlll sites was more pre-
cisely mapped by cleavage with each of five enzymes
(Fig. 1B). Comparison of maps for four enzymes with
those of the Hindlll-l segment of virion DNA (Fig. 1C)
indicates that the Hindlll-delimited segment of CMU1
consists of the part showing the same cleavage map
as the Hindlll-| fragment of virion DNA and the remain-
ing part. Therefore, the base sequence was analyzed
for the small subfragment of CMLI1 extending from the
Alul site to the Haelll site (indicated with arrowheads in
Fig. 1B), and for the corresponding segment of virion
DNA. The comparison reveals that the contiguous 192

Fig. 2. Hybridizability of **P-labeled subfragments of CMRJ or
CMU1 with dot-blotted rat embryo DNA or virion DNA. Each DNA
sample, after heat denaturation, was dot-blotted in quadruplicate on
nitrocellulose filters, so that one can easily distinguish dots due to
genuine hybridization response from those due to the background
noise: (area 1) 1 ug of Bacillus subtilis; (area 2) 1 ug of rat embryo;
(area 3) 0.3 pg of CELO virion; (area 4) 1 ug of Micrococcus lysodeikti-
cus. Filters were baked at 80° in vacuum and were treated for hybrid-
ization (A) with a *3P-labeled equimolar mixture of DC2 and DC3, and
(B) with a similarly prepared mixture of LFL1 and LC2 as probes. The
hybridization conditions were the same as those described pre-
viously (2).

bp leftward from the Alul site (asterisked in Fig. 1D) are
identical to those of the virion DNA seguence. The
computer-aided search of the rodent database found a
quite high similarity (initial score 174; optimized score
304; marked by ::: in Fig. 1D) between the more left-
ward remaining sequence of CMU1 and the variable
(or polymorphic) region of rat ribosomal DNA nontran-
scribed spacer (71), which is located ca. 300 bp up-
stream from the initiation site of transcription of 45 S
rRNA precursor. The result can be interpreted as fol-
lows. The segment of CMU1 extending from its right
end to the 192nd bp counted leftward from the Alul
cleavage site is the same as the leftmost EcoRI-
cleaved virion DNA fragment missing only 4 bp of the
left end, while the remaining is derived from the cellular
segment which contains the above-mentioned variable
region.

As a way to corroborate the above interpretation for
CMRJ) and CMU1, Pstl-produced subfragments of
CMU1, named DC2 (0.6 kbp) and DC3 (0.7 kbp), and
subfragments of CMLI1, designated LFL1 (6 kbp) and
LC2 (0.4 kbp) shown in Fig. 1B, were cloned, and their
derivation was examined by their hybridizability with
the dot-blotted rat embryo DNA and with similarly
treated virion DNA. They were found to be hybridized
with the rat embryo DNA, but not with the virion DNA

of 87 bases. (*) Stretch of base sequence found to be identical between CMRJ (or CMU 1) and virion DNA. The possible junction in CMRJ
corresponds to in between the 146th and 147th bp, counted rightward from the left 8g/ll cleavage site, and that in CMU1, in between the
192nd and 193rd bp, counted leftward from the above Alul site. (::::) Indicates the match between bases in CMU1 sequence and those of the
variable region made by the computer-aided optimization (9), and (----) shows a gap fictionally produced by it. Base sequencing was done for
both strands of each fragment by either one of the two methods described previously (7, 8). The data for the left-terminal two bases of virion

DNA are according to Shinagawa et al. (10).
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Fi. 3. Southern blot hybridization of Pstl- or EcoRl-cleaved RC13
DNA, rat embryo DNA, and CMRJ {or CMLI1) with 3*P-labeled DC2
(or LC1). (A) 5 ug and 0.5 ug of RC13 DNA (lanes 1 and 4, respec-
tively), 5 ug of rat embryo DNA (lane 3), and 50 and 10 copy-equiva-
lent CMRI (lanes 2 and 5, respectively) were cleaved with Pstl, after
Bacillus subtilis DNA as carrier was added to samples for lanes 2, 4,
and 5, so that the final amount of DNA in each sample was 5 ng.
Then, samples were electrophoresed on a 0:9% agarose gel at 40 V
for 12 hr and blotted onto the nitrocellulose filter. The filter was
treated for hybridization with **P-labeled DC2, then for autoradiogra-
phy. (B) Experimental conditions were the same as those in (A) ex-
cept DNAs were cleaved with EcoRl. (C) Experimental conditions
were the same as those in (B) except that 50 and 10 copy-equivalent
of CMU1, in place of CMRI, were subjected to the hybridization in
lanes 2 and 5, respectively; also, LC1 was used as probe in place of

" RC2.

(Fig. 2). The result was confirmed by Southern hybrid-
ization tests using DC2, DC3, and LFL1 as probes,
which showed these subsegments to be hybridized
with several sizes of the Pstl- or EcoRl-cleaved rat em-
bryo DNA fragments (see Figs. 3A and 3B for DC2; data
not shown for DC3 and for LFL1), but with none of the
Hindlil-cleaved virion DNA fragments (data not shown),
indicating that these subfragments are derived from
moderately repeated sequences in rat DNA. All these
results support the above interpretation.

A remaining requisite which can be experimentally
confirmed is that number of repetition of CMRJ and
CMU1 in RC13 DNA, when probed with the cellular
sequences subcloned from themselves, should be the
same as the number of repetitions of MRJ and ML1
predicted by our previous study with viral DNA seg-
ments as probes (3). Such experiments were done first
with the above-described DC2 as a probe. Figure 3A
shows results of the experiment in which examined
DNAs were cleaved with Pstl. In the lane of 50 copy-
equivalent of CMRJ as a control (lane 2), the band ap-

pears only at the site where DC2 should migrate, indi-
cating that, even if any part of the DC2 sequence is
repeated in the other part of CMRI, its extent is very
limited. In the lane of rat embryo DNA as another con-
trol (lane 3), a weak (10 copy-equivalent) band appears
at the same site as the DC2 band in the above control,
and stronger bands appear at several other sites closer
to the electrophoretic origin. In the lane of RC13 DNA
(lane 1), the mobility of most bands is the same as in
the lane of rat embryo DNA, but the intensity of some
bands is not the same as that of the corresponding
bands in the lane of rat embryo DNA. Among others,
the intensity of the band showing the same mability as
for DC2 band is remarkably stronger, and equivalent
to ca. 200 copies per diploid genome. These findings
indicate that DC2 is a constituent of normal rat cell
DNA and is repeated ca. 10 and 200 times per diploid
genome of rat embryo and of RC13 cells, respectively.
Figure 3B shows results of a similar experiment in
which examined DNAs were cleaved with EcoRl. In the
lane of rat embryo DNA, among several other bands, a
weak band (10 copy-equivalent or less) appears at the
same site as the band in control CMRIJ lane. In the lane
of RC13 DNA, the mobility of most bands appears sim-
ilar to that in the lane of rat embryo DNA, but the inten-
sity of some bands appears stronger than that of the
corresponding bands in the lane of rat embryo DNA.
Among others, the band at the smae site as the control
CMRI band is as strong as ca. 200 copy-equivalent. It
is worth remarking that the estimated number of copies
(200) for the two above-mentioned strong bands
shows rough agreement with the number (160) for MRJ
estimated by our previous study using viral DNA as a
probe, and the 200 copy-equivalent band in the lane of
EcoRlI-cleaved RC13 DNA appears at the same site as
that of CMRJ. A similar experiment with DC3 as probe
for DNAs cleaved with E£coRl gave results essentially
similar to those shown in Fig. 3B (data not shown). All
these results for numbers of repetitions strongly cor-
roborate that CMRJ is the predicted MRJ.

Figure 3C shows the results of an analysis similar
to Fig. 3B, except for having been probed with LC1,
a subsegment of LFL1 (see Fig. 1B), which has been
shown not to be hybridized with the other part of
CMU1 (data not shown). In the lane of RC13 DNA, the
strongest band (ca. 800 copy-equivalent) appears at
the same site as the band in the control lane of CMUI1.
A strong band (100 copy equivalent) appears at the
same site in the lane of rat embryo DNA. The difference
between the copy number estimated for RC13 DNA
and that for rat embryo DNA is as high as 700. How-
ever, other bands in the lane of RC13 DNA are also
slightly more intense than those of the same mobility
in the lane of rat embryo DNA. This fact seems attribut-
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able to the probably inherent bias leading us to apply
slightly more DNA in the former than in the latter. Even
given this bias, the difference is no less than 300. It
exceeds the increment of the copy number in RC13
DNA expected by the predicted number of repetition
(ca. 120 copies per diploid genome) of MU1, and it
thus indicates that other types of rearrangement take
place in this tumor line, e.g., the cellular DNA se-
quence cleavable by £coRl as a fragment which is the
same size as CMU1 and which includes LC1 se-
quence is amplified very much. All these results for
number of repetition are compatible with the notion
that CMU1 is the predicted MU1.

As the selective hybridization marker for screening
candidate phage clones incorporating MU1 or MUZ2,
we used the viral DNA segment which was predicted
to form a part of MU1 as well as MLJ2. However, no
candidate for M2 was found. At this moment, we
think that the result reflects merely the statistical fluc-
tuation of sampling. Thus, the existence of MLJ2,
which we earlier concluded should be isolated, re-
mains to be confirmed in future. Despite this incom-
pleteness, the experimental results obtained here with
CMRJ and CMU1 seem to confirm the previous conclu-
sion in its major points.

Judging from the fact that no common sequence or
sequence arrangement has been found in the vicinity
of the recombination sites in several lines of human ad-
enovirus-induced tumor cells so far extensively ana-
lyzed (72, 13), a more extensive analysis of the present
JFs would not appear to provide supportive evidence
for the hypothesis that there should be a sequence or
sequence arrangement specific for the recombination.
However, it is intriguing to consider that the recombi-
nation might take place preferentially on sites of host
cell DNA which are located in or near transcriptionally
active genes (12), in conjunction with a present conclu-
sion that the left end of viral DNA may be linked to only
ca. 300 bp upstream from the initiation site of transcrip-

tion of 45 S rRNA precursor. To determine whether the
present system supports the above hypothesis, we
must do more extensive sequencing of CML}1 and mo-
lecular cloning of the corresponding preinsertion se-
quence from uninfected rat cells, as well as studies on
their expression in cells.

ACKNOWLEDGMENTS

The authors are grateful to Ms. S. Mori-Hori and Ms. T. Shibata-
Sawaki for technical assistance. This work was in part supported by
a grant-in-aid from the Princess Takamatsu Cancer Research Fund
and a grant-in-aid for Cancer Research from the Ministry of Educa-
tion, Science, and Culture, Japan.

REFERENCES

1. IsHiBAsHI, M., and YASUE, H., /n "'Adenoviruses' {H. S. Ginsberg,
Ed.), pp. 497-562. Plenum, New York, 1984.

2. YASUE, H., IsHiBASH!, M., and FUIINAGA, K., Virology 1086, 361-
373(1980).

3. Yasau, H., and IsHiBasHI, M., Virology 16, 99-115 (1982).

4. EnauisT, L., and STERNBERG, N., In ''Methods in Enzymology (R.
Wou, Ed.), Vol. 68, pp. 281-298. Academic Press, New York,
1979.

5. BenTON, W. D., and Davis, R. W., Science 196, 180-182 (1977).

6. SHIMADA, K., YOSHIDA, T., KuroisHl, T., and IsHiBasH!, M., Bio-
chim. Biophys. Acta 740, 169-178 (1983).

7. SANGER, F., NickLen, S., and CouLsoNn, A. R., Proc. Natl. Acad.
Sci. USA 74, 5463-5467 (1977).

8. Maxam, A. M., and GiLBERT, W., /n ""Methods in Enzymology" (L.
Grossman and K. Moldave, Eds.), Vol. 65 pp. 499-560 (au-
thor's comment). Academic Press, New York, 1980.

9. LirmaN, D. J., and Pearson, W. R., Science 227, 1435-1441
(1985).

70. SHINAGAWA, M., ISHIYAMA, T., PADMANABHAN, R., FUIINAGA, K., KA.
MADA, M., and SaTO, G., Virology 125, 491-495 (1983).

71. YANG-YEN, F., and ROTHBLUM, L. |., Nucleic Acid Res. 14, 5557
(1986).

12. LICHTENBERG, U., Zock, C., and DoerFLER, W., /. Virol. 61,2719~
2726 (1987).

13. Kupo, S., Suaisaki, H., TAKANAMI, M., YAMASHITA, T., ISHINO, M.,
SHiMmizy, Y., DA, Y., and FuGINAGA, W., Virology 148, 133-145
(19886).



RiBosoMAL RNA GENES IN MYCOPLASMA CAPRICOLUM

A. Muto, F. Yamao, M. Sawada, M. Iwami, H. Hori and S. Osawa

Department of Biology, Faculty of Science, Nagoya University,
Nagoya-shi, Aichi 464, Japan

Topics in Secondary Metabolism 1

Bacillus subitilis:
Molecular Biology and
Industrial Application

EDITED BY

BUNJI MARUO
Nihon University, Tokyo, Japan

HIROSHI YOSHIKAWA
Osaka University, Osaka, Japan

KODANSHA LTD. ELSEVIER
Tokyo Amsterdam-Oxford-New York-Tokyo



2.2 RiBosoMAL RNA GENES IN MYCOPLASMA CapPrICOLUM*

The mycoplasmas are small wall-less bacteria and parasitic in eu-
karyotes. Their genome size is about 5 X 10® daltons, which is about one-
fifth that of Bacillus subtilis. We have estimated the number of genes in
mycoplasma species is extremely low compared with other bacterial
DNAs.39

We have recently isolated DNA clones including the rRNA genes
from Mycoplasma capricolum ATCC27343 (Kid) and analyzed the organ-
ization and structure of the genes. The results suggest that the mycoplas-
ma is phylogenetically related to the Bacillus group.

Organization of rRNA genes: Reflecting the small size of the genome,
M. capricolum contains only two sets of genes for 16S, 23S and 5S r-
RNAs.*9 Since B. subtilis contains ten sets of TRNA genes,’” the copy
number of TRNA genes in the two species is roughly in proportion to their
génome size.

The DNA segments carrying the rRNA gene clusters of M. capricolum
were cloned in Escherichia coli plasmid pBR322, and analyzed by restric-
tion endonuclease mapping, DNA-RNA hybridization and DNA sequenc-
ing.’®*% Each of the two rRNA clusters designated as rrn4 and rrnB, car-
ries a set of genes for 168, 23S and 5S rRNAs. The order and orientation of
the rRNA genes in each cluster are (5) 16S-23S-5S(3") like in other pro-
karyotes, such as E. coli,*® B. subtilis,’ Anacystis nidulans’® and Ro-
dopseudomonas capsulata.’® However, neither of the M. capricolum TRNA
clusters includes any tRNA gene in the spacer between 16S and 23S rRNA
genes. All seven rRNA operons of E. coli,**~%® two rRNA gene clusters of

A. nidulans’® and two of ten rRNA gene clusters of B. subtilis” contain
one or two spacer tRNA genes Thus the averall nrganivafinn of the

Swa waid Walwiie A ALV VIAW WV wiillii VA duCA CANJ AL VL ViAW ULT4A .

capricolum TRNA gene clusters resembles that of the eight B. subtilis
clusters that do not contain spacer tRNA genes.
The DNA sequences of a total 16S rRNA gene, the spacers and the 5'-

*Acknowledgement: |
This work was supported by grants from the Ministry of Education,
Science and Culture of Japan and from the Naito Science Foundation.
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Fig. 2.3 Secondary structure of putative transcript of rrnA. The sequence
is deduced from the DNA sequence of M. capricolum rrnA. The repeated
sequences in the two stems are boxed. The repeated structure is also found
in the stem of B. subtilis rrn0.*?

and 3’-flanking regions of the cluster were determined. Comparison of the
partial sequence of the 16S and 23S structure gene regions has revealed that
the M. capricolum sequence is similar more to the B. subtilis (74 %) than the
E. coli sequences (69 9%).5” The spacers and the flankings of the genes of
M. capricolum are extremely poor in G and C (20%), as in the case of B.
subtilis. Furthermore, a remarkable sequence homology is found in certain
regions of spacer and flanking regions of the rRNA genes between M.
capricolum and B. subtilis. Fig. 2.3 shows a possible secondary structure
model of the putative transcript of M. capricolum rrnA with the flanking
sequences. Two large stem structures can be folded between the 5'- and
¥’-flanking sequences of the 16S and 23S rRNA sequences, respectively.
Similar structures have been reported in the rRNA transcripts of E. coli®
and B. subtilis.*" It has been suggested that the stems may be possible
substrates for processing enzymes during rRNA maturation. Moreover,
the stretches of 12 base pairs are found to repeat in the 16S and 23S stems
(sequences boxed in Fig. 2.3). Interestingly, the repeated stem structures
with very similar sequences have also been observed in B. subtilis®® (see
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Micrococcus luteus
Streptomyces griseus
Mpycobacterium tuberclosis

Arthrobacter luteus

Pseudomonas fluorescens
Proteus vulgaris
Escherichia coli
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Lactobacillus viridescens
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Fig. 2.4 Phylogenic tree of 5S rRNAs.
Knuc represents the rate of nucleotide substitution (see Ref. 72).

Fig. 2.3), but not in E. coli. The repeatgd structures in the two stems are
located within the homologous regions in both RNAs. Ogasawara. et al.
have suggested that these regions may be the target sites for a processing
enzyme.’® This would mean that the processing signals of TRNA gene
transcripts as well as the specificity of the processing enzyme are con-
served between M. capricolum and B. subtilis, but not between these two
species and E. coli. These observations suggest that M. capricolum is more
closely related to B. subtilis than to E. coli.

Nucleotide sequence of 55 rRNA: The sequences of 5S TRNAs from
about three hundred organisms have so far been determined and used for
deducing their phylogenic relationships.”"’? We have determined the to-
tal nucleotide sequence of M. capricolum 5S rRNA by sequencing both
the purified RNA and the cloned DNA.”® The RNA is 107 nucleotides
long, the shortest of all the 5S rRNAs so far known. The sequence of M.
capricolum 5S rRNA is more similar to that of the gram-positive bacteria
than the gram-negative. Fig. 2.4. shows the phylogenic relationship of M.
capricolum to other organisms deduced from the sequence homologies of
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the 5S rRNAs (see Ref. 72). Walker et al. have sequenced 5S TRNA of
Spiroplasma sp. BC3, indicating that spiroplasma is closely related to
mycoplasma. Comparisons of mycoplasma tRNA sequences with other
bacterial tRNAs also revealed the same relationship.”®

(A. Muto, F. Yamao, M. Sawada, M. Iwami, H. Hori and S. Osawa)
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Bombyxin, previously referred to as 4K-prothoraci-
cotropic hormone, is a brain peptide of the silkmoth
Bombyx mori, the amino acid sequence of which shows
considerable homology with vertebrate insulin family
peptides. Two independent clones have been isolated
from a Bombyx larval brain ¢DNA library by using a
synthetic oligonucleotide probe, one with the complete
coding region for preprobombyxin (ABb360) and the
other covering the coding region, possibly for bom-
byxin, only partially (\Bb204). ABb360 encodes pre-
probombyxin in the order of prepeptide/B-chain/pro-
teolytic cleavage signal/C-peptide/proteolytic cleavage
signal/A-chain. This domain organization of prepro-
bombyxin is the same as that of preproinsulins, sug-
gesting that the tertiary structure and posttransla-
tional modification mechanism are conserved through
the evolution of bombyxin and insulin. Genomic South-
ern hybridization analyses using this cDNA as probe
suggest that the Bombyx genome contains multiple
copies of bombyxin gene. Northern hybridization anal-
yses indicate that the concentration of ABb360-type
bombyxin mRNA in the bombyxin-producing cells is
remarkably high (2.8 x 10° molecules/ug of total RNA),
without undergoing appreciable change during larval-
pupal development.

Prothoracicotropic hormone, an insect brain peptide, acts
on the prothoracic glands to stimulate the synthesis and
release of ecdysone necessary for growth, moulting, and met-
amorphosis (1, 2). The brain of the silkmoth Bombyx mori
contains, in addition to its own prothoracicotropic hormone
(M, ~22,000, Ref. 3), a 5-kDa peptide bombyxin that mani-
fests the prothoracicotropic activity when tested with the
saturniid moth Samia cynthia ricini (3, 4) and accordingly
was referred to as 4K-prothoracicotropic hormone previously
(5).

Bombyxin has been purified from Bombyx heads (4) and
shown to consist of highly heterogeneous molecular species
(6-10). Bombyxins are heterodimers consisting of A- and B-
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chains whose amino acid sequence shows considerable ho-
mology with vertebrate insulin family peptides (6, 7). The
primary structure of bombyxin has been determined com-
pletely for three molecular species (7-9) and partially for
three others (6, 10). These molecules differ from one another
in a few replaced amino acid residues. The A- and B-chains
are connected together through disulfide bonds in exactly the
same way as in insulin (8). An immunohistochemical study
using a monoclonal antibody raised against a synthetic frag-
ment of bombyxin has revealed its localization in four pairs
of mid-dorsal brain neurosecretory cells of Bombyx (5). Al-
though the physiological function of bombyxin in Bombyx has
remained unclarified, its insulin-like structure is thought to
suggest some essential function in Bombyx growth or metab-
olism.

We have recently started studies using recombinant DNA
technology for bombyxin cDNA and genomic DNA, with the
aim of gaining insights into various molecular aspects of
bombyxin including its biosynthesis through a precursor mol-
ecule, genetic background for the heterogeneity of molecular
species, and transcriptional regulation during development.
We describe here the cloning and characterization of bom-
byxin cDNAs from a Bombyx brain cDNA library. The struc-
ture of the deduced preprobombyxin confirms its domain
organization conserved relative to preproinsulin, the fact of
which was also expected from the simultaneously performed
analysis of the genomic DNA fragment containing a similar
sequence (11). Several hybridization analyses suggest that
bombyxin multicopy genes supply a remarkably high concen-
tration of bombyxin mRNA.

EXPERIMENTAL PROCEDURES

Materials—Bombyx mori larvae were reared on an artificial diet
(Takeda Pharmaceutical Co., Ltd., Tokyo, Japan or Nippon Nosanko
Co., Yokohama, Japan) at 25 + 1 °C under a photoperiod of 18 h light
and 6 h dark. A total of 16,000 brains from the fourth- and fifth-
instar larvae and pupae (J122 X C115) was used as the RNA source.
RNA was also prepared from 16 pairs of the posterior silk glands of
the fifth-instar larvae (Shun-Rei X Sho-Getsu). Three batches of a
pair of the posterior silk glands of the fifth-instar larvae (J122 X
C115) served as the source of genomic DNA. Escherichia coli Y1088
strain and A\gt11 phage were provided by Dr. Yoshio Hamada (Na-
tional Institute for Basic Biology, Okazaki, Japan). Various enzymes
were purchased from Takara Shuzo Co., Ltd. (Kyoto, Japan), New
England Biolabs Inc. (Beverly, MA), Boehringer Mannheim (Mann-
heim, Federal Republic of Germany), and Amersham Corp. Radioiso-
topes were purchased from Amersham Corp.

RNA Extraction and Construction of cDNA Library—Nucleic acids
were extracted by phenol-SDS! from the brains after pulverization
under liquid nitrogen in a mortar, and RNA was obtained by LiCl

1 The abbreviation used is: SDS, sodium dodecyl sulfate.
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precipitation. Oligo(dT)-primed ¢DNA was synthesized by ¢cDNA
synthesis system (Amersham Corp.) using poly(A)®” RNA from the
brains of the fourth- to fifth-instar larvae as template. cDNA was
inserted into the EcoRI site of Agt11 DNA as described (12). Screening
was carried out after amplification of the library.

eDNA Screening and Analysis—Employing the codon usage of
Bombyx major plasma protein (13), a synthetic oligonucleotide 51-
mer of the antisense DNA for bombyxin-II A-chain (the residues 4-
20, Ref. 7) was prepared as a probe by Drs. Tadayuki Takeda and
Masayuki Yamamoto (The University of Tokyo) as shown below.

Amino acid

Antisense

Northern hybridization and plaque hybridization were carried out
with *P-end-labeled probe. Brain total RNA extracted by the above-
mentioned method served for calculating the bombyxin mRNA con-
centration. Nucleotide sequences were determined by the M13 di-
deoxy method (14). For computer search of translation, hydropathy,
and homology, GENETYX (Software Development Co., Tokyo, Ja-
pan) and DNASIS (Hitachi Software Engineering, Tokyo, Japan)
programs were used.

In Vitro Synthesis of Bombyxin RNA with T7 Polymerase and
Northern Blotting—After recloning of the ¢cDNA insert in pTZ18R,
bombyxin RNA was synthesized with T'7 polymerase as described by
Kumar et al. (15). After the addition of an appropriate amount of
posterior silk gland total RNA as a carrier to the synthetic bombyxin
RNA, RNA samples were glyoxalated and electrophoresed on a 1.2
or 1.4% agarose gel and then transferred to nylon membrane (biodyne
A, PALL Ultrafine Filtration Co., New York) with 20 x SSC (3 M
NaCl, 300 mM sodium citrate) as described (16).

Genomic DNA Extraction and Southern Blotting—Every sample of
Bombyx genomic DNA was extracted from one pair of the fifth-instar
posterior silk gland as described (17) except that 1.1 mg/ml proteinase
K was emploved during homogenate incubation with SDS. Genomic
DNAs digested with various restriction enzymes (5.8 ug) were elec-
trophoresed on 0.7% agarose gel and analyzed by Southern blot
hybridization (18).

Hybridization with Radiolabeled Probe and Washing—Hybridiza-
tion with oligonucleotide probe was carried out for more than 12 h at
22-25 °C in 50% formamide/4 X SSC (600 mm NaCl, 60 mM sodium
citrate)/1 X Denhardt’s solution (0.02% polyvinylpyrolidone, 0.02%
Ficoll, 0.02% bovine serum albumin)/50 mM phosphate buffer (pH
5.95)/250 ug/ml sonicated salmon testis DNA. Filters were washed
for more than 3 h at 60 °C in 2 X SSC/0.1% SDS (T,, —30 °C). In
the case of cDNA probe, hybridization solution contained 50% form-
amide/4-5 x SSC/1-5 x Denhardt’s solution/50 mm phosphate
buffer/250 ug/ml sonicated salmon testis DNA, and reactions were
done overnight at 42 °C. Filters were washed for more than 3 h at
65 °Cin 1 % SSC/0.1% SDS (Tn, —25 °C).

RESULTS

Isolation of Bombyxin ¢cDNA from a Bombyx Larval Brain
c¢DNA Library—The condition of screening was first investi-
gated by using the oligonucleotide as a probe for Northern
hybridization of brain poly(A)* RNA. As shown in Fig. 14, a
hybridization band of about 0.6 kilobase pair was detected in
the poly(A)* RNA from brain but not from posterior silk
gland, suggesting the specific hybridization of bombyxin
mRNA with the oligonucleotide probe. About 6 X 10* recom-
binant phages were then screened under the same condition,
and 12 positives were revealed. Two of them, ABb360 and
ABb204, were subjected to further analysis. In Fig. 1B, ABb360
cDNA was used as a probe in the Northern hybridization of
the same filter as used in the experiment for Fig. 14. The
similar pattern of both hybridizations indicates that ABb360
¢DNA is a complement of the mRNA that was specifically
detected with the oligonucleotide probe.

Structure of Bombyxin ¢cDNAs and Predicted Proteins—Fig.
2A shows the nucleotide sequences of ABb360 and ABb204
cDNAs and their predicted amino acid sequences. ABb360
¢DNA obviously contains the entire coding region, because it
has an open reading frame from +42 to +308 preceded by a
stop codon at +30 to +32, four frames upstream from the

¢DNA and Expression of the Silkmoth Insulin-like Peptide

initiator. By contrast, ABb204 ¢cDNA appears to cover only a
3’ portion of the coding region.

The primary product deduced from ABb360 cDNA contains
segments that resemble the A- and B-chains of naturally
occurring bombyxins (solid line-boxed in Fig. 2A4), with only
minor amino acid residue replacement. The deduced se-
quences most closely resemble bombyxin-11, with precise iden-
tity for A-chain and 89% homology for B-chain.

C-Cys Tyr Ser Leu Leu Val Asp Val Ser Cys Pro Arg Leu Cys Cys Glu Asp-N
5'-GCA GTA GCT GAG GAG GAC GTC GAC GCT GCA GGG TCT GAG GCA GCA CTC GTC-3’

The Gln at the N terminus of the presumed B-chain differs
from pyroglutamate at the corresponding site of the naturally
occurring bombyxins but is most probably converted to pyro-
glutamate posttranslationally (19). Between the A- and B-
chains is found an intervening segment which is flanked by
paired basic amino acid residues at the N terminus and a
basic residue at C terminus (broken line-boxed in Fig. 24),
suggesting that the posttranslational proteolytic cleavage oc-
curs at these sites; a single Arg is well documented as a
proteolytic signal (20). Neighboring the N terminus of the B-
chain a hydrophobic stretch is located. These intervening and
hydrophobic sequences appear, from their structural features
and organization, to be equivalent to the C-peptide and pre-
peptide of preproinsulin, respectively (21). To assign an ap-
propriate length and hydrophobicity to a putative prepeptide,
we consider Met-1 as the most likely initiator among three
potential ones, Met-1, -10, and -15. Thus, a preprobombyxin
deduced from ABb360 ¢cDNA is an 89-residue protein with a
M., of 9,978 having an overall structure of prepeptide/B-
chain/proteolytic cleavage signal/C-peptide/proteolytic
cleavage signal/A-chain which is exactly the same as that of
preproinsulin (Fig. 3B). The hydropathy profiles (22) of pre-
probombyxin and preproinsulin are also similar to each other
(Fig. 3B, top and bottom).

ABb204 ¢cDNA encodes the entire A-chain (solid line-boxed
in Fig. 24) and, most probably, the C-peptide which is flanked
at its C terminus by paired basic amino acid residues, and we
presume that this ¢cDNA was derived from a bombyxin
mRNA. This ¢cDNA differs from ABb360 ¢cDNA in many
aspects (Fig. 2B), indicating the existence of heterogeneous
bombyxin mRNAs. The A-chain differs from ABb360 A-chain

4 56

123

'<0.6Kb

oligonucleotide cDNA probe

A B

Fic. 1. Northern hybridization analysis of bombyxin
mRNA. Posterior silk gland poly(A)* RNA (3.3 ug) (lanes I and 4),
brain poly(A)* RNA (5.0 ug) (lanes 2 and 5), and brain total RNA
(20 ug) (lanes 3 and 6) were electrophoresed and blotted. A, hybridi-
zation with **P-end-labeled synthetic oligonucleotide. B, hybridiza-
tion with *P-multiprime-labeled ABb360 ¢cDNA. kb, kilobase pair.
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ABb360

Met. Lys Ile Leu Leu Ala 6
ATCAGCGAGACGTCCTCCGAAACACACTTTAGTCGCCAAAC ATG AAG ATA CTC CTT GCT 59

Ile Ala Leu Met Leu Ser Thr Val Met Trp Val Ser Thr|Gln Gln Pro Gln 23
ATT GCA TTA ATG TTG TCA ACA GTA ATG TGG GTG TCA ACA|CAA CAG CCA CAA |110

Glu Val His Thr Tyr Cys Gly Arg His Leu Ala Arg Thr Met Ala Asp Leu | 40
GAA GTG CAC ACG TAT TGC GGG CGC CAC TTA GCT CGC ACT ATG GCC GAC CTA | 161

———
Cys Trp Glu Glu Gly Val Aspfzys Arg|Ser Asp Ala Gln Phe Ala Ser Tyr 57
TGC TGG GAA GAG GGC GTG GATJJAAG CGCJAGC GAT GCT CAG TTC GCG AGC TAC 212

CGly Ser Ala Trp Leu Met Pro Tyr Ser Ala Gly{A_r-g] ly Ile Val Asp Glu | 74
GGC TCC GCG TGG CTG ATG CCC TAC TCG GCA GGA{CG(E} [GGC ATC GTG GAT GAG | 263

Cys Cys Leu Arg Pro Cys Ser Val Asp Val Leu Leu Ser Tyr Cys|##*
TGC TGT CTC AGA CCC TGC AGC GTG GAC GTG CTT CTG TCG TAC TGT|TAGACCA 315

CTACTTTACCAAACTAATTCGTTCTCAAAACATTTGGAAATAAAT

ABb204

Ser Gln Tyr Ala Gly Tyr Gly Trp Pro Trp Leu Pro Pro Phe Ser Ser 16
GA TCC CAG TAC GCG GGC TAC GGC TGG CCG TGG CTG CCC CCC TTC TCC TCG SO

Ser Arg Glyﬁ.;s ArgliGly Ile Val Asp Glu Cys Cys Tyr Arg Pro Cys Thr
TCT CGT GGG'MA CGCYGGT ATT GTC GAT GAG TGC TGC TAC AGA CCC TGC ACA

Ile Asp Val Leu Met Ser Tyr Cys Asp Asn|#%x
ATA GAC GTT CTG ATG TCA TAC TGC GAT AAC|TAGTGCGGAAAACTCGACAATTTGACA 158

ATTTTCGTAAACGCCTGATTTATATTAAATAAATTATGTACTAAAA

33
101

Domain Pre B C A
ABb360 =—=—""" " 1}
ABb204

F1G. 2. A, nucleotide sequences and encoded amino acid sequences
of cDNA inserts of ABb360 (upper) and ABb 204 (lower). Two domains
forming mature bombyzin (A- and B-chain) and the putative prote-
olytic cleavage sites (Lys-Arg, Arg) are boxed with solid and broken
lines, respectively. B, diagrammatic presentation of both cDNA struc-
tures. Thick and thin open boxes are coding and noncoding regions,
respectively. Two thin black lines are introduced in ABb360; the first
one, between C-peptide and A-chain, indicates a short deletion as
compared with ABb204, and the second one is placed in order to align
the polyadenylation signal with that of ABb204. Vertical lines between
the two cDNAs connect the nonidentical nucleotides. Horizontal black
bars at the middle represent identical amino acid residues between
the two predicted peptides. Horizontal black bars at the top and bottom
represent identical amino acid residues when compared with bom-
byxin-II (7). Arrowheads indicate borders between domains.

by 4 residues, and its C terminus is extended by 2 residues
giving rise to a 22-residue A-chain contrasting to the 20-
residue A-chain of all the bombyxins so far sequenced.

When nucleotide and/or amino acid sequences of the
c¢DNAs characterized here were compared with the prepro-
bombyxin gene isolated recently (11) and native bombyxins
(6-10), it is evident that the homology is highest in the A-
chain and only slightly lower in the B-chain; homology for
the C-peptide is far less prominent; no significant homology
is seen in the 3’-untranslated region. The same tendency in
the degree of sequence homology among domains is also
apparent when compared with insulin (Fig. 34) and has been
recognized among various insulins (23).

All of the 6 amino acid residues that are substituted com-
pared to bombyxin-II (positions 8, 12, 13, and 17 of ABb204
A-chain and 5 and 25 of ABb360 B-chain) occupy the sites
known to be variant from peptide analysis of native bom-
byxins (6-10). Another substitution of Met-18 for Leu-18 in
ABb360 B-chain is a conservative substitution to retain the
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F16. 3. Comparison of structures between ABb360 prepro-
bombyxin and human preproinsulin. A, homology plot of amino
acid sequences between ABb360 preprobombyxin and human pre-
proinsulin produced by the program DNASIS (Hitachi Software
Engineering, Tokyo). Span-length, 10; identities, 4. B (middle), sche-
matic representation of domain organization of preprobombyxin en-
coded by ABb360 cDNA and human preproinsulin. Boxes and numer-
als represent the domains and the numbers of amino acid residues in
each domain, respectively. Basic amino acids at the putative proteo-
lytic cleavage sites are indicated by the one-letter code (K or R). Top
and bottom, hydropathy profiles of both preprohormones using the
method of Kyte and Doolittle (22). The values for every five sequential
amino acids are calculated.

hydrophobic core inside the globular structure of bombyxins
(10). Therefore, it may well be that ABb360 cDNA and pos-
sibly ABb204 ¢cDNA also code for biologically active novel
bombyxins.

Genomic Southern Hybridization: Estimation of Bombyxin
Gene Copy Number—In view of the detection of two distinct
cDNAs encoding bombyxin as described above and the pres-
ence of multiple molecular species of bombyxins as revealed
by amino acid sequencing of the purified native peptides (6-
10), it was anticipated that multiple bombyxin gene copies
would exist. To test this possibility, the genomic DNA of
Bombyx was analyzed by Southern hybridization using the
ABb360 cDNA as probe. As shown in Fig. 4, multiple discrete
hybridization bands were detected in every digest of genomic
DNA. Taking the band intensity of five-copy ABb360 cDNA
as 5.0, the total band intensities for respective lanes were
estimated to range from 11 to 26 (Fig. 4, lower). As the genomic
DNA was prepared from each individual separately, the pos-
sible restriction fragment length polymorphisms were mini-
mized. Thus, it seems highly probable that there exist bom-
byxin gene copies in about these numbers, although the num-
ber might be less when the possible inclusion of pseudogenes
is considered. It is also possible that the actual number of
gene copies could be more since the probe presently used
failed to hybridize with ABb204 cDNA under the same con-
ditions (data not shown); only the genomic fragments con-
taining the sequence identical or closely related to ABb360



7684
-
5
o
) ] >~
ciad £5 5 5
g8 s & £ & &
‘vzng,.S_J Q & T Q %]
FMFMFMFEMEM
23.7
s
(kb) 4:3
2.3
2.0 . :
23 20
EE HHHH
10 I—]
(s
2o omnn

F16. 4. Southern hybridization analysis of genomic DNA of
Bombyx (J112 x C115) probed with A\Bb360 cDNA. Upper, in
left two tracks, five and one copy equivalents of pBb360 (pTZ18R
with ABb360 ¢cDNA insert) linearlized by HindIII cut were loaded as
the standard for copy number. Enzymes used for genomic DNA
digestion are indicated above the autoradiogram. Female (F) and male
(M) genomic DNAs were extracted from a single individual, respec-
tively, and were dispensed in 8-ug aliquots for each restriction diges-
tion except for the case of Sall-male where a 5- and 3-ug portion were
combined from two individuals. Out of these digests, 5.8 ug each were
applied for the electrophoresis. Genome size of Bombyx is 0.52 pg/
haploid. Hybridization probe was multiprimed *P-labeled ABh360
c¢DNA. Lower, total densitometric band intensities for respective
lanes taking the intensity for five-copy ABb360 ¢DNA as 5.0. Their
relative indices are: five copy, 5.0; one copy, 0.8; BamHI, 19.8 (F),
25.7 (M); EcoR1, 19.6 (F), 18.2 (M); HindIlI, 17.1 (F), 16.0 (M), Pstl,
11.0 (F), 12.0 (M), Sall, 12.8 (F), 10.5 (M), kb, kilobase pair.

¢DNA must have been detected. Thus, although the precise
number of gene copies is unknown, it may be safe to conclude
that more than 10 bombyxin gene copies exist.

No differences were found in the hybridization pattern
between both sexes indicating that the bombyzxin genes are
not linked with either W or Z sex chromosome.

Northern Hybridization: Developmental Change of Bom-
byxin mRNA Amount in Bombyx Brain—The mRNA in Bom-
byx brain was quantified by Northern hybridization using
ABb360 cDNA as probe. For constructing a standard curve
for this quantification, we used the bombyxin RNA synthe-
sized in vitro from ABb360 ¢cDNA with T7 polymerase. As
illustrated in Fig. 54 for the case of the fifth-instar 0-day
Bombyx brain, 20 ug of brain total RNA is inferred to contain
80 pg of bombyxin mRNA. The amount of ABb360-type
mRNA (only ABb360-type bombyxin mRNA must have been
quantified by this procedure for the same reason as mentioned
in the previous section) is thus 4 pg/ug of brain total RNA.
This value is calculated to be 1.1 X 107 molecules/ug of brain
total RNA, based on a 0.6-kilobase pair size of the bombyxin
mRNA.

Developmental change in the ABb360-type mRNA amount
was examined during larval-pupal development of Bombyx by
using the above procedure. The ABb360-type mRNA amount
per brain total RNA decreased gradually with the growth in
the fifth-instar (Fig. 5B, top and middle). When this curve is
redrawn in terms of the mRNA per brain, however, the titer
remains essentially unchanged at 1-2 pg/brain (Fig. 5, bot-
tom).
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FIG. 5. Quantification of bombyxin mRNA in Bombyx
brain by the use of ABb360 ¢DNA. 4, guantification method.
Upper, hybridization bands at 0.6 kilobase pair (arrow) of the total
RNA (20 ug) of the fifth-instar 0-day Bombyx brain (left) and graded
amounts of bombyxin RNA produced from ABb360 ¢cDNA with T7
polymerase. To each sample of bombyxin RNA was added the pos-
terior silk gland total RNA (20 ug) as carrier. Hybridization probe
was multiprimed **P-labeled ABb360 ¢cDNA. Lower, standard curve
for estimating the ABb360-type bombyxin mRNA amount. Abscissa,
amount of synthetic bombyxin RNA; ordinate, densitometric values
in arbitrary units for hybridization bands: open circle, datum point
for the fifth-instar 0-day brain total RNA placed on the curve ac-
cording to the densitometric value for hybridization band. ABb360-
type bombyxin mRNA contained in this preparation is estimated as
80 pg from the corresponding point of absecissa. B, change in the
amount of ABb360-type bombyxin mRNA in Bombyx brain during
larval-pupal development. Top, Northern hybridization bands of
brain total RNA (20 ug) from the animals various days after fourth-
to fifth-instar ecdysis (E), wandering (W), and pupal ecdysis (P).
Hybridization probe was *?P-nick-translated pBb360. Middle, the
curve plotting the amounts of ABb360-type bombyxin mRNA/ug of
brain total RNA for each developmental stage. Each datum point was
determined as in A. Bottom, the above curve is redrawn on the per
brain basis.

DISCUSSION

The present study has identified the bombyxin gene ac-
tually expressed in the Bombyx brain among the multiple
genes. The structure of preprobombyxin characterized here
was shown to resemble that of preproinsulin in the domain
organization of prepeptide/B-chain/C-peptide/A-chain the
feature of which was also deduced from the analysis of ge-
nomic DNA containing a similar sequence (11). Thus, we
presume the existence of a single-chain precursor molecule
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for bombyxin that assures the insulin-like tertiary structure
and posttranslational processing to generate a mature bom-
byxin. Recently, a cDNA encoding the “molluscan insulin-
related peptide (MIP)” of Lymnaea stangalis has been char-
acterized and the MIP gene has been shown to be expressed
in the cerebral light-green cells that control the growth of
Lymnaea (24). From these studies it is now unequivocally
established that invertebrate nerve cells produce peptides that
share a common ancestral molecule with vertebrate insulin
family peptides, the concept that had been suggested earlier
mainly from immunological and biological studies (25, 26)
and first been proved directly by primary structure determi-
nation of naturally occurring bombyxin (6, 7).

Amino acid sequencing of native bombyxin molecules re-
vealed the presence of six different molecular species which
differed from one another by replacement of a few amino acid
residues (6-10) and purification data suggested the presence
of other bombyxin molecules yet to be sequenced. Further-
more, the bombyxin molecules deduced from the cDNA struc-
ture in the present study differed slightly in their sequence
from those elucidated by peptide analysis. Thus, the presence
of highly heterogeneous bombyxin molecules is now well
established. However, it has not been known whether this
heterogeneity results from the genetic variation associated
with the use of millions of Bombyx heads for purification or
is due to the presence of multiple bombyxin gene copies in
the Bombyx genome. Southern hybridization studies reported
here which revealed more than 10 copies of the bombyxin
gene in the genomic DNA prepared from a single individual
of Bombyx show that the latter is the case, although the
former possibility might also hold true. In fact, our unpub-
lished study on the cloning of bombyxin genes revealed the
clustered localization of multiple bombyxin genes on a single
DNA fragment of Bombyx.? The presence of multiple bom-
byxin gene copies is in sharp contrast to vertebrate insulin
genes which exist in a single copy except for the case of rat
genes that have two copies (21).

Four pairs of mid-dorsal brain neurosecretory cells of Bom-
byx have been immunohistochemically shown to contain bom-
byxin (5). Since ABb360-type bombyxin mRNA is contained
in the fifth-instar 0-day Bombyx brain at a concentration of
4 pg or 1.1 X 10" molecules/ug of brain total RNA and the
four pairs of bombyxin-producing cells occupy ~1/250 volume
of a Bombyx brain, the concentration of ABb360-type mRNA
in these cells is calculated to be 2.8 X 10° molecules/ug of
total RNA, based on the assumption that the total RNA is
distributed evenly throughout the brain. This bombyxin
mRNA concentration is comparable to the abundance of
fibroin mRNA (1.3-5.1% (w/w) or 1.4-5.5 X 10° molecules/
ug of total RNA in the posterior silk gland), which is synthe-
sized in a remarkably high rate during a limited period of
growth (27, 28). The fibroin gene exists in a single copy and
manifests a remarkably high transcriptional activity (29, 30).
In the case of bombyxin, it seems probable that the immense
accumulation of mRNA is supported, at least in part, by
multiplication of the gene.

It was demonstrated that the amount of bombyxin in the
Bombyx brain rose significantly at around pupation (31, 32).
By contrast, the bombyxin mRNA hybridizable to A\Bb360
¢DNA per brain did not change appreciably at that time.

2 A. Kawakami, M. Iwami, H. Nagasawa, A. Suzuki, and H. Ishi-
zaki, manuscript in preparation.
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Furthermore, the amount of bombyxin per brain (0.1-3 ng,
Ref. 33) is several thousand times more abundant on the
molar basis than its mRNA. Taken together it seems probable
that the translational and posttranslational processes are
important in regulating the bombyxin titer rather than tran-
scriptional process, although the definitive conclusion must
await similar studies for other types of bombyxin mRNA.
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ABSTRACT Four genes encoding bombyxin have been
located in a 14-kilobase Bombyx genomic DNA segment. All of
these genes encode preprobombyxin, the precursor molecule
for bombyxin, with the domain organization of signal peptide/
B chain/C peptide/ A chain. Bombyxins are classified as family
A or B according to their sequence homology. Two genes, each
belonging to a different family, are closely apposed to form a pair
with opposite orientation, presumably forming a regulatory unit
for transcription. Genomic Southern blot hybridization sug-
gested that there are many such gene pairs in the Bombyx
genome, Differences between bombyxin genes and vertebrate
insulin-family genes Indicate that different mechanisms operate
in the evolution of invertebrate and verlebrate insulin-family
genes.

Bombyxin, a 5-kDa brain secretory peptide of the silkmoth
Bombyx mori, belongs to the insulin family (1, 2). Bombyxin
has been purified by using its biological activity of stimulating
the prothoracic glands to release ecdyson when applied to
another moth, Samia cynthia ricini (3), but its physiological
function in Bombyx is still obscure. Bombyxin is a hetero-
geneous group of molecular species that differ by only a few
amino acid substitutions. Bombyxin molecules are het-
erodimers of A and B chains whose amino acid sequences are
homologous with vertebrate insulin-family peptides (1, 4-6).
The A and B chains of bombyxins are linked together by
disulfide bonds, exactly as is insulin (7). We have cloned and
characterized two distinct bombyxin cDNAs (8) and one
bombyxin gene (9). Genomic Southern hybridization analy-
ses using a bombyxin cDNA as probe indicated that multiple
copies of bombyxin gene, as many as about 20, existéd in the

" Bombyx genome. We now report the cloning and character-

ization of four bombyxin genes¥ that form a cluster in a
14-kilobase (kb) region of the Bombyx genome.

MATERIALS AND METHODS

CCL‘Q- Cloning and Sequencing of Bombyxin Genes. Clone A4k105,

one of the four clones previously isolated (9), was used in this
study. The nucleotide sequence was determined by the
dideoxynucleotide chain-termination method (10) with over-
lapping deletion plasmids created by unidirectional digestion
with exonuclease 111 and mung bean nuclease (11). Nucleo-
tide sequence data were assembled and analyzed by using
programs in DNAsts (Hitachi Software Engineering).
Primer Extention. Oligonucleotide primers were chemi-
cally synthesized. They are 5'-CGTGTGCACTCTTTGTG-
GCTGTTG-3' (family A primer; as is described in detail in

The publication costs of this article were defrayed in part by page charge
payment, This article must therefore be hereby marked “advertisement’’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

Results, bombyxin genes are classified into families A and B
according to their nucleotide sequence homology) and 5'-
ACACATCAGACTGATCACGATTAC-3" (family B
primer). The reaction was done with avian myeloblastosis
virus reverse transcriptase (12) using 1.5 ug of Bomnbyx brain
poly(A)* RNA from fifth-instar larvae.

Probes for Northern and Southern Hybridizations. As a
probe for detecting family A members in Northern and
Southern hybridization analyses, we used bombyxin gene
A-1 (positions 505~1045 in figure 1 of ref. 9). For the detection
of family B members, bombyxin gene B-1 (positions 370-996,
see Fig. 2) was used as probe. The DNA fragments were
nick-translated with [a-32PJdCTP to give the specific activi-
ties of 1-3 x 10* cpm/ug of DNA.

RNA Preparation and Northern Blot Analysis. The total
RNA was ‘‘mini-prepared”’ by AGPC method (13) from
various tissue sources of Bombyx. Aliquots (10 ug) of total
RNA were electrophoresed on formaldehyde-denaturing
1.2% agarose gels (14) and transferred to nylon membrane
filters with 20X SSC (3 M NaC1/0.3 M sodium citrate, pH
7.0). After prehybridization, the filters were hybridized at
37°C for 24 hr in 50% (vol/vol) formamide/5% SSC/5X
Denhardt's solution (1 X Denhardt’s solution = 6.02% Ficoll/

. 0.02% polyvinylpyrolidone/0.02% bovine serum albumin)/ .

0.01% tRNA/0.01% denatured salmon sperm DNA/20 mM
sodium phosphate, pH 6.5/0.1% SDS/10% (wt/vol) dextran
sulfate and the probes at 1.5 x 10° cpm/ml. The filters were
washed in 2X SSC/0.1% SDS at 60°C for 3 hr followed by
0.2%x SSC/0.1% SDS at 65°C for 1.5 hr.

Genomic DNA Preparation and Southern Blot Analysis.
High molecular weight DNA was prepared from Bombyx silk
glands of fifth-instar larvae as described (15). Aliquots (5 ng)
of the genomic DNA were digested with restriclion enzymes,
separated by electrophoresis on 0.7% agarose gel. and alkali-
transferred (16) to the nylon membrane filters. Hybridization
was done at 60°C for 36 hr in 6x SSC/10x Denhardt’s
solution/20 mM sodium phosphate, pH 6.5/0.02% yeas!
tRNA/0.02% denatured salmon sperm DNA/0.5% SDS/10%
dextran sulfate and the probes at 4-5 x 10% cpm/ml. The
filters were washed as for Northern blot hybridization.

RESULTS

Overall Organization of Four Bombyxin Genes in the Bom-
byx Genomic DNA Insert in Clone A4K105. Fig. 1 illustrates
the restriction map of the Bombyx genomic DNA insert in a
A4K 105 clone. This DNA-hybridized with probes A and B at

Abbreviation: MIP, molluscan insulin-related peptide.
#To whom reprint requests should be addressed.
FThe sequence reported in this paper has bcen dep
GenBank data base (accession no. sesseses),

Mzbog8 26069, and 26070

osited in the
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i R EopK P s EHSPKP BH 1k two and four sites, respectively. The hybridizing sites appar-
ently formed two clusters and the nucleolide sequence was
determined for these two regions (Fig. 2) to reveal four
} bombyxin genes (as shown in expanded scale in Fig. 1). As
—J is discussed in the following section, bombyxin genes were
classified into two families, termed families A and B. Two
genes, each of which belongs to the different families, are

s E K . .

- . Lo ."s r paired (genes B-1/A-2 and B-2/A-3) with opposile orienta-

FiG. 1. Restriction map of a Bombyx genomic DNA segment in tion. Genes B-1 and A-2 are ~1.1 kb apart and genes B-2 and

clone A4K105. Fragments that hybridized to oligonucleotide probes A A-3 are =2.7 kb apart. The wider space between B-2 and A-3

and B are ":’d'c?m:’l?y open Z": solild bars'; 'csfec“vc'y‘ Sequenced is due to tHe prc«cncé of an insertion sequence, designated
regions are depicted in expa t i . ) - ; L

8 p panded scale to show four preprobomby xin BIS (=1.2 kb). The failure of probe A to hybridize with genes

genes. The open and slippled arrows represent family A (A-2 and A-3)
and family B (B-1 and B-2) genes, respectively, and show the direction
of transcription. BIS, a transposon-like inserted element; B, BamH1;

B-1and B-2, as shown in the restriction map, is accounted for
by a low degree of the sequence matching between the probe

E, EcoRl; H, Hindlll; K, Kpn 1; P, Pst 1; S, Sal 1. and the A-chain portion of these genes.
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TAGGCGTTCAAAGTCGCCTCAAGTAAATGTACAACATTTAATTCAGTTCAATGGTTAATTATTGGAACCTACGCAATATCATATAAATCACATGCCCATGTGTTATTATATCAATATICA 1560
—_—
. X v
A2 llikt!kl‘tﬁ'CtAYAIgéIQhGG!AGGGT70C11AACVYYC11(A ATTCACATTTCATTIGVGGCATCAGCGAGACGTCCTCCGAAACACACTITAGTCGCCAAACATGAAGATACT 1680
STGHAL PEPTIDE LA B-CHAIN -
v % oy v $ 1 H T v ¢ G R T M A D L € w & €
1800

L A ] A L M L 51T 00 ? 0 t ¥ oL AR
CCTTGCTATTGCATTAATGTTGTCAACAGTAATGTGGGTGTCAACACAAEAGECACAAGAAGTGCACACGTATTGCGGGCGCCACTTAGCTCGCACTATGGCCGACCTATGCTGGCAAGA
C-PEPTIOL A-CHAIN e
G v 0 x R S O A Q F A S Y G S A &4 L M P Y S A G R 6 I v 0 € C C L R P S v 0 v
GGGCGTGGATAAGCGCAGCGATGCTCAGTTCGCGAGCTACGGCTCCGCETGGCTGATGCCCTACTCGGCAGGACGCGGCATCGIGGATGAGIGCTGTCTCAGACCCTGCAGCGTGGACET 1920
—_——

L v S vy €
GCTTCTGTCGTACTGYTAGACCACTACTTTACCAAACTAATTCGTTCTCARAACAATTGCAARIAAATAGCTGTAAATAACAAARAGTTGTITCTTICICTICCTGAACCATAACTAGAAGT 2040
2160

GTTGACTCGCGATACACATACGGITIACACCCTTIACGICGTIGATTITIGATCITTITTTAATTITINITIGITGCTCAGATGGGTAGATGAGCTCACAGCCCACCIGGIGTITAAGIGITT
ICYGGAGCCCIIAGAC‘I(CACGICGIAAAIGCGCCACCCACCT'GAGAIAIAAGT!‘VAA!GYETCAAG|A1A1I!ACAA(GG"GCCC(ACCCITCAAICCGAAAGGCAT!ACTGC" 2280
CACAGCAGGAATAGGTAGGTTGGTIGGTACC 20

3 KB I' NTE RV A
TIIGTTIEATTAICATCCTIAGTCS :29

GTCGACATATCGOTICGGICTATCGACATCAATACTAC AAAAATGGGAGIGAAAAGACTCIAARATATCAGY TCAATGTTCTCAAC ACZaaTAL]
TACACTCTTGACAGAGIGGTCGIGGTICATGCATCAGICSAATCCIGIGATACCSATGCTICTCSCCATGCGLCGCCCTITOCCGCGCICTTIAATIATZAAJCGCCITAAATGAAATCTICAA 40
AGGGACTAAACAAATTTATAAGCTAGAGTCAACTAAAACGCAGCTAAATACCCATCTTTAAATGAGTAGAAAAAGGTCCAAGTTTTAAAATTICTATCAAIGIAAAATGTTCATCTCAAAR 360

« 6 C v

clvrcI:IAlAl!AAAArcAcrcAAAYACVIcttIACIGccActrterIAArlAAnrctIAAIAAIAAICAAIAAAAIvccncnrAcAArrcnncctnnccAcAAtAAcAIAAc
A-CHAIN C-PEPTIDE
P t v ¢C ®» R F C C E O VY ¥ G R XK G R $ 6 L Yy 0 " T w f v P A Y 0 4 6 S R «x [
TCCCGEGAGATCCCAAGTATTGTICTCGTCCAGAAGTAGGGCGCGTACTGCGCACCGCIGCGTTTICTCCALCCCG 600
2

Loy
AGAACG 480

TCAAGTGTGCAAGGCCGGAAACAGCATICGTCCACTACCCCGCGTT
SIGNAL. PEPTIDE

B-CHAIN
fF € L 0 4 + T D A (L W ® G C Y ! & A& v £ O &4 ¢ S S C ™ v oo M r oMoy § 1
] AAGCACAAGTCGGCGAGTGTATCCGCCAAGIGTCGGCCGCAGTACGTGCGCGCTACCTCCTGCGCCYCGCTTGAACACATCAAACTGATCACGAATACTAACATGAACATTACTGAAGTC 720
—
B2 ¢ o
! TICATCATGGTGCTTTGTAATCGITTTARGAGAAGGTCCTIATCAGCCCAAACTATIGGATTCGARTGTIGATGTAAGCAAGACGAACTGGTTCI T ATACTGAARACTCCTTAATTALT 6840
| W'tltttcln.unclccccvcccucuuccnuuccnmnmcuucnc:ccuunmmcnccccccmucclrcuucmcumuct 960
ACACACTGIGAAATAAATTAGACCCCCGGATGTAAACCTAAATATICATAATGATGCAGCTGGIATTGATICTCGAGTAGCGCCACGTTTCCCATATAMAGICTCTGAACTIGGTTACT 1080
! TICCTGTTTACTGTGAATGTTCTATTICCAACACAAGAATTCGGTTCGIGTACATTITATGAACTGGTAARACGATARTTTCGGAGCTTTIGCTGGAGAATACCAGTTIGCAGACCAGAGTT :;gg

. TGGCGAACCTTAGGTTTGCCGAACTCGCATCAAACGAGACAGTCTTAATCTAAGACTTCTTAGAATGATTITCAACATTGTAACCCGGTCATCACTIGGCACGCGCAGTICCTCTAIGGTA
! GAATTITCCACTACCAATCTTTTIGAAATGATTCCAGCTATYAAAGCAGTCATACCACGCCATACTYTCATAAATARTCTACAAAGCCTGATGATGACTACAGCTCIGATARAGTCATAAA 1440
'BlsCGC!CICIICCAGCCAtGCGIGIAICGAGCGTIAIGIACIGGI|CIAAGIl(ACCAClGAIACCGGAIGAIGCI!A(y1TGI[TCCIAAIIACIAtIIACIACAIAAIGATGAIGACAAA 1560
TATTTATARATTIVGCGAGGCGTICAAAGTTAAAAGCTGCGTCAAGTARATCTATAGIAATCGGCARACTICTTGAGCAAATGACCTTCACTGCGCAGARCCGARTTTTAGATCACTYTG 1680
GIGGTGAGGGTGAGGCGCGACGGCAGGGGAAATCGTATCGAGCGCGTTATIGGTAGATCAGICGAACCITCCGICCCGCACCGCGCCCTCATTCCGCTIGCTCCCAANAGTACGCTIGCG 1800
i TACAGTGGARAGTCTATCGTTATTAATCGTTAAGITATTTGTTATAATIGCTIGIGGACTITGITCCCATTGCIATTITGTTGAGTGITTIGITGATTTTTIATAMAACATACACTAIGCCG 1920
i TGACAAACTAGTACTTAAAAGAAAGGGTAGAAAATTIGTGTACGACGTATATIGCTTCATTATAAAACAGGGGAAGAATGATATGGAAAAATTAARACAGACTTICGGAAGCAACAARAAL 2040
l ATCAGTGAGIACTGTTAGGTGCATTATTAACGAAGCTAAAGGCTCTGGCTTIGCTCCCCGTIGTTCCGGGCTICCGGGTAAGAARAGATCAGGGAAGAAGAAAGTTACCGCARTGGATAGTTT 2160,
H COTTCAATCTGTAATAAAARGATGTAATCATAATAACTACATAACAAGCAGCGAAACTCCATACCGTAGAAAGGCTTCGAARAATTIAAAGAAGATATAAATTTIAATGGCICGGAATGA 2280 -
] AGCTTACGACGAATTATGAAAGAGCTAGGCTICAAATGGAAAAARAGAACAGAAAATAATCGGAAGCTGGTAAATGAARARAGTAACATTICGATTACTACGAATCCAATATCTTICAARAL 2400
) ATAATTAATTATAGACAAAAAAGAAGACCGAATCGACCGAATGTAAACTACGGCGATGAGCCCTATGTCGACTCATCACGATGATAGCGACTCGGGTGATGAAAACAGIGATGATGATGA 2520
i TCCTCAAGATTATCATAACGAAAAAASATATACAAATACCATCTICOCTTCAATIGAACCAAGACCTGGCAACAGCTCTAGITTIGACTTAATAGAAGGAATATCIATITTACCCCAAGA 2640
‘., TUAMATTATTACAATTATIAACCTATATGITTTGTIGATGTTCTAATARATATATAAATAAATACATAIGTIGATTTITAATARTTITAATAGCATTATGACGCAGAGIAAGTARTGTTIT 2760
TGCACGIGAGTGTACCATGCGCARACTTACCCCCACTACGTCAACAARLGETCAAGAAGTTTGCCGOTTATTATACARAATTTARTTCAGTTCARTGGITAATTATIGGAACCTACCCAA 2880
A3 TGTCATATAAATCACATGTACATGIGTTATTATATAAMTATTCATVAACTAAICGICCAJAJALAAAGGAAGGGTTGCTTAGCTTTCTICACATIZACATTICATCTIGTGGCATCAGCGA J000
SIGNAL PEPTIDE
Mol A 1 A L WM L S T v M oy v S T 0 0P 0 G v H T ¥ C 1120

L
GACGTCCTCCGAAACACACTTTAGTCGCCAAACATGAAGATTCTCCTTGCTATTIGCATTAATGTTGTCAACAGTAATGTGGGIGTCAACACAACAGCCACAAGGAGTGCACACGTACTGC

B-CHAIN c-pLPTIDL
G R w L A R T ¢ A & L €C # [ A GV DX R S D A 0O v v $ ¥ 6 S & w t ® P 1 § A G R
GGGCGCCACTIGGCTCGCACTCTGGCCAACCTGTIGCTGGGAAGCCGGCGTGGACAAGCGCAGCCATGCTICAGTACGTIGAGCTACGGCTCCOCGTGGCTGATGCCGTACTCGCAAGGACGL 3240

A-CHALIN
6 * R 6 | v 0 ¢t C C L R P S v 0 v L L S ¥ .

cccnucncctuccmwmcrcucl:lcmntccvcucccrcu-cmcnumcclncmncucucrcnnnccnucnnrccncvcuumrwc"#{i;ﬁ. 1360

TAGCTGTAAATAACAAAAAGTTGTTCTICTCTTCCTGAACCATAACTAGAAGTGITGACTGGCGATACARATATGGTTTACGGIGGCCTITACCICGTTGATITIGAICTTITITVTAIT 3480

] TITITTATTGCTCAGATGGGTACACGAGCTCACAGCCCACCIGGIGITATGIGGITACTGGAGCCCATAGACATCCACAAGGTARATGCGCCACCCACCTTGAGATATAAGTTCTAATGT 600

/ CTCAAGTATAGTTACAACGACTGCTACACCCTTCAAACCGAAAGGCATAACTGTITCACAGCAGAAATAGGTAGGGTGGTGGTACC 3686

Fic. 2. Nucleotide and deduced amino acid sequences of the two regions of the AdK105 Bombyx genomic DNA segment that carry four
preprobombyxin genes. The sequences correspond 1o the regions depicled in expanded scale in Fig. 1. Arrows on the left cover the respective

genes and show the direction of transcription. Family B genesareshownasan-antisensestrand: Stop codons are marked with asterisks. “TATA™
boxes, polyadenylylation signals, cap consensus sequences and A+ T-rich sequences are underlined. BIS is a transposon-like inserted sequence

Y with terminal inverted repeats indicated by horizontal arrows below the sequence.
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Fic. 3. Alignment of coding and fanking regions of five preprobombyxin genes. Gene Al has been sequenced (9). ldentical nucle

between the neighboring sequences are indicated by colons.

Structure of Bombyxin Genes and Their Flanking Regions
and Classification of Bombyxin Genes into Families A and B.
Nucleotide sequences of the two regions containing the
bombyxin genes are shown in Fig. 2. Each gene contains two
or three candidates for the translation initiation codon but we
postulate the initiation sites to be those indicated in Fig. 2
because of the presence of general features for a signal
peptide. The open reading frame of all bombyxin genes
apparently encodes a preprobombyxin. which is composed of
four domains in the order signal peptide/B chain/C peptide/
A chain. The structure of preprobomyxins suggests that they
are posttranslationally modified to fgrm mature bombyxins
through the excision of the C peptide and the conversion of
the glutamine at the N terminus of the B chain to pyroglu-

tamate. These inferences have been made (8, 9) for the -

bombyxin gene and cDNAs characterized.”

In Fig. 3 the coding and flanking sequences of the four
genes reported here and of the characterized bombyxin gene
(9) are aligned. The sequence homology is remarkably high
(=90%) between the upper two sequences and among the
lower three sequences, whereas far less homology (=50%) is
seen between these two groups. Based on this sequence
comparison, we tentatively classify the bombyxin genes into

‘two families, families A and B. The characterized gene (9)
belongs to family A and we now designate it gene A-1. The
nucleotide sequence of ABb360 cDNA'(8) completely
matches the corresponding region of gene A-2. All of the
genes Jack introns. :

A+T-rich, ““TATA-box,” transcription-start, and poly-
adenylylation-signal sequences are highly conserved through-
out the five genes with respect to their sequences and positions
(Fig. 3). The transcriplion start sites were determined by
primer extension (data not shown). Besides these siles, no
conserved sequences were found in the flanking regions in-
cluding sequences outside of the area shown in Fig. 3.

When two gene pairs, B-1/A-2 and B-2/A-3, are compared

r by Harr plot homology analysis (ss#), the homology in the
flanking regions extends for a considerable distance in both

otides

the 3’ and 5' directions: except for the BIS insertion (Fig. 4).
Thus gene pairs B-1/A-2 and B-2/A-3 form a highly homol-
ogous tandem repeat, supgesting that these gene pairs must
have been generated by duplication of an original gene pair.

The BIS insertion has 25-base-pair inverted repeats at both
ends (Fig. 2 that are flanked by 2-base-pair (TA) target-site
duplications, indicating that this insertion may be a trans-
posablezélemenl (17). A GenBank ¢R50.8) homology search
(900004¥9) fauiled to find sequence homology between BIS
and any insertion or transposon sequence thus far identified.

Amino Acid Sequence Comparisons of Preprobombyxins,
Bombyxins, and Other Insulin-Family Peptides. The se-
quences of preprobombyxins deduced from family A and B
genes, a preprobombyxin deduced from the ABb204 cDNA
(8), and native mature bombyxins (1, 4, 6) are aligned in Fig.
5 with the sequences of human insulin and the molluscan
insulin-related peptide (MIP, ref. 19). The homology is high
A3l

B2 BIS

EE,

o
<

Fi1G. 4. Harr plot dot matrix for the two segments carrying gent
pairs B-1/A-2 and B-2/A-3. The check-size/match-basc number i

9/9. )
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Fi1G. 5. Amino acid sequence comparison between preprobombyxins, bombyxins, and other insulin-family preprope
byxins A-2, A-3, B-1, and B-2 were deduced from the genes characterized in the present study. Preprobombyxin A-1 wa
gene (9) and ABb204 is a part of the putative preprobombyxin deduced from the ABb204 cDNA (8). Bombyxin-I through -1V
purified from Bombyx heads (1, 4, 6). Prepropeptides of human insulin (18)
were introduced for maximum alignment. Homologous residues throughout bombyxin families A
where identity was observed to other bombyxin molecules that do not belong to these

ptides. Preprobom-
s deduced from the
are mature peptides
and molluscan insulin-related peptide (19) are also aligned. Gaps
and B are boxed and the boxes are extended
families. Residues that are conserved only within bombyxin

families A or B are indicated by stippled and hatched areas, respectively. The residues important for the formation of insulin tertiary structure
(5), which are conserved or conservatively substituted in bombyxins, are indicated by the circles above the insulin sequence. X, pyrogilutamate.

The single-letter amino acid code was used.

within family A or family B but is low between families A and
B. Bombyxin-1l appears to belong to family A, whereas
bombyxin-I seems to belong to family B, although these
assignments are preliminary until the genes are characterized
and the entire nucleotide sequences are compared. The
amino acid sequences of bombyxin-1lI and -1V and of the
putative partial preprobombyxin deduced from the ABb204
cDNA are quite different from other bombyxins and cannot
be assigned to either family A or B, suggesting that still other
bombyxin families remain to be defined. A very low depree
of homology is observed between bombyxins and Lymnaca
MIP. This large difference between insect and molluscan
peptides suggests extensive evolutionary diversification of
invertebrate insulin-related peptides.

When amino acid sequences of family A and B bombyxins
were compared with the sequence of insulin, striking simi-
larities were found between residues that contribute to the
tertiary structure of insulin and corresponding residues in
bombyxins, as was discussed (5) mainly for bombyxin-I1.
Thus, all residues responsible for the hydrophobic core
formation are conserved or substituted by hydrophobic res-
idues (A2, A3, Al6, Al9. B2, B6, B11, B12, B15, B18. and
B24; taking the N termini of the A and B chains of insulin as
position 1); A1, B8, and B23 are glycine, which contributes
to the main chain C(}m’formalion; all cysteines are conserved.
Thus it seems highly probable that family A and B bombyxins
have an insulin-like globular structure.

Bombyxin Family A and B Genes Are Expressed in Brain. To
study the tissue-specific expression of family A and B bom-
byxin genes, Northern blot hybridization of RNA from
various Bombyx tissues from day-0 fifth-instar larvae and
freshly ted pupae was performed using penes
A-1and B-1 as probe. Preliminary hybridization experiments
using these probes and subcloned family A and B bombyxin
DNAs had shown that these probes hybridized specifically to
their respective\ family DNAs under stringent conditions.
RNA was isolatéd from subesophageal ganglion, fat body,
silk gland, brain, inalpighian tubule. ovary. and testis. North-
ern blots of these RNAs were made and hybridized to probes
A and B. Brain was the only lissue examined that contained

orflucpA .

(
a transcript (=6 kb) that hybridized to both probes, indicating
that family A’and B genes are specilically expressed only in

the brain.
Numerous Copics of Family A and B Genes Exist in the f

Bombyx Genome. As shown in Fig. 6, multiple bands ap-

peared when Bombyx genomic DNA digested with various
restriction enzymes was hybridized with bombyxin genes A-1
and B-1 as probes, indicating that many copies of family A
and B bombyxin genes exist in the Bombyx genome. The 1-kb
Hindll fragment detected by the family A probe contained
a copy of bombyxin gene A-1 and the 2.5-kb Sal 1 fragment
revealed by the family B probe carried a copy of bombyxin
gene B-1. By using the band intensity of these fragments, we
estimated the number of copies of family A and B genes to be
12 and 10, respectively. When the corresponding restriction

A B
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FiG. 6. Soulhcrn/éenomic blot analysis. Bombyx genomic DNAs <

digested with various restriction enzymes ias indicated by lane lat;;z/

(abbreviations are as in Fig. 1) were probed by bombyxin genes
(A) and B-1 (D).
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lanes are compared, in many cases the bands that hybridized
to the family A probe also hybridized to the family B probe.
Since the family A and B probes did not cross-react, we
suspect that the family A and B genes are localized close to
one another, possibly forming pairs similar to the gene pairs
B-1/A-2 and B-2/A-3. Furthermore, the fact that three in-
tense bands were observed between 10 and 30 kb in the lanes
containing BamHI-digested DNA suggests that most of the
bombyxin gene copies are clustered in three regions.

DISCUSSION

The presence of multiple gene copies that encode bombyxin
in the Bombyx genome has been suggested (8) by genomic
Southern hybridization using a bombyxin cDNA as probe.
The present study has verified this observation by demon-
strating that a Bombyx DNA segment carries four bombyxin
genes. The results of the Northern hybridization experiments
and the structural features of all genes characterized in this
study suggest that it is probable that all four genes are
expressed. The deduced amino acid sequences of bombyxins
differ somewhat from one another. Thus, we conclude that
the bombyxin peptide polymorphism (1. 2, 6) results from
heterogeneity at the geneltic level (i.e., multiple copies in the
Bombyx genome). Multiple bombyxin gene copies in the
Bombyx genome and the lack of introns are in sharp contrast
to vertebrate insulin-family genes that exist in one or two
copies per haploid genome and have two or three introns (20).
These differences suggest that evolutionary mechanisms for
insulin-family genes in invertebrates and vertebrates difler
significantly.

Remarkably, bombyxin genes are arranged in pairs in
which the component genes belong to different families and
are oriented in opposite directions. Genomic Southern hy-
bridization experiments using genés A-1 and B-1 as probes
have indicated that such gene pairs seem to occur frequently
in the Bombyx genome. A similar gene-pair organization has
been extensively studied for the moth chorion protein super-
family (21, 22). The chorion genes in each pair are coordi-
nately expressed and the expression of various gene pairs is
regulaled in a developmental-stage-specific manner (23, 24).
Coordinate expression of similar gene pairs has aiso been
suggested for Drosophila genes that encode the salivary gland
glue protein (25) and cuticular protein (26). Thus, it is
probable that a bombyxin gene pair forms a unit for coordi-
nate expression and various gene pairs are expressed in a
temporally specific manner during the course of develop-
ment. :

Although bombyxin has a clear-cut prothoracicotropic
function when applied to Samia (3). its function in Bombyx is
still unknown. Interestingly, bombyxin has been detected in
the Bombyx ovary and in embryos throughout embryonic
development (27). in contrast to eeegeeee which is detect-
able only at the later stages of embyfogenesis (28). It seems,
Aherefore, likely that bombyxin sight be involved in the
control of oogenesis and embrybgenesis. possibly through
the regulation of cell proliferatigh and differentiation. Insutin
and insulin-like growth factors/control vertebrate cell prolil-
eration and differentiation in/& variety of tissues and devel-
opmental stages, including gocyte maturation (29) and em-
bryogenesis (30). Detailed ? udies on the differential expres-
sion of bombyxin gene phirs might provide clues to the
function of bombyxin.
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-
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BBX4 BBX2 BBX5BIS1 BBX3 ‘
— — —_
+—— 1kb

5'—AAGCTTGTGGAACCTCGCAACAAACGAGACCGTCTTAACCTAAGGCTTCAAAGAATGAT
TTCAACGTTGTAACCCGGTCACCACTTGAAACAAGCAGTTTCTCTATGGTAAAATTTTCC
ACTACCAATCTTTTGAAATGTTTCAAGCTATCAAAGCAATTGGACCACGCCATACTTTCA
CAAATAAATCATAAAACATGATTACTACAGCTCTGATGAAGTCATAAACGCTCGCTTCCA
GCCACGCGTGCATCGAGCGTTATGAACTGGTTCTAAGTTCACCACTGATACCGGATGATG
CTTACTTTGTCTCCTAGT TACTACCTACTACATAATGAAGATGACAAATATTTATAAATT

TTGCTAGGCGTTCAAAGTTAAA@GTTGCGICAAGTAAATGTACAACATTTAATTCAGTTC

ATTGGTTAATTATTGGAACCTA fCATATAAATCACATGCCCATGTGTTATTAT
ATAAATATTCATTAACTAATCGTCCATAPAFAKAGGAAGGGT TGCTTAGCTTTCTTCACA
TTAACGT TTCATCTGTGGCATCAGCGAGA CGTCCTCCGAAACACACTTTAGTCGCCARAC

SIGNAL PEPTIDE
19 -10 1
MetLysIleLeuLeuAlaIleAlaLeuMetLeuSerThrValMetTrpValSerThrGln

ATGAAGATACTCCTTGCTATTGCATTAATGTTGTCAACAGTAATGTGGGTGTCAACACAA

B-CHAIN
10 - - 20
GlnProGlnArgValHisThrTerysGlyArgHisLeuAlaArgThrLeuAlaAspLeu
CAGCCACAAAGAGTGCACACGTACTGCGGGCGTCACTTGGCTCGCACTCTGGCCGACCTG

C-PEPTIDE
T 30 40
CysTrpGluAlaGlyValAspLysArgSerGlyAlaGlnPheAlaSerTyrGlySerAla
TGCTGGGAAGCGGGCGTGGACAAGCGCAGCGGTGCTCAGTTCGCGAGCTACGGCTCCGCG

A-CHAIN
50 T 60
TrpLeuMetProTyrSerGluGlyArgGlyLysArgGlyIleValAspGluCysCysLeu
TGGCTGATGCCGTACTCGGAAGGACGCGGCAAACGAGGCATCGTGGATGAGTGTTGTCTC

70 1 ,
ArgProCysSerValAspValleuLeuSerTyrCysAmb .
AGACCCTGCAGCGTGGACGTGCTTCTGTCGTACTGTTAGACCATTCCTTTACCGAATGGT
TCGTTCTCAATACATTTGGAAATAAAAAACCGTAAATAATAATAAAAAGTTCTTCTTTTC
CTGAACCACAATTGAAAGTGTTGACTGGAGATTTAGATACAGTTTTTTAGACATCATTTA
GATGATTTTGATTGGCAAGCAAGCTT-3"'

WHET 5.

EEOL, TTRREIhiAvEFs Y
D7 3/ BEINEFRALT, 1) oFEk X
WEBEFOREMYRL. Freso v A
DABZBHOT AT HF UL 20FEHD > 2 F
£ VETOIEDT 3 7 BT 5515

Hied DNA Yr—7AL, BEoSEHD
. AVF =Y nOUBRHD /LR I VEEETD
iﬁ 1ED T 3 7 BT 5518H,A S5 7 e
299 —7Bo2EO e — TR, S e —
75 FARHA R R E0KY TR
3 BB R TV FYRFELT, v —

mevaﬁﬁabx%@:Fyﬂmgmy
s L BECLTARLE. . L. -

ORI RV SRS A S RETF A
719 77V —ixh 4 2 BRI DNA IR B2 &

Sau 3 Al THZHILL, <2 2— 2JEMBL 3
779 DHIFREESR Bam HI IAic 8% L, REAGA

Ty r— 2V IR WER LU= #9125 |
839 DN LI R 7 > —oD5 14 759 —

THbD. TDFAT5) %, FFFe—~7
899 ’A,’C*7\7‘}—:‘/17’L6{E0)7r2~‘/%i%
02 k. BEOSBLAEIET R —TBELRIGL

H2R® FIMErEy - Frer vy (BBX) OBETFHR. &
T TNEEDRE R L5, kb=FatEsyf. T:
Ry eF vV BET (BBX1) O HERS]. #ao0 7 BEIN
TATA-box, CAT-box #7R#L, FHCH-AEINLF+ v 7H
PR LT b, FTRBOBEFNE, YAy 7 ik Loil2
EHAORFEFIZRL T 5.

3. BKRILEEGETE/0—=2593

— RS VR EVDOBEF R IR —= v S

THHEELELTEZ20HENLFHIR TV 3.

1) srevo7 i/ BENE o ke
Lickg, 7 37 BRSO TFHINSBEET
DNA DIgEES %&£ T5. AR LDNA
H7r—7ELT, BETFIATIY b
B R v ORET R BEET .

2) A EVRERTHHGERERT S, oFK,
¢DNA 51 75V % RBEILHME & LG
THI/e—VHEAIY —=vITHIERE
h HOBIBE TR BT 5.

3) cDNA 51 75V —%FEH I, EPrtl
BECLIDAZYV—-=v /7L, BHOBEET

AV EF Y VEBETY 2 - F LT, B
4D B2HD 7 v — VO TRIETFR
Wi T LD T, ThbRyEx s VBE
FOEE LOBAE L CEYHED 5.
4. REFXPCBEFREDL S LES
ZLTWLWBM
B2 EREEL OB LB 2k » — i
KHET LAY ey VviBERT BBX) o TH
5. BBX1 X 1 HORETHAERTHEEL TV 5.
BBX 2 ~BBX 5 135[1C 75 » 7o 2 HOEET 25 & #
LickiELin,Tnb. BEIhbAEIL, BBX2
L BBX 3 23AMA %, BBX4 & BBX5 23 E CTH
B, ZOXS REENLBER R v EF v OEN
BERETIX2VH Y, #o a0 72 0B8Rk EDE
EZFTLRONE. ChOEETER, AEZOLOD
LERED LD ETREERGO L AR ER - T
WABEDY Ry vsoy BETTIREZESRICLD
Mx ORBENFEET D20 EI T EL T
Wit ¥, R EF v vBEGET o84, BBX 3
& BBX 5 D lIc 9 1200 EEX 2 5 72 5 AR TR
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D, e FHILDETHL VA
Vv EE S KB UBRETER
Thd BS5KNER). D&
EFHER»D, RvEFs /it
AV RY v EABRRETES
WEhDEE2BRS. $Tirb
B, BV EF o 927 3
BTV T rTF P ELT
HERIND. FHRFK, v 7 n
XT7FVRYH IS, Zo
B CA v A ) v & ek
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FRA—ER LD CRTF Py
DEbREAYEF Y VHFR
TEHHE (BIX).

IHETCRADOAY EF v
VBETOBENHAL -
TWwb. AD2DF v 7efRvy
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FrvrSef VvAY YV, Furie

ST FARTFN
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YTFNARTF N Bg#
[ il 1
Fr¥+Y v (BBX1:A-1) MKILLATALMLSTWMWVST QQPQRV HTYCGRHLARTLADLCWEAGVD
(BBX2:A-2) MKILLATALMLSTVMWVST QQPQEV HTYCGRHLARTMADLCWEEGVD
(BBX3:A-3) MKILLATAIMLSTVMWVST QQPQGV HTYCGRHLARTLANLCWEAGVD
(BBX4:B-1) MMKTSVMFMLVIVISLMCSGEA QEVARTYCGRHLADTLADLC FGVE
(BBX5:B-2) MMKTSVMFMLVFVISLMCSSEA QEVARTYCGRHLADTLADLC FGVE

MALWMRLLPLLALLALWGDDPAAA

FVNQHLCGSHLVEALYLVCGERGFFYTPKT

VBT OP
ENerr MHTMSSSHLFYLALCLLTFTSSATA GPETLCGAELVDALQFVCGDRGFYFNKPT
EhGE MGIPMCKSMLVLLTFLAFASCCIA  ATRPSETLCGGELVDTLQFVCGDRGFYFSRPA

0 060 0 00 o ¢
CRTFF AgH

[ m 1
AR BEEED A % ) KRSGAQFASYGSAWLMPYSEGRGKR GIVDECCLRPCSVDVLLSYC
HAR SEROA A YRATO KRSDAQFASYGSAWLMPYSAGR CIVDECCLRPCSVDVLLSYC
7 BRAIOHE. BREASD KRSDAQYVSYGSAWLMPYSAGRGKR CIVDECCLRPCSVDVLLSYC

4 VA) VG FDRTADELT
I BEFINMREEERTWST I/
BREDNEY, HITIADDHPT
AROLLETT 3 7 BESIMEIES R
TWBT 3 7 BREDOMERYRLT
Wh.

B) whirsz &aTE 5. BBX1, BBX2, BBX
3 A7 v—7 (JH A-1, A-2, A-3) 1&g,
BBX4 & BBX5{tB 71—~ (JEB-1, B-2)
IR B, £/ —7HTIE, 9EHEET
JEBERFINBREIR TV, 74— 7T 6%
BELMEEI R TR,

HARCEBT=ADDA v A ) VST OHT,
73 BEIIVEEIR TV AEIEERREIRT
IZBE, ThbTFIUBEEYHR TS L EER
REE Rt 7 3 2 BBRE, Tihobb,

1) YAALT 4 FEEEHRT D7 3 7 BB

2) 7y v ik

3) VGO E L HBARLET ¢ s BRRERE
RIS BEFEIh T3P,

1) EEAOE(ZA)S LXMW ERS
AT I/ EEIETCys (B 10) (B10FEHD v
AT A4 vEREOE, UFERE], Cys (B 22), Cys
(A 6), Cys(A 7, Cys (A 11), Cys (A 20). 2)
AT ERCEHEAKRE WD BERAOM Y 2 E
3L 57 1/ BT, Gly (B11), Gly(B 26),
Gly (A1). 3) IIBEHEDOEK ThbblLAL
e HBAEET 3 2 BAEHE T, Leu (B 14), Leu (B
18), Ile (A 2), Val (A 3), Leu (A 16), Tyr
(A 19).

AgH, BEELULOREYERICRRS. v 79
RTF L, ANoDHTodhT, 73 BEFIE

KRGGAQYAPY FWTRQYLGSRGKR
KRSGAQYAPY FWTRQYLGSRGKR

RREAEDLQVGQVELGGGPGAG%LQPLALEGSLQKR

GVVDECCFRPCTLDVLLSYCG
GVVDECCFRPCTLDVLLSYCG

GIVEQCCTSICSLYQLENYCN

YGSSSRRAPQT GIVDECCFRSCDLRRLEMYCA-
SRVSRRSR GIVEECCFRSCDLALLETYCA-
000000000 0 0

I RTwizw. Lirl, Z0oEZX, £ LA

D7 I/ BBRECERINRTVSEATIEASDORT
HELTCWAD., Fr7efryeEFe vyDCR7F I
IV rf v AYVOCRTF FERBLTLRD
L, TeXTF VR EEERY O A
BRI LESEY S > T30
hETIIOED LoBimrb 1 v A Y vRDE
CFREHIR TS, ZhbDBETFIITRT2
—5F 4 v 7B 5 WM ERE—HF, L TTy
P4 VAY VEBEFLIERGCETXCOEETO =
—F 4 VISR LR ZAFTA v b e v
BEELTWAPELSR). Lirl, Fviexyy
BETRIIZ, chE CEERESIZRE LA DD
BETFTRXTRA VY brYyRFEELR. 121
vAY) VIEBETRELOBETI v e va sk,
DA, I aDAf Vv AY VIREBETFRA Vv
FE VAW EWSERR, 1 VA Y v TOEL
FEWHT D 5 2 THERECHEL BT 2T 5.

5. RPEFLCEGEFOAE—HKEMTORR
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2E—-3H LT 22 E—LrHFELTWEWL. &2
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L, Hqar ) athORVEF Y VBETO2E—
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e o
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FoVvBETE v —F oAt A ) F 1 1A
Ya vkt (F6NE). A, B & A—7
D7 r—7 &L HREFE EcoR [ % HindII TH{L
L% 7 5 DNAHuz, 10& Eo-Av PR LA
5. Tihbb, sy vBETERII 257 A
e b 20 2 e—-FELTHW2Z L0 5
FIEA, BE VA —F IR THSB). =
Ok RTFFFHc I BB [Hres
YALE Y LTEEL o7 2 s BEFI0L LEL

BUTFEEATVWADMN] EVHEMcE sz %52
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24L0THB.

H 7 e — v hifka o o B EFEM TR X
h, AvERy yEEELTGAHREIWME GR
HOMEMEE LTOBEL h L v IR 3E
Al 2 foHREAIRR) 24 1 = ORI 4 W
LTWwBY, I, THY E+sy mRNA 2R
FELTWBZ EAHfEERS. EBE A, BE2o
70T e —FERAVIAL TV ES Y 2 VI
rh, THBRI»FEYEZ:S Y mRNA & /A —F
LM EBAELTVWAZ Edvbh-1t: (6 RA).



6. BARILE>S « REFT - OEEEEAHM

AV AY) VESTRERCLFEL TSI &b
5, 1 VAV VRELOBBTIKBEI R TE
D,%éﬁmﬁmigkﬁ%%%kbfvéa%z
bhb. BEBWTE, (v A Y VRS ) 2—5
v, IRHE, 738, xvor7HOERKBESLT
Wh. X T, HLoERRC A PP =y 7
(DNA &Rix EhACLERERRT) $8RY & -
53. IGF-1 & IGF-I & ~1 + o= =v 73R
5L T35,

Ve Y g AT, BHEEHO A A Y U
REREORERME LY, &< OKEMRDOEIE
DI TD (BFEBYCETEI Vv AI VD
ERCBELTRHEYRDD). DI, AXAHD
—f& (Agrius cinglulata) R+ H <& 5 (Da-
naus plexippus) TiY, BHEHOL v A Y VI X
D, PY YRV Y, oYYV, RENENK
PHEHINS.

—7, REAMBICENFERCL IS DRERIA
VAY VHEERIET A TOFENRE IR T
5. &bk, ThbAvAYYaFORRIHTS
S AEREREE X AbED L, Rved vl
= )i FORBRERIB L =7 oV v E2EHK
BHEEELORML T, BEOERETHRERT L
LCLEEBE LT WA EbELBNRA.

* % *

IERRTER LS, AL EryEEDREEA
WY ODTHEYFIR L 5 RSB D0IEND T
H5. FHilErREML, BRI LAV E
vDO—oDEVEF Y VRTHEDO L A v E
BT B o 2B R AT v ORECHE L
i kBEYIRET 530 THD. 5k, 77—
=V I3 hhkAY ¥y VERTEFEL T, BHE
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