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1 _ 要約

ボンビキシンb｡mbyxinは カイコ地旦旦虫の脳神経分泌細

胞で合成され,エリサン辿旦辿出血の除脳蛸に対して,

エクジソンの合成と分泌を促し変態を起こさせる活性を持つペプチ

ドホルモンである.本研究では二雀斑のボンビキシン遺伝子(A-

1およぴC-1)を,カイコ遺伝子ライブラリーより単離しその横

道を決定し,虎知のインシュリン族遺伝子と比較した･これら二種

斌のボンビキシン遺伝子とそれぞれ類似した遺伝子群が存在し,フ

ァミリー(AファミリーおよぴCファミリー)を形成している･ま

た,いずれのボンビキシン遺伝子もインシュリン遺伝子と億基配列

ぉよぴそのコードするアミノ酸配列レベルで相同性をもっている･

ボンビキシン遺伝子によりコードされるボンビキシン前躯体(プレ

プロポンビキシン)はいずれもN端から順に,シグナルペプチド,

B鎖,Cペプチド,A鎖の構成を持ち,プレプロインシュリンと全

く同じ構成であ一り,エンドペプチダーゼにより転写後修飾をうける

cペプチド両端の塩基性アミノ酸配列も保存されている･これらの

ことからボンビキシンはインシュリン族に属し,その祖先遺伝子は

ヒトをはじめとする哺乳鞍のインシュリン遺伝子のそれと同一であ

ると考えられる.しかし,少なくとも1偶のイントロンを持つイン

シュリン遺伝子と異なり,ボンビキシン遺伝子にはイントロンが存

在せず,プロセスされた遺伝子の特徴を備えている･ボンビキシン

の一次横道をもとに,インシュリンと比較することにより予想され

る三次横道から導かれる特色として,1)インシュリンと同様の球

状の横道を形成する,2)インシュリンのレセプター結合部位およ

ぴエピトープ部位に相当するアミノ酸酋己列がボンビキシンでは他の

インシュリン族ペプチドと大きく異なる,3)インシュリンは二重

体を形成し,二童体が集まり六重体を形づくっているが･ボンビキ
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シンには二重体を形成するためのアミノ酸残基が欠けていることか

ら,ボンビキシンは一畳体として存在する,の諸点があiプられる･

さらに,ボンビキシンCファミリー分子は,ボンビキシン内でも･

他のファミリーと進化杓および機能的に,大きくへだたっている･
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2 ● 序論

前胸腺刺激脳ホルモンProthoracicotropic hormone(PTTH)

は,昆虫の脳に存在する神経分泌細胞で合成され,前胸腺に傲き,

ステロイドホルモンであるエクジソンの合成と分泌を促す(11,29)･

エクジソンは体内の諸器官に作用し,昆虫の成長や変態を引き起こ

す.すなわち,PTTHはエクジソンの合成と放出を制御すること

により,昆虫の成長や変態を最も上位で支配しているホルモンであ

る.

カイコ旦血如の脳内には,カイコ自身のPTTH(分子

量約三万,前称22Ⅹ-PTTH)に加えて,ボンビキシン(分子

量的五千,前称4K-PTTH)が存在している･ボンビキシンは･

カイコ(カイコガ科)自身に対しては変態を起こさないが,ヤママ

ユガ科のガであるエリサン旦旦裏地出の除脳蛸に対し

て変態を引き起こす活性を持つ(28･,30,31,6鋸･ ･-

ボンビキシンは,それぞれA,B二つのペプチド鎖より成るヘテ

ロダイマーで,わずかにアミノ酸配列の異なる多数の分子種が存在

する.現在までに,ボンビキシンの全一次横道がボンビキシンーⅠⅠ

(51-53)とボンビキシンーⅠⅤ(44,53)について･また部分的な一次構~

道が ボンビキシンーⅠ,-ⅠⅠⅠ,-Ⅴ(35,51)について決定されてい

る.これらボンビキシン分子は,アミノ酸レベ■ルでインシュリン族

分子と相同性を示している･さらに,A･B二つのペプチド鎖はイ

ンシュリンと同様のジスルフィド結合で結ばれており(53)･コンピ

ューターを使った構造解析は,ボンビキシンがインシュリンに似た

球状の三次横道をとることを示している(35)･ボンビキシンのエリ

サンに対する明快な生理活性に比べ,カイコ自身に対する生理作用

は現在不明であるが,インシュリン族ホルモンであることから重要

な生理機能を担っていると考えられる.
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私は以下に述べる目的のため,ボンビキシン遺伝子の単離を試み

た.

1)ペプチド分析では得られないボンビキシン前駆体の横道,お

よび発現訴節に直接関わりを持つプロモーター等の横道をはじめと

する遺伝子解析は,ボンビキシンのみならず昆虫ホルモン全般に対

して貴重な知見を与える.

2)免疫学的,生物学的方法によって,無脊椎動物多種にわたる

インシュリン様分子の存在が示唆されており(40,42,70),その横道

を決定することはインシュリン分子の進化を考える上で重要である.

さらに,その横道をヒトなどの脊椎動物のインシュリンと比較する

ことにより分子横道と機能との関係を議論するための材料を提供す

ることができる.

2)単離された遺伝子の分子プロープとしての使用は,ボンビキ

シンが持つと思われる重要な生理作用を探るために有効な手段を提

供しうる.

3)ペプチド分析により,ボンビキシンは横道のわずかに異なる

数多くの分子種からなることが示されている(5ト53).この 横道の

違いは,ボンビキシンをコードする数多くの遺伝子の存在によるも

のか,スプライシング等転写後の修飾によるものか,もしくは,カ

イコの品種の違いによるものか,ボンビキシン遺伝子を単離するこ

とで明らかにすることができる.現在までに鋳べられた限り,イン

シュリンもしくはインシュリン様分子をコードする遺伝子はゲノム

当り1コピーか2コピーである(66).もしカイコにおいて,インシ

ュリン様分子をコードする遺伝子が数多く存在するなら興味深い知

見となる.

本論文では,互いに異なる二種鞍のボンビキシン遺伝子(A-1

およぴC-1)の単離と横道解析について述べ,さらに他のインシ

ュリンおよぴインシュリン様分子の遺伝子横道との比載考察につい

て論議する.
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3 ● 材料 と 方法

3-1 オリゴヌクレオチドブロープ

ボンビキシンーⅠⅠのアミノ酸配列(52)をもとに,二種類の合成

オリゴヌクレオチドプローブを準備した(図1).ブロープAは,

A鎖のN端から4番目のAspから20番目のCysまでの17腐のアミノ酸

に対する51塩基からなるオリゴヌクレオチドで,カイコ体液タンパ

ク質30Ⅹ(59)で最も頻架に使われているコドンを使用して合成した

ものである.ブロープBは,B鎖のN端から8番目のThrから24番目

のGluまでの17個のアミノ酸に対する51塩基からなるオリゴヌクレ

オチドで,ショウジョウバエ(Drosophila melanogaster)の コドン

利用度(43)を参考に合成したものである.

3-2 ゲノムライブラリーの作成

カイコDNA(錦秋X鐘和;絹糸腺由来)を Sau3AIで部分消化

し,約10-23キロ塩基対のDNA断片を得る.このDNA断片を ウ

シ腸由来アルカリフォスファターゼで脱リン酸化処理した後,九E冊

BL DNA(24)を BamHIとEcoRIで完全消化し作成した BamHIアーム

にT4DⅣAリガーゼで接続し,出血パッケージング反応を行

なった.36万偶の独立した組換え体ファージからなるゲノムライブ

ラリーが得られた.

3-3 ボンビキシン遺伝子の単離

ボンビキシンA-ファミリー遺伝子の単離には,12方クローンよ

り成るゲノムDNAライブラリーに対し,まず[γ-32p]ATP

とT4ポリヌクレオチドキナーゼにより 5,末端をラベルしたブロー

プAで,プラークハイプリダイゼーション法(45)によりスクリーニ

ングを行なった.オリゴヌクレオチドブロープ(ブロープAおよぴ

B)とのハイプリダイゼーションおよび洗いの条件は,Latheの式
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(41):

T=94-(84/L)-1.2(100一日)

T:2X S SC下でのフィルターの洗いの温度

L:プローブの長さ(塩基数)

H:プローブと目的のDNAとのホモロジー(%)

ただし,S SC:0.15H Nacl,0･015朽Na-Citrate･

を使い,L=51,H=78 として,T=52 を導いた･

ハイプリダイゼーションは,6X S SC,10X Denhardt(Denhardt

:0.02$ウシ血清アルブミン,0.02芳Ficoll,0･02雫polyvinyl-

pyrrolidone),1$SDS,0･5mg′ml辞母tRNA,1pmol/mlブ

ロープDNAを含む溶液中,520Cで20時間行なっ･た.洗いは,520

Cで,6X SSC,0.1$SDS下で 2時間,続いて,2X S SC,

0.1$ SDS 条件下で30分間行なった･増感スクリーンを用いたオ

ートラジオグラフイ一により,目的のファージを検出した･スクリ

ニングは単一の集団からなる組換え体ファージが得られるまで少

なくとも3回線り返した.

ボンビキシンC-ファミリー遺伝子ゐ単離には,えBb204(

ボンビキシンC-ファミリー遺伝子の3,側一部領域を含むcDNA

クローン;1参照)をブロープとして用い,12方クローンより成る

ゲノムDNAライブラリーに対して,スクリーニングをプラークハ

イプリダイゼーション法(45)により行なった.

ハイプリダイゼーションは,6X
SSC,10X Denhardt,1$SD

S,10$Dextran sulfate,0･25mg/nlサケ精子DNA申で,ラン

ダムヘキサヌクレオチドと[α-32p]dCTPでラベルした(21)

プロープと,650Cで 20時間 反応させた.洗いは,650Cで,2X

ssc,0.1$SDS 下で2時間,引き続き,0･2X SSC,0･1$

sDS下で30分間行なった.オリゴヌクレオチドプロープによる

スクリーニングと同様に,オートラジオグラフイ一により･目的の

ファージを検出した.スクリーニングは単一の集団からなるファー

ジが得られるまで少なくとも3回繰り返した･
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3-4 ボンビキシン遺伝子の解析

オリゴヌクレオチドプローブAを用いてのスクリーニングにより

得られたクローン6個(入4KlOl,九4KlO5,九4KlO

7,九4KlO8,九4Klll,九4Kl12)のうち,え4E

lO8と九4Klllを除く4個のクローンは,プロープBに対し

ても揚性であった(図2).これら4偶のクローンのうち,ボンビ

キシン遺伝子を1コピー持つ入4Kl12にしぼり解析を行なった･

プロープA,Bいずれに対しても陽性のHindIII断片(約1キロ

塩基対)を pUCベクター(77)にサブクローニングし,エキソヌクレ

アーゼーⅠⅠⅠを用いて(25),いくつかのデレーションミュータント

を作成した.これらミュータントを利用し,塩基配列の決定を行な

った.塩基配列決定の方式を図3aに示した.また,これらミュー

タントのいくつかをDNAプロープとして用いた･塩基配列は,ジ

デオキシヌクレオチド法(60)を改良し,7-deaza-d■dTP′と[α-

35S]dCTPをつかう方法(49)により決定した･塩基配列は両方

の鎖について決定した.

入Bb204プロープを用いたスクリーニングにより5偶のクロ

ーン(入4Ⅹ401,入4K402,入4K403,入4E405,

ぇ4K406)が得られた.これらクローンのうち,九4K403

にしぼり解析を行なった.プローブに対して陽性であるいくつかの

制限酵素断片をp口Cベクターにサブクローニングし,図3bに示し

た戦略で塩基配列を決定した.塩基配列決定法は上の場合と同様で

ぁる.得られた塩基配列は,いずれも塩基配列解析ソフトウエア(

DNASIS,日立ソフトウエア)により解析した･

3-5 遺伝子間の進化的距離

二つの遺伝子間のヌクレオチド座位当りの進化的距離(K)は木

村(39)の3ST(three-Substitution-tyPe)法により求めた･すな

ゎち,塩基転位型変換(U-C,A-G)の頻度をP,塩基転換型
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変換(U-A,C-G)の頻度をQ,塩基転換型変換(U-G,C

-A)の頻度をRとすると,

K=-(1/4)1n[(1-2P-2Q)(1-2P-2R)(ト2Q-2R)]

の式によりⅩの値を求めた.

3-6 ノーザンハイプリダイゼーション

RNAフィルター[絹糸腺ポリ(A)RNA(5〝g)と4-5令幼虫

脳ポリ(A)RNA(3.3βg)を転写したもの,安達(名古屋大学)よ

り]に,[α-32pコ d CTPで それぞれニックトランスレーショ

ンしたブロープa(p4ⅩGEM20;図4の塩基百己列505から1045

までを含む)またはプローブb(p4ⅩHD34;図4の塩基配列

1から564までを含む)を,50$fornanide,5X S SC,1$ SDS,

10$I)extran sulfate,0.3mg/mlサケ精子DNA溶液中で,420C

16時間ハイプリダイゼーションさせた.洗いは,650Cで,2XS S C,

0.1劣 SDS条件下2時間,続いて,0.2X S SC,0.1焉 SDS条件

下30分間行なった.増感スクリーンを用い,オートラジオグラフイ

一により,シグナルを検出した.

3-7 サザンハイプリダイゼーション

カイコゲノムDNAをBamHIまたはHindIIIで完全消化した後,ア

ガロースゲル(0.7労)電気泳動で分画し,ナイロンメンプレンに,

0.4N NaOH で転写させた(56).ニックトランスレーションしたプロ

ープa(p4KGEM20)を,6‡S
SC,10X Denhardt,1$

SDS,10$Dextran sulfate,0.3mg/mlサケ精子DNA溶液中,

650C 20時間ハイプリダイゼーションさせた.洗いは,ノーザンハ

イプリダイゼーションと同一条件下で行なった.増感スクリーンを

用い,オートラジオグラフイ一によりシグナルを検出した.
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4 _ 結束

4-1 ボンビキシンA-1遺伝子の構造

オリゴヌクレオチドプロープA,Bのいずれに対しても陽性であ

る入4Kl12由来の EindIII断片(1045塩基対)の塩基香己列を図

4に示した(32).このDNA断片中には,ボンビキシンのA鎖20ア

ミノ酸残基と,B鎖28アミノ酸残基をコードしうる 276塩基対から

なるオープンリーディングフレームが存在している.オープンリー

ディングフレームの上流域には,CAT-box(GGCAATGT)およぴ TATA-

box(TATATAA)様塩基配列が,下流域にはポリ(A)付加シグナル(AAT

AAA),12塩基対の保存膏己列(ATACAGTTTTTT;56参照)が存在してお

り,このオープンリーディングフレームは DNAポリメラーゼーⅠⅠ

により転写されうる遺伝子と考えられる.

A鎖20アミノ由残基,B鎖28アミノ酸残基のうち,B鎖5番目の

アミノ酸残基Argを除き ボンビキシンーⅠⅠのア■ミノ酸配列(52)と一

致した.ペプチド分析から,ボンビキシシには一次横道の異なる分

子が数多く存在することが示されている.しかも,B鎖5番目のア

ミノ酸残基は変異が比較的集中している箇所である.以上のことか

ら,このオープンリーディングフレームがコードするペプチドは,

ボンビキシンーⅠⅠのバリアントと考えられる.この遺伝子は,4-2

項｢ボンビキシンA-1遺伝子の発現とコピー数｣で述べるように,

横道の近似した複数の遺伝子群と共に一つのファミリーを形成して

いることから,ボンビキシンA-1(A-ファミリーの1番目の意)

と名付けた.ボンビキシンーⅠIB鎖N端の pyroglutamateは,宙訳

後の修飾によりGlnより 生合成されたと考えられる(72).

葡訳開始部位をコードしうる塩基配列が,-5,-10,一19に存在し

ている.シグナルペプチドの一般的特徴(75)およぴショウジョウバ

エの翻訳開始部位の保存配列(13)から,根t -19が翻訳開始点と考

えられる.B鎖とA鎖との間には,25アミノ酸残基のペプチド(C
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ペプチド)が介在し,Cペプチドの両端は 塩基性アミノ酸残基対(

Lys-Arg)で構成されている.この塩基性アミノ酸残基対は,トリプ

シン様エンドペプチダーゼによる切断総裁部位と考えられ(14),イ

ンシュリンの Cペプチドでも保存されている(3).このことは,ボ

ンビキシンA-1も インシュリンと同様な翻訳後の修飾を受け(3,

14),プレプロポンビキシンからCペプチドが除去されて,A,B鎖

から成る成熟ボンビキシンが生合成されることを示唆している(囲

5)･
ボンビキシンA-1では,A鎖に続いて停止コドン(-アンバー;

TAG)があり,インシュリン様成長因子(IGF)-Ⅰ,-ⅠⅠ(5,34)

と違いDペプチドやEペプチドをコードしていない.プレプロポン

ビキシン遺伝子の構成は,5,側から,シグナルペプチド,B鎖,C

ペプチド,A鎖とコードするものであり,インシュリン遺伝子(4)

と全くノ同じである.ただし,現在まで■に謝べられたすべてのインシ

ュリン遺伝子が,少なくとも1箇所,イントロンを持っているのに

対ん(66),ボンビキシンA-1遺伝子にはイントロンが存在しない.

また,ボンビキシンA-1遺伝子の範写領域の両端付近には,転写

領域をはさむように,6塩基対(TTCTTC)の反復百己列が存在している.

さらに,3,側の反復配列の左側に,ポリ(A)配列の残存と考えられ

うる酋己列が存在していた(図4波線部).これらのことは,ボンビ

キシンA-1遺伝子がプロセスされた遺伝子であ.ることを示唆して

いる(32,33).

4-2 ボンビキシンA-1遺伝子の発現とコピー数

ボンビキシンはカイコの脳に存在する4対の神経分泌細胞でつく

られ,アラタ体を経て体液申に放出される(4鋸.ボンビキシンA-

1遺伝子をブロープとして検出可能な転写産物がカイコ脳中に存在

するか,ノーザンハイプリダイゼーションにより謝べた(図6a,

b).ボンビキシンA-1遺伝子より上流域(ノンコーディング領

域)をブロープとした場合は,絹糸腺ポリ(A)RⅣA,4-5令助
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虫脳ポリ(A)RNAのいずれにもシグナルが検出できないが,A-

1遺伝子のコーディング領域をブロープとした場合は,脳に､的600

塩基の長さに相当するmRNAが検出できた.この長さは,A-1

遺伝子より転写されるであろうmRNAの長さによく一致している.

ボンビキシンA-1遺伝子をプローブに用いたサザンハイプリダ

イゼーションを行なった(図6c).HindIIIで消化した カイコゲ

ノムDNAでは,約1キロから20キロ塩基対にかけて数本以上のシ

グナルが検出できる.しかも,約1キロのシグナルは,ボンビキシ

ンA-1遺伝子をコードしており,シグナルの漉さはボンビキシン

A-1遺伝子1コピーに相当する.このことから,A-1遺伝子で

検出可能な遺伝子,すなわちA-ファミリー遺伝子は,カイコゲノ

ム中に,10コピー以上 存在していると考えられる.また,BamHIで

消化したDNAでは,約10キロから30キロ塩基対領域に3本のシグ

ナルが検出できる.すなわち,ボンビキシンA-ファミリ｣遺伝子

は,カイコゲノムの3-4箇所に 遺伝子群を形成していると推定でき

る.ボンビキシンA一ファミリーとは異なる別のボンビキシンファ

ミリーであるB-ファミリーの遺伝子も,カイコゲノム申に少なく

とも10コピー存在することが示されている(38).

4-3 ボンビキシンC-1遺伝子の横道

九B b204ブロープに対して陽性である九4K403由来の

HindIII/ⅩpnI断片(456塩基対)の塩基配列を図7に示した. この

断片申に存在する273塩基対からなる オープンリーディングフレー

ムは,ボンビキシンA-1遺伝子,およびBファミリー遺伝子(38)

とあるていど塩基膏己列の相同性をもっているが,明らかに違ったペ

プチドをコードしている.しかも,このペプチドのアミノ酸配列は,

現在までに一次横道の全部もしくは一部が決定されたボンビキシン

ーⅠ,-ⅠⅠ,-ⅠⅠⅠ,-ⅠⅤ,-Ⅴ(34,44,51･53)のいずれとも一致しな

い.しかも,この遺伝子もカイコゲノム当り複数個存在する(投稿

申)ことから,この遺伝子をボンビキシンC-1遺伝子(C-フア
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ミリーの1番目の意)と名付けた.ボンビキシンC-1のB鎖N端

の Glnは,ボンビキシンA-1と同じように,翻訳後の修飾により

pyroglutanateに転換されると考えられる.また,ボンビキシンC

-1をコードするオープンリーディングフレームの下流域には,ポ

リ(A)付加シグナル(AATAAA)が存在する.

翻訳開始部位をコードしうる塩基膏己列が,-7,-15,-19に存在し

ている.シグナルペプチドの一般的特徴(75),およびショウジョウ

バエの翻訳開始部位の保存配列(13)から,ボンビキシンA-1と同

様,朽et-19が翻訳開始点と考えられる.B鎖C端とA鎖N境との

間には,B鎖とA鎖を結びつける25アミノ酸残基のCペプチドが存

在し,Cペプチドの両端は 塩基性アミノ酸残基対(Lys-Arg)で構成

されている.この塩基性アミノ酸残基対は,インシュリンのCペプ

チドでも保存されている(3).このことは,ボンビキシンC-1も

インシュリンやボンビキシンA-1と同様な翻訳後の修飾を受け,

プレプロポンビキシンから最終的なボンビキシンが生合成されるこ

とを示唆している.
`-

′

ボンビキシンC-1遺伝子においても,A鎖に続いてアンバー停

止コドンがある.プレプロポンビキシンC-1遺伝子の構成は,5'

側から,シグナルペプチド,B鎖,Cペプチド,A鎖であり,イン

シュリン遺伝子(4),ボンビキシンA-1遺伝子と全く同じである･

さらに,ボンビキシンC-1遺伝子にも,A-1と同様に,イント

ロンが存在せず,ボンビキシンC-1遺伝子の転写領域の両端付近

にも,転写領域をはさむように,不完全ではあるが反復膏己列(5'側,

AATATT;3,僻,AATATAT)が存在している.これらのことは,ボン

ビキシンC-1遺伝子もプロセスされた遺伝子であることを示唆し

ている(33).

4-4 ボンビキシン遺伝子間の塩基配列の相同性

ボンビキシンA-1遺伝子を,ボンビキシンBファミリー遺伝子

の一つのB-1遺伝子(38)と,ハープロット解析により塩基配列を
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比較した(図8a).A-1,B-1間で,B鎖,Cペプチド,A

鎖において塩基配列の高い相同性がみられる.しかし,相同性の度

合は,B鎖ではそれほど高くない.さらに,C-1とA-1間,C

-1とB-1間では,B鎖で塩基膏己列の相同性はあまりみられず,

CペプチドとA鎖のみに 高い相同性がみられる(図8b,C).イ

ンシュリン族遺伝子では,A鎖およぴB鎖での相同性が種や遺伝子

の違いを越えてよく保存されているが(66),ボンビキシン遺伝子間

では,いずれもインシュリン族遺伝子でありながら,一塩基配列は,

B鎖ではあまり保存されておらず,CペプチドとA鎖においてよく

保存されている.

このことは,木村の式(39)による,ボンビキシン遺伝子間のヌク

レオチド座位当りの進化的距離(表1)においてもよく表されてい

る.すなわち,ボンビキシンA-1とB-1遺伝子間の進化的座談

は,A鎖,B軌 Cペプチド共に,0.5前後である.これに対し,

A-1とB-1間,B-1とC-1間において軋 A軌 Cベラチ

ドでは,いずれも0･5前後で卒り,B鎖では順に 0･75,1･02と億が

大きくなっている.このB鎖におけるC-1遺伝子と他のボンビキ

シン遺伝子との進化的距離の大きさは,従来のインシュリン族遺伝

子のB鎖における進化的塵離を,A鎖およぴCペプチドにおける進

化的尭離と比載した際の億と大きく異なっている(たとえば義1最

下段のヒト,ラットインシュリン間の進化的庫離).ボンビキシン

C-1遺伝子B鎖で塩基の置換率が高いことは,A-1,B-1の

B鎖およびAql,B-1,C-1のA鎖とCペプチドが 機能的必

要性から 置換率が低いのに対し,C-1のB鎖は他ファミリーのB

鎖が持つ共通の機能をになう制約からのがれたために,置換率が高

くなっていると考えられる.このことは,ボンビキシンCファミリ

ーが機能的に,特にB鎖の機能において,他のA,Bファミリーと

隔たりがあることを示唆している(5-2項｢予想されるボンビキシ

ンの三次横道及び生理機能｣で詳述).実際,ボンビキシンCファ

ミリーのmRNAは,卵からさなぎ期まで発現しているのに対し,
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AおよぴBファミリーmRNAは,2令もしくは3令期以降しか発現

していない(川上ら未発表).

4-5 ボンビキシン間のアミノ酸配列の比較

ボンゼキシン遺伝子から予想されるプレプロポンビキシンのアミ

ノ酸配列をボンビキシン天然標品から得られたアミノ酸配列,ヒト

プレプロインシュリン,モルモットプレプロインシュリン,IGF

-Ⅰ,-ⅠⅠ,および ヒトリラキシンのアミノ酸配列と比較したのが

固9である.A鎖において,ボンビキシンAファミリーはBファミ

リーと4残基,C-1はAファミリーと4残基,Bファミリーと5

残基に違いがみられる.B鎖については,A,B両ファミリー間で

アミノ酸配列の相同性が 61茅であるのに対し,A,C間,B,C間

ではそれぞれ 4璃,36芳しかない.特筆すべきは,B9,BlO,B16,

B24の4残基が,A,Bファミリー内では 完全に保存されているに

も拘らずC-■1ではすべて置換されていることである.この結果は

塩基配列レベルでの結果と同じく,CファミリーがA,Bファミリ

ーと明らかに違ったグループに属することを裏付けている.

4-6 ボンビキシンとインシュリン両遺伝子間の塩基百己列及び

アミノ酸配列の比較

ボンビキシンA,B,C各ファミリー遺伝子の代表として,A-

1,B-1,C-1遺伝子を,ヒトインシュリン cDNA(4)と,

ハープロット解析により,塩基配列を比較した(図10).A-1

とインシュリン間,B-1とインシュリン間,C-1とインシュリ

ン間のいずれにおいても,A鎖の一部を除いて,塩基配列の相同性

は低い.このことから,ボンビキシンとインシュリンは同じインシ

ュリン族に属しながら,進化的に隋たったものであり,別のグルー

プに属すると考えられる.

しかし,A鎖に関しては,ボンビキシン各ファミリーとインシュ

リン間で比較的塩基配列が保存されていることから,横道的もしく

一17-



は機能的に重要な役割を果たしていると推定される･

塩基配列が比較的保存されているA鎖について･ボンビキシンと

ヒトインシュリン族ペプチド間でアミノ酸酋己列の相同性を百分率で

示したのが表2である.ボンビキシンはアミノ酸レベルにおいても

インシュリン族ペプチドと高い相同性を示している･注目に催する

のは,ヒトインシュリンとヒトIGF-Ⅰ(5)間の相同性が･55$を

示しているのに対し,ボンビキシンとIGF-Ⅰ間ではさらに高い

値(A-1,6鴫;B-1,65茅;C-1･60幻を示していること

である.
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5
● 議論

5-1 インシュリン族としてのボンビキシン遺伝子

二種粧のボンビキシン遺伝子(A-1およぴC-1)をカイコゲ

ノムより単離し,塩基配列決定を含む横道解析を行なった.これら

ボンビキシン遺伝子は,見虫ペプチドホルモンで最初に単離され,

横道の決定された遺伝子である.いずれのボンビキシン遺伝子もイ

ンシュリン遺伝子と塩基配列およぴアミノ酸膏己列レベルで相同性を

もっている.ボンビキシン遺伝子によりコードされるボンビキシン

前躯体(プレプロポンビキシン)は,いずれもN端から順にシグナ

ルペプチド,B鎖,Cペプチド,A鎖の構成をもち,インシュリン

と全く同じで,さらにエンドペプチダーゼにより転写後修飾をうけ

るアミノ酸配列も保存きれている.塩基配列の相同性,前駆体の遺

伝子構成,転写後修飾を受ける部位の構造的特色から,ボンビキシて･

ンがインシュリン族に属することが示された(図◆1･1).これら事･

実は,昆虫の脳ホルモンであるボンビキシンが,･脊椎動物の消化管

ホルモンであるインシュリンと共通の祖先を持つことを強く示唆し

ている.

5-2 予想されるボンビキシンの三次横道および生理機能

ボンビキシンの一次横道をもとに,すでにⅩ線結晶解析により三

次横道が解明されたインシュリンと比載することにより予想される

ボンビキシンの三次横道から導かれる特色,およぴペプチドホルモ

ンー般の一次横道から予想される特色として次のことがあげられる.

5-2-1 シグナルペプチド

シグナルペプチドは,宙訳きれつつあるペプチドを小胞体へ導く

シグナルを有する 約20-60アミノ酸残基からなる薙いペプチドであ

る.シグナルペプチドはアミノ酸配列の特徴から三つのサブドメイ
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ンに分けることができる(74).一つは N端から5個程度のアミノ酸

残基で,このサブドメイン中に電荷を帯びたアミノ酸残基(Lys等)

が含まれている.次の一つは,上記5個程度に続いて少なくとも9偶

のアミノ酸残基からなる疎水性アミノ酸で構成されており膜を貫通

しうるサブドメインである.最後のサブドメインは,C端に近い4-

8偶のアミノ酸残基からな′り,ヘリックス横道を項しうる アミノ酸

残基(GlyもしくはPro),または極性の強いアミノ酸残基(Glu等)

で構成されているサブドメインである.

また,翻訳後の修飾(切断)を受ける部位には,小さな,電荷を

持たない側鎖を持つ アミノ酸残基(Ala,Gly,Ser,Cys,Thr)を持

つことが知られている(74).

ボンビキシンのシグナルペプチドは,各ファミリー間でアミノ酸

酉己列が,S2Lys(インシュリンを基準にして,シグナルペプチド2

番目の位置に存在するLysの意),S8Leu,S16Leu以外保存され

ていない(図9).また,インシュリン族ペプチドのシグナルペプ

チドについても同様に,各ペプチド間でアミノ酸配列は,S3Leu,

SllLeu,S12Ala,S13Leu,S25Ala,S16Leuを除いて保存

されていない.しかし,インシュリン族ペプチドのシグナルペプチ

ドはむろん,ボンビキシンのシグナルペプチドも,アミノ酸配列の

相同性はないものの,シグナルペプチドの･もつ一般的特徴を満たし

ている.さらに,葡訳後の修飾(切断)を受ける部位のアミノ酸残

基(ボンビキシンA-1:Thr,B-1:Ala,C-1:Å1a)も上に述

べた特徴を満たしている.

5-2-2 B鎖

ボンビキシン,インシュリン族ペプチドのすべてのB鎖で,三次

横道の疎水性の核を形成するためのジスルフィド結合を与えるアミ

ノ酸残基B7Cys,B19Cys,三次横道形成を促すB8Glyが保存さ

れている(図9).しかし,ボンビキシンにはインシュリンとアミ

ノ酸酉己列の異なるサブドメインが3箇所存在する.
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インシュリンでは,B鎖N端付近のアミノ酸残基(Bl-B4)は,

A鎖アミノ酸残基A8Thr,A9Ser,AlOIleと共に,親水性のド

メインを形成し,抗インシュリン抗体の認識部位となっている(7,

10).このサブドメインの アミノ酸配列は,ボンビキシンとインシ

ュリン族ペプチド間ではむろん,ボンビキシン各ファミリー間でも

異なっている.このことは,抗インシュリン抗体がボンビキシンに

対して反応しないであろうこと,また,ボンビキシン各ファミリー

に対して特異的な抗体の作成が可能であろうことを示している.抗

ブタインシュリン抗体がボンビキシンーⅠⅠと反応しない事実は(51),

上の仮説を支持している.

インシュリンB鎖B12SerからB22Cysにかけてのサブドメイン

は,インシュリン分子の疎水性の核を構成するα-ヘリックスを形

成する(8,76).ボンビキシンのこのサブドメインにおけるアミノ酸

配列は,インシュリンと同様,疎水性が強く,疎水性のドメインを

形成し,インシェリン様の球状の核を形づくっていると考えられる.

インシュリンB鎖B24Phe,B25Phe,.B26Tyr,B27.･･Thrのサ

ブドメインは,B16,A鎖N端部と共に,二重体を形成する水素結

合の供給源,さらには,インシュリンがインシュリンレセプターと

結合する際の結合部位となっている(7-9,46,55,76).インシュリン

のこのサブドメインにおけるアミノ酸膏己列のIGF-Ⅰ,-ⅠⅠに対

する類似(とくにB24Phe,B26Tyr)により,インシュリンはイ

ンシュリンレセプターと 結合するのに加えて,IGF-Ⅰお､よぴ

IGF-ⅠⅠレセプターとも結合することが示されている(37).とこ

ろが,ボンビキシンは,このサブドメインにおけるアミノ酸配列が

インシュリン,IGFのいずれとも大きく異なっている.このこと

は,ボンビキシンはインシュリンレセプターと結合しない,すなわ

ち,ボンビキシンレセプターとインシュリンレセプターとは異なっ

た分子であることを示唆している.事実,ショウジョウバエのイン

シュリンレセプターは,進化的に隔たっているブタのインシュリン

と結合するが,より進化的に近いカイコのインシュリン族ペプチド
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であるボンビキシン(ボンビキシンーⅠⅠ)とは結合しない(22).さ

らに,このサブドメインでは,ボンビキシン間でもアミノ酸配列が

異なっている.すなわちC-1では,インシュリンにおけるレセプ

ター結合部位である B16,B24,そしてその近傍に位置するB9,

BlOがボンビキシンAおよぴBファミリーと異なることにより(A,

Bファミリー間ではこれらアミノ酸配列は完●全に保存されている),

ボンビキシンAおよぴBファミリーとCファミリーに対する別々の

レセプターが存在する可能性があることをも示唆している.実際ペ

プチド分析からは,エリサン前胸腺刺激活性をただ一つの指標とし

たボンビキシンの帯革,横道決定において,Cファミリーに相当す

る分子は見つかっていない.

モルモットなどのヤマアラシ難をのぞくインシュリンには,BlO

の位置に 甘isが存在する.この保存された His残基はインシュリン

が六重体を形成する際,亜鉛と結合するために不可欠なアミノ酸残

基である(7,10).ボンビキシンは二羞休も六重体も形成しないと考

えられることから,A,Bファミリー BlO に存在する8isは 二次

的煤似によるものと予想されていた(35).ボンビキシンC-1でB

lO にPheが存在することは,この予想を正当化するものであろう.

5-2-3 Cペプチド

Cペプチドは,A鎖とB鎖が形づくる球状の三次横道を,効率よ

く形成させるためのペプチドと考えられている(65).そのために,

インシュリンのCペプチドは,適当な長さと電荷を持っている(14

,15,65,66).さらに,高等な脊椎動物では,Cペプチド甲中央部に

β-ベンドを形成するGlyに富んだ部分がある(14,15,66).

ボンビキシン各ファミリー間のCペプチドのアミノ酸膏己列は,保

存置換を含めるとよく保存されている(国9).各ファミリーのC

ペプチドが互いに似た三次横道をとり,難似の機能を有すると考え

られる.しかし,ボンビキシンとインシュリン間において,Cペプ

チドのアミノ酸配列の相同性はない.このことは,Cペプチドも,
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シグナルペプチドと同様に,個々のアミノ酸酋己列より極性や電荷な

どの要素を満たすことが機能発現に重要と考えられる･

ボンビキシンのCペプチドは,翻訳後の修飾を受けないIGF-

Ⅰ,-ⅠⅠのCペプチドとは長さおよぴアミノ酸膏己列が異り,IGF

族とはペプチド構成上からは,すなわち翻訳後の修飾を含む生合成

経路からは,別のグループに属すると考えられる.

ボンビキシンCペプチドの両端に存在する塩基性アミノ酸残基対

軋 ボンビキシンもインシュリンと同様なトリプシン様エンドペプ

チダーゼにより,勧訳後の修飾(Cペプチドの除去)が行なわれる

ことを予想させる.

5T2-4 A鎖

ボンビキシン各ファミリーでA鎖の長さが異なる.Bファミリー

はインシュリンと同じで21アミノ酸残基,Aファミリーはヒトリラ

キシンと同じで20アミノ酸残基,Cファミリーは22アミノ酸残基よ

.り成る.これらの長さの差は,B20CysよりC端側のアミノ酸残基

の延長に起因する(図9).

ボンビキシンA鎖は,各ファミリー間で,アミノ酸配列がよく保

存されている.ボンビキシンA鎖とインシュリンA鎖を比べた場合,

アミノ酸膏己列の相同性は,保存置換も含めると,高い.インシュリ

ン族ペプチドB鎖と同様に,三次横道の疎水性の核を形成するため

のジスルフィド結合を与えるアミノ酸残基(A6Cys,A7Cys,A

llCys,A20Cys),三次構造の形成を促すアミノ酸残基(A16

Le｡,A19Tyr)は,すべてのインシュリン族ペプチドの間で保存

されている.しかし,アミノ酸配列が保存されていないサブドメイ

ン(A8-AlO)が存在している.このサブドメインは,さきに述べ

た通り,インシュリンとの比較から,B鎖N端部位と共に親水性の

ドメインを形成し,ボンビキシンに対する抗体の認試部位であると

考えられる.
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5-3 ボンビキシン遺伝子のゲノム当りのコピー数

既知インシュリ■ン族遺伝子はゲノム当り1もしくは2コピー存在し

ている(66).ところが,カイコゲノム中にはボンビキシン遺伝子が

少なくとも20コピー存在している･このカイコにおけるインシュリ

ン族分子をコードする遺伝子のコピー数の多さは,カイコが発生の

ぁる段帽において,大童のボンビキシンを必要とするためかも知れ

ない.大量の転写産物をまかなうため,昆虫はある発生時期に遺伝

子を増幅させる方法[ショウジョウバエのコリオン遺伝子(36)など]

と,最初から重複した遺伝子をゲノム申に持つ方法[カイコのコリ

ォン遺伝子(36)など]で対処する場合がある･カイコのボンビキシ

ンの場合は,後者で対処していると考えられる.

5-4 ボンビキシン遺伝子はプロセスされた遺伝子である

ボンビキシン遺伝子は脊椎動物のインシュリン族遺伝子といくつ

かの点で異なっている.まず,■現在までに横道の決定されたすべて

のインシュリン族遺伝子が,少なくとも一つイントロンを持ってい

るのに対し(66),ボンビキシン遺伝子はイントロンを持っていない･

さらに,ボンビキシン遺伝子には,転写されるであろう領域の前後

に,6塩基対もしくは鳩基対の反復配列が存在している(図12)･

さらに,Aファミリー遺伝子に軋 ポリ(A)配列の残存香己列が存在

している.これら三つの特色は,スプライシングを受けたmRNA

が逆転写され再びゲノムに挿入されたと考えられるプロセスされた

遺伝子,もしくは レトロポゾン(58)のもつ特徴(61,73)であり,ボ

ンビキシン遺伝子はプロセスされた遺伝子と考えられる(32,33)･

しかし,ボンビキシンA-1遺伝子には,RNAポリメラーゼーⅠⅠ

で転写されうるプロモーター,また,ポリ(A)付加シグナル等が備

ゎっており機能しうる遺伝子と予想される･さらに,ボンビキシン

c-1遺伝子の3,側約半分の塩基配列は脳のcDNAライブラリ

ーより得られたクローン(九Bb204)と完全に一致することか

ら,C-1遺伝子も脳で発現していると考えられる(1)･つまり,ボ
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ンビキシン遺伝子は機能しうるプロセスされた遺伝子と考えられる･

機能しうるプロセスされた遺伝子は･昆虫では最初の発見であり,

昆虫以外の真核生物においてもその例は多くないが(2･47,63,64,6

7),げっ歯鞍のインシュリンーⅠ遺伝子は,プロセスされた遺伝子

と考えられている(63).

5-5 ボンビキシン遺伝子の進化

脊椎動物のインシュリン族遺伝子は,まず,セリンプロテアーゼ

遺伝子から祖先インシュリン遺伝子が分岐し進化した(14,66)･次

に一つの祖先インシュリン遺伝子が重複し,それぞれインシュリン,

IGF-Ⅰ,-ⅠⅠ,リラキシンに進化したと考えられている･事実･

ヒトで,インシュリンとIGF-Irは11番染色体上に並んで存在し,

IGF-Ⅰも,進化的に11番染色体と関連のある12番染色体上に存

在している(6,12,71).

免疫組織化学的手法により,カイコ脳内に抗ブタインシュリン抗

体と反応する分子の存在が示されている(30,77)･このカイコにお

けるボンビキシン以外のインシュリン族分子の存在を考えあわせる一

と,インシュリン族遺伝子としてのボンビキシン遺伝子は次のよう

に進化したと考えられる.まず,ボンビキシン,インシュリン共通

の祖先遺伝子が重複し,祖先インシュリン遺伝子と祖先ボンビキシ

ン遺伝子に分かれる.次に,祖先インシュリン遺伝子はそのままイ

ンシュリン族分子をコードする遺伝子(この遺伝子産物は抗インシ

ュリン抗体と反応する)へと進化し,祖先ボンビキシン遺伝子は三

っの各ファミリー遺伝子(これらの遺伝子産物は抗インシュリン抗

体と反応しない)へ進化し,さらに遺伝子の重複を受けた･この際,

ボンビキシン遺伝子では各ファミリー内の反復配列がよく保存され

ている(図12)ことから,ボンビキシン遺伝子が各ファミリーに

分化した後にプロセスされ,そして遺伝子の重複を受けた可能性,

もしくは,ボンビキシン遺伝子がプロセスを受けゲノム中の異なる

場所に挿入された後に各ファミリーに分化し･そして遺伝子の重複
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を受けた可能性のいずれかが,その進化の過程として考えられる･

ボンビキシン遺伝子はプロセスされた遺伝子と考えられるが･現

在までに単車した遺伝子の申から,現送伝子に当たるイントロンを

もつ遺伝子は見つかていない.この理由として,ただ現送伝子がま

だ単離されていない可能性のほか,ボンビキシン遺伝子甲進化の過

程で,次のようなことが起こった可能性も考えられる･現送伝子が

ヵィコゲノムから失われた,もしくは,プロセスされた遺伝子の進

化速度が早いため,現送伝子と塩基配列の相同性が低くなり,用い

たプローブでは現送伝子を単離できないといった可能性である･こ

の単談できていない現送伝子が,先の抗インシュリン抗体と反応す

る分子をコードする遺伝子であるかもしれない･

5-6 ボンビキシンの機能

ェリサンと異なりカイコでは,幼申4-5令の脱皮(69),蛸一成虫

(28)の変態に関する限り,ボンビキシンには前胸腺刺激活性がなく,

現在カイコにおけるボンビキシンの生理機能は不明である･しかし,

インシュリンとの相同性から,インシュリンの生理作用である血糖

の謝節にかかわっている可能性のほか･カイコPTTHがふ化の直

前まで現われない(18)のに対し,ボンビキシンはカイコの発生卵中

にごく初期から存在すること(24),また,ボンビキシンがIGF

と高いアミノ酸配列の相同性(A鎖で60-65焉)を有する(表2)

ことなどから,ボンビキシンはカイコの成長過程･とくに卵発生の

通巻=こおいて重要な役割を果たしていると考えられる･一方,イ

ンシュリンは,ショウジョウバエの成虫原審の成長や培養細胞の増

殖を促すこと(19,50),また,スズメガの一種地虫幽

やオオカバマダラ辿由旦由ヱ且些の脂肪体よりトリグリセリド,

ジグリセリド,庸肪酸の放出を促すこと(17)が知られている･こ

れらのことから,インシュリン族ペプチドは･昆虫の発生過程で･

代謝調節,細胞増殖や分化等の重要な機能を担っていることが予想

される.
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広く無脊椎動物(40,42,70)や原核生物(42)で･インシュリン族に

属する分子の存在が,免疫学的もしくは生物学的方法により示され

ている.とくに,ショウジョウバエでは,ブタインシュリンと結合

するインシュリンレセプターが存在し(22),その遺伝子(cDNA)

の一部がクローニングされ(54),ヒトインシュリンレセプター遺伝

子と塩基配列の相同性をもつことが示されている･このことは,シ

ョウジョウバエには,インシュリンと構造的に似た分子の存在を示

唆する.そして最近,軟体動物(リムネア)の成長に関与する脳中

の神経分泌細胞において,インシュリン族ペプチド(MIP)の存

在がcDNAクローニングにより確かめられた(62)･これら一連の

事実は,ボンビキシンをはじめとするインシュリン族ペプチドが脊

椎動物,無脊椎動物,原核生物を問わず広く存在し生理的に重要な

役割を担っていると考えられる･これらインシュリン族ペプチドの

横道および機能を明らかにすることは,脳一消化管系ペプチドホル

モンの機能や進化に貴重な知見を与え,新たな園麿を提出するもの

であるJ
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蓑1: ヌクレオチド座位当りの進化的距離(K)

Chain or Peptide

Comparison A B C

bo皿byxin A-1vs･B-1

A-1vs.C-1

B-1vs.C-1

humaninsulin vs.ratinsulin-I
O.07

0.39 0.64

0.75 0.54

1.02 0.56

0.20 0.44
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表2: インシュリン族ペプチドA鎖間のアミ ノ酸配列の相同性

(%)

Bombyxin

A-1 B-1 C-1

Insulin IGF-Ⅰ

A-1

Bombyxin B-1 80

C-1 80 80

Insulin

IGF-Ⅰ

IGF-ⅠⅠ

50 45 45

60 65 60 55

60 65 55 60 80
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8 ● 囲の孟托明

図1

オリゴヌクレオチドブロープ

ボンビキシン送伝子を単離するために合成した二種鞍のオリゴヌ

クレオチドプローブ.上段はブロープAを,下段はプロープBを示

している.各ブロープの上行は,ボンビキシン A鎖(A-Chain)ま

たはB鎖(B-Chain)のアミノ酸配列を 一文字表記で,次の行(m

RNA)は,予想されるmRNAの塩基配列を,続いて,合成した

ブロープの塩基前列を示している.

囲2

プローブAに陽性のクローンのサザンハイプリダイゼーション

プロープAによるスクリーニングにより得られた6腐のクローン

をSalIで切断んアガロース電気泳動の後,メンプレンフィルターに

転写し,ブロープA(a),または,ブロープB(b)とサザンハ

イプリダイゼーションを行った.レーン1,入4KlOl;レーン

2,入4Ⅹ105;レーン3,入4Ⅹ107;レーン4,入4Ⅹ1

08;レーン5,入4Elll;レーン6,入4El12.レーン

6の右に分子量マーカー(HindIII切断入DNA)の位置を示した.

ブロープとのハイプリダイゼーションの条件はスクリーニングの条

件に同じ.

固3

ボンビキシン遺伝子の亀基配列決定の戦略

上段はボンビキシンA-1[Bombyxin A-1(入4Ⅹ112)]遺

伝子の,下段はボンビキシンC-1[Bombyxin C-1(え4Ⅹ4-03)

]遺伝子の塩基配列決定の戦略を示している.H,P,Ⅹ,Eは順

に 附ndIII,PstI,恥nI,EcoRIによる切断部位を,央印の方向と
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長さは塩基配列を決定した向きと長さを示している.また,遺伝子

地図申の CAT,TATA,AATAAA,S,B,C,Aは順に,CAT-box,

TATA-box,ポリ(A)付加シグナル,シグナルペプチド,B鎖,Cペ

プチド,A鎖を表わしている.

図4

ボンビキシンA-1遺伝子の塩基配列

ボンビキシンA-1遺伝子 H主ndIII断片1045塩基対の 塩基配列

(32).アミノ酸配列の順番は,B鎖N端を1とした.シグナルペプ

チド,B鎖,Cペプチド,A鎖をそれぞれ括弧で囲んだ.星FPは翻

訳停止コドンを,陰を付けた育己列は,CAT-box(GGCAATGT),TATA-

box(TATATAA)を,細い下線を引いた配列は,ポリ(A)付加 シグナ

ル(AATAAA)を,波線を引いた配列は12塩基対の保存配列(ATACAGT

TTTTT)を,また,祐で囲んだ配列(TTCTTC)は6塩基対の反復膏己列

を示している.太い下線を引いた配列(CACATTC,27参周)は,

primer extension法により決定された(38)転写開始部位をしめす.

国5

予想されるボンビキシンの生合成過程

黒三角はトリプシン様エンドペプチダーゼにより,切断される部

位を示している.

固6

ボンビキシンA-1遺伝子の発現とゲノムあたりのコピー数

a)プロープaを用いたノーザンハイプリダイゼーション.レー

ン1,絹糸腺由来 ポリ(A)RNA(3.3〝g);レーン2,幼虫脳由

来 ポリ(A)RNA(5pg).b)ブロープbを用いた ノーザンハイ

プリダイゼーション.レーン1,2は,a)に同じ.c)カイコゲ

ノムDNA(5jLg)をBa皿HI(レーン1),もしくは,HindIII(レー

ン2)で切断し,ブロープaとハイプリダイズさせたサザンハイプ
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リダイゼーション.レーンの左側に,分子量マーカー(HindIII切

断1DNA),右酎こ,主要なHindIII断片の大きさをキロ塩基対(

kb)で示している.d)サザンハイプリダイゼーションおよびノ

ーザンハイプリダイゼーションに用いたプローブ.Preは,シグナ

ルペプチドを示している.他は図3に同じ.

図7

ボンビキシンC-1遺伝子の塩基配列

ボンビキシンC-1遺伝子BindIII/矩nI断片 456塩基対の塩基配

軋 アミノ酸配列の順番は,B鎖N端を1とした･シグナルペプチ

ド,B鎖,Cペプチド,A鎖をそれぞれ括弧で囲んだ･星印は停止

コドンを,下線を引いた配列は,ポリ(A)付加 シグナル(AATAAA)

を,箱で囲んだ膏己列(5,軌 AATATT;3,軌 AATATAT)は反復配列

を,重た,太い下線を引いた配列(CACATCC)は予想される転写開

位置(27,38)を示している.

固8

ボンビキシン遺伝子間のハープロット解析

(a)ボンビキシンA-1とB-1(38)間,(b)CplとA-

1間,(c)C-1とB-1間のハープロット解析･S,B･C,

Aは川=こ,シグナルペプチド,B鎖,Cペプチド,A鎖を示してい

る.ハープロット解析に用いたパラメーターは,チェックサイズを

15,一致させる塩基数を11に設定した.

固9

インシュリン族ペプチドのアミノ酸配列の比較

ボンビキシンA-1,A-2(38),A-3(38),B-1(38),

B-2(38),C-1,ボンビキシンーⅠ(51),-ⅠⅠ(52,53),

ⅠⅠⅠ(51),-ⅠⅤ(35,44),-Ⅴ(35),ヒトインシュリン(4)･モル

モットインシュリン(16),ヒトIGF-Ⅰ(34),-ⅠⅠ(5)･およぴ
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ヒトリラキシン(26)のアミノ酸配列の比較.ヒトインシュリンの各

ドメインのN端を1とし,以下順次アミノ酸残基に番号をつけた.

ギャップは対応するアミノ酸残基が存在しないことを,ダッシュは

上のアミノ酸残基と同じ配列であることを示している.ボンビキシ

ンを含むインシュリン族ペプチドすべてに共通なアミノ酸残基は桃

色で,ボンビキシンペプチドに共通なアミノ酸残基は青色で,ボン

ビキシンを除くインシュリンペプチドに共通なアミノ酸残基は黄色

で示した.

図10

ボンビキシンとインシュリン両遺伝子間のハープロット解析

(a)ボンビキシンA-1とヒトインシュリン遺伝子(3)間,

(b)ボンビキシンB-1(38)とヒトインシュリン遺伝子間,(c)

ボンビキシンC-1とヒトインシュリン遺伝子間のハープロット解

析.縦軸にヒトインシュリン遺伝子,横軸にボンビキシン遺伝子の

塩基酋己列をとっている.S,B,C,Aは順に,シグナルペプチド,

B鎖,Cペプチド,A鎖を示している.ハープロット解析に用いた

パラメーターは,図8と同じである.

図11

インシュリン族遺伝子の遺伝子構成

ボンビキシンA-1,ヒトインシュリン(5),ヒトIGF-Ⅰ(7),

-ⅠⅠ(21)遺伝子の遺伝子構成(32).影をつけた部分は,生合成の過

程で除去されるペプチドを示している.各ペプチド部分の数字は各

ペプチドをコードする塩基数を,ATG,TAG,TGA は停止コドンを,

黒三角はイントロンを示している.KR,RR,Rはトリプシン様エン

ドペプチダーゼにより切断されるアミノ酸残基を一文字表記により

示したものである.
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固12

ボンビキシン遺伝子に存在する反復配列

ボンビキシンA-1,A-2,A-3,B-1,B-2,C-1

遺伝子の予想される転写領域の両側に存在する反復前列.反復配列

は常にいれて示した.また,Aファミリー遺伝子申に存在するポリ

(A)香己列の残存前列に下線を引いた.
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国 風

Probe A(5lmer,A-Chain Probe)

′l ･-tl

Tl-D E C C L R P C S
V D V L L S Y C -OnllombyxinrIIA.chain

5T-GACCAGUCCUGCCUCAGACCCUGCAGCGUCGACGUCCtLCCUCAGCUACUGC-31DRNA

3T-CTGCTC^CGACGGAGTCTGGGACGTCGCAGCTCCAGGAGCAGTCGATG^CG-51probe
A

pr｡beも(51mer.1b mix亡ure,8ぺhain Probe)

8
24

Il-T Y C G fZ H L A R T L A D L C V E
-OTIBonbyxin一ⅠIB一〔hain

5.-ACCUACUGCGGACGCCACCUGGCCCGCACCCUGGCCGACCUGUGCUGGGAG-31D紺A

C U U U

3一-TGGATGACGCCTGCGGTGCACCGGGCGTCCGACCGCCTGGACACG^CCCTC-5■
probe B

G A A A
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Bombyxin

A-1

(入4Kl12)

80mbyxin

C-1

(入4K403)

CAT TATA AmAA

P H

AmAA

【 H 8 1く

10tlbp
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仁一卓l

5.-AAGCTTCTGGAACCTCCCAACAAACGAGACCGTCTTAACCTAAGGCTTCAAAGAATGAT

TTCAACGTTGTAACCCGGTCACCACTTCAAACAAGCAGTTTCTCTATGGTAAAATTTTCC

ACTACCAATCTTTTGAAATCTTTCAAGCTATCAAAGC^ATTGGACCACGCCATACTTTCA

CÅAATAAATCATAAAACATGATTACTACAGCTCTCATGA^GTCATAAACGCTCGCTTCCA

GCCACGCGTGCATCGAGCGTTATGAACTGGTTCTAAGTTCACCACTGATACCGGATGATG

CTTACTTTGTCTCCTAGTTACTACCTACTACATAATCAAG^TCACA^AT^TTTATAAATT

TTCCTAGGCGTTC^AAGTTAAAAGTTCCGTCAAGTAAATGTACAACATTTAATTCAGTTC

ATTGGTTAATTATTGGAACCT壌顧旛頼郎CATATAAATCACATGCCCATGTGTTATTAT

ATÅAATATTCATTAACTAATCG■ふふ･A■rAAAGGAAGGGTTGCTTA5:戸聖
TTCACGTTTCATCTGTGCCATCAGCGAGACGTCCTCCGAAACACACTTTAGTCGCC^AAC
■■■

MetLys工1eLeuLeuAlaTleA18LeuMp[LeuSerThrValMe[TrpValSerThrGln

ATGAAGATACTCCTTGCTATTGCATTAATGTTGTCAACACTAATGTCGCTGTCAACACAA

B-CHAIN

GlnProGlnArgValTlisThrTyrCysGly^r8EtisLeu^1a^r呂TbrLeuAlaAspLeu

CAGCCACAAAGAC'rGCAC^CGTACTGCGGGCG◆rC^CTTGGCTCGCACTCTGGCCGACCTG

C-PEPTIDE

30 ん0

CysTrpCluAlaClyVal^spLysArgSerGly^l8GlnPhe∧laSeTTyrGlySerAla

TGCT〔;GGAACCGGGCGTGGACAAGCGCAGCGGTCCTCAGTTCCCGAGCTACGGCTCCGCG

A-CHAIN

TrpLeuMe[ProTyrSerGluGlyArgClyL)ISArgGlylleVE11AspGIuCysCysLeu

TGGCTGATCCCGTACTCCGAAGG^CGCCGCAAACGAGG(:ATCGTGCAT(;AGTGCTGTCTC

人rgPruCタSSer＼ralAspValLeuLeuSer'】■〉'rCys鼻骨着

AGACCCTGCAGCGTGGACGTCCTTCTGTCGT^CTGTT^GACCATTCCTTT^CCCAATCGT

AG汀TCTTCrrTTTC

CTGAACC^CAATTCAAAGTGTTG^CT(二GAGArrTTAGATACAGTTTTTTAGACATCATTTA

GATGATTTTGATTCGCAAGCA^GCTTL3'

5ヱ

9
q
ノ
9
0
ノ
9
9
0
ノ

899

959

1019

1045



卜こ-i:｢

Si8n81p印tlde

● 一PyrOさ1u【叩【モ

▼ ■Proce88in8Sit亡与

52



ト:ミlこ

12

■■
-0.6kb

12

CÅTTATA

12
■■ ■

a) b) C)

喜斗言≡.=
2.3

2.0
~

0.6 -

PrObe a

probe b

53

ー2.5

-1.0



巨∴ 了

5l,AAGCTTCCATATAAAATGAGAGACTTTCGCACGCTCGC ATATT

-19
傭菅菅

Me[LysLeu

CATCCTGCCATCACAACGAGTAGCACGTGAGGAATCATCATGAAACTG
+

SIGNAL PEPTIDE

-10 -1
ValMe[LeuLeuValValValSerAlaMetLeuValLeuGlyGlyAla

GTCATGCTCCTTCTTGTCGTTTCTGCCATGCTCGTGTTAGGAGGAGCA

B-CHAIN

1 10

GlnThrAlaSerGlnPheTyrCysGlyAspPheLeuAlaArgThrMet

CAAACAGCCAGCCAATTTTATTGTGGAGACTTTTTGGCGCGTACAATG

20 30

SerSerLeuCysTrpSerAspMetGlnLysAr8SerGlySerGlnTyr

TCCAGCCTGTGTTGGTCGGACATGCAGAAACGAAGCGGATCCCAGTAC

C PEPTIDE

40

AlaGlyTyrGlyTrpProTrpLeuProProPheSerSerSerArgGly

GCGCGCTACGGCTGCCCGTGGCTGCCCCCCTTCTCCTCGTCTCGTGGG

A-CHAIN

60

LysArgGlyIleValAspCluCysCysTyrArgProCysThr工1eAsp

AAACGCGGTATTGTCGATGAGTGCTGCTACAGACCCTGCACAATAGAC

70

ValLeuMeしSerTyrCysAspAsn･旨碁藁

GTTCTGATCTCATACTGCGATAACTAGTCCGGAAAACTCGACAATTTG

ACAATTTTCGTAAACCCCTGATTTATATTAAATAAATTATGTACTAAA

AATATA GTTTTATTAATGGTACC-3T

5J丑

72

382

430

456



トごl:､

a)

B-1

C
-
一

55

C
-
一

＼



ト√いl

■○山▼一山l一-fo■11I

8-f■■llI

C-f■■11-

oth■T■

▲■■●■l■■■ll■

t■1●■●-11■1■●■1l■

hu■■n IGF▼I
bu■▲n ll;F-ⅠⅠ

■■■■n ■亡1■XllI

l叩■lIiれ ▲-l且■11∫

8-t●■11y

C-l▲■11I

01l､■■■

h■■轟■ 山川川l=

且ul几亡1-pltlれ811111

一山■■¶IGF-1

hu■■れIGF-1I

hb■轟n TellI=l爪

■
■▼▲

■
■
-▼

▲
▲
▲
-
8
8
C
●
▲

ト[
l
'
■
■
J

_
▲
'
`

l

l

-
-
-
Ⅰ

■
-

-
1
▼

h
H
い
ぃ
H
じ
…
Ⅰ

■
t
-
∴
【
-
-

5Ⅰ8■▲L 日印T‖柁

10 20

1

LL▲1▲L MLST▼仙▼ST

…ITS川門LY】川ISuCSGE▲
-一与一一---一一 F--_____S_一

里L VHLLY▼YS▲仙▼LGGI

JtAL.vIllL.LPLL.1LL.AL.VCPEIPAAJ

せ〟い川川LLTYl.1LL▲LVGI■lT■q1

■ETllSSS什L一丁L▲LCLLT一丁SS▲T▲

〝Gl川C【SIILⅥLITFL▲r▲SC(:Ii

巨
l

l

q■▼打T

一息---
_G___

-▲-一-

▼▲■T

▲きqr CGpFL

CGllL
lTヽSS

■TLID
F▼叩叫CGS札†E▲L▼L

SI〉Hq

DTS†E
81GIFtTPIT

F▼SIHLCGSllL▼ETLIS▼C叫pGITl‖⊃lD
GPETl･CG▲lL▼D▲Lq汁CO叩叩IFJlpT

‖IPSETIC(;Cれ†DTt,qrICt;OIGrlFSRP▲

NPl rL･mLLBrCLLJJIQrS■▲Y▲A["DE)Y([LCCILLT■AqlilCCNSTVSi■S].

d
｢
コ
｢
J
叩
ユ
ず
▲
叫

1
0
-
抽
l
押
印
.
粥
折
h
M

ユ0

I

UIIl- S上G
----

-▲-

批琵き3‡…冨;諾…;≡E…;…諾と王と琵≡E冨::

▲一Cl】▲Il

lO

l

Q▼

享妻
LL

L(〉

CCIq芸…言;…

托
〓
-
代
〓･!,l

uいCl川
V▲TIC

L▲TIC
引▼暮qCCTSICSいqL帥▼C■

Gl▼DqCCT(汀CTRHqLqSTC■
¢16SS SRR▲PqT 6川DkccFISCPIR↑L帥▼C▲_

s叩▲････--り"..…三:S::き:,H.Ⅲ.,,,≡王‡主監‡……芋塩王二諾▲~

56



ーl一.且㌧､



闇1 且

KR KR

bornbyxin

insulin

lGFl

lGFll

l
processing site

5∈;



臣喜翠且1 ≡2

transcrjptlonlnltlaいon polyadenylaいon

l t l l

bombyxin A-1 t8gCdTTCTTqACATTCacgtt-----一一〃--†仙TAAA"aCCgt

A-2 taa亡dTTCTTqACATTCacatt一一一一イ←AATAAAtagctgt

A-3 tagcqrTCTTqACATTCacatt,一一｢り｣---AATAAAtagctg

aaata⊂⊂aaaa

tdさatささCさaa

tttt⊂

tcttc

8-1ttgcdTACATCACATTCaaatc-イノ｣--------･CATAAActgg-(70bp)-atttgta抑ACATC4tcct

B-2 ttgcqrACATCqCATTCgaatc--一一J仁一ーーーーーーAATAAActgg-■85 bpトーCCtttttg汀朋:T用ttta

C-1 tcgc机TAmCACATCCtgcca-イ仁一ーーーAATAAAttatgtactaaaa小ATAT川gttttattactgg

59
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CJon.ngofaGeneEncodingBombyx■n,an
●

lnsuJin-LikeBrainSecretoryPeptide

OftheSilkmothBombyxmorlwith

Prothoracjcotrop.cActivity

(Bombyxmori/brajnpeptide/bombyxin/insu=n/lGF)

MasafumiJwami*1･AtsushiKawakami･,Hironor=shizaki･,

Susumu Y･Takahashi*･★★,TakashiAdachi･･†,YoshiakiSuzuki†,

HiromichiNagasawa††and AkinoriSuzuki††

★Bio/oglCa//nsitute,Fbcu/レOfScience,NagoyaUniversiレ,Nagoya464-01,Japan;

''Co//egeofGenera/Educa[ion･YbmaguchiUniversiV,Yamaguchi753,Japan;
†N∂〟m∂′′ns仙始わrβ∂S′cβ′0′09γ,○ねz∂欠′444,J叩∂∩;

††Departmen[ofAgncu/{ura/Chem/strylFacu/VofAgricu/{ure,777eUniversiVofTbkyo,

ね火γ07丁3,J∂P∂∩.

De叫me〃f
Growth&Diffbrentiation

AgenomicDNAencodingbombyxln,a5kDbrainpeptideofthesilkmothBombyxmoriwithprothoraci-

COtrOPrChormoneactivity･hasbeenjsolated･Thenuc■eotidesequencecodingforbombyxinshowshigh

homo10gyWithinsulin-genefam■lymembersandtheovera1.organizationofthepreprobombyxingeneisthe

Same aSin preproinsu=n genes･indicating that bombyxin shares a common ancestralmofecule with
ins==n-fam■lypeptides･Thebombyxlngenehasnointroncontrastingtoothermembersofinsulin-gene

famJly.

Prothoracicotropic horヮ10ne(PTTH)･abrain
SeCretOry PePtide of thelnSeCt,Stimufates the

PrOthoracic glands to synthesize and rerease

ecdysone,the steroid requFred forinsect growth

and metamorphosis.The brain of the silkmoth

Bombyx mon produces,besidesits own PTTH

(MW･Ca･22,000,PreViouslytermed22K-PTTH,ref.

20),anOthersma‖er peptide bombyxin(MW.ca.
5,000,PreViousfytermed4K-PTTH,refs.20,21,30)
that shows the prothoracicotropIC aCtivity when

assayed with the saturniid moth Samia cynthia

ri?inibutnotwithBombyx(19)･Bombyxincom-
PrlSeSheterogeneousm01ecuJarspeciesandeach

moleculeconsistsofnonidenticalA-andB-Chains.

Thus,the prlmaryStrUCture has been determined

COmPleteFyforbombyxin-IIs(34,35)and-1V(35)
and partiallyforbombyxln-l,一川,and-V(23,33).
ThesemolecuJarformsdifferfromoneanotherby

OnIyminoraminoacidsubstjtutions.Thesebom-

byx■n mOJecules showconsiderable homoJogy.n

theaminoacidseq=enCeWithinsuIin-famIlypep-

tides･The A-and B-Chains of bombyxln have

1AIJcorrespondenceshouldbeaddressedtoMasafum=wami.

BiologlCaIlnstit=te,Faculty
of Science,Nagoya UnトversFty,

Chikusa-k=,Nagoya464-01,Japan.

31

beenprovedtolinkwithdis=lfjdebondsinexactly

thesamewayasininsu=n(35)andtheinsu=n-1ike
tertiarystructureofbombyxlnhasbeenpredicted

bycomprehensivecomputeranaryses(23).
WehaverecentJystartedtoisolateandchar-

acterizethegenecodingforbombyxIn･Theuse-

fufness ofinformation on thislineis obviously

manifold‥eIucidation of the gene struct=re may

glVeadeeperinsightintoevolutionofinsuIin-famlIy

PePtides;geneeXPreSSionanditsreguJationdur-

1ngdeveJopmentmaypresentacJueforfindingthe

function of bombyx.nin Bombyx;the nature of
bombyxln microheterogeneity may be definedin

regardtowhetherduetoraciaJorindividuaIgene-

ticvariationinBombyxorduetomulticopygenes

OfbombyxlnintheBombywgenome･Wereport

herethecJonlngandcharacterizationofabombyx-

in gene from a Bombyx genomic=brary uslng

SyntheticoJigonucleotide probes.Theresuftsin-

dicatethattheoveraJforganizationoftheprepro-

bombyxln geneis to code for sFgnaf peptide/B-

Chain/C-PePtide/A-Chain and the nucleotide se-

quenceforA-andB-Chainsarehighryconserved

COmPared to jnsuJin-fam‖y ge■leS,COrrOborating

theprevio=SnOtionderivedfrompeptideana-yses

thatthebombyxlnbe10ngStOthejnsurinfamlJy･



32 M.lwamie[a/

Materialsand Methods

DNA and RNA preparation High molecular

WeightDNAwasextractedfromthesilkglandof

Bombyx mori(Kinshu x Syowa)by SDS/CsCl

gradient method(48)･RNA
from the siIk gland

(5thinstar)and thelarvalbrain(4-5thinstar)of

Bombyx(Jl12×Cl15)wasextractedandpurified

asdescribed(18).Poly(A)+RNAwas seLected

byoligo(dT)-Ce=uIosecoLumn(2)･

/so/ation of[he bombyxln genOmic DNA Two

kinds of synthetic o=gonucleotides deslgned on

the basisofaminoacid sequenceofbombyxLn-11

(34)wereusedtoisolategenomicc10neSforbomL
byx.n･Probe Ais a51-mer antisense ol.gonur

cleotide(5′-GCAGTAGCTGAGGAGGACGTCGA-
CGCTGCAGGGTCTGAGGCAGCACTCGTC-3′)

correspondingtoAsp4toCys200ftheA-Chain

whichwasdes■gnedbyusIngthemostfrequently

used coqons for30k-PrOtein of Bombyx(37)･

ProbeB(16mixture),a51-merantisenseoligonuc一

Ieotide(5′-CTCCCAGCACAGeTC去GCCAGGGTG-
CG会GCCAGGTGGCG?ccGCAGTAGGT-3′)cor-
respondingtoThr8toGlu240ftheB-Chain,WaS
des[gned by the use ofthe codon frequencyof

Drosophi/a(27)to decidethe nucleotide assign-

ment at redundant positions･A genomiclibrary

(Sau3AIpartiallydigested,1.2×105independent

入EMBL3clones)of silk gland DNAfrom B･mOri

wasinitiallyscreenedwith radio-labeled probeA

andthenwithprobeB･Forbothscreen.ngswith

PrObes A and B,the hybridization so[ution con-

tained6×SSC(SSC:0.15M NaCl/0･015M Na-

Citrate),10×Denhardt(Denhardt‥0･02%bovin?
serumalbumin/0.02%FicoII/0.02%polyvlnylpyrrol卜

done),1%SDS,500FLg/mlyeast tRNA andl

pmoI/m■32p-Labe■edprobeDNAfor20hrat52Oc･
Post-hybridization wash was carried outin6×

SSC/0.1%SDSfor2hr,andin2×SSC/0.1%SDS

for30min at520c.six hybridizlng reCOmbinant

PhageswereisoLatedandfourofthemwerealso

hybridized with probe B･One ofthese phages,

掴Kl12,WaSfurtheranalyzed･

DNAanaレSIS TheHind川fragmentoftheinsert

Of入4Kl12whichhybridizedwithbothprobeAand

B was subc10nedinto pUC vectors(49).The
deletionmutantsforsequenclngandthoseforthe

bombyxlnPrObewereconstructed bythemethod

Of exonuclease 川 digestion(16).Nucleotide

SequenCeWaSdeterminedon bothstrandsofthe

Hind=fragment bythechain-termination method

(38)with7-deaza-dGTPand35s-dCTP(31)･Nu-

Cleotide sequence data was processed with the

DNA anaJysis software(DNASIS,Hitachisoftware
Engineering).

Northemhybridiza[ionana[ys/S Poly(A)+RNA

(3.3FLg)fromthesilkgJandand5FLgOfpoly(A)+
RNA from thelarvalbrain were glyoxalated and

electrophoresed onl%agarose gel(29)･The
fractionated RNAsweretransferredtony[onmem-

brane(45).The hybridizationwas carried outat

stringestconditionfor16hrat420cin50%form-

amide containlng5× SSC,10× Denhardt,1%

SDS,300FLg/mlsonicatedsalmonspermDNAand

the32p-1abeled probe for the bombyx■n COding

region(POSition505-1045in Fig･1)･The mem-

brane was washed and then exposed to Kodak

XAR-5filmwithintensifyingscreenat-70Oc･

Results

AlO45base-Pair(bp)Hind=fragmentofthe
insertof入4kl12whichhybridizedwithbothprobe

Aand B has been sequenced to revealan open

readingframeof276nucleotideswhichcontained

twosegmentsapparentIycapableofcodingforthe

20amino acid residues ofthe bombyxln A-Chain

and28residues of the B-Chain(Fig.1).Allthe

residuesofthesetwochainsbutone,POSition50f

the B-Chain,areidenticalto those of bombyxIn-‖

(34).Peptideana[yseshave previouslyrevealed

theexistenceofmuItiplemolecularformsofbom-

byx.nwithminorresiduesubstitution,andtheposi-

tion50ftheB-Chainappearedtobeavariantsite

(34),TheN-terminalpyrogIutamateofbombyxin-
11B-Chainis most probably generated by the

POSt-tranSlationalmodification of Glnl(46)･
Northern b10t anaIysIS With this gene as a probe

indicatesthatbombyxlnmRNAistranscribedinthe

larvalbrain(Fig.2).Thelength of the mRNA

(aboutO.6kb)isconsistentwiththatpredictedfrom
thisbombyxrngene.

Threepotentialinitiation codonsarefound at

POSitions -5,-10and -19･In vievv of the

generalfeaturesforthesignalpeptide(47)andthe
COnSenSuS SequenCe fortranslation start sitesin

DroヲOPhi/a(7),WeSuSPeCtthatMeト19maybe
thelnitiator.F[ankingtheB-ChainC-terminusand

A-Chain N-terminus,therearepalred basicamino

acid residues(Lys-Arg)suggestingthatthepost-
translationalproteolytic cleavage may occur at

thesesites(8).Thefactthattheregionbetween

theA-andB-Chains.res?mb!estheC(COnneCting)-
PePtide of proinsuJlnS■nitslength and the net

ChargeofaminoacidresidueswhichareessentiaI



BombyxinGene

5'-AAGCTTGTGGAACCrPCGCAACAÅACGAGACCGTCTTAACCTAAGGCTTCAAAGAATGAT

TTCAACGTTGTAACCCGGTCACCACTでGAAACAAGCAGTTTCTCTAつ｢GGTAAAATTTTCC

ACTACCAATCTTTでGAAAでGTTTCAAGCTATCAAAGCAATTGGÅCCACGCCATACTTTCA

C∧AATA入AT⊂ATAAAA⊂ATGATTACTACAGCTCTGATGAAGTCAでAÅÅCGCウ1CGCでTCCA

GCCACGCGTGCATCGAGCGTTATGAACTGGTTCTAAGTTCACCACTGATACCGGATGATG

CTTACでTTGでCTCCでAGTTACTAC⊂TACTACAでAATGAAGATGACAAATATTでAでAÅATT

TTGCTAGGCGTTCAAAGTTAAAAGTTGCGTCAAGTAAATGTACAACATTTAATTCAGTTC

GGAAGGGTTGCTTAGCTTTCTT桓
★★ま■★★★

至至∃ACGTででCAでCTGTGGCATCAGCGAGACGTCCTCCGAAACACACTでTAGTCGCCAAAC

SIGNAI｣PEPT工DE

MetLysIleIJeuLeuAlaIleAlaLeuMetLeuSerThrValMeヒTrpValSerThrGln

ATGAAGATACTCCTTGCTATTGCATTAÅTGでTGTCAACAGTAATGTGGGTGでCAACACAA

B-CHA工N

10 20

GlnProGlnArgValHisThrTyrCysGlyA上-g日1sLeuAlaArgThrLeuAlaAspLeu

CAGCCACAAAGAGTGCACACGTACTGCGGGCGTCACTTGGCTCGCACTCTGGCCGACCTG

C-pEPTIDE

CysTrpGluAlaGlyvalAspLysArgSerGlyAlaGlnPheAlaSerTyrGlySerAla

TGCTGGGAAGCGGGCGTGGACAAGCGCAGCGGTGCTCAGTTCGCGAGCTACGGCTCCGCG

A-CHAIN

Trp工｣eUMe亡prDTyrSerGlロGlyArgGlyL17SArgGlyIlevalAspGluCysCysLeu

TGGCTGATGCCGTACTCGGAAGGACGCGGCAAACGAGGCATCGTGGATGAGTGTTGTCT

ArgProCysSerValAspValLeuLeuSerTyrCysÅmb

AGACCCTGCAGCGTGGACGTGCTTCTGTCGTACTGTTAGACCATTCCTTTACCGAATGGT

TCGTTCTCAATACATTTGGAAATAAAAAACCGTAAATAATAATAAAAAGTTCTTCTTTTC

CTGÅACCACAATTGÅAAGTGTTGACTGGAGATTTAGATACAGTTでででTAGACATCATTTA

1 2

●■-0.6kb

Fig.2 No｢the｢rlhybridizatior10f bombyxin mRNA･

Lanel= POFy(A)⊥ RNA(5FLg)from
the silk gland,Fane2=

POly(A)十 RNA(3.3pg)from5th-instarla｢vaIb｢ain- kb:kilo
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Fig.1Nucleotide se-

quenceofthegenomicDNAcodr

lng for bombyxin･Nuc】eotides

are numbered sequen†iaHy from

the H/r7d= site althe 5`-end.

The predicted amino acjd sequ-

ence shown aboveis numbered

SeqUentialEyfrom†he N-†e｢minus

Of bomby渕∩川 B-Chain.Sjgna】

PePtide.B-Chain,C-PePt[de and

A-Chain areindjcated by brack-

ets.Pr(〕mOter-1ike sequences.

CATbox(GGCAATGT)andTATA

box(TATATAA).are hatched.

PolyadenyEation sjgna】s(AAT-

AAA)and a d(〕WnS†｢eam12bp-

COnSerVed e】ement (ATA-

CAG===)(36)areunderlined.
Typical transrlPtlOn initiation

SequenCe Ofinsects(ACATTC)

(17)isboxedandshorT-direclreL

PeatS(6bpITTCTTC)are jndi-

Cated byaste｢isksunde｢thenい

Cleotides.

totheformation ofthe propertertiarystructureof

thesepropeptides(9,42)!eadsustopresumethat
this25-reSjdue segmentis equivalent to the C-

PePtjdeofproinsuJins･Jmmediatelyfol10Wlngthe
A-Chain.thereis an amber termination codonin-

dicatingtheabsenceofD-andE-PePtidescompa-

rabletothoseinlGF-r;ll,andtheirprecursors(5,

22)･TheoveralFst｢uctur?Ofthepreprobombyxin
geneisthustocodeforslgnarPePtide/B-Chain/C-

PePtide/A-Chain,beingexact】ythesameasthatof

thepreproinsuringenes(3).
The homology of the deduced amino acid

SequenCe Of bombyxin with the sequence oflnA

SUlin-famllypeptidesishighintheA-andB-Chains,

ParticuIarlyin A-Chain.whileit js ress maTkedin

SignalandC-PePtides(Fig.3).consistentwiththe
generaltrendseenamongtheinsuIin-famlrymem-

bers previously sequenced(42).The hom010gy

atthenucleotjdesequencelevelishigherthanthat

attheaminoacidsequenceievel･Forexample,

the nucIeotide sequence of the bombyxin gene

POSSeSSeS57-68%homoIogylntheA-Chain and

43-49%in the BLChain wjth humaninsulin,lGF-[,

andJGF-rl･Thehighestdegreeo=henucIeotide
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Fig.3 Aminoacidsequencehomo10gybetweenpreprobombyxinandth｢eeotherhumaninsurin-farTlilyp｢epropeptides(3.5.

22).TheboxesFndicateidentlCaFresidues.AmlnOaCidsarenumberedfromtheN-terminusofbombyxinLIIB-Chaln.

SeqUenCehomology(68%)isseenintheA-Chain
betweenbombyxinandlGF-il(5).evenhigherthan

betweenhumaninsu=n(3)andlGF-【l(63%).
The51-fIanking｢egfOn Of the gene contains

TATA-boxlikesequence(TATATAA)andCATrbox

rikesequence(GGCAATGT)94bpand158bpup-

Stream f｢om the presumed translationinitiation

COdon,reSPeCtiveIy(Fig･1).Primer extension

analysis(datanotshown)providedevidencethat
bombyxinmRNAwastranscribedfromthetyp】CaI

transcrIPtion nitiation sequence forinsects

(ACATTC:63bp upstreamfromthetranslationini-

tiation codon)(17).ln the31-region,tWO SetS Of

POlyadenyFations.gna[arelocated44bpand64bp

downstream from the transIation termination

COdon･A12bp-COnSerVed eJement(ATACAG-
TTTTTT)(36)is a】so observed at120bp downA

Stream fromthetranslationtermination codon.

AIltheinsu=n-famlly genes so far characte-

rizedhaveoneintronfnthe5'LuntranSlatedreg.0∩･

Besidesal[genesbutmurineinsulingeneJhave

OneOrtWOadditionaIintronsrnthecoding｢egion

bombyxhl

insリーin

lGFl

lGF】l

(12,26),aSSChematicallyshowninFig･4forsome

representative genes toge=1er With the bombyxin

gene.Bycontrast,nOSP[iclng Slgnalsa｢efound
in the bombyxrn gene weiso】ated,Processed

geneshavepoly(A)st｢etchesatthedownstreamof
the polyadenytation sIgnals and shoTt direct re-

PeatSflankingthecodjngregion(39)･Exceptfor

afewfunctionalproce?Sedgenes(1128†41143)1
PrOCeSSedgeneshaveln-framestopcodonsrnthe

COding reg10nSgIVlng risetopseudogenes･The

bombyxin gene characte｢ized here contains6bp

directrepeat(TTCTTC)intheflankingregions(Rg.

1†aSterisks)buthas neitherpoly(A)st｢etches nor

inrframestopcodons.fndicatingthatthisgenemay

be functional.

Discussion

Though jmmunotoglCaIly and bioIoglCal】y ac-

tiveinsuli｢Hike materLals have been amply｢e-

POrted from rnvertebrates(24)and prokaryotes

(25),am】no acjd sequencing data on bombyxin

l
pr【lCeS$in!lSite

Fig-4 Schematic representaL
tion of the organ■Zat旧n Of genomlC

DNAsofbombyxin,humarl[nSLJlin(4),

IGFrl(6)andlGF-Fl(14)･Openbox?S
designatedomains thata｢e presentln

mah｣re mOdecules and hatched boxes

those absent Pre｢epresents sIgnal

PePtides.Nume｢aislnboxesindrcate

†he rlUC]eotjde numberln reSPeCtive

COdjng segnlerltS_ ATG and TAG or

TGAshowthejnitiafjoncodonandamr

bero｢opaltermrnationcodorl.reSPeC-

tivery.S0l】d【｢rang】es representlnL

t｢0nS･Palred or slngle basic amJnO

acidrespduesbyone-Je[tercodes(KR.
RR.R=ndicatepost-tranStat.0nalprocL

esslngSftes
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Werethefirsttodemonstratedirectlythepresence

Ofinsu=n-related peptidein animals other than

Vertebrates(33,34)･Recently,in the mollusc

Lymnaea s[anga//s,the presence of aninsu‖n-

reIated prepropeptide has been predicted from

CDNAanalysesandthetranscr■PthasbeenJocaJ-

ized by/nS/tuhybridizationinthecerebra川ght-

greencells,thegrowth-COntrOlllngneurOendocrine

CeFIs(40)･The present study further demons-

trates,Onagenelevel,thatbombyxln beFongsto

theinsu=nfam‖y,byshowlngthenucJeotidesequ-

encehomorogyandthedomainorganizationofthe

PrePrObombyxln gene With the predicted post-

translationalcleavage site to generate a mature

bombyxin.Thus the notion that theinvertebrate

POSSeSSeS PePtidesthatshareacommon ances-

traImolecule with vertebrateinsulin-fam.1y pep-

tidesisnowunequIVOCallyestablished.

Wehavedeterminedsofarthepnmarystruc-

ture of six m01ecular species of bombyxFn COm-

PIetelyorpartially(23,33-35)andthepurification
dataindicate that there are stir10ther bombyx.n

molecules to be sequenced･Accordingly,itis

highfyprobablethatthereexistmultiplebombyx.n

genes,thoughitisnotknownwhethertheycome

from geneticaHy different Bombyx races orindi-

Viduals or represent the members of multicopy

genesofaBombyxgenome･Itisinterestingto

Characterizethesegenespossiblyexistandcom-

ParethesewiththeonecJonedhereinregardtoits

Characteristicfeatures,e.g.fackofintron.

Bombyx.n failed to stimurate the prothoracic

gJandsofBombyxasfarasthepupaトadult(19)

and4th-tO-5thlarval(44)deve10PeTentSWereCOn-
Cerned,anditsfunctioninBombywrsstillunknovvn.

0fparticularinterestisthefindingthatbombyx.nis

PreSentintheovaryandearlydeveroplngembryo

Of Bombyx(15)in contrasttothe BombyxPTTH

(PreViousry termed22K-PTTH or PTTH-B)which
becomesfirstdetectableaftertheappearanceof

neuroendocrjne system(11).Together with the

fact that bombyxIn has a high amino acid se-

q=enCe homo10gy WithlGF-1l,We SuSPeCt that

bombyxln mjght act as a growth factorin

embryonic tissues.JnsuJin has been known to

StimufatethegrowthofimaglnaldisksandseveraI

Ce‖=nesofDrosoph//a(13,32),andthereJeaseof
triglycerides,digfyceridesandfattyacidsfromfat

body■n Agr/US C/ng/u/a[a and Danausp/exIPPUS

(10)･Furthermore,thebrainneurosecretorycells

OfBombyxhavebeenshowntobeimmunoreactive

toanti-insufinantibody(21,50),thoughbombyxin
faiIedtobindtoanti-insulinantibody(33).Taken
together,itis conceivable thatinsect nervoustis-

35

SueS PrOduce an array ofinsu=n-1ike peptides

includingbombyxInandtheyplaysrgnifjcantroles

in various facets of metaboIism,CelIproliferation,

and differentjation,ParticuFarly durlng embryo-

genicstage.
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b血ucdon

Prothoracicotropic homone(PTTH),a brainsecretorypeptide ofinsects,

stimulates the prothoracic glands to synthesize and release ecdysone,the

steroid required forinsect growth and metamorphosis(Ishizakiand
Suzuki,

1984;Bollenbacher andGranger,1985).In addition toits ownPTTH(MW･Ca･

30,000-Da,ref.Kataoka et a].,1990),the
brain of the silkmoth BomわばmOTi

produces a5,000-Da peptide bombyxin that manifests the prothoracicotroplC

activity when tested with thesaturniid moth Sbmja mthIa Tic血j(Ishizakiet

a).,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 vertebrateinsulin-family peptides(Nagasawa et

al.,1984b;1986).The primary structure of bombyxin has been determined

completely forbombyxin-IIs(Nagasawa et al･,1986;1988)and-IV(Maruyama

et a).,1988)and partially for bombyxin-Ⅰ,-ⅠⅠⅠ,and-V(Nagasawa et a)･,

1984b;Jhotiet al.,1987).The
A-and B-Chains of bombyxin have been

proved tolink with disulfide bondsin exactly the same way asininsulin

(Nagasawa et a).,1988)and theinsulin-1ike tertiary structure of bombyxin

has been predicted by computer analyses based on the assumption of homolo-

gy with porcineinsulin(Jhotiet a).,1987)･

We have recently started studies using recombinant
DNA technology to

clone the bombyxin cDNA and genomic DNA(Iwamiet al･,1989;1990;

Adachiet al.,1989;Kawakamiet al.,1989).Elucidation of the gene struc-
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ture may glVe a deeperinsightinto not only the evolution,gene eXpreSSion,

andits regulation ofbombyxinIbut also molecularunderstanding ofinsulin-

family peptidesin general･Ireview here the organization,StruCture and

expression of bombyxln geneS andspeculate the physiologicalfunction of

bombyxlnS･The bombyxin genes have unique featuresin their organization

and structure,SuCh as the presence of multi-COpy geneS,formation of gene-

pairs,and characteristics as the functionalprocessed gene･These facts

suggest that different血echanisms for the evolution ofinsulin-family genes

have been operatingininvertebrates and vertebrates･
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boladon of BoⅡ血yxh
Genes

Two kinds of oligonucleotide probes designed on the basis of the amino

acid sequence of bombyxin-ⅠⅠ(Nagasawa e亡a]･,1986)have
been used to

isolate the cDNA and gene encoding bombyxin.Two clones,スBb360and

スBb204,from a Bom恒Iarvalbrain cDNAlibrary(Adachieta)･,1989)and

two
clones,ス4K105andス4Kl12,from

a Bom恒genomiclibrary(Iwamiet

a].,1989;Kawakamiet a].,1989)were characterized･One of the genomic

clones仇4KlO5)contained
fourbombyxin genes and the other玖4K112)con-

tained one bombyxin gene･Five bombyxin genes from the genomiclibrary

have been classifiedinto family A and B according to their sequence homol-

ogy(Kawakamiet a].,1989).Thus,bombyxin genes A-1,A-2,A-3,B-1,and

B-2have been defined.The nucleotide sequence of theABb360cDNA
com-

pletelymatched the corresponding region of gene A-2･Thus,the仇Bb360

cDNA has apparently been derived from the gene A-2transcript･ThelBb204

cDNA encoded a bombyxin whose deduced amino acid sequence
was apparent-

1ydifferentfromotherbombyxinspreviouslycharacterized,butthisスBb204

cDNA was of partiallength･The complete gene encoding this new bombyxin

was cloned using theABb204cDNA as a probe and named gene C-1(Iwami

et a).,1990).In this way,Six genes which encode differentbombyxinmole-

cules have been characterized.

Organization of Bombyxin Genes

Four bombyxin genes(A-2,A-3,B-l,and B-2)form a clusterin a9-
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kilo base-pair(kb)Bomb"genOmic DNA segment(Figurel)･Two genes

whichbelong to different families areclosely apposed to form a pair(A-2/B-

lor A-3/B-2)with opposite transcriptionalorientation,preSumably
functioning

as aregulatory unit for transcription(Kawakamieta)･,1989)･Genes
B-1and

A-2are aboutl.1kb apart and genes B-2and A-3are separated by about

2.3kb.The wider space between B-2and A-3is due to the presence of an

insertion sequence(BIS).Gene pairs B-1/A-2and B-2/A-3form a high1y

homologous tandem repeatISuggeSting that these gene palrS muSt have been

generated by duplication of an originalgene palr･Genes A-land C-lalso

form pairs with the B-family genes(Kondo et a)･･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 ofbombyxin family A-and B-geneS WaS eStimated by

genomicSouthernhybridizationtobe12andlO,reSpeCtively(Kawakamiet

a).,1989).In addition,the hybridization patterns have suggested that the

family A-and B-geneS arelocalized close to one another,pOSSibly forming

pairsliketheB-1/A-2andB-2/A-3genepairs,andthatmostofthebombyx-

in gene copies are clusteredin threeregionsin the genome･Like families A

and B,a grOup Of genes closely related
to gene C-1is also presentin the

BomわTgenOme(Iwamietal.,1990)･Gene C-1is thus a member of a multi-

gene familyIthe bombyxin C-family･Furthermore,the data of peptide analy-

ses of native bombyxins(Nagasawa et al.,1984b;1986;1988;Jhotie亡a)･,

1987;Maruyama eEa).,1988)whichshowed thepresence ofbombyxins that

could not be assigned to any of the families AIBland C suggest the

5



presence of sti1lother bombyxin families to beidentified･The existence of

multiple bombyxin gene copleS per Bom4yx genomeisin sharp contrast
to

vertebrateinsulin-family genes that existin a single or two copies per
hap-

loid genome(Steiner e亡a].,1985).The
differencein the gene copy number

and the unique organization of multiple gene copleSin the genome suggest

thatevolutionarymechanism forinsulin-familygenesofinvertebratesdiffer

significantly
from that of vertebrates･

StrtKtt∬e Of Bo血byxin Genes

The structure of bombyxin A-,B-Iand C-family genesis shown sche-

maticallyin Figure2ItOgether with that of humaninsulin gene as a repre-

sentative of vertebrateinsulins.Allbombyxin genes encode preprobombyxinI

the precursor molecule for bombyxinIWith the domain organization of signal

peptide/B-Chain/proteolyticcleavagesignal/C-peptide/proteolyticcleavage

signal/A-Chain･The structure of preprobombyxinsis the same as that of

preproinsulinISuggeStingthatpreprobombyxins areposttranslationallymodified

to form mature bombyxins throughthe excision of the
C-peptide,aSin pre-

proinsulin(Chan et a).,1981)･Thepresence of pyroglutamate at the B-Chain

N-terminus of native bombyxins(Nagasawa et a).,1986)indicates that the B-

chain N-terminalglutamine residue of probombyxlnSis probably converted to

pyroglutamateby aposttranslationalmodification(Turner,1986)･

The homology of the nucleotide sequence of bombyxins with the se-

quences ofinsulin-family genesis highin the A-Chain reglOn,Whileitisless

markedin other domains.For example,the nucleotide sequence of the A-
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chain of the
bombyxin A-1gene posseおeS57-68%homologywith the corre-

spondingsequences ofhumaninsulin,insulin-1ikegrowth factor(IGF)-I･and

IGF-ⅠIgenes(Iwamiet a].,1989).The highest degree of the nucleotide

sequence homologyin the A-Chain region(68%)is
seen between bombyxin A-

1gene andIGF-Ilgene,being even higher than between humaninsulin and

IGF-ⅠIgenes(63%).

Homology dot-matrix analysis between bombyxin genes(Iwamiet a)･,

1990)indicates that gene C-1is related more distantly to the A-and B-

familygenes thantheA-andB-families arerelated to each other,鮎peCially

for the B-Chain region.This resultindicates that the C-family geneis evolu-

tionarily remote from theA-andB-family genes･Tablelshows theevolu-

tionary distance per nucleotide site calculated using3ST modelof Kimura

(1981).In contrast to the A-Chain region of bombyxins whichis evolutionarily

conserved throughout the bombyxin genes,the B-Chain regionis wellcon-

served only among the A-and B-families･The conservation of the A-Chain

amongbombyxins mustbedue to alow acceptance ofmutation as associated

with the structuralrequlrementS neCeSSary for maintaining a common physio-

logicalfunction.The highsubstitution ratein the B-Chain of the bombyxin

C-1gene compared to the A-and B-family genes mayindicate that the C-1

B-Chain has escaped from the stringent struCturalrequlrementS
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 bombyxln families･

Allthe bombyxln geneS Characterized apparentlylackintronsin the

untranslated reglOn and the C-peptide region whereinsulin genes haveintrons
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exceptthemurineinsulin-Igene(Steiner e亡a]･,1985)･Themurineinsulin-I

genehas anintronintheC-peptidereglOn,buthas notin theuntranslated

region.Althoughbombyxln geneSlackintrons completely,they have the

typicaleukaryotic transcription promoter(TATA-AAA),tranSCriptioninitiator

(CACATTC),andpolyadenylationsignalsequences,SuggeSting thatbombyxin

genes are transcribed by RNA polymeraSeII･

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 reinsertioninto the genome･The hallmarks

ofprocessed genes arel)thelackofintrons,2)presenceofpoly(A)tract3T

to the transcription terminator,and3)presence of direct repeats
bounding

the transcribed region･Processed genesin most cases havein-frame stop

codonsin the coding regions glVlng rise to pseudogenesIbutrthere6xist
a

few functionalprocessed genesL(Andersen et a)･,198年;McCarrey and Thomas,

1987;Stutz and Spohr,1987).Allbombyxin genes characterizedlackintron

and,aS Shownin Figure3,have boundary short direct repeats thoughthe

repeatisincomplete forB-2and C-l･In addition,theA-family genes contain

the remnants of poly(A)tractimmediately preceding the downstream repeat･

The structuralfeatures of bombyxin genes thusindicate that bombyxin genes

are the processed genes which are functional･Itis recalled that the murine

insulin-Igenes have alsobeeninferred to be the functionalprocessed genes

(Soares et al.,1985).
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Amho Acid SeqTJm Of Bombyzim

The amino acid sequences of preprobombyxinsare aligned with those of

nativebombyxins,human and guinea-piglnSulinsIIGF-II-IIIand
humanrelaxin

(Figure4).When the amino acid s,equenCeS Of bombyxins are compared with

those ofinsulins,Striking similarities are found between the residues that

contribute to the tertiary struCture Ofinsulin and the corresponding residues

of bombyxins,aS has previouslybeen pointed outby comparinglnSulin mainly

with bombyxin-II(Jhotiet a).,1987).Thus,allresidues
known to make up

the hydrophobic core ofinsulinIA2IA6IA11IA16,A20,Bll,B15,and
B19,

are allconserved or conserved as hydrophobicin bombyxins･The residues
on

theinsulin protomer surface that contribute
to the hydrophobic core,A3,

A19,B6,B12IB18Iand B24Iarelikewise conserved or conserved as hydro-

phobic･Aland B8glyclneS Whichserve for the maintenance of theinsulin

conformation throughits contribution to the main-Chain turn are also con一

岳erved.In addition,the hydropathy profiles of preprobombyxins and preproin-

sulin are also similar to each other,eXCept
for the B-Chain C-terminalre-

gions(Figure5).The
B-Chain C-terminalregion ofinsulin contributes to the

hydrophilic surface of the protomer
but not to the coreimportant for the

insulin conformation.Thus,it appears high1y probable that allbombyxlnS have

aninsulin-1ike globular structure･

The amino acid sequences of the A-and B-Chains show highhomology

between the bombyxin A-and B-families･HoweverIthe amino acid sequence

of C-1is considerably different from that of other bombyxins･With respect

to the B-Chainin particular,the difference between bombyxin C-1and other
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bombyxinsis prominent･The amino acid sequence homology of bombyxin C-1

with A-and B-family bombyxins(44%and36%)is significantlylower than

the homology between the A-and B-families(61%)･Remarkably,four resi-

dues at position9,10I16Iand240f the B-Chain are substituted when com-

pared to the A-and B-familiesin which these four sites are completely

conserved(Figure4).Theresidues at these sites of C-1bombyxin also differ

from those ofinsulin.The difference of C-1from bombyxin-IIIand-IVis

also prominent･ThusIthe unique struCture Of C-family bombyxin suggestits

possible unique
functionIaS WaS arguedin a previous section from the

nu-

Cleotide sequence comparison･

Ininsulins,B16and B24have beenimplicatedin the receptor binding

and B9and BlO are situated close
to the proposed receptor-binding region

(Pullen et a).,1976).These
foursurface residues of bombyxin C-1differ

from those of other bombyxins,althoughthese residues are completely con-

served.in.thelatter.Assuming that bombyxins have a structure-function

relationship analogous toinsulin with respect to receptor binding,bombyxin

C-1might differinits physiologicalfunction from other bombyxins by using

a different receptor(Iwamiet a].,1990).Interestingly
no bombyxins struCtur-

ally related to
bombyxin C-1have yet beenisolated from the Bom4yx head

by thepurification whichwas based on the bioassay of the prothoracicotropic

activity on Samia.

Allinsulins that form2-Zinc hexamers have histidine at B10which

binds zinc but the hystricomorph and hagfishinsulinslack
BlO histidine and

d｡n｡t f｡rm2-Zinc hexamer(Blundellet al.,1970;Chan et a].,1981;1984)･

Bombyxin C-lalsolacks histidine at B10ISuggeSting that C-1bombyxin does
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not form2-Zinc hexamer.It has been argued that bombyxins may not form

either dimer or hexamer and the presence of histidine at BlOin bombyxin A-

and B-families may be a result of convergent evolution(Jhotie亡a).,1987)･

Expre∬ion or叫血Genes

Northern hybridization experiments demonstrated that brain was the only

tissue examined which contained a transcript(ca.600nucleotides)as visual-

ized by the bombyxin A-and B-family probes(Kawakamiet a).,1989)･The

localization of the bombyxin mRNA examined byin sjtu hybridizationindi-

cates that four pairs of mid-dorsalneurosecretory cells produce the A-and

B-family transcripts(Figure6).These same`cells wereimmunoreactive to a

monoclonalantibody against the synthetic bombyxin-IA-Chain fragment

(Mizoguchiet a).,1987).

Figure7shows the developmentalchangein the bombyxin A-,B-,and

C-family mRNA amounts duringlarval-pupaldevelopment of Bom桓(Adachi

et al.,unpublished results).It
has been described previously that the A-family

mRNA amount per brain totalRNA decreased gradually with the growthin

the5th-instar(Adachiet a].,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(3-6molecules per brain for the A-

and C-families;8-12molecules per brain for the B-family).Though the

amount of bombyxinin the Bom4yx brain rose significantly at around pupa-

tion(Ishizaki,1969;Ishizakiet al.,1983),the
bombyxin mRNA titers per
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brain did not change appreciably at that time･FurthermoreIthe amount of

bombyxin per brain(Ishizakiand Suzuki,1984)is severalthousand times

larger on the molar basis thanits mRNA･Taken togetherIit seems probable

that the posttranscriptionalprocesses areimportantin regulating the bombyx-

in titer rather than the transcriptionalprocess･HoweverIthisinferenceis

not conclusive because the amount of bombyxin mRNA may have been under-

estimatedin view of the possible presence of mRNAs transcribed by genes of

other families.

句鱒nllation on d肥旭on of Bombゆ

The physiologlCalfunction of bombyxin has remained unclarif-ied for

Bom恒,butitsinsulin-1ike structureis thought to suggest some essential

functionin Bom桓.Insulin andIGFs controIcellproliferation and differentト

ationin a variety of tissues and at various
developmentalstages of verte-

brates(Froesch et al.,1985).Ininsect,eXOgenOuSinsulin
has been shown to

affect the cellgrowth as evidenced by the stimulus on theimaginaldisks

and severalcelllines of DTOSqPhj)a(Davis and Shearn,1977;Mosna,1981)･

Furthermore,bombyxinsshow a highamino acidsequence homology withIGFs

whichhavepotentmitogenic(Zapf etal.,1981;Mercola andStiles,1988)and

morphogenetic(Beck et a).,1987;Stylianopoulou e亡al･,1988)activities･

Taken together,it seems probable that bombyxin possesses the activity as a

growth factor of exerting effects
on cellgrowthIprOliferationIand differen-

tiation of various tissues and at various
developmentalstages.

Bombyxin has been reported to accumulatein the abdomen of the
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female developing adult of Bomhyx(Ishizaki,1969).Fugo et a)･(1987)have

shown that bombyxinis presentin the ovary and early developlng embryo of

Bom4yx.Our unpublishedresults(Kawakamie亡a]･)showed that the transcript

of C-family bombyxin genes was detectedin the developing embryo whereas

the A-and B-family genes were expressed only at the postembryonic stages･

Itis recalled thatin vertebratesinsulin andIGFs exert effects on oocyte

maturation(El-Etr et a).,1979)and embryogenesis(Froesch et a)･,1985)･

From these facts,itis tempting to hypothesize that bombyxinsIatleast

those of a particular family,COntrOloogenesis and embryogenesis of Bom如･

師111ation ontheEvolution of Bo血byxin Gen6

From the nucleotide sequence comparison between bombyxin familiesII

propose a hypothesis for the bombyxin gene evolutionin Bom如as follows

(Figure8).First,a prOtO-bombyxin gene diverged from the proto-insulinline

by gene duplication,then three(or more)bombyxin genes representing the

originalgenes for theA-,B一,andC-family(ormore families)genes present-

1y exist diverged from theproto-bombyxin gene,andlastly the three(or

more)bombyxin genes were duplicated to give rise to multi-gene fami1ies･

Short direct repeats bounding the coding reg10n Of
bombyxln geneS are high1y

conserved bothin the sequence and the position within respective families

whereas they arelargely divergentbetween the families(Figure3)･Thus,the

generation of theprocessed genesmay haveoccurred aftertheproto-bombyx-

in genes of the respective
families had diverged･AlternativelyIthe processed

genes may have repeatedly generated from a single proto-bombyxin gene
to

13



settle at different sites of the genome･The settled bombyxin genes then

evoIved the respective families.The brain neurosecretory cells of Bom桓

have been shown to contain a moleculeimmunoreactive to anti-insulin anti-

body(Yuieta).,1980;Ishizakieta)･,1987),thoughbombyxin failed tobind

to anti-insulin antibody(Nagasawa et a).,1984b)･Therefore,it seemslikely

that the Bom如brain contains aninsulin-relatedpeptide structurally and

possibly functionally distinct from bombyxins･Ipresume therefore that the

proto-insulinline evolvedITinsulinIIItheinsulin-related molecule which reacts

with the anti-insulin antibody,independently of bombyxins･
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ConcltJSion

Progress has beenmadetoward themolecularunderstanding of bombyx-

in.0urreCent Studies on bombyxin cDNA and gene struCture have revealed a

striking similarityin the mode of biosynthesis
between bombyxin andinsulin･

Bombyxln has been presumed to be synthesized first as alarge precursor

molecule from which the mature
bombyxlnis posttranslationally generated

after the excision of C-peptide,in the same way asininsulin･Thus the

conclusion that bombyxin shares a common ancestralmolecule with verte-

brateinsulin-family peptides as first proposed by peptide analysis of purified

bombyxins(Nagasawa et a).,1984b;1986)was substantiated and further

extended based on the geneticinformation･MoreoverIthe presence of multi-

ple bombyxln gene COpies and their organizationin the genome have suggest-

ed that evolutionary mechanism forinsulin-family genes differs between

vertebrates andinvertebrates.

Recently,in the mo11usc LpL7aea StangalLsIthe presence of aninsulin-

related prepropeptide
has been predicted from cDNA analyses and the tran-

script has beenlocalized
by jL7Sjtu hybridizationin the growth-COntrOlling

neuroendocrine cells(Smit et a].,1988).Nowin ourlaboratory,the structure

and organization of as many as thirty bombyxin gene copleS have been clari-

fied(Kondo et a).,unpublished results).Six clustered genes encoding
bombyx-

in-related prepropeptides have also beenisolated from the SamLa genome

(Kimura et a].,unpublished results).Furthermore,CDNA encoding aninsulin-

related prepropeptide
has been cloned from alibrary prepared from the

Locustaparsintercerebralis(Lageux and=offmann,perSOnalcommunication)･
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The struCturalinformation about theseinsulin-family genes ofinvertebrates

willcontribute to understanding the function and evolution of theinsulin-

family genes not only ofinvertebrates but also of vertebratesIand a new

facet for theinsulin-family peptide evolution willbe generated･
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Tablel:EvolutionaryDistanceperNucleotideSite(K)*

Chain or Peptide

Comparison A B C

bombyxin A-l vs･B-1

A-1 vs.C-1

B-1 vs.C-1

humaninsulin vs.ratinsulin-Ⅰ

0.47

0.40

0.40

0.07

0.39 0.64

0.75 0.54

1.02 0.56

0.20 0.44

*K
values were calculatedusing3ST model(Kimura,1981).Nucleotide

se-

quences werereferred fromIwamietal･(1989)forbombyxin A-1,Kawakami

et al.(1989)for
bombyxin B-l,Iwamiet a).(1990)for

bombyxin C-1,Bellet

al.(1980)for
humaninsulin,and Lomedico e亡a].(1979)for ratinsulin-Ⅰ･

Reprinted fromIwamieta).(1990)･
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Figurel. Restriction map of a及祈句作genOmic
DNA segmentin clone

ス4KlO5(Kawakamie亡a).,1989).The closed and openboxes representbom-

byxin familyA(A-2andA-3)andfamilyB(B-landB-2)genes,reSpeCtively･

and the arrows under the
boxes show the direction of transcription･The

stippledboxrepresents atransposon-1ikeinsertedelement(BIS)･B･BamHI;E･

EcoRI;H,HfndIII;K,KbnI;P,E5tI;S,Sa几ModifiedfromKawakamietal･

(1989).

Fig町e2･ Schematicrepresentation of the organization of genomic DNAs

of bombyxin A-1(Iwamie亡a)･,1989),A-2,A-3,B-1,B-2(Kawakarnie亡a)･･

1989),C-1(Iwamieta)･,1990),andhumaninsulin(Be11eta)･･1980)･Open

boxes designate domains that arepresentin mature molecules and hatched

boxes those absent.Numeralsin boxesindicate the nucleotide numberin the

respective coding segments･The closed boxes represent TATA-boxes(TATA)

and polyadenylylation signals[POLY(A))･Humaninsulin
gene contains two

introns,Onein the5T-untranSlated region and the otherin the C-peptide

(triangles).Paired or single basic amino acid residues by one-1etter codes

(KR,RR,R)indicateposttranslationalproteolyticcleavagesignals･ATG,

transcription･initiation codon;TAGItranSCription termination codon;S,Signal

peptide;B,B-Chain;CIC-peptide;AIA-Chain･

Figure3･ Nucleotidesequences of the flanking reglOnS Of six bombyxin

genes【A-1,fromIwamietal･(1989);A-2,A-3,B-1,and
B-2,from Kawaka-
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mieta).(1989);C-l,fromIwamieta).(1990)】･Shortdirectrepeats
flanking

the both sides of the presumed transcribed region are boxed,and the rem-

nants of poly(A)stretchpresentin
the familyA genes are underlined･Re-

printed fromIwamieta)･(1990)･

Fig∬e4･ Amino acidsequence comparison between preprobombyxins

(Iwamieta).,1989;1990;Kawakamieta]･,1989),bombyxins(Nagasawa
et

a).,1984b;1986;Maruyama eta]･,1988)･humanpreproinsulin(Be11eta)･･

1980),guinea-pigpreproinsulin(Chan eta)･,1984)･humanpreproIGF-Ⅰ(Jansen

eta).,1983),preprOIGF-ⅠⅠ(Belletal･,1984)･andhumanrelaxin(Hudsonet

al.,1983).Gaps areintroducedformaximum alignment･Amino acids are

numbered from the N-terminus of each domain ofinsulin･Boxesindicate
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 a11bombyxlnS areindicatedby theopen and

solid circles,reSpeCtively.･Q,pyrOglutamate･

Figure5･ =ydropathyprofilesofpreprobombyxinA-l,B-1,andC-1,and

preproinsulinusingthemethodofKyteandDoolittle(1982)･Thevaluesfor

every foursequentialamino acidswerecalculated･S:Signalpeptide;B‥B-

chain;C:C-peptide;A:A-Chain･

Figure6･ LnsLtuhybridizationofbombyxinmRNA･

A),Atransversesectionofabrainof5thinstarO-daylarvaofBom桓moTj

hybridizedwithbombyxinA-1probe･Serialsectionsdemonstratedthatfour
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palrS Of the dorso-medialneurosecretory ce11s of parsintercerebralis con-

tained the bombyxin family-A mRNA.B),A
transverse section of a brain of

5thinstar O-daylarva Of Bom4yx hybridized with bombyxin B-2probe･Four

pairs of the neurosecretory cells hybridized asin A･FromIkeno et al･

(unpublished results).

FigTJre7. Changein the amount of bombyxin mRNAin Bom4yx brain

duringlarvaトpupaldevelopment･A),B),C):Northern hybridization bands(0･6

kb,arrOW)of totalRNA(20FLg)from animals various days after5th-instar

ecdysis(Ⅴ),Wandering(W),and pupalecdysis(P)･Conditions
for the hybridi-

zation was describedin Adachiet al.(1989).Hybridization probes were gene

A-1for A),gene B-1for B),and gene C-1for C)･D)‥Curves plotting the

amounts of bombyxin A-,B-,and C-family mRNAs per brain for each devel-

opmentalstage.Thenumberofmolecules wascalculated as described(Adachi

etal.,1989).From Adachietal.(unpublished results)･

Figure8 Schematic drawing of a proposed evolutionary process of

bombyxln geneS･Solid boxes and wavylines represent exons andintrons,

respectively･Proto-AI-BIand-C represent family-AI-BIand-C proto-

bombyxin genes,reSpeCtively.To rightis shown
an alternative picture,for

the processes distalto thestep marked by asterisksIWhich proposes a differ-

ent step where the processlng Of bombyxln geneS OCCurred･
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Thenucleotidesequenceof5SrRNAfrom坤CqPk7SmaC叩rico[umismoresimilartothat

Ofthegram-pOSitivebacteriathanthatofthegram-negativebacteria.

The presence of two copleS Of rRNA genesin 〟.c叩)rico[um genome has been

demonstrated.ThetwodifferentrRNAgeneclustershavebeenclonedinE.co/iplasmidvec-

torsandanalyzedfortherRNAgeneorganizations,demonstratlngthatthegenearrangement

isintheorderof16S,23S,and5SrDNA.

Theribosomesof〟.cLPrico[umcontainabout30speciesofproteinsin50Sand20in30S

Subunits.Thenumberandsizeoftheribosomalproteinsarenotsignificantlydifferentfrom

thoseofothereubacterialribosomes.

INTRODUCTION

Theribosomeisanessentialcomponentinthecell,SerVlngaSaSiteofprotein

biosynthesis;thus allselflreplicatlng Ce11s have their own ribosomes.Many

biochemicaland genetic studies ofribosomalcomponents have been done uslng

Various organisms,Showlngthattheribosomesexhibitdivergentevolution.Itis,

therefore,advantageoustouseribosomesorribosomalgenes forstudyingevolu-

tion,Sincetheresultsofoneorganismcanbedirectlycomparedwiththoseofothers.

Thepresentpapersummarizes our recentwork onthe ribosomeofMycqp血∫ma
CqPricolum.Severallines of evidence have suggested that the mycoplasmais

phylogeneticallyrelatedtogram-pOSitivebacteria.

MATERIALS AND METHODS

M c叩)ricolum ATCC27343(KID)was used throughout the experiments.The

detailedexperimentalproceduresweredescribedintheseparatepapers[1-3].

RESULTS AND DISCUSSIONS

7Ⅵe肋cねof′(ねぶeq〟e〃Ceq/∫ぶr尺M

Thesequencesof5SrRNAsfromovertwohundredorganismshavebeenreported

andusedfordeducingphylogenicrelationshipsamongthem[4,5].Wehavedeter-
minedthetotalnucleotidesequenceofMc(Pricolum5SrRNAmainlybytherapid

ChemicaldegradationprocedureofPeattie[6]andreportedinaseparatepaper[1】.
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FIG.1.Phylogenic

tree of 5S rRNAs.

Knuc represents

the rate of nucleotide

Substitution(See[5)).

ThelengthislO7nucleotides,theshortestofallthe5SrRNAssofarknown･The5S

rRNA has thelowest G+C content(42percent among the5S rRNAs yet se-

quenced,butstillhigherthantheaverageG+CcontentofthetotalgenomeDNA

(25percent)ofthisspecies.ThenucleotidesequenceofMc叩rico[um5SrRNAis

moresimilartothatofthegram-pOSitivebacteriathanthegram-negative･Figurel

showsthephylogenicrelationshipof〟･CqPricolumtootherorganismsdeducedby

thesequencehomologiesofthe5SrRNAs(See[5])･Comparisonsofthemycoplasma

tRNAsequenceswithotherbacterialtRNAsalsorevealedthesamerelationship【7)･
Walkeretal.【8]havesequenced5SrRNAof伽irqp血smasp･BC3,indicatingthat
thesplrOplasmaiscloselyrelatedtothemycoplasma･Ontheotherhand･T7zer-

mqpktsmaacidqphi/um,Whose5SrRNAsequencewasdeterminedbyLuhrsenetal･

【9],hasbeenshowntobeamemberofMetabacteria[5]･

乃eO曙α〃如才fo〃q/r尺M Ge〃郎

IthasbeenpreviouslyshownthatMcqpricolumhasonlyonesetofrRNAgenes

byhybridization-Saturationexperimentsbetween16Sand23SrRNAs,andDNA

【10].WereexaminedthecopynumberofrRNAgenesbytheSouthernblotting

analysis[11].ThetotalDNAwascompletelydigestedeitherwithEcoRI,BglII,Or
XbaIendonucleases,Separatedbyagarosegelelectrophoresis,andsubmittedto

hybridizationwith32P-3,-end-1abeled16S,23S,and5SrRNAs,reSpeCtively･The

resultshaveclearlyshownthattheMc叩rico/umgenomecarriesatleasttwosetsof

genesfor16S,23S,and5SrRNAs[2].Forexample,theBglIIdigestedDNAgel

gavetwodistinctbandsof6.8and9.8kilobases(Kb)long,equallywith16S,23S,
and5SrRNA.Theresultsalsosuggestthateachoneofthecopiesfor16S,23S,and

5SrRNAgenesareclusteredonthechromosome･ToseetherRNAgeneorganiza-

tion,WehaveclonedseveralDNAfragmentscontaining〟･CqPrico[umrRNAgenes

totheEgcherichiacoliplasmidspBR3220rpBR325･Thegeneorganizationinthe

clonedDNAfragmentswasanalyzedbytheSouthernblottingmethod･Figure2

shows thephysicalmaps oftwo ofthesehybrid plasmidDNAs･Theplasmids

pMCB221andpMCB339,reSpeCtively,COntain6･8and9･8KbDNAfragments
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FIG.2.PhysicalmapsofM･CqPrLCO[umrRNAgenes･TheDNAfragmentsgeneratedbyBgl11

digestionofM･CqPrico[umgenomewereclonedintheplasmidvectorpBR322･Thehybridplasmids(A)

pMCB221and(B)pMCB339･reSpeCtively･COntain6･8and9･8KbDNAfragmentsincludingrRNA

genes･ThicklinesrepresenttheM･CqPrico[umDNA･ThevectorDNAisshownasthinlines･Thedark

zonesrepresentrRNA-COdingreglOnS･

generatedbyBglIIdigestion,eaChincludingadifferentsetofrRNAgenes･Inboth

DNAs,therRNAgenesarearrangedintheorderof16S,23S,and5SrDNA･Thus

thearrangementofM･CqPrlCOlumrRNAgenesiscommontootherprokaryotic

rRNAgeneclusterssofarknown･Wehavedeterminedthenucleotidesequencesof

severalpartsoftheclonedrRNAgenes,includingthespacerreglOnbetween16Sand

23SrRNAgenes･Theresultshaverevealedthatthecodingsequencesof16Sand23S

rRNAgenesofMcqpricolumarehighlysimilartothoseofBacil[ussubti/bandE･

coIL suggesting that the rRNA
genes are wellconservedin these prokaryote

genomes･Ontheotherhand,thespacersequencesbetween16Sand23SrRNAgenes

havelittleresemblencebetweenMcqprico[umandB･Subti[LsorE･CO[i･Wehaveso

farnotdetectedanytRNAlike-SequenCeinthespacerreglOn･

Theisolationofthetwodifferentclones,eaChcontainlngaSetOfrRNAgenes,

stronglysupportstheideathattheM･CqPrtCOlumgenomecarriestwosetsofrRNA

genes[2].Contrarytothis,Amikametal･【12]recentlyreportedthatM･CqPricolum
containsonlyonesetofrRNAgenes,Whiletherearetwosetsin〟･myCOidessubsp･

cqprlandAcholqplasmalaidlawii･ThereasonforthisdiscrepancylSnOtClear･The

genomesizeofmycoplasmasisone-quartertOOne-fifthofthatofE･COliorB･Sub-

tilis.ItisknownthattherRNAgenecopiesareatleastseveninE･COli[13]andten
inB.subtilis[14].ThesefactssuggestthatthecopynumberofrRNAgenesvaries

fromonebacterialspeciestoanotherroughlyinproportiontotheirgenomesize･

月拍05･0〝7α/ProJe′〃∫

The totaland ribosomalproteins ofM･CqPricolum were analyzed by two-

dimensional(2D)gelelectrophoresis,andcomparedwiththoseofE･COliandB･

subti[Ls[3].First,thetotalproteinswereseparatedbyO'Farrell's2Dgelsystem
【15,16]toestimatetheapproximatenumberofproteinsinthece11･Thenumberof

proteinspotsdetectedwasabout350,indicatingthattheM･CqPricolumgenome

containsatleastabout350genesforproteins･Thenumberofwholecellprotein

spotsofE･COliorB･Subtilisdetectedunderthesameconditionsisaboutl,100･

second,theribosomalproteinswereanalyzedbythe2DgelsystemofKaltschmidt

andWittmann[17].ThenumberoftheM.cqprico[umribosomalproteinspeciesis
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atleast30for50Sand20for30Ssubunitswithaveragemolecularweightofabout

15,000daltons.ThisshowsthatthenumberandsizeofMcqpricolumribosomal

proteinsarenotslgnificantlydifferentfromothereubacterialribosomalproteinsin

contrasttoagreatreductionofthenumberoftotalproteins･Thissuggeststhatthe

number and size of the genes for ribosomalproteins are conservedin the

mycoplasmagenomeinspiteofthelimitedgeneticcapaclty･Theproteinprofilesof

both30Sand50Ssubunitsin2Dgelelectrophoresis,aSaWhole,reSemblethoseof

B.subtilLs or B.stearothermqphilus rather than E･CO[i･Severalcharacteristic

featuresofribosomalproteinsfromgram-pOSitivebacteria,forexample,thelackof

proteinSl(See[18,19]),arealsoseeninMcqpricolum･Theseobservationsarecon-
sistentwiththeideathatthemycoplasmaisphylogeneticallyclosetoBacilli･
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OrganizationofribosomalRNAgenesinA4YCqPh7SmaC叩LkohJH7
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464,Japan

Summary.DNAsegmentscarrylngrRNAgenesofMyco-

Plasmacqpricolum havebeenclonedandcharacterizedby

restriction endonuclease mapplng,DNA-RNA hybridiza-

tionandnucleotidesequenclng･TheM･C呼ricolumgenome

hastwosetsofrRNAgeneclusters,Wherethearrangement

isintheorderof(5′)16S-23S-5S(3′).Thespacerregionbe-

tween16S and23S rDNAis extremely richin AT and
doesnotcarryanytRNAgenes.

Introduction

Mycoplasmas are parasitic prokaryotes and the smallest

丘ee-1ivipgorganismsknown(fbrreviews,SeeManllofrand
MorowltZ1972;Razin1978).Theirgenomesizeis about
O.5×109 daltons,andis about one-Bfth of that of
Escherichiacoli･Wehaveestimatedthenumberofthegenes

inthemycoplasmagenometobeonlyabout400(Kawauchi

etal.1982).Furthermore,theGC contentsofDNAftom

mostofthemycoplasmaspeciesareextremelylowascom-

ParedwiththoseofotherbacterialDNAs･InsplteOfthese

Characteristic ftatures,littleis known concernlng the the

StruCture,Organizationandexpressionofthemycoplasma

genes･ThisismainlyduetothedimcultyofobtainlngaVaiト

ablegeneticmarkers,andtothelackofageneticrecombi-

nation systemin the organisms(see Stanbridgeand
Reff

1979)･Howevヲr,therecentprogessingenecloningand
DNAsequenclngteChniqueshasprovidedusefultooIsfbr

Studying the genetics ofmycoplasmas･As a nrst stepln

geneticanalysesofmycoplasmas,Wehaveattemptedtoelu-

CidatetheorganizationofrRNAgenesin坤cQP/asmaca-

Pricolum.In a previous report,We demonstrated that the

M･CqPricolumgenomecontainsatleasttwosetsofgenes

fbr16S,23S and5S rRNAs(Sawadaetal.1981).In the

present paper,We have constructed alibrary ofgenomic
DNAsegmentsftom M.cqpricolumandidentinedthere-

COmbinantplasmidscarrylngCloned rRNA geneclusters.

The
gene organizationin each cluster has been analyzed

andcomparedwiththoseorotherprokaryoticrRNAgenes･

*OnleaverromDepと1rtmCntOrBiochemistryal-dBiophysics,Re-

SearCh TnstitutefbrNuclear Medicineand Biology,Hiroshima

Universlty,Kasumi-Cho,Minami-Ku∴Ⅲroshima734,Japan.

Presen(address:Division orHematologyandImmunologyo｢
InternalMedicine,Kanazawa MedicalUniverslty,Uchinada-

Cho,Kahoku-Gun,IshikawaPrer.920-02Japan

Q仇"･i71[requestto:A.Muto

Materialsandmethods

a)Materials.TherestrictionendonucleaseMboIIwaspur-

ChasedfromBethesdaResearchLaboratories,Inc.(Mary-
1and,USA).Otherrestrictionendonucleases,bacterialalka-

1inephosphatase,T4-DNAligaseandT4-POlynucleotideki-

nasewerepurchasedftomTakaraShuzoCo.Ltd.(Kyoto,
Japan)･ProteinaseKandribonucleaseAwerefromSigma

ChemicalCompany(St.Louis,USA).Phosphorus-32was

from AmershamJapan(Tokyo,Japan).Nitrocellulose
nlters were purchased丘om Sartorius GmbH(Gottingen,

FRG)andMilliporeCorporation(Massachusetts,USA).

∠-ノPr叩(椚J//り〃(?./､β凡｣(仙/J･尺∧リ∴l･･J.l､(･叩山一J〃(J(叩J･/(･り/MJJ

ATCC27343wasgrownas described previously(Sawada

etal.1981;Kawauchietal.1982).
For the preparation ofhigh molecular weight

DNA,

Ce11s were harvested by centrifugation,SuSPendedin TE-

bufftr(10mMTris-HCl,1mMEDTA,PH7.6)andlysed

at370Cfor2hinthepresenceofO.5%SDSandlOO巨g/ml

PrOteinaseK.ThelysatewastreatedtwicewithTE-bufftr-

Saturatedphenol.TheaqueousphasewasdialyzedagalnSt

TE-buf悔rovernightandtreatedwith50トIg/mlribonuclease
A at room temperature fbrlh.DNA was then purified
bytheproteinaseKtreatment,aSdescribedabove.

TotalrRNAwasisolated丘om70Sribosomes,and16S,

23S,and5SrRNAswerepreparedn･Om30Sand50Sribo-

SOmalsubunitsasdescribedinSawadaetal.(1981).Ribo-

SOmeSandtheirsubunitswereisolatedbysucrosegradient

Centrifugation as describedin Kawauchietal.(1982).5S

rRNAwasfurtherpurinedbypolyacrylamide-7Mureagel

electrophoresis･ThepurifiedRNApreparationswerehyd-

rolyzedtoglVeanaVerageChainlengthofaboutlOOnucleo-

tides and treated by bacterialalkaline phosphatase･The

5′-endswerethenlabeledwith[γ-32p]ATPusingpolynu-

Cleotide kinase according to Maxam and Gilbert(1977).
RadioactiveATPwaspreparedaccordingtoWalsethand

JollnSOn(1979).

C)DNA-(]oning.M.cqpricolum
DNA was completely di-

gestedwitheitherE(･ORI,HindIIIorβglITunderthecondi-

tions recommended by the manufhcturers.The E(･ORトdi-

gested DNA fragments wereligated with EcoRI-digested

andphosphatase-treatedvectorpBR325.Similarly,theHin-

dIII-OrBglII-digestedrragmentswereligatedwithHindIII-

OrB(]mHI-digestedpBR322.Theligated DNAswereused

fbr transfbrmation orE.(･OliHBlOl.AmpICillin-reSistant
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and chloramphenicoi-(for pBR325)or tetracycline-(fbr

p王きR322)sensitivecloneswerepickedt甲うP油日ed妄IndtlSed
fbrcolonyhybridizationanalysesuslng5′-32p-1abeledtotal

rRNAasaprobe(GrunsteinandHogness1975)･Positive

Clonesweresubjectedtoasecondcolonyhybridizationfbr
connrmation.
For the sequencing of-the spacer reglOnS between16S

and23S rRNAgenes(SeeSectioncofResults),Subclones
COntainlng the spacer reg10nS Were COnStruCted什om an

EcoRI/HindlIIDNA n.agment orl.2kilo base pairs(kb)

usingtheEcoRI/HindIIIdouble-digestedpBR322asavec-

tor(SeeResults).

d)PhysicalmLWing.Plasmid DNAs
wereisolated什om

the transfbrmed cells according to Oka etal.(1981).The
DNA was digested with endonucleases and separated by

O.7%orl%agarosegelelectrophoresis uslngan E-bufTtr

SyStem(40mMTris-aCetate,20mMacetate,2mMEDTA,

pI-I7.9).EcoRIand/or HindIIIdigests oflambda phage

DNA(lc1857S7)wereusedassizemarkers.Gelswerephoto-

graphed under365nm ultravioletlight uslng a red Blter

and the separated ftagments were denatured,neutralized

andtransftrredtoanitrocellulosefilter(SartoriusSM71)

accordingtoSouthern(1975).TheDNAftagmentsonthe
Glterswerehybridizedwith5′-32p-1abeled16S,23Sor5S

rRNAasdescribed(Sawadaetal.1981).

e)Sequencing Q[DNAjTagments.DNA
fragments sepa-

rated by electrophoresiswere eluted丘om the gels bythe

glassbeadsmethod(VogelsteinandGillespie1979).Nucle-

OtidesequencesweredeterminedbythemethodorMaxam

andGilbert(1977).

Results

dノCわ〃血gq/■r月〃｣gp〃ビL-

Alibrary orthe M･CqPricolum genomic clones was con-

StruCtedbylnSertionofBglII-,EcoRT-OrHindIIl-digested
丘agmentsoftheDNAintoplasmidpBR3220rpBRR325

usingE･COliHBlOlasahost.Atotalor2510clones(610

ClonesintheBglII,1235intheEcoRIand665intheHin-

dIIIlibraries)waモisolated･Allcloneswereexaminedby
COlony hybridizatlOn fbr the presence of the rRNA se-

quences･About40positiveclonesweredetected･Theplas-
midswereisolated andanalyzed forthestructuresbyre-

Strictionendonucleasedigestions.Figurel(a)showsrestric-
tionmapsoftherepresentativerecombinantplasmidscarry-

1ngrRNAgenes.FromtheBglIIlibrary,tWOkindsofplas-

mid containing respectively a6.8kb(PMCB230)and
a

9･8kb(pMCBlOO2)insertwereisolated.TheSouthernhy-

bridization analysIS Of the BglIl-djgested genomic DNA

gavetwodistinctbandsof､6.8kband9.8kbthathybridized

withthe3′-terminaliylabeled16S,23Sand5SrRNAs(Saw-

ada etal.1981).Itis thus clear that theinsertsin the

PMCB230and pMCBlOO2are difTtrent,eaCh containlng

a set ofrRNA genes orlglnatlng from difTtrent parts of

thechromosome.TherRNAgeneclustersincludedinthe

6.8kband9.8kbn●agmentSaretentativelydesignatedrrnA

andrrnB,reSPeCtively.

FromtheEcoRIlibrary,aPlasmidcontainlnga4.5kb

(PMCE223)EcoRIftagmentwasisolated.The4.5kbinsert
in pMCE223is a part ofthe6･8kbinsertin pMCB230

(rrnA),becausetheEcoRIdigestionorthepMCB230gener-

ateda4･5kbDNAsegmentthatrevealedarestrictionmap
identicalto theinsertin pMCE223.On the other hand,

0 2 4 6 8 10 kb
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Fig.重.(a)Restriction mapsorihe pMCB230,PMCBiOO2,PMCE223and pMCHi58.Thicklincs represcniLheinseried/tl･=q"･i"!L""

DNAf†agmentsと1ndthinlinesshowvectors,PBR322orpBR325･‥B"repreヲentSB(1m川site(PBR322)orBg/IIsite(M･(■uPri('0/um)･
E:E(･()RI,H:Hindl‖,HA:Hae‖T,Hp:坤aI,P:PL～イ7andS:S771()1.HacI‖cuttlngSitesweredetermincdonlylnPMCE2234･5kbEcoRJ

丘agmcnL(b)Thelocations orrRNA genes on the cloned DNA segments.Locations orthe3′-end of､23S rRNA genes and thc5S

rRNAgeneareapproximate･(C)ThesubclonedDNAsegmcntsinpMCBlOO2EHlandpMCL223EHl(SeeI:ig･3)
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the9.8kbβg/11iれSertillpM(11日002い■rJ7β)11ad olll)′011e

ELてノRIcし=UIlgSite(SeeFig.1a)､GenomicSou(hernhybrid-

iziltion
also showed the presence ofa4.5kb

E(()RlrrLLg-

mentthathybridizedwith16S,23S.and5SrRNAs(SとIWada

eta】.】98り.
Plasmid pMCH158having a2,Okb DNAinsert was

isolated Erom theJIindIIIlibrary.The restriction mとIPS

showed thallhe2.Okbinsert overIapped＼Vith LheinserL

in pMCE223,PMCB230 0r PMCBlOO2,aS Shownin

Fig.1(a)･

/りP/Jl,､､イ‖J/研(仰′〃g

The4.5kb E(･ORIrragment wasisoLated from pMCE223

(rrrtA)and digested sepilraLely witllHaeJTl.]TindIIIilnd

[0(LJTheproduets､VereSeParatedbyl%tLgarOSegelelec-

trophoresis,tranSferredtonjtTOCellulosermersandhybrid-

ized with32p-1abelcd16S､23S or5S rRNA(Fig.2).The

TeSulLsaresummarizedin
Tablel.AnHaellldigestion or

the4.5kbE(･′)RTrrとIgmentgCneratedrourrl~agmentSOr17.

1.4.1.0∴lndO.4kb.Thel.4kb rragmenthybridi7edwitll

both16S乙lIld23S
rRNAs and tlle】.Okb｢ragmelllwitll

both23Sand5SrRNAs.両1ilethel.7andO.4kbTragmenls

llybridj∠ed onLy with23S rRNA(Fig.2.1乙Inel).Simil乙Irly

the]I叩IIdigestion gdVビi12.2kb rragment hybridizLtb】e

With bo11116Sa11d23S rRNAand乙11.9kb rragmenlwitl-

23S乙Ind5Sl~RNAs(Fig.2tlane3),Theseresults5b〔一Wltle

phy5icdllinlくIlgeS
bet､Veen]6Sと⊥nd23S rRNA gerleSatld

betwcen23S and5S rRNA genes.The hYbridizaLion oL

rRNAs､〟ith F[illdIIIdigesIioIIPrOducLsalsosuf)POrtSthis

cunc】usioIl(Fi芸.2】aIICヱ).Theseresu】しSと=-d11-亡loc乙Itio】1S
Ortlle hybridi7ed f､rとIgnlentS OllLheJ.eSlriction

4.5kb E(■ORIrI■ilgmenl(Fig.iこ1)indic;1te thLlt Lhe rRNA

geIleS areとIrrilngediTltlle Order or16S-23S-5SこIS Sllし)､Vn

in Fig.】(b).Tlle】ocこ11iollOl､5′-etlds ol,tlle柏S封1Jコ〕S

rRNA genes anしIl上Ie3′-eIldl)1-tl】e t6S｢RNA眠11eⅥ′ユS

estimこILcd bynucLeotidesequeIICings(SeeSetrlion(iln〔ll仇'-

amieldl.19R4).A]though tlle preCiscIocation orし11e5S

rRNA genellaS nOt yet bee!-deはr】面ned∴lPrC】i血11ary

1 2 3

Fig･2a-d･SouthernllVbTidi7tLLionoriL4･5kb

rr･itgmClllorpMCl三223w山一3Zp-1abeEedrRN^sp

TllC4.5khgぐ/】Rt jnserl(汀pMCE2ヱ3wasjs口l乙1ted

anddigesledbト仇扉ⅠⅠりal-eり,仇′7d川仙n亡ヱ)

andfl[,EJ川三tne3).respeclively･TllePrOduels､∇ere

scp乙1｢山Cdb)･Ⅲ}こ1garOS亡巳e】e】cclrOP】10reSjs!

slajtlビd byethidiul-1bro:11idea.andllybridjz亡d

帆ノilllユ三l)-lllb⊂l亡dlらS
b,ニュSea□d5Sd rRN心､

re叩巳Cljヽ･Cly,TllCS血s(kb)ol■〃`"1‖Jigcsli州

producIs乙肌St-OWl-il】川elellLsid亡Olla

Tablel.S`1u‖ler11llYbridi/aliol10l'こ14.5kbrrこしgm川【prp～l⊂E三三ヱ

Ⅵ･ri【hユニ【}-hbeledrRNAs

En7)′l¶e l⊃roducIs HvbridizationiI

(kb)

1()S 23S 5S
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`1+:SlronglyLl〉′bridizedこ(+)=rainllyhybridizud
h

TlleSelwol,rag111enhco山dnolberesolvediI=lleg亡】s

nucteotidesequencingrevedled thatnesequenccl10nlOIo-

goustothe
M･(･aPri(10!lJm5S rRNA(_Horielal･1981)is

locaLedillilbout the reglOr13kb downstream rrom the

5′-eIld orthe23S rRNAgeneon thesamestraIld(u叩ub一

】ishedresull).

Southern hvbridization c叩eriments were also carried

out w吊1plas】11iJpM〔1BIO()2
DNA conulin]gn rr/7B

(Fig.3とl--d).TllereSuitsindicatedthEl=1-erRNAgenear-

rangementin汀′7Bw乙ISthesanleilSlhLinr,lnA(Fig･1b)▲

Furthermore.1herestrictiollllほPSOrtheestillltILedcoding

regionsorrr11AandrrnBresel-1b】edeachother(Fig･1a)･
Ttle 2.Okb HiT7dlIlirlSertin pMCH158

hvbridized

strongly､＼7ith16Si111d weilklvwi山23S rRNAs(datdIIOt

sllO＼Vn).T､11enudeotideseqLletlCi哩alla】ysISO｢thisrrこIg】¶ent
demonstrated thilltheinsertincluded the foHo､Ving r)arls

or/･用B:山c5′｣圭1Ilki】1g Seし】し1e】1CeO｢‖1亡】6S rRNA geIl巳

a】､し111】e】1ヒ=1(1l､111e16S rRNAきeIleこ1】1dllle5'一te｢IlⅦlil】

seqし1e11C亡D】'111e2jSrRNAge--亡(seel＼Vanlietal･】ウ84)･
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From the resultsin Fjgs,1.2;lnd3,itis c】ear tll封ニLhe

junction ofthe16S and23S rRNA5truCtUre geneS
fl川s

jnthel.2kbE(1nRl/HiT7dIIIrrこIgment OrPMCE223(rllnA)

OrPMCBlOO2(rf･nB).Thus.thcl.2kbrragmentsfTOmboth
Plasmids wcrc subelonedin pliR322(PMCE223EH】n)r

J▲肌j､andpMCB川02EHl丘rI■J■/収respectiヽ′e】y二Fig.1け
The rragmenLs hybridized s[rongly with16S rRNA and

Weakly wilh23S rRNA.Fjne restriction maps orlhetwo

｢ragments were constructed.as shownillF:ig,4.The two

mapswereidenticalexcept thilta Dl'aIcuttingsiteexisted

OnlyinpMCBlOO2EHl(rlL7)B).TtleSequenCeSOrbothter-

mina】reglOnSOrtllel.2kbDNAsegmentsweI-enrStdeter-

mined.About90nucIeotidcs
from the HindIllend were

round to bc highly homo]ogous to the sequence or the

5′-terrninus or23S rRNA gencs orEL(･L)/i(Brosius elal.

1981)llnd Ba(j//lJLV.TZlbTi/is(Loughneyeta】.1982).There-
rore.theO.4kbノ抽JrragmentsiIICludillgtheputative5'-ter-

minalsequenceo[23SrRNAgene之IndiLsupsLreamreglOn

(See Fig.4)wereisoEELted and sequc=Ced according to(he

StriltegyShowIlinFig,4.MostortlleSequenCeSWereeStab-

1ished bysequencltlg both DNA striln(1s morethan twiee,

Figurc5showsLhescquencesorthenonc(一ding(RNA-1ike)
DNAs【r乙Ind o｢theO,4kbノ仙IrragmenLsrrombothl`l'lLA

nこ1d r,･nB.Thc j′-Cnd orllle16S rRNA gene､VaS deduced

Fig.3all.Souther11bybridiza【ion

OrPMCBlOO2DNAwith3ヱp-

1abe】edrRNAs.TotalpMCB】002

DNAwasdigesledbyEcoRl/

〃/〃dlIl(1at-el),坤〟I(1ane礼

物〟り∫川山(1ane3),andf〉.叫/
E(10Rl(lane4),reSPeCtively.The

PrOductswereseparaledbv t%

agarosegelelectrophoresisa､a□d
hybrjdizedwjLh32p-1abeled16Sb.

23Scalld5Sd rRNAs,

respectiveZy,Thesizes(kb)or

gぐ〃Rり/〃′7dllldigeslionproducts

aresbol～･ninlbele.rt side〔汀a

Fig･4,FincresLrictionmupsoLl.2kbDNAseきrnCTILs

inpMCB1002EI~11andpMCE223EHl､andtll亡

SequenCLngSLraしegy."^-■rerlreSenls A[LI暮sjle.D:DrEJI.

H:〃∫/JdIlI.M:Aすわ〝lt.S乙1:∫(JJJ3∧l乙111d T:7■J/2日l】8l.

TheO.4kb▲｣/uトfragTnCnls.whichwereuscdfDr

SequenC】｢唱,areindiし飢edbya【11jckhl)ri70nla】arrow

rrnA AG〔TTAA[[A TTTGGAGAGC GCTT[C〔AAG GTAGGA〔Tlu-[6ATTGGGGT GAAGT〔GTAA 仁D
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2ちB
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[[口砧A肌1TGG仙こ(二開A GAAGGハCGTG〈〔TA〔口Gい1ATAAG了[TGG〔iG〔)AG〔T

Fig.5,Nし1eleotide5LlquenCeS OrlhelP乙1CCrS heい〃een16Sこ1nd:3S

rRN∧genes.TlletOlこ1[sequenceorLhcO.4kb.4/LLJrril封】lCnL｢rOm

pMCE22ユE‖1(J･川.イ)is stlO…1､COnlPとL｢Cd＼l■illllllと】1rr()Ill

PMCBIOO2EHl(f'r11B).Bこ汀SindjcilLeidenLiL:i11nucLeoLidesimdこLゝ-

1erisksindj⊂こ1しど〔1e】ete(】11uCiel)tjし】es

rroImlhcscquellCeO｢tlle3ノーIcr血Ilalr亡国0110【'肘･(叩′■/(Jい

/zJ川16S rRNA(Woeseelこ11.1980)The5′-end orしhc23S

rRNAgenewilSnOtdeterminedexpcrimcntとIl]vbutasslgned

ontheb乙1SisorsequencehomoIogleSWithE･(･√)/ilB･･"Jb[i/iLY

and An`J(l,llL招■･‥7i(/L(/`′′～･～･23SrDNA(L3rosius etal･】981二



Loughneyetal･1982;Tomiokaetal.1981).Thus,thespacer

between the3′-end of16S rRNA gene and the5′-end of
23SrRNAgeneinrrnAwasestimatedtobe228nucleotides

long,andthatinrrnBwas226nucleotideslong･Thetwo

SPaCerSreVealed97%sequenceidentlty;Onlysixnucleotide

Substitutionsandtwonucleotideinsertions/deletionswere
fbundbetweenthem･The spacerswereextremelypoorin

GC(20%),anddidnotincludetRNA-1ikesequences.The

SequenCeSOfthe3'-terminalreg10nOfthe16SrRNAand

the5′-terminalreg10nOfthe23SrRNAgeneofM･CqPrico-

lum so fhr determined
revealed69%(131/189)and74%

(139/189)identitieswiththecorrespondingsequencesofE.

COliandB.subtilis,reSPeCtively.

Discussion

lnapreviouspaper(Sawadaetal.1981),Wedemonstrated

thatthereareatleasttwosetsofcloselylinkedgenesfor

16S,23S,and5SrRNAontheM.cqpricolumchromosome.

The present study connrms the above observation.Two
independentDNAsegmentscarrylngthegenesforthethree

rRNA species have been clonedin the E･COliplasmids･

ThesizesoftheclonedDNAftagmentsarecoincidentwith

those predicted by the genomic Southern hybridization

(Sawadaetal･1981)･EachofthetworRNAgeneclusters,

rrnA and rrnB,Carries a set ofgenes for16S,23S,and

5SrRNAs･Southernhybridizationanalysesofthecloned

DNAsandsequenclngSOftheDNAsegmentshaverevealed

thattheorderandorientationoftherRNAgenesineach

Cluster are(5′)16S-23S-5S(3′).The structures of the two

rRNAgeneclustersofM.c甲ricolumresembleeachother

asjudged
by the restriction maps.Althoughinfbrmation

OntranSCrlPtlOn OfrRNAgenesislacking,1tisplausible
that each ofthe clusters forms a transcrlPtlOn unit･The

Order ofthe rRNA genes ofM･C呼ricolumis the same

as that ofother prokaryotes such as E.coli(Vola etal.
1977),B･Sublilis(Stewartetal.1982),A.nidulans(Tomioka

etal･1981)and Rhodq,Seudomonas cqpsulata(Yu etal.

1982).
Characteristic ftatures ofM･C呼ricolum rRNA gene

Clusters can be fbundin the spacer reglOnS between the
16Sand23SrRNAgenes･First,thespacersdonotinclude

tRNAgenes･A11thesevenrRNAoperonsofE.coli(Lund
etal･1976;Ikemura and Nomura1977;Morgan etal･

1977),allthetworRNAgeneclustersofA.nidulans(To-

miokaetal･1981)andtwooutortenrRNAgeneclusters

OfB･Subtilis(Loughney etal.1982)contain one or two

SPaCertRNAgenes･Thus,theoverallorganization ofthe

M.c叩ricolum rRNAgeneclustersresemblesthoseofthe

eightB･SubtilisclustersthatdonotcontainspacertRNA

genes･Second,thespacersequenceofM･CqPricolumisex-

tremelypoorinGC(20%)incontrasttoarelativelyhigh

GC-COntent(48%)ofthecodingsequenceofrRNAgenes

(RyanandMorowitz1969)･TheGC-COntentOrthespacer
isevenlowerthanthatofthetotalgenomicM･C叩ri(～Olum

DNA(25%;Neimerk1970).Third,the sequences ofthe

twospacersorM.cqpricolumarehighlyconserved,reVeal-

1ng97%sequenceidentlty.Furthermore,mOStOfthedi晩r-

encesbetweenthetwosequencearefbundinalimitedpart

Orthe spacer･This suggests that the bulk orthe spacer

SequenCernay Play some functionalroles.1n E.(･()liand

B･SIJbtilis,the spacer sequences are relatively conserved

among the dirftrent rRNA operonsin the same species,

Whilelittle sequence
homology

of the spacers has been

fbundbetweenthetwospecieswithexcept10nOfthespacer

tRNA gene regions(Brosius etal･1981;Loughney etal.

1982;Ogasawaraetal･1983)･Ithasbeen.suggestedthat
thespacersequenceincludestheprocesslngSlgnalsofrRNA

genetranscrlptSinthematurationstepsofrRNAsynthesis

(Brametal･1980;Ogasawaraetal.1983).Interestingly,a

remarkablesequencehomologyisfbundincertainreg10nS

Ofspacersandinthe5′-flankingsequencesofthe16SrRNA

genesbetween M･C叩ricolumandB.subtilis(Iwamietal.

1984)･These fhcts suggests that M.cqpricolum possesses

aprocesslngmeChanismsimi1artothatofB.subtilis.This

Willbediscussedindetailin anotherpaper(Iwamietal.
1984).
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NucleotidesequenceoftheLmB16SribosomalRNAgene
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464,Japan

Sllmmary.ThenucleotidesequencesoftherrnB16S ribo-

SOmalRNA gene andits5′-and3′-flanking reglOnSfrom

Mycqplasmac呼ricolumhavebeendetermined.Thecoding

SequenCeis1521basepalrSlong,being21basepalrSShorter

thanthatoftheEscherichiacoli16SrRNAgene.The16S

rRNA sequence ofM.c(甲ricolum reveals74%and76%
identltyWiththatofE･COliandAnaq)Stisnidulans,reSpeC-

tively.Thesecondarystructuremodelconstructed丘omthe

M･CqPricolum16SrRNAgenesequenceresemblesthatpro-

POSed fbr E.coli16S rRNA.Alarge stem structurecan

be constructedbetween the5′-and3′-flankingsequences

Ofthe16SrRNAgene･TheflankingreglOnSareeXtremely

richinAT.

IntrodⅦCtion

Myqplasma c呼ricolum contains only two sets ofrRNA

genesinthegenome(Sawadaetal･1981)･Inapreviou戸
PaPer,WehaveshownthattherRNAgenesftomM･CqPrl-

COlumareclusteredandarrangedintheorder16S-23S-5S

(Sawadaetal･1984)･Thusthe?rganizationoftherRNA
gene clusters ofM.cqpricolumlS eSSentially the same as

that ofotherprokaryotes.However,lnCOntraSttO Other

PrOkaryotes,the M.cqpricolumrRNAgeneclustershave

notRNAgenesinthespacerbetween16Sand23SrRNA

genes(Sawada etal.1984).It has been also known that
5S rRNA ofM･CqPricolumis onlylO7nucleotideslong,

theshortestofallthe5SrRNAssofhrknown(Horietal.
1981).The16SrRNAofM.cqpricolumhasalsobeenre-

POrtedtobeshorterthanotherbacterial16SrRNAs(Stan-
bridge and Reff1979).Furthermore,the GC-COntentS Of
theMycqplasmarRNAsarethelowestamongtheprokar-

yotes(RyanandMorowitz1969)･Thesedatasヮggestthat
theM.cqpricolumrRNAhasunlqueCharacteristlCSaSCOm-

ParedwithotherbacterialrRNA.
In this study,We have determined the nucleotide se-

quencesofa16S rRNAgeneftomM.cqpricolumandits
nankingreglOnSandcomparedthemwiththoseofprokar-

yotic16SrRNAgenesftomEscherichiacoli(Brosiusetal.
1978;Carbonetal･1978,1979)andablue-greenalga,Ana-

CyStisnidulans(TomiokaandSugiura1983).

*Presentaddress:MeijiInstituteofHealthScience,540Naruda,
Odawara250,Japan

q飽rintrequeststo:A,Muto

Materialsandmethods

The recombinant plasmid pMCH158contains one ofthe

16SrRNAgenesandits5′-and3′-flankingreglOnSOfM.

CqPricolum(Sawadaetal.1984).Theplasmidswerepropa-

gatedinE.coliHBlOIcellsandisolatedbytheprocedure

OfOka etal.(1981).The
DNA was digested by HindIII

and separated by O.7%agarose gelelectrophoresis.The

2.Okilobases(kb)insertDNAftagmentwaselutedfrom

theexcisedgelpiecesusi?gglassbeads(VogelsteinandGile-
SPie1979).The5′-termlnalend-1abeling was carried out

by using(γ-32p)ATP and T4polynucleotide kinase after

alkalinephosphatasetreatmentasdescribedbyMaxamand

Gilbert(1980).A fine structure map oftheinsert DNA

WaS COnStruCted by the method of Smith and Birnstiel

(1976).Polyacrylamidegels(5%)wereusedfbrseparating
labeled ffagments and fbr the strand separations.When

the strand separation was unsuccessful,thelabeled frag-

mentwas digestedbythe secondrestrictionendonuclease

treatmentandseparatedbygelelectrophoresis.TheDNA

ftagmentswereeluted ftompolyacrylamidegelsbydiffu-

Sion,andbase-SPeCincchemicalcleavages(G,G+A,T+C,
C)wereperformedaccordingtoMaxamandGilbert(1980).

Othermaterialsandmethodswereasdescribed(Sawada

etal.1984).

Resl】1tsanddiscⅥSSion

TheplasmidpMCH158containeda2.OkbHindIIIM.ca-

Pricolum DNA ftagment which hybridized with16S and

Weaklywith23SrRNA.Figurel(a)showsannestructure
map ofthe2･Okbinsert DNA.Most parts ofthe map

WereidenticalwithapartofthemapofpMCBlOO2which

COntained the rrnB rRNA gene cluster ofM.c甲ricolum

(see Fig.40fSawada etal.1984).Since thelocations of

rRNAgenesinpMCBlOO2areknown,the2.Okbfragment

in pMCH158is expected to contain a fulllength ofthe

16SrRNAgeneandthe5′-terminalreglOnOf-the23SrRNA

gene ofthe rrnBcluster.Thus,thecomplete sequence of

the2･Okbftagmentwasdetermined.ThesequenclngStrate-

gyisoutlinedinFig.1(b).Mostofthesequenceswerecon-
nrmedbysequenclngbothDNAstrands.

Figure2showsthetotalnucleotidesequenceofthenon-

COding(RNA-1ike)strandofthe2.OkbinsertofpMCH158.
The3′-endwasasslgnedbythesequenceofthe3′-terminal

reglOnOfM.cqpricolum16SrRNAreportedbyWoeseetal.

(1980a).The5′-endwasassignedonthebasesofsequence
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Fig･1･PhysicalmapsoftheclonedrRNAgeneclusterinplasmidspMCBlOO2andpMCH158(a)andnnestructuremapandsequencing

Strategy fbr theinsert ofplasmid pMCH158(b).Thicklinesrepresent the rRNAcoding regions.The vectorpBR322DNAis shown
byopenboxes.ThelowerpartshowsthesequenclngStrategy.Arrowsindicatethedirectionandlength

ortheDNAreglOnSSequenCed.
KBP:kilo-basepalrS.BP:basepalrS

homology with that of E.coli(Brosius etal.1978)and
A.nidulans(TomiokaandSugiura1983).Thus,thecoding

reglOnOftheM.cqpricolum16SrRNAgenewas1521base

pairs(bp)long.As shownin the ngure,the2.Okbinsert

alsocontainedthe5′-nankingsequence(134bp)ofthe16S
rRNA gene,the spacer between the16S and23S rRNA

genes(226bp)and the5′-terminalsequence or the23S

rRNAgene(110bp)(seealsoSawadaetal.1984).InFig.2,
thesequenceof-the16S rRNAgeneofM.capricolumwas

aligned together with that ofE.coli(Brosius etal.1978)

andA.nidulans(TomiokaandSugiura1983).TheM.cqpri-

COlum sequence revealed a remarkable similarlty tO those

OfE.coli(74%identity)andA.nidulans(76%identity).
Theidentlty Values were higher than those fbr the5S

rRNA between M.cqpricolum and E.colior A.nidulans

(56%or53%;Horietal.1981;Dyerand Bowman1979).

TheGCcontentoftheM.cqpricolum16SrRNAgenewas

48%,Which waslower than that ofE.coli(55%)and A.

扉血血椚(56%).

The16SrRNAgeneofM･C叩ricolumwas21bpshorter

thanthatorE.coliand34bplongerthanthatofA.nidu-

lans.WhencomparedwithE.coli,theM.cqpricolumgene

COntainedthreerelativelylargedeletions(positions68-69,
833-834and996-997)andaninsertion(position177-185).
The deletion at position68-69also existedin the corre-

SPOnding reglOn Ofthe A.nidulans16S rRNA gene.The

SequenCehomologyaroundthesedeletionandinsertionre-

g10nSWaSlowamongthethreespecies.Ontheotherhand,
highly conserved regions were:(i)the5′-terminalregion,
(ii)position498-546whichc?rreSpOndstotheproposed

ribosomalproteinS4bindingslteinE.coli(Nomuraetal･
1980),and(iii)the3′-terminalregion containing the se-

quence5′-ACCTCC-3′,a prOPOSed prokaryotic mRNA

bindingsequence(ShineandDalgarno1974)･

SecondarystructuremodelsfbrE.(･Oli16SrRNAhave

beenproposedbythreegroups(Woeseetal･1980b;Stiegler

etal.1981;Zwieb etal.1981).Two of-these models have

beenrevisedrecently(MalyandBrimacombe1983;Woese

etal.1983),thus reaching essentialagreement between

them.ThesecondarystructureorM･(･叩ricolum16SrRNA

Fig･2･Totalnucleotide sequence ortheinsert o｢pMCト‖58.The noncoding(RNA-1ike)strand orM.(･uPri(･Olum(MC)16S rRNA

isshowntogetherwiththatorE･‖)li(EC)andA･ni(hJl(川▲～T(AN)16SrRNAgenesrorconlParison･The16SrRNAcodingregions

areboxed･Dotsilldicatenucleotidesidenticalwith thoseorM･(･叩′■i=)/um･Barsjndicatedelet10nS･Repeated sequencesareunderlined▼
Numberinglntheright-handmarglnisfbreach16SrRNAspecies
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MC AAGCTTATTCTTAACGAGACGATCTTTGAAAACTA
-101

MC AATAGAATAATTATTGTACAAATCTTGTCAAAAGATTTATTTGAGTAATAAAAAACTTATAACAATAAAAATAGTCAGAATCACTTTTATTTAAAATTTT

16S

･･･T‥A………‥A…･････AT･G…………A…….C…‥.………‥TAACAGGAAGAAGCTT.CT.CT….TGACG
AAAATG-AGAGTTTGATCCTGGCTCAGGATAAACGCTGGCGGCTGGCCTAATACATGCAAGTCGAACGG--=--"""----GGGTGCTTGCACCTC

･…‥G…‥･……‥･……‥G…………GT‥T‥･C…….."‥‥.‥-----"-""------.CT‖.CGGAGCT

EC
"…‥G………‥･TGTC･GGGA…･G‥･G･･G･A‥･…･･.‥AC……‥GT‥C………‥AAC.TCGCA.GAC-"----

MC AGTGGCGAACGGGTGAGTAACACGTATCTAACTACCTTATAGCGGGGGATAACTTTTGGAAACGAAAGATAATACCGCATGTAGATCTTATTATCGCATG

AN
･･‥･･･G････････…‥G‥･GAGA･T‥G‥･ACAG･AC･････C=.AG……….CT.C.……CG‥‥GCCGAGAGG.G,M-一--

EC
--C‥･･･GGGGG･CCTT‥GGCCTC･TG･C･･CG‥･･T･CCCAGATG･G………...‥.G.G‥.CG..T………‥C‥.C.C….T

MC AGAAAAGATCAAAAGAACCGTTTGGTTCACTATGAGATGGGGATGCGGCGTATTAGCTAGTAGGTGAGATAATAGCCCACCTAGGCGATGATACGTAGCC

AN
-----一一--…---一--AAACA･TTA･GG･CTGT…‥A･CTC･･･T･TG‥･･=‥‥T..‥G.G‥.GG...T‥.A……C...CA…‥T

ACTCCTACGGGAGGCAGCA

EC C･･･C………･TA･･･A‥A‥･"……･･･…･TA･･T･CAGCG....G‥.GGG.GTA.AGTTA.T.CCTT.GCTCA…‥GT….CG

MC AAGCAATGCCGCGTGAGTGATGACGGCCTTCGGGTTGTAAAGCTCTGTTGTAAGGGAAGAAAAAATAGAGTAGGAAATGACTTTATCTTGACAGTACCTT

AN G…‥C…‥･･･G･G‥G‥A･･TT･･T･･AC……C･C‥T‥C･C……...G‥.G""----=----一-"-"-‥..G……G

EC CAG･AG…･AC･･…････CC………………････GG‥･GT…････.･.AT‥..A‥.C……‥A‥C.CA‥C‥‥‥‥.

MC ACCAGAAAGCCACGGCTAACTATGTGCCAGCAGCCGCGGTAATACATAGGTGGCAAGCGTTATCCGGATTTATTGGGCGTATAGGGTGCGTAGGCGGTTT

AN
･GG･AT…‥T‥‥=･T･CC…………‥･……･GGGA･A･……...‥.,‥.A..…..…‥A‥C.CCT.C…‥...A

■

G

-

G

A

G

●

G

■

C

G

一

●

C

T-

●

(し

G

C

T

C

T

G

●

●

A

･

●

A

■

●

A

■

G

T

(し

●

丁

■

●

G

●

T

G

T

･A

T

●

G

■

A

T

●

C

T
(し

■

T

_

_G

■

●

A

●

●

A

･

T

C

■

T

G

T

G

T

A

C

ハし

N

■ヒ

M

A

CTG‥AACT..A.CTG.T….GCAAG‥T‥G.CTCGT.….GGG.TA.…….G

TCCGC

+
TTGGCCTCAACTC TGAAGACTGTTTTACTAGAATGCAAGAGAGGTAAGCGGAATTCCATGTGTAGCGG

CT･ATACAG..AA‥G.A‥‥A..G……G.ATGGT‥G….GCG………G

_C

▲

●

C

■

･A

-

T

C

-

■

A

一

･A

■

■

G

･

G

A

-

●

A

-

_G

一

●

G

･

■

丁

-

(し

A【

▲し

_丁

■

･A

･

G

T

_

■

A

･

●

G

■

●

A

･

●

T

●

●

G

●

■

C

■

■

G

●

■

T

一

,A

■

･A

･

■

A

･

■

G

●

_T

●

C

C

N

｢ヒ

M

A

∈〔

G…･･･‥G…‥CCC･･"ACGAAG･C…....C‥.TG.…‥......‥.….C‥‥‥..

TGTGGCGAAAGCGGCTTACTGGCTTGTTATTGACGCTGAGGCACGAAAGCGTGGGGAGCAAATAGGATTAG

A･C=…‥...CGC‥..‥GCCA.A.C‥‖‥.C.T.G……..TA…….G‥AG...‥..

G……･･…………‥TCG‥･1~G･A･G･丁.丁.CCCTTCAGGC〔-.GCCTT.C.C…‥‖‥G

ー1

100

85

82

195

185

175

291

285

258

491

485

ん54

591

585

55ん

る91

占82

占5ん

791

782

75ん

CGA…….G.G‥ 0ブリ

MC ATACCCTAGTAGTCCACGCCGTAAACGATGAGTACTAAGTGTTGGGGTAAC-=…---TCAGCGCTGCAGCTAACGCATTAAGTACTCCGCCTGAGTAG
87L

AN
……CT‥=･‥TA……‥･･‥･･AC･･‥G……C･TG‥TCGACCCGCG‥･T‥C･T‥･C‖‥.G……GT……..G.G.. 85i

EC
‥C･GC‥･･‥GT･A･‥..‥‥T………‥.G……….C T…‥G…………‥丁‥T. 990

MC TATGCTCGCAAGAGTGAAACTCAAAGGAATTGACGGGGACCCGCACAAGTGGTGGAGCATGTGGTTTAATTCGAAGCAACACGAAGAACCTTACCAGGGC
974

AN
‥C‥A……TTG････‥"･･･…………G‥‥‥････C･……T･･‥‥‥.."….T…‥G………………T 95ん

C

C
.
N

FL

M

A

T……..CG.A.GTTT.CAGAGAT‥..ATGT.CCTTC.GG...CG

T-GACATCCAGTGTAAAGCTATA---一GAGATATAGTAGAGGTTAA

CCC.A.TCT‥TGGAAAC....G.GT.CCTTC.GG,C

GACTGCTGTTGGTA
ハしGTGGTGGA【しAGAGTTAC

C…‥TT….AA……‥ 1090

TTCGTGCCGTGAGGTGTTGGGT lO69

C…‥T……A.‥.….1054

C….A‥.A‥G 1190

TAGAGGAAGGTGGGGATG l168

CG...AC..A.CG……….T‥.C.1133

■

∧【

･

●

T

G

A

G

-

C

G

C

G

T

C

●

C

T

■

G

C

●

G

･

●

丁

●

-A

-

･A

･

●

C

■

･A

●

●

T

●

●

C

●

●

G

A

_丁

一

■

G

-

一C

■

●

A

●

●

C

■

■

A

●

_C

■

■

A

●

'丁

･

■

C

●

■

G

■

■

G

-

■

G

･

A

T

●

●

C

_

■

C

●

A

T

●

●

G

A

C

T

C

■

A

■

●

T

■

●

T

●

C

T

C

●

C

●

一C

■

G

C

●

●

G

･

●

T

■

･A

･

ハし

T

C

T

C

T

_A

-

C

T

(し

T

(し

T

G

A

G

●

A

●

■

A

･

C

T

C

一丁

●

-G

●

●

C

●

一A

■

C

C

N

-ヒ

M

A

AA‥G.C.TC.C..GA.CA‥.GG.C

T

C

C

■

C

G

T

A

A

●

A

G

C

●

G

●

T

C

T

A

G

●

∧H

_

G

t

A

C

A

G

A

■

C

●

GTGAAGGGGAGCTAAT

.C‥G.T.A‥.A‥.

A

C

A

ハし

♪し

●

T

･

C

_

0

只〕

｢⊃

9

′0

て｣

2

2

つ⊂

l

l

l

G

A

C

_A

●

■

A

･

■

A

■

●

G

●

■

G

A

●

C

■

C

T-

■

●

丁

■

■

G

●

■

A

･

T

ハし

■

G

T

■

_C

-

■

T
-
G

●

G

●

C

A

G

G

C

G

T

C

-

C

C

N

■ヒ

M

A

C

C

N

【ヒ

M

A

T.G…‥A-.‥C

CTGTATCGACTAAGCGCTAATGATCAC
T-
AAGGCCGAAGTACTTCAGCTCAACGTCTGAAGTTA

TCA

+

9

8

2

8

′
0
,
ヽ
｣

5

TJ

てJ

l

l

l

●

C

●

C

T

C

●

G

･

■

G

■

■

G

●

●

C

■

C

T

C

■

C

_

●

T

●

●

丁

■

一G

･

●

C

■

●

A

■

■

丁

●

一A

■

●

A

一

●

G

●

●

丁

_

●

G

●

_G

●

■

C

●

A

G

●

7

′
{
)

つL

8

■｣U

TJ

ノ}

′←

/}

l

l

l

EC
･･････…………‥A…‥G……C…‥T…………‥A

MC GGTGAAGTCGTAACAAGGTATCCGTACGGGAACGTGCGGATGGATCACCTCCTTT

AN
･……………･‥･G…‥･C….G‥.T‥C‥‥‥‥.‥.‥.

MC TCAGAGATCGTCACACATCTTTAAATATAGATTGTTCTTTGAAAACTGAATATTAGATGAAATGCAATTTTCTGATTATAACAATATTTATAATTAGATA1666

- -
▼ ･ t

- .

,23S

MC ATTATTACGATATTAAATTCGTAATGACTTCAAAAACAATTAACTAAAATTAATTGAGTTACAAATTGCTAGAAAGATTTT
AAATAGTAAGAGCA 176

卜1C TATGGTGAATGCCTTGGAAAATGGAGCCGAAGAAGGACGTGACTACCTGCGATAAGTCTGGGGGAGCTGGAAGTAAGCTGGAAGTAAGCTT
1857



320

Fig･3･Secondarystructureof16SrRNAgeneofM･CqPricolum･

Crossbarsindicate normalbase palrS and dotted bars represent

G-UpalrS

∂)

b)
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M.capricolum

constructedaccordingtothemwasnearlyidenticaltothat

ofE･COliasshowninFig･3･Thesequenceidentltybetween

E.coliandM.cqpricolum16S fRNAswas74%,andyet

almostallofthe stem andloop structuresinE.coli16S

rRNA could be observedin M.cqpricolum,indicatlng a

strong conservation ofthe secondary structures between

thesetwobacteria116SrRNAs.Thesequenceconservation

is甲･eaterinnonpaired(loop)regionsthaninpaired(stem)
reglOnS･Thismeans thatabasechangeoccurrlnglnthe

stemreglOnShasbeencancelledbyacompensatorychange

oftheoppositebase,SOthatthesecondarystructurecan
bemaintained.Astrikingexampleofsecondarystructure

conservationisseeninthestemandloopstructuresofposi-

tions67-86and809L8660fM.cqpricolumcomparedwith

thecorrespondingreg10nSOfE･COli,althoughthesequences

ofthesereg10nSWerenOtWellconservedbetweenthetwo

16SrRNAswithdeletionsinM･てqPricolum(Fig･4)･On
thecontrary,therewereseveralreglOnSWheretheprlmary

aswellasthesecondarystructuresdidnotresembleeach

other.Astemof8bplongbetweenthepositions588-595

and644-651in E.colihas been suggested as a part of

ribosomalproteinsS8andS15bindingsites(Ungewickell
etal.1975;Zimmermannetal･1975;Zimmermannetal･

unpublishedresults),WhilethecorrespondingregioninM･

cqpricolum(positions580-587and636-643)hadonlythree
basepairs(positions636-638vs585-587),fbrplingafairly
largeloopwiththerestofthebasesinthisreglOn(Fig･5)･
The5′-flanking reglOn aS Wellas the spacer between

16Sand23SrRNAgeneswasextremelypoorinGC(20%)

(Fig.2),havingno sequencehomologywiththoseofE･

coli.ThehomologyoftheflankingsequencesbetweenM･
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Fig･5･Secondarystructureofpositions

(576-591,631-660,and728-748)or凡才.

CqPrlCOlumand E.coli16SrRNAs

CqPricolum and Bacillus subtilis was also verylow with,

however,Certainpartshighlyconserved(seelater)･Nopro-
moter-1ike sequencewas fbundin the5′-flankingreglOn,

becausethisinsertwasnotlongenoughtoincludethepro-

moter reglOn･The spacer sequence between the16S and
23S rRNA genes wasidenticalwith thatin pMCBlOO2

(Sawadaetal･1984),COnnrmingthattherRNAgenesin-
SertedinpMCH158wereapartoftherrnBcluster.

Apossible secondary structuremodeloftheflanking

SequenCeSOfthe16SrRNAgenewasconstructed(Fig.6).
Alargestemstructurecouldbegeneratedbypalrlngthe

5′-flankingsequencesofthe16SrRNAgenewiththe5′-ter-

minalreglOnOfthe16Sand23Sspacerasinthecaseof

E･COli(YoungandSteitz1978)andinB.subtilis(Ogasa-

Waraetal･1983;StewartandBott1983).Thesestemshave
been suggested as possible substrates fbr processlng en-

ZymeSduringrRNAmaturation(YoungandSteitz1978;
Ogasawaraetal･1983)･Furthermore,aStretChhavingal-

mostthesamesequenceasposition-111--98appeared

againinthespaceratposition16021616(seeunderlined
SequenCeSin Fig･2),Whichcan base pairwith apart of
thespacersequencebetweenthe23Sand5SrRNAgenes

(unpublishedresult).Thus,thereexistedtwoalmostidenti-

CalbaseLPaired structuresin the16S rRNA stem andin
the23SrRNAstem･Theserepeatedstructuresinthetwo

StemShavealsobeenreportedinB･SubtilisbyOgasawara

etal･(1983),butnotinE･COli･Moreover,aStrikinghomol-
Ogy between M.cqpricolum and B.subtiliswas fbundin

the sequencesincluding the repeated stem reglOnS･As

ShowninFig･7,aStretChinthe5′-flankingsequence(posi-
tion-116--77)andtwostretchesinthe16S-23Sspacer

SequenCe(position1557-1577and1601-1620)wヲrehighly
homologouswiththoseofthecorrespondingreglOnSOfB.

Sublilis,butnotwiththoseofE･COli･Therepeatedstruc-

turesinthetwostemswerelocatedwithinthehomologous

regionsascomparedwithB.subtilis(thesequenceboxed
inFig･6)･Ogasawaraetal･(1983)havesu芦geStedthatthese
reglOnSmaybethetargetsitesfbrprocesslngenZymeS･This

WOuldmeanthattheprocesslngSlgnalsofrRNAgenetran-

SCrlPtSaSWellasthespecificityofprocesslngenZymeSare

COnSerVedbetween M.c呼ricolumandB.subtilis,butnot

betweenthesetwospeciesandE･COli･Wehavepreviously

demonstrated that the mycoplasmas are phylogenetically

morecloselyrelatedtothegram-pOSitivebacteriasuchas

B･Subtilis rather than gram-negative bacteria such as E･
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coli,丘om the5S rRNA sequence(Horietal･1981)and
ribosomalproteins(Kawauchietal･1982)･Thesimilarity

ofthespacerstructuresoftherRNAgeneclustersbetween

M･CqPricolumandB･Subtilisalsosupportsthisconclusion･
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UGAisreadastryptophaninMycqplasmacqpricolum

(ribosomalproteins/opaltRNA/qcpplbsmageneticcode/叫cppLasmatRNA)

FuMIAKIYAMAO,AKIRAMuTO,YASUSHIKAWAUCHI*,MASAFUMIIwAMI†,S=OJIIwAGAMI,

YosHITAKAAzuMI,ANDSYOZOOsAWA

LaboratoryofMolecularGenetics,DepartmentofBiology,FacultyofScience,NagoyaUniverslty,Chikusa-ku,Nagoya464,Japan

Com∽〟〃Jc(わセdみγ〟oJoogf∽〟r(J,βピCピ椚わビrJノ,ノ9β4

ABSTRACT UGAisanonsenseortermination(OPal)co･
donthro11gho11tprOkaryOteSandellkaryOteS･However,mito･

Chondriause not only UGG but also UGA as a tryptophan

COdon.IIere,WeShowthatUGAalsocodes払rtryptophanin

Mycpplasma capricolum,a Wal)-1ess bacterium having a

genomeonIy20-25%thesizeoftheEscherichiacoHgenome.

ThisconclusionisbasedonthefbllowlngeVidence.First,the

nucleotidesequenceoftheS3andL16ribosomalproteingenes

from M.c呼ricolumincludes UGA codonsin the reading

諾慧豊慧芯諜慧㌍芯罪憲霊㍑豊麗
tRNA fbundinM.cqlricolum have the anticodon sequence

5'u･C-A3',Whichcann)rmaCOmplementarybase･palrlng

interaction with UGA.

Werecentlyhavesequencedapartofthe坤CPPlasmacap-

ricolumribosomal-PrOteingeneclusterthatcodesfbrpoly-

PeptideshighlyhomologoustotheEscherichiacoliriboso-

malproteinsS3andL16.ThesequencecontainsfburUGA

codonsinthereadingframes;threeappearatthesitescorre-

SPOndingtotryptophan,andone,ataSitecorrespondingto

arglnineintheE.coliproteins.No"universal''UGGcodon
fbrtryptophanhassofarbeenfound.Wehavealsoisolateda

ClonecontainlngaPalrOfM.caprlCOlumtRNAgenes,the

sequenceofbothofwhichresemblesthatoftRNATrpofE･

coli.TheanticodonsequenceofoneofthesetRNAgenesis
5'-T-C-A-3',Whichcanbase-PalrWithbothopalcodonUGA

anduniversaltryptophancodonUGG.Thatoftheotheris
5'-C-C-A-3′,Which may base-palr eXClusively with UGG.

ThesetwotRNAgenesareexpressedinthecell.Allthese

findingssuggeststronglythat,inM.capricolum,UGAcodes

fbrtryptophanuslngtheopaltRNAucAbutnottRNAccA･

RESULTS AND DISCUSSION

UGACodonsinM.cqpricolumS3andL16Genes.Asre-

portedinapreviouspaper(1),Weisolatedtherecombinant
PlasmidpMCBlO88containlnga9-kilobase-pairfragmentof
M.caprlCOlumDNA.Thefragmentcontainsthegenesfbrat

leastnineribosomalproteins-S3,S5,S8,S14,S17,L5,L6,

L16,and L18-aS deducedfromits encoded protein se-

quencesbeinghighlyhomologouswiththecorrespondingE･

coliribosomalproteinsequences(refs･1and2;unpublished

results).Fig.1showsthecompletenucleotidesequenceofa
629-base-pair(bp)HindIIIfragmentwhichisapartofthe
insert
ofpMCBlO88(see refs.1and2).The

DNA corre-

SpOndstothe3′halfoftheS3geneandabout90%oftheL16

genefrom the5'terminus.When the M.caprico]um se-

quencesarealignedwiththeE.co[iproteinsequences(3,4)
(Fig.1),fburUGA(opal)codonsarefbundwithintheread-

1ngframes.ThepossibilitythattheseUGAcodonsaretermi-

nation slgnals can be excluded by their occurrencein the

Thepublicationcostsofthisarticleweredefrayedinpartbypagecharge

payment.Thisarticlemustthereforebeherebymarked"advertisement"

inaccordancewith18U.S.C.§1734solelytoindicatethisfact.
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reglOnS havingextensive sequencehomologleSWiththeE･

coliproteins.Moreimportantly,threeoutofthefburUGA

codonsappearatthepositionscorrespondingtotryptophan

intheE.coliproteins.This suggeststhat UGAisasense

codon,PrObablyfortryptophan,inM.capricolum･NoUGG

codonfbrtryptophanhassofarbeenfbund.OneUGAap-

pearsinS3atasitecorrespondingtoarglnineintheE･COli

L16.

Genes伽rTryptophantRNAs.SinceUGA,Whichisastop

COdonintheuniversalcode,SeemStObereadastryptophan
inM.capricolum,One WOuldexpectthe occurrenceofan

OpaltRNAthatcandecodetheUGAcodon.PlasmidpM-
CH964,having a2.0-kilobase-Pair HindIIIfragmentin

PBR322,WaSisolated as one ofthe clones that hybridize

With unfractionated M.capricolum tRNAs.By restriction

mapplngOfthisfragmentfbllowedbyhybridizationwith32p-
1abeledtotalM.capricolum tRNAs,thetRNAgeneswere

localizedwithina600-bpAluIsubfragmentthathadbeen

derivedfromthemiddlepartoftheHindIIIfragment(data

notshown)･TheDNAsequFnCeOfthisregion(Fig･2)re-
VealedthepresenceofapalrOftRNAgeneswitha40-bp

SpaCerbetweenthem.ThetRNAencodedbythefirstgene
hasananticodonsequence5′一U-C-A-3'thatcandecodeboth

OPalcodon UGA and universaltryptophan codon UGG,

Whereasthesecondonehasananticodonsequence5'-C-C-

A-3'fbrtheuniversalUGGcodonfbrtryptophan(Fig.3).
ThestructuralgenereglOnfbrthesetwotRNAsispreceded

bytheexpectedpromoterstructures:aPribnow-box-1ikese-

quence(underlinedinFig.2)完20bpupstreamanda-35se-

quence(alsounderlinedinFig.2)45bpupstreamfromthe
COdingsequences.ThetRNAgenesarefbllowedbyaproba-
bletermination slgnal:adyad symmetricalstruCtureanda

StretChofthymidineresidues(indicatedbytwoarrowsand
byabrokenline,reSPeCtively,inFig.2)24bpdownstream
fromthecodingsequencefbrtRNAccA.Theabovestructure

SuggeStSthatthetwotRNAgenesarearrangedinaslngle

OperOn.ThetRNAucAgeneCOuldhaveemergedbyduplica-

tion ofthe tRNAccAgene,Since the two tRNAgenes are

Closelyrelatedtoeachothernotonlyintheirtandemlinkage

Onthechromosomebutalsointheirhighsequencehomolo-

gy(78%identity)andbothtRNAucAandtRNAccACanbe

Chargedwithtryptophaninvitro(seebelow).
ExpressionoftRNATrpGenes･Todeterminewhetherthe

twotRNAgenesdescribedaboveareexpressedinvivo,We

PurifiedtRNAsthathybridizewiththeDNAfragmentcon-
tainlngthesetwotRNAgenes.Thepurificationprocedure

COnSistsofhybridizationofcrudetRNAswiththeDNAfrag-

ment,fbllowedbyidentificationofthehybridizedtRNAsby

sequencing.Since tRNAucAIS One baselonger than

tRNAccA,aSdeducedfromtheirDNAsequences,theymay

Abbreviation:bp,basepair(s).
*Onleavefrom the Department ofBiochemistry and BiophysICS,

ResearchlnstituteforNuclearMedicineandBiology,Hiroshima

Universlty,Hiroshima734,Japan.

†presentaddress:Meijilnstitute ofHealthScience,540Naruda,
Odawara250,Japan.
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AA GCT TTA AAA GCT GGA GCT AAA GGA ATT AAA ACT GCT
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TT- ATG TTA CAA CCA 289
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瓦;言:valSerTyr Glu

三;GlyArg
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GGT TTA ATG GCT
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CAT CAA ATA GAA GCT GCG CGT ATT
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Phe Pro

GCT ATG ACA CGT

Ala Met Thr Arg

Ala Me亡 Thr Arg

TTA GAT GGT GCT

工芸司AspGly Ala

禦王

GCT AAA GGA GCT 349

央

TGA ATT GAT AAT 409
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GlyArgGly扇;与≡dThrAla
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Glu担

Ala Arg Glu Ala
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Thr丘㍍旬e亡Phe
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FIG･1･DNAsequenceofapartofM･CaPrico[umS3andL16ribosomalproteingenes･TheDNAsequenceofthemRNA-1ikestrand,

togetherwiththepredictedaminoacidseqpence,OfaHindIIl丘■agmentfromaplasmidpMCBlO88(seeref･1)thatcontainsapartofM･
CaPricolum[AmerlCanTypeCultureCo11ectlOn27343(Kid)]ribosomalproteinS3andL16genes(M.c.)wasalignedwiththecorrespondingE.

COliproteinsequenc?S(E･C･)･Thesitesforidenticalaminoacidsandthoseofcoヮservativeaminoacidsubstitutionareboxedwithsolidand
dottedlines,reSpeCtlVely.TGAtripletsaremarkedwithasterisks.DNAsequenclngWaSperfbrmedbythechain-terminationmethods(5,6).

TTTAACTATT CAAGAAATAT ATTAATAATT TAGAATCTGA AATTAACAAT ATTAATGTAA TGAGTGTTTA TAATACCATT GATTTATTAT TAAAAGAACAlOO

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 4OO

ATAGGTGAGT TTTA AGGGG CATAGTTCAG TAGGTAGAAC ATCGGTCTTC AAAACCGAGT GTCACGAGTT CGAGTCTTGT TGCCCCTGCC A

二AAATCACAC TTTGTGTGAT TTTTTTAT

亘司TAAGAAA

TTTGAAAG 500

AG GAGAGTAGTT CAATGGTAGA ACGTCGGTCT CCAAAACCGA GCGTTGAGGG TTCGATTCCT TTCTCTCCTG 600

TAAAAAAAAA CTGGAAATTC CAGTTTTTTT ATTCTTCAAT TGCAACAAAA CCTATAGTTT CAATTCCTGC ATGAATAGTG TAAATATTTG 700
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deducedrromDNAsequence.

beeasJ]ydistinguishedbypolyacrylamjdegelelectrophore-

sis.Fig.4showsanelectrophoreticseparationoflRNAs,the

3Jendsofwhich
werelabeledwith[3二p]pCpandT4RNA

ligaseafterhybridizationwiththeDNAfragment(Seelane

a),OnlytwotRNAspecies,differingslighllyinlength.pre-
dominated.Par(ialsequenceanalys7SOfthesetRNAsbythe

chemicaldegradationmethodrevea]edthatthefastmlgrat-

1ng One agreed wjth the
DNA

sequence
forthe tRNAccA

gene.andlheother.withthatforlhetRNALH=Agene(data

noIshowrり.Thus.intheeells.boththegenesfortRNAucA

and tRNAc⊂A are tranSCrjbed aEld processed,However.

WhentRNAswerepurifiedwithoutfjrstremovlngaminoacr

ids,tRNAc(^WaS PredomjnantLylabeled with r32p]pCp
(Fig.4､1aneb).ThissuggeststhatthebulkofthetRNAu(LA

moleculesbutnottRNA〔C^havebeenaJreadychargedwith

aminoaeidsinl･[v().becauseaminoacidboundtothe-CAC.A

terminuswould prcventtheligationof[uP]pCptolhe3′
end.To verify this andidentify the amjno acid bound to

tRNAucA.the fo)lowlng eXperimenlwas performed･The

deacylated tRNAs wereincubated fora short period with

aminoacidin(hepresenceo[theM,(T(LPri(･()l[LmS-100frac･

tiontoreacylatethetRNAs.CharglngthetRNAswithtryp,

tophaninhjbited theincorporation of[】Zp]pCpinto
both

tRNAccAandtRNAしr⊂A(Fig,4､1aned).wherea50theramino

acids､1eucjneforexample,didnotaffectthe]abe血geffi-

ciency(Fig.4.1ane c),These resultsindicate that both

tRNAccAarld tRNAし■(1AaCCepttryPtOphan//7-イ汀().

ThepresenceoftRNA亡乱inM･(al"･lco/umstronglysヮp-
POrtStheidealhatUGAistranslatedastryptophanbyuslng

thistRNA.Tryptophanis`-universally codedforbyas)ngle

codon.UGG,Whichis decoded bylRNA⊂亡^throughout

prokaryotes(9)and eukaryotes(1O).In nitochondria.not

OnlyUGGbutalsoUGAareusedastryptophancodoTIS(11-

13).bothofwhicharetranslatedbyasIngleLRNAwiththe

anticodon UCA(14-17).Thus.thediscoveryoftwotRNA

specieshavinganticodonsequencesof,reSPeCtively.CCA

andUCAinonegeneticsystemcoTltraStSWithpreviousob-

servationsinothersystems.Althoughthe
UCAanticodon

can decode both UGA and UGG according tothe wobble

theory(18).wehavenotsofarfound UGGcodorlSinthe

readingframesnotonlyin(heS3andL16genesbutinother

nbosomalproteingenes(seealsoref.2),Thissuggeststhat
UGAispredominan(1y.ifnotexcJusiveJy､uSedasatrypto-

phaTICOdoninM.〔､aPrico[L〃軋JtisthusinterestlngtO See

WhetheTandhowtRNAcc^par[icIPateSintranslation･The

failure to find tRNA〔て^apPreCiably chargedin一,ivo with

tryptophanmightmeanthatitsroleisstJbsidiary･

■

P〃汀.八丁(J/J.A〔､【Jd.5ぐ乙U∫Aβ2｢ノ9β5ノ

ノ
tRNAuc√叫声 嘲

-~tRNAccT絆

a b

ポ■

C d e

F】G,4,Hybridizalion ortRNAs with pMCH964DNA.TolaZ

tRNAswerepreparedfT〔Imルす(･叩′/(dJ仰bydil-eCtPh印01extrilC-

tion.tbl]owedbyhyhridizationwilhpMCH964DNA,ForhybT.idiza-

tion,pMCH9641)NA【1mg)was rragmented by sonjc;llion and

boundtoaSephacrylS-500columnaceorditlgtDlhenelhodofBun-

emannand Westhoff(7).Hvbridizationwas carrledoulat420Cfor

24hrinahybridizalionbufierconlaining201TNPipesIpiperaZine-
N,N'-bis(2-ethanesulh)nic acid)](PH6.5).0.6M NaCL.1mM

EDTA.0.2%NaDodSO小and50%(VOVvoE)ねmamide.AflerurL-
bound materialwas re皿OVed by＼VaShing wilb the h〉bridization

buffeTrat42ロC.thehybridizedtRNAswereelutedwilhthebufferat

9OOC.precipitated.and washed with70%(VOl/vo])ethano).The
tRNAssoobtairledwereincuba【eda【37DCinlOOmMTris･HC】(PH

lO.0)for30minto"slrlP aminoacid(deacyla‡eJ.ifnecessary.The

3'endsofLhetRNAswerelabeledw仙r3コpIpCpandT4RNAljgase

asdescribedbyPeatlie(軋rotlowedbyeIeclropbo｢esisi□1ユ啄po】y-

acrylamide ge)and autoradiogTaPhy,Electrophoresis was a15O

V/⊂mfor5hr(lanesaandb)oratlOV/cm†or3Ohr(bnesc-e)･
Lanes aand b:tRNAs hYbridized topMCH964DNAとLnd LabeLed

with[1コp]pCpafterdeacylation(a)oTWithoutdeacylation(b)▲Lanes
candd:tRNAswereaminoacylatedwithleucine(e)ortryptophan

(d)before[32p】pCpLabeling･Lanee:tRNAsw9Teincubatedwiththe
S-100fractionfTOm｣帆ぐ叩r～ぐOJ〟椚WitllDutamlnOaCid.Amjnoacyla-

tionwasca汀iedoulat570Cfor5minjnareactionmixlureCOnSisl-

1ngOf50FllofO,2Msodiumcacodylatebuffer(pH7.0)conlaininglO

rnMnlagneSiLLmaCetaleand8mMATP.10FL]ofamir)OaCidso]utior)
(1mM眈20/⊥lorthe〃,ぐ叩r血/J〟〃S･100血■aCtion,andlOルlorH=O

jDatOtalv〔)】urロeOflOO〝1.

EYOll】tionaryAspects.TheA+TcontentoftheML(･(LPri(▼0-

lLJmgenOmeisabout75乳oneofthehighestamongallorga-

rLisms,Reflectingthis.anobviouspreferenceforadenosine

andthymidineintheM.capl･l(･()I〃mgenOmehasbeenseen

VallOUS regjons:e.g‥rRNA genes(19),theirspacers(20),

andcodons(2).1napreviouspaper(2),Wehavedemonstrat-
ed that the codons used

forthe M.(･aPri(･()(LL17L ribosomal

PrOteinsS8andL6arestronglybiasedtothoseriehinAand

Uandthatmorethan90%ofthecodonshaveAorU atthe

third position.The sane tendencyofcodon usage can be

seenintheS3andL16genes､aSShowninFig.1.Thetotal

A+TcontentofthecodingreglOJISisabout67ウそ,andonly12

0utOfthetota1207codonshaveGorCatthethirdposition

[9ofthese12areAUG(methionine)codons].Thissuggests
thattheconstraintfortheprefercntialuseofAandTinthe

proteingenesisoperatlngattheDNAlevelasa selection

force.Thus,the useorUGA ratherthan UGGasatrypto-

phan codonin M.(･(LP.･i(･0[L",lmay bethe
consequenceof

thisevoIutionarypressure.

It has been suggested thatmitochondria have evoIved

fromce11ainprokaryotesbyendosymbiosis(21,22).Theuse

OfUGAasatryptopharlCOdoninM.(1nPricoIumasinmito-

ChondriaraisesaninterestlngPOSSibjlitvinthephy]ogerletic

reLationship between mycop]asmas and rr[itochondria･My-

COPlasmasa[eParaSiticineukaryotes.andtheA+T-richness

OftheirgenomicDNAsresemblesthatofthemitochondrlal
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DNAsoflowereukaryotes.Thecodonusageoftheyeast

mitochondrialproteingenesisstronglybiasedtotheA-and

U-richcodons(13,23,24),aSisthecaseinM.capricolum

(2).Furthermore,theM.cqpricolumtRNA吉払sequenceis
more similarto yeastmitochondrialtRNA吉私(14)(66%
identity)thantocytoplasmictRNAさ払(25)(55%identity).
Thus,the mycoplasma-1ike organisms might have played

someroleintheevolutionofmitochondria.
Thedeviationfromtheuniversalcodonsthatoccursinmi-

tochondria,SuChasAUAfbrmethionineinsteadofisoleu-

CineandAGAfornonsenseinsteadofarginine(11),maynOt
bethecaseinM.capricolum,becauseAUAcanbeseenin

thereadingframe oftheM.cqpricolumgenes attheposi-

tionscorrespondingtoisoleucineintheE.coliprotein se-

quences(e.g.,the47thcodonoftheL16geneinFig.1)and
AGAisthemostabundantlyusedcodonfbrarglnineinthis

Organism(2).
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Occurrenceofunmodifiedadenineanduracilatthefirstpositionof

anticodoninthreoninetRNAsin物cQPlasmac叩ricolum
(COdonrecognition/tlJ]mOdinedaJ)ticodon/biasedmubtionpressure)

YosHIKIANDACHI,FuMIAKIYAMAO,MASAFUMIIwAMI*,AKIRAMuTO,ANDSYOZOOsAWA

LaboratoryofMolecularGenetics,DepartmentofBioIogy,FacultyofScience,NagoyaUniversity,Chikusa-Ku,Nagoya464,Japan

C()∽肌〟〝わdJビdわ〟oJ〃∂g∫椚〟用,J〟〃ビJβ,J卵7

A8STRACT Codonusagepatterninthethreoninebur･

COdon(ACN)boxin坤C呼hzsmac呼ricotumisstronglybiased
toward$ademine and tlraCilbr the third

base of codons.

CodonsendinglnuraCi)oradenine,eSPeCiallyACU,Predom･

inate over ACC and ACG.This bacterium contains two

isoacceptor threomine tRNAshaving anticodon sequence$

AGtJand tJGtJ,bothwithunmOdiGed瓜rst nucIeotides.It

WOuId ths appearthat ACN codonsare tranSlatedin an

tlntlSualway;tRNAThr(AGtJ)wouIdtranslatethemostabun･
dan(lyusedcdonACUexclusiYelyIt)eCauSeadenine&tthefirst

anticodonpositioncan,aCCOrdingtothewobbleru)e,ParOnly

withuraCilofthethirdcodonposition.ThetRNAThr(UGU)

WOuld mainIy be responsiblebr translationofthreeother

codons,ACA,ACG,andACC.AnticodontJGtJwotlldaIsobe

usedbrreadingcodonACtJ鮎aredundancyoftRNAThr･

(AGU),aSdeducedfromthemit∝hondrialcodewhereun･
modifieduraciJatthefirstaJlticodonpositioncaJ)Pirwith

ademi血eICytOSine,guanineIandⅦraC皿by伽Ⅶr･WayⅥ,bble･

ThetRNAThr(AGU)hasmuchhighersequencehomologyto

tRNAThr叩Gロ)fhlm〟.亡呼血〃血椚(8$%),助ぐ肋`∫∫〟あ肋

(77%)姐dg∫亡ゐg′わ九血ぐ〃〟(鮎%)也antotRNATh【(GGIJ)伽Im

乱∫〟あ肋(``%)amdg.α戒(`3%),SⅦ捉eStimgthattRNAThr･

(AGtJ)hasbeenderived打omtRNAThr(UGU),htnot打om

tRNAThr(GGロ).

In the eubacterialgenetic code,thefirst bases oftRNA

anticodonsforfour-COdonboxesaregenerallyguanineand

uracil(uracilalmostalwayミmOdined),With,additional1y,
frequentoccurrenceofcytoslne(Seeref.3).AnticodonGNN
translatescodonsNNUandNNC,andanticodonhoUNN

【hoU=a5-hydroxyuridinederivative(Seeref･4)】translates

codonsNNA,NNG,andpossiblyNNUbywobbling(4)･
AnticodonCNNtranslatesonlyNNGcodons.Presumably,

predominanceofcodons NNGin theG+C-richbacterial

linesleads to a need fbr anticodon CNN(3).The only

exceptionis the argininefour-COdon box(CGN),Where

anticodonICG(Ifbrthehypoxanthineofinosine)translates

codonsCGU,CGC,andCGA;andanticodonCCGtranslates

COdon CGG.

DuringanalysesofthetRNAgenesequenceinMycqplas-

macqpricolum,Wehavefbundageneclustercontaining丘ve

tRNAgenes,OneOfwhichisageneforputativethreonine

tRNA with anticodon sequence AGU.Anticodon AGU,

unmodi丘ed,Can,aCCOrdingtothewobbleru1e(1),tranSlate
onlycodonACU,butnotACC.Becausethreoninecodon

ACCrarelyappearsinreadingframesinM･CqPrico]um,the

mostplausibleexplanationfortheabove丘ndingwouldbe

thatthe丘rstnucleosideofthistRNAanticodonisreplacedby

inosine(5)aftertranscription,SOthatanticodonIGU can

translatecodonACC,aSWellasACUandACA,bythree-

WayWObble,aSinthecaseofICGintheargininefbur-COdon

Thepublicationcostsofthisarticleweredefrayedinpartbypagecharge

payment.Thisarticlemusttherefbrebeherebymarked"advertisement''
inaccordancewith18U.S.C.§1734solelytoindicatethisfhct.
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box.AnticodonIGUappearsinyeast(6).Anotherpossibility

wouldbethattRNAThr(GGU)existsinadditiontotRNAThr
(AGU),SOthatcodonsACUandACCcanbetranslated,

althoughcoexistenceofanticodonsGNNandANN(OrINN)
hasneverbeenreported.

We have thus analyzed the product of the genefor

tRNAThr(AGU),aSWellastheotherthreonineisoacceptor

tRNA(S).Unexpectedly,theresultshaveshownthatthetwo

possibilitiesmentionedabovearebothincorrect;thereexist

twoisoacceptor tRNAs,One having anticodon sequence

AGUandtheotherhavingUGUandbothhavingunmodined

nrstnucleotides.Thusfar,unmOdi丘edadenineatthe丘rst

positionoftheanticodonhasonlybeenfoundfortRNAArg

(ACG)inyeastmitochondria(7,8).

MATERIALANDMETHODS

DNACloningandSequenclng.ThegenelibraryofM少CO-

plasmacapricolum[AmericanTypeCultureCollection27343
(Kid.)】wasconstruCtedwithHindIII-digestedgenomicDNA
ligated to plasmid pBR322.The recombinant plasmid

pMCH502containinga4.0-kilobase-Pair(kbp)DNAinsert

wasisolated as one of the clones that hybridized with

unfractionatedM.cqpricolumtRNA.DNAsequenclngWaS

donebythedideoxynucleotidechain-terminationmethod(9)･
IsolationoftRNA by DNA ColⅦmn.TotaltRNAswere

preparedfromM･CaPricoLumbydirectphenolextraction･A

columnofSephacrylS-500coqugatedwithl･3-kbpAccII
fragment ofthe4.0-kbp DNA(See above)was prepared

accordingtothemethodofB也nemannandWesthoff(10)･The
l.3-kbpfragmentcontainedgenesfortRNAThr(AGU)anda

partofthe5,endoftRNATyr(GUA).Hybridizationtoand
elutionfromtheDNAcolumnofthetRNAsweredoneas

described(11).TheelutedtRNAswerefurtherpuri丘edby

12%polyacrylamidegelelectrophoresis(11)･
IsolationoftRNAbyBenzoylatedDEAE･CelIdoseCol11mn･

DeacylatedtotaltRNAswereincubatedwiththreonineinthe

presenceoftheM･CaPrico[umSlOOfraction･Thethreonine-

chargedtRNAswereseparatedfromothertRNAsbychro-

matographyonbenzoylatedDEAE-Cellulosecolumnafter
2-naphthoxyacetylationofthetRNAsThraccordingtothe

methodofGi11ametal.(12).ThethreoninetRNAfraction

wasthensubjectedto12%gelelectrophoresistoseparatethe
tRNAspecies;thetRNAbandswereelutedfromthegeland

usedbrRNAsequenclng.
RNASequenclng･Thenucleotidesequencewasdetermined

by thechemicalmethods ofPeattie(13)and the enzyme

methodofDonis-Ke11er(14)using3,or5,32p-labeledRNA.
The sequence was also determined by the postlabeling

methodofKuchinoeta[.(15).Modi丘ed nucleotides were

identi丘edinthetwo-dimensionalTLCuslngtWOdifferent

SOIventsystems:SystepII,isobutyricacid/0･5Mammonia
(5:3)inthe丘rstdimenslOnandisopropylalcohol/HCl/wat?r
(70:15:15)intheseconddimension(16);SystemII,isobutync

*Presentaddress:LaboratoryofEmbryology,DepartmentofBiol-

ogy,FacultyofScience,NagoyaUniversity･
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acid/ammonia/water(60:1:33)inthe丘rstdimensionandlOO
mlofO･1Msodiumsulfate(pH6･8),60gofammoniTm
Sulfate,and2mlofn-PrOpylalcoholintheseconddimenslOn

(17).
ChemicaIs.Enzymeswerepurchasedn･OmTakara-Shuzo

(Kyoto),【5,-32p]pCpand[γ32P]ATPweren･OmAmersham

(Japan),SephacrylS-500wasfromPharmaciaFineChemi-

Cals,benzoylatedDEAE-CellulosewasfromServa(Heidel-
berg),andcellulosethin-1ayerplateswerefromFunakoshi

Pharmacological(Tokyo).

RESULTS

WeisolatedtherecombinantplasmidpMCH502containinga

4-kbpHindIIIfragmentofM.capricolumDNAasoneofthe

ClonesthathybridizeswithunfractionatedtRNA.Thefrag-

ment contained a clusterof丘ve tRNA genes.The order

WaS5,-tRNAThr(AGU)-tRNATyr(GUA)-tRNAGln(UUG)-
tRNALys(UUUトtRNALeu(UAAト3,(Fig.1).ThetRNAgene

ClusterwasprecededbyaputativepromoterstruCtureand
fo1lowedbyaprobableterminationslgnal.ThetRNAgenes

Weredividedbyshort(4-tO8-base-Pairs)spacers.Thusthese
genes seem to consist ofa slngle transcriptionalunit.Of

SpeCialinterestisthattheanticodonsequenceoftRNAThr

genewasAGU,becauseintheeubacterialcode,the丘rstbase

Ofanticodonsisalwaysguanine,uraCil,OrCytOSine,Withan

exceptionofanticodonICGforarginine(Seeabove).
TodeterminewhetherthetRNAThr(AGU)genedescribed

aboveistranscribedandtheproducttRNAhastheanticodon

SequenCeAGUorIAU,Wepuri丘edthetRNAsthathybridized

withaDNAfragment(aderivativeofpMCH502)containinga

COmplete sequence of tRNAThr(AGU)and the5,-half of

tRNAThr(GUA)genes.Thepurificationprocedureconsistsof
hybridizationoftotaltRNAswiththeDNAfragment,fo1lowed

byidentincationofthehybridizedtRNAsbysequenclng.Two

tRNAswere detected;One Ofthem agreed with the DNA

SequenCeforthetRNAThr,andtheotheragreedwiththeDNA

SequenCeforthetRNATyr,aSeXpeCted.Theanticodonse-

quenceoftRNAThrwasAGUinwhichadeninewasunmodined

asjudgedbyTLC(seebelow).
Intheeubacterialcode,threoninecodonsACUandACC

arereadbyanticodonGGU;andcodonsACA,ACG,and

possiblyACU are read by anticodon hoUCU.Anticodon

AGUwouldbeabletorecognlZeOnlyACU,butnotACC.

Tablelshows that threonine codon usage patternin M.

CaPrico[umisstronglyA+T(OrU)-biased,aSeXpeCtedfrom
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Tablel･ThreoninecodonusageinMycop[asmacaprico[〟m

Codons ACU ACC ACA ACG

Occu汀enCe* 131 4 85 0

Percent (59.5) (1.8) (38.6) (0)

*Numberofthreoninecodonsin20ribosomalproteingenes,SeCY

andadkofM.caprico[um(fromref.27).

ahighA+Tcontentofthegenome(18).Codonsendingin
uraciloradenine,eSpeCiallyACU,predominated,andyet

COdonACCwasusedinalowfrequency.CodonACGhasnot
beenfbundthusfar.

WethenisolatedtheisoacceptorthreoninetRNAs,and

their sequences were determined.The deacylated total

tRNAswereincubatedforashortperiodwiththreoninein

thepresenceoftheM.caprEcolumSlOOfractiontoreacylate

threoninetRNAs.ThechargedtRNAswere2-naPhthoxy-

acetylatedandseparatedfromothernonacylatedtRNAson

abenzoylatedDEAE-Cellulosecolumn,fbllowedbyfurther

puri丘cationwithpolyacrylamidegelelectrophoresis.Fig.2

Shows anelectrophoretic separationofthetRNAs.Three
RNAs(a,b,and cin Fig.2),difftring slightlyinlength,

predominated.AlongerRNA(d)wasalsofoundasaminor
COmpOnent.A11thefour RNA species were eluted and

SequenCed.ThebanddwastRNALeu(UAA).ThetRNAsof
band a and b were tRNAThr(AGU)and tRNAThr(UGU),

respectively.ThetRNAofbandchadanticodonsequence

NAU(N,umidenti丘ed modi丘ed base)andis probably

tRNAIle.The丘rstmodinedbase(*C)oftheanticodonforthe

E･CO[itRNAIle(*CAU)containsan?narOmaticaminoacid
(Yokoyamaeta[･,perSOnalcommunlCation)･Ifthesam?is
appliedtotheM.cqprico]umtRNAtle(NAU),thentheamlnO

acidresidueinthistRNAwouldbe2-naphthoxyacetylated

andberecoveredtogetherwithtRNAThr.TLCidentincation,

usingtwodifftrentsoIventsystems,Ofthe丘rst(5,)nucleotide

OfanticodonsclearlyrevealedthatadenineintRNAThr(AGU)

anduracilintRNAThr(UGU)werebothunmodi丘ed;radio-

activespotsofthesenucleotidesperftctlyagreedwiththe
UV spots of authentic adenylic acid and uridylic acid,

respectively(Fig.3).Fig.4showsthetotalsequencesofthe
twothreoninetRNAsincludingmodi丘ednucleotides.

Because the bulk,if not all,Ofthe threonine-Charged

tRNAsshouldberecovered丘･OmthebenzoylatedDEAE-

Cellulosechromatography,WeCOnCludethatM.caprico[um

COntainstwoisoacceptortRNAswithanticodonsequencesof
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1 2 3

F】GL2･PolyacrylamidegelelectrophoresisoftRNAs.Deacy)-

atedtotaltRNAsofM.capricoILLmWereiTtCubatedforlOminat37CC

With2rrlMthreonineinthepresenceoftheSlOOfractiontoacylate

threoninetRNAs.ThechargedtRNAswere2-naphthoxyacety)ated

andseparatedfrornTtOnChargedtRNAsbyabenzoylaledDEAE-

Ce】tulosecolumn.(Lanel)Tot8ItRNAs;(lane2)-1charged-'lRNAs
iso)atedbybenzoylated DEAE.cel)u10SeCO]unTIChromatography;

()ane3)tRN^Thr(AGU)iso】atedbyusingacolunTIOfSephacry)

S-500con)ugatedwiththeDNAfragnentcontair)1ngthegenefor

tRN^Thr(AGU).a.tRNAThr(AGU);b,tRNAThr(UGU);C,(N^U;N,

urLidenti鮎d modifled base)probably tRNA[[e;and d,tRNALcu

(UAÅ).

AGU and UGU.The nrst anticodon nucleotideis not

modifiedin eitherofthesetRNAs.

DISCUSSION

WehaveshownthatinM.capncoIumthereexistatleasttwo

threonineisoacceptortRNAshavinganticodoTISequenCeSOf

AGUandUGU,thefirstbasesadenineanduraci[beingboth

unrnodified.NotRNAhavinganticodonGGUorCGUhas

beenfound,aLthoughapossibilityofthepresenceofthese

twotRNAspeciesasminorcomponentscanTlOtbeexcluded.

AssumingthattRNAThr(AGU)andtRNAThr(UGU)arethe

On)ythreoninetRNAsinthisorganism,COdorlACU,Which

isthemostabundant】yusedthreoninecodon(18)(SeeTabLe

l),WOuld appear to be translated by anticodon AGU.

AnticodonUGUwouLdmainlyberesponsibIeforthreeother

threoninecodons,ACA,ACG,andACC.Becauseunmod-

ifieduracilatthefirstanticodonpositionhasbeenreported

tobeabletopairwithadenine,guanine,CytOSine,anduracil

byfour-WayWObb】einthemitochondrla]code(2),tRNAThr-

(UGU)could a】so be used for readiTlg COdon ACU as a

redundancyoftRNAThr(AGU),
Aspostulatedprcviously(3).theearlycodewouJdhave

usedGNNanticodonfoT･tranSlationofcodonsNNY(Where
Y=uraCilorcytosine)andanticodonhoUNN forcodons

NNR(WhereR=adenineorguaTline)ina11thefour-COdon
boxes,Thisrnlecanbeappliedtomostoftheeubactehal

COde,eXCeptfor(heargininefour-COdonbox.TheevoLution

OfAGUandUGUanticodonsintheMycppILZSmalinecanbe
deducedasfbllows.

Thesimplestexplanationfortheappearanceofanticodon

AGUwouldbe(hatGGUmutatedtoAGUbyA+Tqbiased

mutationpressureasassumedfromaveryhighA+T-COntent
(75%)oftheM.caprLcoILJmgenOmicDNA(19).However,

thisseemsnottobethecase.ThetRNAThr(AGU)would

mostprobablyhavebeender[VedfTOmtRNAThr(UGU),but
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FtG.3.TLCidentifLCation of the fLrSt(5′)nucEeotjde of

antjcodonsoftRNAThr(AGU)aTtdtRNATbr(UGU),tRNATもr(AGU)

andtRNA'nr(UGU)wereiso)atedbyDNAcolurnnandbenzoylated
J)EAE-Ce)1u10Se CO)tJmn,reSPeCtiYeIy.The tRNA was partia】Jy

digestedwithformamide,andthe5'endsofthedigestswerelabe)ed

Witb【γノ2p]ATPandpoIynucleotidekinase.Thetabe】edproducts
WereSeParatedby20%po]yacrylamjdegelelectrophoresisaccoT-ding

to theirchainlengths aTtd autoradiographed.The5'end-1abeled

OIIgOnuC]eotideiIleaChradioactivebandwaselutedfromthegeland

digesledwithrlbonucLeasePltoproduceN-【5')2p]monophosphate.
The product was mixedwith nonlabeZcd speCific N,N,N,N-5l-

monophosphatesanddisp】ayedbytwo-dimensiona)TLC(15).The
anticodon sequence cou)d beidenti丘ed from the totaltRN^se-

quencedetermiTtedbytheabovemethod.ToseethemodiBcationof

thefirstnucLeotideofanticodon,thecorrespondingnucleotidewas

furtheridentified by TLC,The Zabeled first nuc]eotide of the

anticodonfromtRNAThr(AGU)(aandb)orfromtRNAThr(UGU)(c

andd)wasdisplayedbyTLCusingsoIYentSySteml(aandc)and

SySlemIl(♭a□d(り,reSpeCtive】y,and exposed on arlX-my日Im.
Positionsofauthentic unmodifiednucleotidesweredeterminedby
UVirradiatioll.I(inosinicacid)shouLdbepositionedasindicatedin

the丘gures.Positionsofvariousmodifieduridinenuc]eotidesdonot

agreewjtbtbatoftheunmodif盲edone(seerefs.1(〉and17).

notfrom tRNAThr(GGU),aS aSSumed
from the fbllowing

facts.The M.caprico[LLm tRNA gene arrangement,

tRNAThr(AGUトtRNATyr(GUAトtRNAGln(UUG)一tRNALys･

(UUUトtRNALeu(UAA)studiedhere(Fig.1),issimiLartoa

partoftheB.s〟btilEs‥16tRNAgenechlSter:1thearrange-

mentofwhichisLRNA仙(UGUトLRNAT7r(GUAJ-tRNATrp-
(CCA)-tRNAHis(GUG)LLJW^GIn(UUGトtRNAG(y(GC-

CトtRNACys(GCA)-†RNAL･e,J(UA^)(20).The B.

genes showninitalicletters are those aLso foundin M.

CaPrico[LLm.The sequence similarity between presumed

honoIogoustRNAgenesofM.caprEco]umwilhthoseofB.

subtilisishigh-i.e..79%betweentRNATbr(AGU)(M,M.

capricoILLm)and tRNAThr(UGU)(B,B.s〝btiIis),78%be-

tweerltRNATyr(GUA)(M)and tRNATy-(GUA)(B),90%
betweentRNAGIn(UUG)(M)andtRNAGLn(UUG)(B),and

69%betweentRNALeu(UAA)(M)andtRNALeu(UAA)(B),

Ontheotherhand,B,S〟bti[istRNAThr(GGU),thegerLeOf

Whichisamemberoftbe‥6tRNAgenec]usteT･H(21),has

only64%simiIar】tytOtheM,CaPYIco[umtRNAThr(AGU).
These observations suggest that the M.c(】Prico[〟m

tRNAmr(AGU)gene has resultedfrom amutatjon ofthe

tRNAThr(UGU)genethatishomologouswiththeB.s〟bTi/is

tRNAThr(UGU)genementionedabove,B.sLLb(i/Lshasone

moretRNAgenecluster-i.e.,the.`21tRNAgenecluster,‖



Biochemistry:Andachieta[.

A

C

C

A

G-C

C-G

U-A

G-C

A-U

C-G

U-A
UA

D

GA

U CロCG

llll
GGDA GAGC

N UUUCC A

A lllII A

GAAGG C

c
UW

A

U

Å A 赴
A-U

U-A

U-A

G-C

A-W
C A

u 晶
AGロ

(a)tRNÅTbr(AGU)

GA

C CUCG

llll

A

C

C

A

G-C

C-G

U-A

G-C

A-U

C-G

U-A
UU

N UAUCC A

A tllll G

GUAGG C

c
UV

GAGC

GcA
A

A-U

U

AI克G

C-G

U-A

G-C

A-W
C A

u ぬ
UGU

(b)tRNAThr(ロGU)

FIG.4.StruCtureSOfthetwothreoninetRNAsofM.cqpricoLum.

ThetwotRNAswerepuri丘edthroughgelelectrophoresis(seeFig.
2),and sequence was determined by chemical(13)and enzyme

method(14)and also by a postlabeling method(15).Mod泊ed

nucleotideswereidenti丘edbyTLC(16,17).Nrepresentsuniden-
tifiedmodi丘eduracil.(a)tRNAThr(AGU)and(b)tRNAThr(UGU).

containingthesecondtRNAThr(UGU)gene;itsgenearrange-
mentisunrelatedtothe"16tRNAgenecluster,''andyetthe

sequenceofthesecondtRNAThr(UGU)isidenticalwiththat
(丘rst)inthe"16tRNAgenecluster"(20,22).Thesequence

similaritiesofthe丘rstandthesecondB.subti]istRNAThr-

(UGU)toM.cqpricolumtRNAThr(UGU)arehigh(77%),

thussuggestingthatthesecondB.subti[istRNAThr(UGU)

genein the"21tRNA gene cluster''and M.cqpricotum

tRNAThr(UGU)genearehomologouscounterparts.M.cqp-

rico[um tRNAThr(AGU)also reveals a higher similarity
to E.colitRNAThr(UGU)(86%)than to tRNAThr(GGU)

(63%).
Fromtheseobservations,tWOpOSSibilitieswouldexistfor

theevolutionofthreoninetRNAsintheM少cqplasmaline.(i)
First,anticodon UGU became unmodined as a result of

partialdeprivationoftheuracil-mOdi丘cationenzymesystem,
SO that UGU could translate allthe threonine codons by

four-WayWObbleasdeducedn･Omthemitochondrialcode,

andGGUdisappeared.Thisprocesswouldbesimultaneous

WithatendencytogenomiceconomizationintheMycqplas-

maline(23).AnincreasinglyA+T-biasedmutationpressure
ledtoanextremepredominanceofACU(andACA)codons

OVerACCandACGinthegenes.Underthesecircumstances,

oneofthegenesfortRNAThr(UGU)mutatedtotRNAThr-
(AGU).(ii)UGUbecameunmodi丘ed,fo1lowedbymutation

Ofone ofthe genesfor UGU toAGU.This would be a

transient stage where UGU,AGU,and GGU allexisted.
GGUthendisappeared,forthelowdemandfortranslationof

COdon ACC would be supplied by anticodon UGU,and

anticodonGGUwasnotneeded.Inanycase,theappearance

oftRNAThr(AGU)isadaptivetofu蛸11aheavydemandfbr
translationofcodonACU.Thissituationmaybesomewhat

analogoustoanincreaseinG+C-richbacteriallinesinthe

COntentOfanticodonsCNN,Whichwouldhavebeencalled
forbyapredominanceofNNGcodonsintheproteingenes

(SeeJ〝〝od〟CJわ〝).
Oneslgni丘canceofthepresenceofanticodonAGUwould

bethat,aSmentionedabove,itwouldtranslatecodonACU

more emciently than anticodon UGU.Moreover,the

COdon-anticodon palrlng5'ACN3'･3'UGU5'invoIves only
One G･C palr,Which might cause misreading.Thus the
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presenceofanticodonAGUwouldbeadvantageousinview

Ofbothe餌ciencyandcorrectreadingofthemostfrequently

usedACUthreoninecodoninthisorganism.Inthisconnec-

tion,itisofinteresttonotethatM少cqplasmamycoidesseems
tocontainonlyonespeCiesofglyclnetRNAhavinganticodon

SequenCeUCC(24,25).Becausecodon-anticodonpairing
5'GGN3'･3′CCU5'inglyclnefour-COdonboxinvoIvestwo
G･C palrS,allfourcodons can be translated byfbur-Way

WObblemorecorrectly,aSCOmparedwiththecaseofthe
threoninebox.Thefour-COdonboxeswheretwoG･CpalrS

areinvoIvedincodonrecognitionbythesecondandthethird

positions ofthe anticodon arefor proline,alanine,and

arglnlneinadditiontoglyclne,Whereasthosecontainingonly

OneG･Cpairareforleucine,Valine,andserineinadditionto
threonine.Itisthuspossiblethatcodonsintheformerboxes

COntainingoneG･CpalrCOuldbereadbyanticodonsANN

and UNN(N=CytOSine orguanine,adenine oruracil),

WhereasinthelattercontainingtwoG･CpalrS,fourcodons

COuld be read only by anticodon UNN(N=guanine or

CytOSine),WithanexceptionofargininefotT-COdonbox･As
alreadypointedout,alltheeubacterialspecleSSOfarstudied

useanticodonICGfortranslationofargininecodonsCGU,
CGC,andCGAandanticodonCCGforcodonCGG.InM.

mycoides,agenefortRNAwithanticodonACGhasbeen

reported(26),althoughwhetheradenosineisreplacedby
lnOSineaftertranscriptionandwhetheranticodonCCGexists
haveyettobestudied.
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PhorboIEstersCanPersistent]yRepIace

InterIeukin･2(lL-2)fortheGrowthofa

Human[L-2-DependentT-CeLLLjne

TOSHIKAZUTAKESHITA,YUSOGOTO′MASATAKAN^KAMURA,MASAHIROFUJH,

MASAFUM‖WAMl,YOR10H[NUMAIANDKAZUOSUGAMURA*

DepartmentofBacterioJogy′TohokuUniver5itySchoolofMedicine′Sendai980(T･T･′Y･C･′

K.5.),InstiMefbrVirusResearch′KyotoUniversity′Kyoto606(M･N･′M･F･′Y･H･)/and

MoIecularOncologyDivision′Meiii]nstiMeofHealthScience′Odawara250(M･l･)′Japan

A selected cJone
from anJL-2-dependent human T-Cetl=ne was persistent[y

propagatedinthepresenceofphorbolesterswiththeabiIitytoactivateprotein
kinaseC(PKC)′SUChas12-0-tetradecanoylphorbol-13-aCetate(TPA)orphorbo(-

12′13-dibutylate(PDBu)･Thus′aTPA(PDBu)-dependentT-Ce=line′designated

TPA-Mat′WaSeStablishedfromLL-2-dependentTcells･TheTPA-dependencyof

TPA-MatwasnotJostduringcultivationformorethanayearinthepresenceof

TPA′andTPA-Matce"sstillshowedlL2-dependentgrowth･However′theTPA

(PDBu)-dependent growth ofTPA-Mat did not seem to be mediated by an

autocrinemechanismofLL-20rbyanYOthergrowthfactorproduction′because
thesefactors were notdetectedin TPA-MatcelL supernatants.Therefore′the

phorbolesterssubstitutedforlL-2andmaybedirect[yinvoIvedintransductionof

growthsignalsinTPA-Matcells･AlthoughactivityofPKCwasdown-regu(ated′

messengerribonucleicacid(mRNA)ofthePKCβ-geneWaSdetectedinTPA-Mat
cel[s cu[tured with PDBu.Furthermore′the growth of TPA-Mat ceJIs was

stimuJated not onIy by phorboIesters but also by nonphorboL ester tumor

promoterswiththeabilitYtOaCtivatePKC･Theseobservationssuggestthatthe

sustainedactivationofPKCbythephorbolesterscouldinducecontinuousgrowth

ofthe]L-2-dependentTPA-Matcells･

Intheimmuneresponse,reStingTcellsinitiallyare

activated by a specific antigenin the presence of

antigen-PreSentingcellssuchasmacrophages･Theac-

tivatiortofTcellsinducestheirproductionofIL-2and
expresslOnOfIL-2receptor(IL-2R)･Consequently,they

areabletoproliferatethroughanIL-2-dependentmech-
anismandtoexpandclona11y.Thus,IL-2andIL-2Rare

centraltoTcellproliferation･Recentstudiesdemon-

strated
Lthatintracellular

growth signaling can be

transducedfromhigha伍nityIL-2RafterIL-2binding
(Robbetal.,1981;SmithandCantrell,1985;Depperet

al.,1985).Receptorsforsevera11igands-SuChasepi-
dermalgrowthfactor(EGF),insulin,platelet-derived

growthfactor(PDGF),andcolonystimulatingfactorl
(CSF-1)-areknowntoassociatewithtyrosine-kinase,

which could have a cruCialrolein the triggering of

signaltransduction(Sibleyetal･,1987;Yeungetal･,
1987).TheputativeIL-2R(i･e･,Tacmolecule)isconsid-

eredtohaveacytoplasmicdomainthatistoosmallto
harboranykinase activity,althoughnon-Tacmole-
cule(s)inthehigh-a瓜nityIL-2Rhavebeenidenti丘ed
recently(Sharonetal.,1986;Tsudoetal･,1986;Teshi-

gawaraetal･,1987;Robbetal･,1987)･Themolecular
basisofthesenon-Tacmolecule(s)hasnotyetbeenelu-

cidated,andthemechanismsofsignaltransduction
fromtheIL-2RremaintoberesoIved.

AsIL-2RexpressionofactivatedTcellsistransient

⑥1988ALÅNR.LISS,INC.

in the normalimmune response,SpOntaneOuSIL-2-

dependenthumanT-Celllinesrarelyareestablishedin

vitro.However,inthemurinesystem,IL-2-dependent
T-Celllines oftenhave been obtained spontaneously

frominvitrocultureWithIL-2-COntainingmedium.On

the other hand,IL-2-dependent human T-Celllines

havebeenestablishedeasily,butonlywhenTcellsare

infected withhuman T-Cellleukemia virus typeI

(HTLV-Ⅰ).AsHTLV-Iinfectionresultsintheexpres-

sion ofIL-2R,theIL-2R expressionis thought to

correlate with HTLV,Ⅰ-induced T-Ce11transformation

(Su甲muraetal･,1984;Inoueetal･,1986)･Therefore,
theslgnaltransductionfromIL-2Rmustbeinvesti-

gatedfor eIucidation of regulatory mechanisms of

malignantas､WellasnormalT-Ce11growth･
Phorbolesterg,SuChasTPAandPDBu,arepOtent

tumorpromotersinvivo(Berenblum,1941;Hecker,

1971;Blumberg,1980)and activators of PKC,a

calcium-and phospholipid-dependent protein kinase

(Castagnaetal.,1982;Niedeletal･,1983;Nishizuka,
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1984).Theyinducetransformedphenotypes(Blumberg

et al.,1976;Weinstein et al.,1977;Weinstein and

Wigler,1977)and difrbrentiationin culture(Hu-
bermanandCallaham,1979;LotemandSachs,1979)

andareabletostimulategrowth(Touraineetal.,1977;
Rozpngurtetal･,1984;Kaneshimaetal･,1983)of
var10uSCelltypesinvitro.TransientgrowthofIL-2-
dependent murine T-Celllinesisinduced by TPA

(Kamber,1986;Kim et al.,1986),andIL-2induces
rapidactivationofPKCinanIL-2-dependentmurine
T-Celllinein accordance withits growth promotion

(FarrarandAnderson,1985).These丘ndingssuggest
thatPKCisimportantinsignaltransductionfromthe

IL_2RandthatactivationofPKCm畠diatesthecontin-

uousgrowthofIL-2-dependentcells･Inane肋rtto

provethis,We eStablished a TPA(PDBu)-dependent

humanT-Cel11ine(TPA-Mat)fromaHTLV-Ⅰ-infected
T-Cel11inethatrequiredIL-2forgrowth･

MATERIALSANDMETHODS

Cemenlture

ILT-Matcellsweremaintainedingrowth medium

(RPMI1640mediumsupplementedwith10%fetalcalf

serum)containing200U/mlofhuman recombinant

IL-2(obtainedfrom Shionogi PharmaceuticalCo.,

Osaka,Japan),andTPA-Matcellsweremaintainedin

growthmediumcontaining81nMTPAat370Cwith

7%CO2inair.Themediumwasrenewedevery20r3
daysbycentrifugation.

Incorporationof3H･thymidine

In200rLlofappropriatemediumin96-Wellmicro-

plates(FalconNo.3072),2.5×104cells/wellwere
incubatedfor48hrat370Cunder7%CO2inair.During

thelast4hrofincubation,1l⊥Ci/wellof3H-thymidine

(3H-TdR)(Amersham)wasadded,andcellsthenwere
harVeSted.Theincorporated3H-TdRwasmeasuredin

aliquid scintillation counter･Values are meansfor

triplicatedeterminations.

SouthernandNorthernblothybridi2:ation

High-mOlecular-Weight genomic DNA(15LLg)ex-
tractedfromcellswasdigestedwithEcoRI,electropho-

resedthroughaO.7%agarosegel,andtransferredtoa
nitrocellulosemembrane(Schleicher&Schue11,Das-

sel,FRG)(Southern,1975).TheT-Cellreceptorβ-Chain

constantregioncDNAprobefrom86T5(Hedricketal･,
1984)andHTLV-IpXprobefrompHTD2(Ohtaniet

al.,1987)werelabeledbynicktranslationandhybrid-
izedunder50%formamideat420Cfor24hr(Maniatis

etal.,1982).Themembraneswerewashedthreetimes
for15minuteseachat650Cin20×SSC(3MNaCland

O.25Msodiumcitrate)containingO.1%sodiumdodecyl

sulfateandexposedtoX-rayfilmswithintensifying
screensat-700C.
TotalcellularRNAwasisolatedfromcellsbyextrac-

tionwithguanidinethiocyanateandcentrifugationof

extractsthrougha5.7Mcesiumchloridecushionas
describedpreviously(Glisinetal.,1974).Samplesof

totalRNA(20LLg)weresubjectedtoelectrophoresison
al%agarose gelcontaining2.2Mformaldehyde

(Lehrachetal.,1977),tranSferredtoanitrocellulose

membranein20×SSC,andhybridizedasdescribed
forSouthernblots.

DetectionofPECactivity

Cells(2.5×107)wereharveStedforpreparationof

subce11ular fractions.Subcellular fractionation was

carriedoutasreportedbyFarrarandAnderson(1985)
with some modi丘cations.The harvested cells were

washed three times with phosphate-bu鮎red saline

(PBS)andoncewithO.33Msucrosebycentrifugation.
Thece11swerelysedinl.Omlofice-COldsamplebufrbr

(20mMTris-HCIpH7.5,0.33Msucrose,2mMEDTA,
0.5mM EGTA,and2mM phenylmethylsulphonyl

fluoride)by using a Terumo syringe30times.The

CytOSOland particulate membranefractions of the

lysateswerepreparedbycentrifugationatlOO,000g

for60minutes.Thepelletedmembranefractionwas

SOlubilizedinlmlofsamplebufrbrcontainlngO･5%

NP-40bygentlehomogenizationwithaglassrodfor30
minutesat40Candcentrifugedat12,000rpmfor15

minutes andl.O mlofsoluble membrane or cytosol

preparationwas applied to al･O mlDE52coluIモn
pre-equilibratedwithsamplebu鮎rminussucroseln

OrdertopurifyPKC,aSdescribedelsewhere(Kitanoet
al.,1986).Columnswerewashedwith15mlofsample
bufrbr and then eluted with2.O mlofO.08M NaCl.

Eluatesweredialysedagainst300mlofbu鮎r(20mM
Tris-HClpH7.5,50mM2-merCaPtOethanoland60%

glycerol),anddialysedaliquots(25I⊥1)wereassayedfor
PKCactivityinreactionmixtuてeS(125LLl)containing
lmM CaCl2,10mM magneslum aCetate,100l⊥M

[7-32p]ATP(60cpm/pmol),and25l⊥gOfhistonetype

V-S(Sigma)in the presence or absence of2.5FLg Of

PhosphatidylserineandO.5FAgOfdiolein･Thereaction

wascarriedoutforlOminutesat300Candterminated
bythe additionoflmlofO.1sodiumpyrophosphate

90ntaininglOmMEDTA･mereaCtionmixtureSWere

lmmediatelypassedthroughnitrocellulosemembrane
fi1ters,and they were washed with15mlofO.1M

sodiumpyrophosphatecontainlnglOmMEDTA･The
32pradioactivityonthe membranefi1terswas mea-

suredinaliquidscintillationcounter･Theindicated
PKCactivitywascalculatedbysubtractingtheincor-

poratedradioactivityintheabsenceofphospholipids
fromthatinthepresenceofphospholipids.

MonoQeolumnd止omatograpby

Cells(2×108)werelysedin6mlofsamplebu鮎r

containingO.5%NP-40andcentrifugedat12,000rpm
for15minutes.ThesupernatantwasappliedtoaMono

QHR5/5colump(PharmaCia)pre-equilibratedwith
samplebu鮎rmlnuSSuCrOSe･Thecolumnwaswashed

with30mlofsamplebu鮎rminussucroseandthen

elutedwithalineチrgradientofNaCl(0･0-0･6M)in
sample bu鮎r mlnuS SuCrOSe at a flow rate of

O.5ml/minutes,andfractionsoflmlwerecollected･

$H･PDBⅦbinding

The3H-PDBubindingassaywasdoneintubesuslng

areactionmixture(200い.1)consistingof20mMTris-
HCl(pH7.5),1mMCaCl2,10mMmagnesiumacetate,
4l⊥g Ofphosphatidyls色rine,80nM3H-PDBu(15･8
Ci/mmol,NewEnglandNuclear),and25p.lofsample

obtainedfromMonoQcolumnchromatography･The
tubes wereincubatedforlO minutes at300C,and

subsequently20LLlofbovine7-globulin(20mg/ml)and
200plof24%polyethyleneglycol(average7,500
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HTLV.1(pX) TCR(beta)

Fig.1.Southern blot hybrid12r8tion of DNA 丘･DmILT-Mat and
TPんMatceIIstogene

probe呂OrETLV-1pX a皿d T-CelIreceptorβ

CbaiIl.(a)TL-Oml,anI寸TLV･Ⅰ･Carrying
T
cel11ine a島a pOSitive

control;(b,e)ILT･Matcellline;(c,f)TPA･Matce)11ine;(dlLCL-Ean,
8humanBee111ine5aSanegativecontro】.

daltons)were added.A氏er furtherincubationforlO

m享nutesat
OOC,the tubes were centrifuged fbrlO

mmutes at12,000rpm.The supernatantswere com-

pletelydiscarded,andthepelletswereresuspendedin

50トLlofPBSandplacedonglass丘Iters.Theradioac-
tivity was countedin aliquid scinti11ation counter.
NonspeCificbindingwasmeasuredinthepresenceof

lOけMunlabeledPDBu.

RESULTS

SeveralT-Celllines
establishedfrom peripheral

bloodleukocytes of adult T-Cel11eukemia patients

CチrriedtheproviruSgenOmeOfhumanT-Cellleukemia

VlruStypeI(HTLV-Ⅰ)andrequiredIL-2forgrowthas
descrlbedpreviously(SugamrLraetal･･1984)･These

CellsprolifbratedtransientlylnreSpOnSetOTPA.One

Ofthe8elines,ILT-Mat,WaSmaintainedinthegrowth

medium containinglL-2fbr more than a year.To

examinewhetherornotIL-2canbereplacedbyphor-
bolesters,Weattemptedtoobtainacelllinedependent

OnTPA fbrgrowth丘･Omthecult,ureOfILT-Mat cells
(1×104ce11s/weIl)inmediumcontaining81nMTPA

ina96,We11microplate･After3weeks,prOlifbrating

Cellswere observedin about80%ofthe wells,anda
TPA-dependentce111ine,namedTPA-Mat,WaSeStab-

1ishedfh)maSinglewell.Southernblothybridization
OfcellularDNAwithprobesofT-Cellreceptorβ(TCRβ)
andHTLV-IgenesdemonstratedthatthepatternSOf

TCRβandHTLV-Ispeci丘csequencesobservedinTPA-
MatandILT-Matwereidentical,COn丘rmingthatTPA-

Matwasderived丘-OTlILT-Mat(Fig･1･)Cell-Surfhce
markersandexpresslOnOfHTLV-lantigenswereex-

aminedfbrTPA-MatanditsparentalILT-Matcel11ine.
Bothce111ineswerepositivefbrCD2,Ia,IL-2receptors

0 2 4 6 〔)0 2 4 6 8

D8yS Of cul山一e

Fig･2･E恥d50fm-2andpborbolester80nCe】lgroⅥ也.ILT-Mat(a)

andTPA･Mat(b)ceIIsヤereCulturedinthegTOWthmedium(▲),Or
growthmediumeontainlng81nMTPA(●)or20Du/mlofIL･2(○
)inplasticdishes(Falcon

no,3002)andthemedium wasrenewed

everytwoday$bycentrifugation8ndreadJuStingthecellnumberto2

XlO5/mlorless.Viablecellsweredeterminedbythedyeexcl118ion

Staining.

(p55and p75),and16%ofILT-Mat cellsandl%of
TPATMatce11sexpressedHTLV-Iantigens,TileyWere

negativefbrCD3,CD4,andCD8.
Figure2showsthegrowthcurveBOfTPA-Matand

theparentalILT-Matcells.ProlifbrationofTPA-Mat

Cells was ob8erVedin the presence ofeither TPA or

IL-2,withadoublingtimeofabout24hr.TheTPA-

dependencyofTPA-Matwasnotlostduringcultivation

for more thana yearin the presence ofTPA.In

COntraSt,the parentalILTLMat cells prolifbratedin

responsetoIL-2butdiedwithin6daysinthepresence

OfTPA.WhenTPA-Mat ce11swere maintainedinthe

presenceofIL-2fbrmorethanhalfayear,theydidnot
losetheirTPA-dependency,WhichsuggeststhatTPAL

Matis a stable mutant derived f-omILT-Mat.As

ShowninFig11re3,TPA-Matcellsprolifbrateddose-
dependentlywithTPA,PI)Bu,andIL-2,reSpeCtively,

andhalfmaximalincorporationof3H-thymidine(3H-
TdR)wasdetectedwithl.4nMTPA,47nMPDBu,and

3A U/mlofIL2.4(X-Phorbol-12,13-didecanoate(4α-

PDD),Whichis a phorbolester that does not cause
tumor promotion or PKC activation,did notinduce

proliferation ofTPA-Mat cells･Similarly,grOWth of
TPA-Matcellswaspromotedbyanotherphorbolester,

4β-PDD,andnonphorbolestertumorpromoterssuch
asteleocidin,aPlysiatoxin,andmezereln,a1lofwhich

areknowntoactivatePKC(Tablel)∴However,Other

phorbolesters,SuChas4-OTmethyl-TPAand4β-phor-
bol,WhichdonotcausePKCactivationdidnotpromote

gTOWthofTPA-Matcells(Tablel).AIsoexaminedwere
thecumulativeorsynergistice晩ctsofPDBuandIL-2

0n TPA-Mat ce11growth.Asshownin Table2,the

Cumulat･ive efrbcts rather than syngergistic effects

WereObserved.
Next,TPA-Matcellswereexaminedfortheirability

toproduceIL-2inresponsetoTPA.3IITTdRuptakeof

TPA-Matcellswasassayedinthepresenceofantihu-

manrecombinantIL-2monoclonalantibody,Whichcan

neutralizeIL-2activity･As shownin Figure4,the

ant･ibodydidnotafrectTPArinducedincorporation of
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Fig･3･Phorbolester-OrIL-2-dosedependentincorporationof3H-TdR

intoTfA-Mat.TPA-Matcellsincubatedfor48hrinthegrowthme-

diumcontaimingtheindicateddosesofTPA(●),m-2(○),PDBu(▲)or

4α-PDD(△).Duringthelast4hrofincubation,3HTdRwasadded,and
3H-TdRincorporatedwasmeasured･

TABLEl.3H-thymidineincorporationofTPA-Matcellstreatedwith

phorbolestersandnonphorbolestertumorpromotersl

3H-TdRincorporation

Treatedwith (cpm)

TPA

PDBn

4-0-metbyl-TPA

4β-pborbo1
4α.PDD

4β-PDD
Meヱerein

Teleocidin

Aplysiatoxin

lO%FCS

137,365±4,267

109,417±3,533
256±58

695±385

374±142
130,790±6,817

132,275±6,928

138,848±2,279

174,466±2,433

338±305

:監豊富恕顎忠霊ご悪霊慧慧芯浣慧霊怒蒜:忠…霊
indi(:a触d.

TABLE 2.Cumulative e鮎cts between PDBu and IL-2 0n
3H-thymidineincorporationofTPA-Matcellsl

Incorporationof3H-thymidine(cpm)

withPDBudoses(innM)

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

.5.〇

〇
2
5

6,363 24,500 47,237 94,718
47,742 75,364 108,120 132,128

87,645 120,095 149,921 162,093

1TPA-Matcellswereincubatedfor48hrinthegrowthmediumCOntainingthe

indicateddo8e80fPDBuandIL-2.Duringthel&8t4hrofincubaton,3H-TdRwaB

added,and3H-TdRincorporatedwasmea8ured･

3H-TdRbutinhibiteditsIL-2-inducedincorporation.

The supernatant Of TPA-Mat ce11s culturedinthe

PreSenCeOfTPAwasalsoexaminedforIL-2activity･
Anyslgni丘cantactivityofIL-2inthesupernatantwas
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Fig･4･E鮎ctsonanti-IL-2monoclonalantibodyon3H-TdRincorpo-

rationinto TPA-Mat.TPA-Mat cells wereincubatedfor48hrin

growthmeduimcontainingseriallydilutedmousemonoclonalanti-
body to human recombinantIL-2(L-61,Obtainedfrom Shionogi
PharmCo.,Osaka,Japan)andl.1nMTPA(●)orl.5u/mlofIL-2

(○)for48hr.Duringthelast4hrofincubation,3H-TdRwasadded,

and3H-TdRincorporationwasmeasured･

notdetectedbya3H-TdRincorporationassayusinga

murineIL-2-dependentT-Cellline(Table3).Futher-
more,nOmRNAofIL-2wasdetectedinTPA-Mator
ILT-Matcellsinthe presence ofeitherTPA orIL-2

(Fig.5)TheseresultssuggestthattheTPA-dependent

growth of TPA-Mat cells was not mediated by an

autocrinemechanisminvoIvingIL-2.
We theninvestigatedthe PKC activities of the

membraneandcytosolfractionsofTPA-Matandpa-

rentalILT-Matcells(Table4).ThePKCactivityinthe
CytOSOlfraction ofILT-Mat ce11s was detected and

rapidlydecreasedafterPDButreatment,Whereasthe
PKCactivityinthemembranefractionincreasedin-

VerSely.Incontrast,thePKCactivityinTPA-Matcells

CulturedwithPDBuseemedtobedown-regulated,aS

reportedbyothers(Solankietal.,1981;Jakenetal.,
1981;Chidaetal.,1986),becausetheactivitywasnot
detectedineitherthemembraneorcytosolfractionat

O hr ofincubation with or without PDBu treatment.

However,theactivitybecamedetectableinthecytosol

fractionafterpreincubationwithoutPDBuforatleast

lor2hrandwastranslocatedfromthecytosolfraction

tothemembranefractionbyPDButreatment.Asthe

PKCactivityofTPA-MatcellsatOhrwasundetect-

able,We tried to detect the activity with a more

sensitivemethod.ThenumberofTPA-MatorILT-Mat

cellsusedforextractionwasincreasedeightfold,and
theextractswerefractionatedwithaMonoQcolumn
(Fig･6)･AsharppeakofPKCactivityinILT-Matcells
wasdetectedcolnCidenta11ywithamainpeakof3H-
PDBubindingactivity･Similarly,aSharppeakofPKC

and3H-PDBubindingactivitieswasdetectedinTPA-
Mat cells,althoughthe activitiesin TPA-Mat cells

werelessthariOne_SeVenthofthoseinILT-Matcells.
Wethen examined the transcript oftheα,β,and

7-geneS OfPKCinTPA-Mat cellsby Northern blot
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TABLE3.IL-2activitylnCulturesupernatantofTPA-Matce】lsl

3E-tbymidineuptake

Samples (Cp汀U

Supernat且ntO【TPA-M如

14nMTPA

Iし2(U/ml)
12

6

3

1.5

0

2,684±349

3,595±392

113,407±3,062

63,298三9,320

7,924±1,431

2,646±499

1,206±132

1TPA･M&tCellsweTeCulturedfoT3dayswithLhe卯Wt上rnediumcoTltainirLg

81nMTPA.Tlle･CUlt11teSn匹rnat且劇tOrTPA-M8tCe】】8W8右COnCentTateSixhld

恕慧ご昌慧慧常竃皇a≡…濫三監0諾Ⅰ:8霊芸冨晋望漂蕊三ご慧㌫jt招
CTLし2.SerlallydiIntedlL28nd14丘MlほA,Wbichwa5eStmlatedtoremainin

LhesupernatantorTPÅ一M8tCeIIs.verelほ柁dascontr(〉1s.

hybridization with synthetic oligonucleotide probes

COmplementarytotheuniqueregionofthegene.The

resultsindicated that although PKC activity was

down-regulatedin the ce11s,theβ-gene WaS Signi丘-

Cantlytranscribed(Fig.7).

DISCUSSION

Thepre5entStudyshowsthatTPAorPDBucontin-

uouslyinduce the growth signalin TPA-Mat ce11s
derivedfiomanIL-2-dependentT-Cellline,ILT-Mat.

Theinduction ofthe growth sigTlalby the phorbol

esterswasnotmediatedbyanautocrinemechanismof
IL-2production,becauseTPA-Matcellswerefbundnot

toproduceIL-2inthepresenceofTPA.Furthermore,

anyotherfactorsupportingtheirowngrowthwasnot
detectedinthesupernatantofTPA-Matceuscultured

inthepresenceofTPA(datanotshown).Therefbre,the

phorbolestersseemtoinducetheintrace11ulargTOWth

SignaldirectlyinTPA-Matcells.
ThegrowthsignalwasinducedinTPA,Matcellsby

phorbolesters,SuChasTPAandPI)Bu,thatareknown
tobePKCactivators,butnotbyphorbolesters,SuChas

4qO-methyl-TPA,4β-phorbol,and4α-PDD,Whichdonot
CauSe PKC activation.Growth ofTPA-Mat cells was

alsopromotedbynonphorbolestertumorpromoter
SuChasteleocidin,aplysiatoxin,andmezereln,Which

alsoareknowntoactivatePKC(FIUikietal.,1984;
Miyakeetal.,1984).Theseobservationssuggestthat

PKChasanimportantroleintheproliferationofTPA-

Matcellsinthepresenceofthephorbolesters.Arela-

tionshipbetweencellgrowthsignalingandPKCacti-

Vationhasbeenproposedinvariopsce11types･Itwas
reportedthatTPAinducedtranslentgrOWt,h ofIL-2-
dependentmurineT-Cel11ines(Kamber,1986;Kimet

al.,1986),andFarrarandAnderson(1985)andFarrar
etal･(1985)alsoreportedthatIL-2andIL-3rapidly
inducedactivationofPKCinanIIr2-dependentand

lL-3-dependentmurinecel11ines,reSPeCtively,inac-

COrdancewitha11growthpromotion,Moreover,Other

Cellgrowthfactors,SuChasPDGFand丘broblastgTOWth
fhctor(FGF),alsoareknowntostimulatehydrolysisof

phosphatidylinositol-4,5-bisphoBphatetoinositol-1,4,5-
trisphosphateanddiacylglycerol,knownasanactivator

ofPKC,inSwiss3T3fibroblasts(Berridgeetal.,1984;

Tsudaetal.,1985).Veryrecently,Pastietal.(1986)

obtaineddirectevidencethatPKCactivationbyPDBu
inducesDNAsynthesisinfibroblasts.Theyshowedthat

-0.9kb
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Fig.5.AnalysjsoflL-2rnRNAinILT-Mat andTPA-Mat.NorTlla】

peripheralbloodleukocytes were culturedwith gTOWth medium

COntaini11gl隠ph〆Obemaggltltinill出ねr4days(8).1LT･Matcells
WeremairltainedingTOWthmediumcontaining200ujmlofIし2(b).

TPArMateellswereI車ntainedingTOWthmediumcontaining81nM
TPA(C).RNAsamplesISOlatBdfromtheseceltswerehybrldizedwith

anIL-2cI)NAprobe(Tanigucbietal.,1983).

microi叫eCtionofpurified PKCinto Swiss3T3fibro-

blasts pretreatedwith PDBu restored the mitogenic

response ofthe ce11s to PDBu.These studies demon-

Stratedthetransientpromotionofcellgrowthmediated
byPKCinthepresenceofthephorbolester,Wehave

presentedheredirectevidencethatthephorbolesters

Caninduce continuous growth promotionofanIし2r
dependent T-Cel11ine.TPA-Mat cells culturedwith
PDButranSCribedtheβ一geneOfPKC,Whichisidentical

tothePKCIIgenethatisconsideredtobethegenefbr

PKCfbundinlymphocytes(Knopfetal.,1986).Their

PKC activity wasdown-re訂1latedinthe presenceof

phorbolesters,butact,ivitywasstilldetectedwhenthe

Cellextractwas什actionated,anditincreasedwitha

Short time preincubationin the absence of PDBu.

Therefbre,itis poBSible that the PI(C was activated

COntinuously by the phorbolesters and quickly de-

graded and also that this activity was sumcient fbr

SuStainedinductionofthegrowthsignalinTPA-Mat

Ce11s･Intracellularcalciumalsohasbeensuggestedto

participatein gTOWth stimulation ofT cells(Alford,
1970;Luckasenetal.,1974).Therefbre,Wepreliminar-

ilyexaminedapossibleinvoIvementofcalciu皿inphor-

bolester-inducedgrowthofTPA-Matcells,butphorbol

esters did not seem toincreaseintracellular calcium
influj(,and a calciumionophore could notstimulate

growthofTPA-Matcel18(datanotshown).
ThefhctsthatTPA-MatcellsrespondtoIL-2aswell

as to TPA and they cumulatively stimulated the

growthofTPATMat cells,and alsothatIIJ-2induced

activationofPKCinthemurinecellline(Farrarand
Ander80n,1985),StrOngly suggest that PKC has a

CruCialroleinsignaltranSductionfhmIL-2receptors
triggeredbyIL-2.However,We have never detectcd
IL-2-induced translocation of PKC餌〉m CytOSOlto
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TA8LE4.DetectioI10【PRCinc〆OSO】andmembranefractionsorILT-MatandTPA･Matcells
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Fig.6,MonoQcolumnchromatDgraphyofce】)extracts.TPA-Mat(a)

andILT-Matcel11ysates(b)wereappliedtoaMonoQcolumnand
thenelロtedwithaliIleargradieTltトー)eonsistingofO.0-0.6MNaCl,

霊怒t怒豊霊蒜慧諾禦,慧笥笠蕊悪霊霊宝詣≡
presence(▲)orabsence(△)0【pbo5pbatidylserine･

membranein TPA-Mat andILT-Mat ce11s(data not

Shown),althoughthe possibility cannotberu1edo11t
thatundetectableactivationofPKCmaycontributeto

thesignaltransduction.Ontheotherhand,WereCently

obtained evidence that the phorbolester-induced

growth signaling could be di鮎rent fンom theIL-2-

inducedgrowthsignalinginTPA-Matcellsinrespect

to their sensitivity to adenosine3'5'TmOnOphosphate
(CAMP)(Gotoet al.,manuSCriptinpreparation).An
increase ofcAMP by treatmentwithforskolin com-

pletelyinhibitedtheTPA-inducedgrowthbutslightly
inhlbited theIL-2-induced growth ofTPA-Mat cells.
Theseobservationssuggestapossibilitythatthereare

atleasttwodifrtrentpathwaysforlL-2-inducedsignal
transduction:OneisaPKC-dependentpathwaythatis

sensitivetocAMP,andtheotherisaPKC-independent

a b c d e

- 3.4kb

Fig.7,AnalysisofPKCβmRNAinILT-MatandTPA,Mat.nT-Mat

ee】1swe【eCultnredin町OW血mediu皿eOntaining200山mlorIし2(叫
and tbey were tllenlllCubated wltb200dM PDBn払r2411r｢b).

TPA･MatcellswereculturedingTOWthmediuJnCOntaining200

PDBu(C),andtheywerefurtherincubatedwith200u/mlofl⊥L2hr

tvoInOntb8(d).Normalperipheralbl00dleuk∝yteS Wereぐult11red
withthegrowthmedユumCOTltainingl%phytohemagglutininMand

200山mlor王し2払r7d8yS(e).RNA6且皿ple白isolated丘･Omtbesecells

Werehybridized witb a野ntheticoligonucleotideprobe(39n11Cleo-
tide畠)coT托SpOnding to n11Cleotide po別tiorlS548and5860f tbe

anti-SenSeSeq11enCeOfPKCβgcne(Cou島SenSetal.,1986).

pathwaythatisinsensitivetocAMP.Thecomparative

Study between phorbolesterLdependent growth and
IL-2-dependentgrowthmayelucidatethefinemecha-

nismofsignaltransductionforcellgTOWth.
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TheOncogenicityofAvianAdenoviruses

lV.ConfirmatoryEvjdenceforRecombinationbetweenViralandCeIJuIarDNASequences

andRepetitionoftheRecombinantinCeJIsofaTumorLine
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0nthebasisofhybridizationanalyseswithviralDNAfragmentsasprobes,WePreVious)yconcIudedthat･inDNAs

ofmanyfowladenovirustypel-inducedrodenttumors･UnitsconsistingofviralDNAsegmentsf暮ankedonbothsides

bycelfuIarDNAsegmentsarerepeatedmorethanlOOtimesperdip10idgenomeofce‖･MoIecularctonlngOfvirus-

ceLIularjunctionfragmentsandana[ysesoftheirsequencearrangementinthepresentstudyconfirmedthattheprevi-

OUSCOnCIusionwasbasica[lycorrect･⑥1989AcademicPress,Inc･

In manyl-neSOftumorsandt｢ansformed cellsin-

ducedbyfo〉VJadenovirustypel(FAV-1)(1),aCertain
lengthofviralDNAsegmentisrepeatedmorethanlOO

timesperdip[oidgenomeofce‖(2,3)･Thelengthis
rather uniformin a tumor(OrtranSformed cell)line,
thoughitvariesfromonetumor=netoanother･So=th-

ernb10thybridizationana[ysesofDNAsoftheselines

us.ngviralDNAsegmentsasprobesfedustoconc[ude

thattheviralDNAsegmentatitsterminiundergoes(e-

combinationvvithceHularDNAsequences,andthatthe

viralDNAsegmenttogethervvithf暮ankingceI]ularDNA

sequencesasa=nitisrepeated=PtOlOOtimesor

more.Thestudyonarattumor=ne,RC13,forinstanc白,

predictedthattherearetwotypesofmajO｢Vir=S-CelIu-

1arrepetitionunit(Fig.1A),andthattheEcoRIcleavage

wouldproduceca･160copiesofalO-kbpfragmentas

themajorrightvirus-Cellularjunctionfragment(MR｣),
ca.120copiesofalO-kbpfragmentand40copleSOf

a15-kbpfragmentastwomaJOr[eftvirus-Ce[[ular)UnC-

tionfragments(abbreviated to MUl,and MLJ2,re-

spectively)perdip10idgenome.Thepresentstudyaims
toconfirmthepreviousconc[usionbyattemptingtoex-

amine whether one can mo)ecularly c10ne the pre-

dictedMRJandMLJsfromRC13DNA.

1presentaddress:LaboratoryofCeIIGenetics,NationaIlnstitute

ofAnimallndustry,Kukisaki-Cho.1baraki-ken305TJapan･
2presentaddress:DepartmentofBio10gy,FacultyofScience,Na-

goyauniversity,Chikusa-ku,Nagoya464-01,Japan･

3presentaddress:AmanoPharmacyCo.,LtdリKasugai-Shi.Aichi-

ken.Japan.

4Towhoma[=hecorrespondenceshouIdbeaddressed･
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RC13ce‖DNAvvascleavedwithEcoRl.andthere-

SUltlng DNA fragments vvere cIonedin Charon4A

Phages as described previous‡y(4).The resulting

Phagesvvere,SCreened byhybridization(5)using as

PrObesvira[DNAfragments,EcoRl-AandEcoRトFla-

beledbynick-tranSlation(2)･Sincetheirporiionsre｢e
PredictedtobeapartofMRJandMLJs,reSPeCtJVeIy･

Thus,VVePickedfiveandsixphagec[onesIike‡ytocon-

taintherightandleftjunctionfragments(｣Fs),reSPeC-
tiveJy.The agarose gelelectrophoresis ofEboRI-di-
gested DNAsoftheabovefivec[ones reveaIedthat

fourofthemhadinsertedfragmentsshovvlngthesame

mobilityasthepredictedMR｣(datanotshovvn).Inserts
inthefourclonesvverecleavedvvith8g/[IandvvithPs[l

andanaIyzedbySouthernbIothybridization(2)using▲
theinsertofoneofthecLonesasaprobe.AHtheinserls

PrOVided qujte similar profiles of the autoradiogram

(datanotshovvn),jndicatingthata=theinserlshavethe
Same SeqUenCe arrangement.Therefore.one ofthe

fourinsertswastransferredtopBR325foreasierhan-

dlinganddesignatedasacandidateforMRJ(abbrevト

atedtoCMR｣).Similaranalysesonsixphagec10neSfor
theleftJFindicatedthatinserlsoffivec10neShavethe

SameSeqUenCearrangement(datanotshovvn).Thein-
SertOfoneofthefivewasdeslgnatedascandidatefor

MLJl(abbreviatedtoCMLJl).

ThecLeavagesiteofH/nd=onCMR｣(Fig.1B)vvas

foundtobethesameasthepredictedMR｣(Fig.1A)･
Then,aSegmentOfCMRJdelimitedwithEcoRr-and

Hind川Sites(marked by asterisksin Fig.1B)vvas

mappedbycIeavagewitheachofenzymes,Ps[lTM/ul･

0042-6822/89$3.00
Copyright⑥1989byAcademicPressrInc･

AHrightsofreproductlOnlnanyformreserved･



448

(A)

(B)

SHORT COMMUN[CATJONS

′′ †
_

▲l

l
■
t
l
▲
l

l

l

l

l

(D)
致1巨毒

蠣IuI

8■■H1

8IllI

Xh0l

CuRJ 5･‥.TTTCGTCAGGGTTGA⊂AC∝TTTAGGGGAACCTCCTCGTTCATGATGTCGAACCCTAGAAAATATTGGTTGAGATGGTTGAAGTCA⊂ATTAAAACTTCCA
●●●■●●●■●●●●■●■●●●●■●●●■●●●●●●●●●●●●●●●●■●●●●●●●●●●●●●●■●●●●●■●●■●●●●●●■●●●●●●

l,irion 5■‥.tttC9tCa999tt9aCaC9Cttta9999aaCCtCCtC9ttCat9at9t⊂9aaCCCta9aaaatatt99tt9a9attaaa⊂9aC⊂a99⊂tt9taC99ttC9

A⊂rTAGCATCAAACATGAAGAGTAGACAGGGAGAAATTGACAGTGTCACTG⊂TGTCAC⊂ACACA⊂GCG⊂A⊂A⊂ACACACACA⊂A⊂ACAACA⊂AGACACAC

a⊂9aaCCC⊂t9aき⊂⊂C⊂9ttt9tatt⊂t99⊂t9a99C9aC99ta⊂C9C9Ca999tCa⊂9a9亡9a999C99C9a9C9C9t9aCa9t9aC⊂a9aC999a9CC

A⊂ACACATACACACACACA⊂ACGT‥.3● CuRJ

9tttaaC9aCa9d9aatt99aa9a‥.3● Vlrlon

Variable

re9ion 5●.‥⊂CC99Cta99999C9⊂CaC99a9tttttttttttttttttCtttt⊂Ca99a9tCCCttC99tCCCa9CCa9⊂999aCCata9aCaCtttt9a99CC9a9

⊂MLJ15'‥.C⊂CGmA-GG⊂GC-CCACGGA-------TTTTTTTTTTTC7TTTCCAGGAGTCC⊂TTCGGTCCCTGATAGCGGGACGCTGGA--C⊂T⊂TGAGGACGAG

a99919⊂t9t9tCCCC99⊂Ct⊂C9a9CC9a99t99C亡⊂9C.‥3● Variable r亡9ioIl

AGGGTGCTGTGTCCCCGGC⊂TCAAAAATCTATAATAAC⊂TCAAAAACTAACGCAGTCATAACCGACCATAACCGCAGCGTGTCGC‥.3.CMLJl
◆一■■暮■■■◆●◆■■★●■■一■●●●◆一■●暮一■●●●●●◆●◆●■●一■●･■･■●●●1■暮★●◆★･■●◆●●●■◆●●●●●1■●

Vir10n DNAleft end くく 5●⊂?tcatctataataacctcaaaaactaac9Ca9tCataaCC9aCCataa⊂C9Ca9C9t9tC9⊂‥.3'Vlr10n

FIG･1･Thepredictedma)OrVirus-Ce‖uIarDNArepetitionunits.andc10nedcandidatesfor｣=nCtionfragments･Descendingarrowsrepresent

EcoR!sites;aSCendingarrows,Hind=sites･Aste｢jsksaboverestrictionsitesinthefigurearereferredtointhetext.(A)Thecleavagemapof

twotypesofmajorvirus-CeI[uIarDNArepetitionunitsinRC13ce"DNApredictedpreviously(3):Thehatchedregionrepresentsviralsequence;

theopenregion･CelJularsequence･Tvvotypesofrepetitionunitsdi#eronlyi=EcoRIsitesshowninparentheses:Therightoneisfortype[

repetitionunitandtheleftonefortypeIlrepetitionunit･(B)Thecleavagemapsofc10nedCMRJandCMLJl.Somesegmentsdelimitedwith
Hind川and/orEcoRJweremappedmorepreciselyvvithseveralrestrictionenzymesandpresentedinenIargedform･Proceduresformapp.ng

Weredescribedprevious[y(6)･(C)ThecleavagemapsofvirionDNAfragmentspartsofvvhicharepredictedtobeparlsofJFs:Therightsideis
Hind=-Bfragment;theleftside,Hind=一Ifragment･(D)Basesequenceinthevicinityofpossiblevirus-Ce=uFarjunctioninCMRJandCMUl,and

therelatedDNAsequences･Actually,mOrethan270consecuth/ebpextendingrightvvardfromtheleft8g/flcfeavagesite(markedbyarrowhead

in(B))ofCMRJandthatofthecorrespondingvirionDNAsegmentweredetermined･Sim‖arTy.af1306consecutivebpofCMUlrangingfroman

A/uIsitetoaHae=site(markedbyarrowheadsin(B))･andbasesequenceoftheco｢respondingvirionDNAvvereanalyzed.Hovvever,Onlya

PartOfthebasesequencesofoneofthetwocomplementarystrandseachextendingonbothsidesfromthepossiblevirus-Cellular)UnCtion

arepresented･Basesarerepresentedbythefirstletteroftheirspe=ng･UppercaselettersrepresentthebasesofCMRJandCMUl;10VVerCaSe

letters,thoseofvirionDNA,andofthevariableregionoftheratribosomaIDNAnontranscribedspacer(11).UnderliningindicatesACィichstretch
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β∂mHl.β9川.and′打力01(Fj9･1B)･Thecompa｢jsonof

CleavagemapsfD｢theIatterfourenzymesvviththose

OfH/ndllトBsegrnentofvirion DNA(Fig･1C)reveaJed

thatthesegmentextendingf｢omthereftendてOtheBc7!rl

sitemarkedbyてhearro仇′headinFig.1Bhasthesarne

C]eavagepatternaSthevirlOnDNAsegment,川he｢eas

theremainingsegmentdoesnot･The｢efo｢e,thebase

SeqUenCeSOntherjghtsjdeoftheabove8g/EIsiteand

OflhecorrespondlngSiteoflhevi｢ionDNAtJVe｢edeteト

mトロed and compa｢ed.The comparison｢eveared that

botharerdenてICarinlhefirst146-bpsequencecounted

fromtheBg/Hsjte(aste｢rskedinFig･1D).buTlhatlhey

h飢e nO Slgn｣ficant hon｢ob別/n the mo｢e disほIs三一

quence.hthisdlSt31pa｢10ftheCMRJsec]UenCe.the｢e

is an AC-rich streTCh(unde‖nedin Flg.1D)of67

bases.Acomputer-aidecIsearch(9)ofthe｢Odentdata-

baseinGenBankrevearedthatfou｢genessuchasmL･｢-

ine-1abiEe4.5SRNAcontainsequencesverysimiEa｢t〇

theaboveAC-｢ichsequences(価tiaisco｢e>170).and
thatsevengenessuchasratelastaselgenecontain

SeqUenCeSVerySimjta｢totheTGArichoppositest｢and･

HovJeVer.thesequencelyFngbetい/eentheaste｢isked

andthe underlined dEd notshoい/a Simila｢high score

foranygeneinthedatabase.TheseresuItsmaybeinr

terpretedasfoEIo)VS.ThesegmentofCMRJextending
fromitsIeflendtothe146thbasecounted｢ightvva｢d

fromtheaboveBg/[lcFeavagesiteisde｢ivedf｢omviraE

DNA,andtherem料∩■ngSegmentisde｢ivedf｢omthe

Ce=ularDNAsegmenlvvhichincIudesaロリniden佃ed

Ce=ulargenecontaininganAC:TGィichsequence･

Similarry.theH/ndlllcIeavagesiteson CMUl(Figr

lB)vverefoundtobethesameasthoseofp｢edicted
MUl(Fig.1A).Then,theDNAsegmentdelimited)Vith

theEcoRFsiteandtheHindlllsite(markedbyaste｢isks

inFig,1B)vvasmappedbyPs[JandXhoIcleavage･The
Segmentdelimitedvvitht､〟OH/'nd‖siteswasmo｢ep｢e-

Ciselymappedbycleavagevvitheachoffiveenzymes

(Fig.1B).Compa｢isonofmapsforfourenzymes血th

thoseoftheHind[ll-1segmentofvi｢ionDNA(Fig･1C)
indjcatesthattheHind[IトdelimitedsegmentofCMLJI

COnSistsofthepartsho血ngthesamecleavagemap

astheHindll卜l什agmento†vi｢ionDNAandthe｢emain-

ingpan.Therefore,thebasesequencewasanalyzed

forthesmaHsubfragmentofCMLJlextendingf｢Omthe

A/uIsitetotheHae‖site(indicatedwithar｢owheadsin

Fig.1B).andforthecorrespondingsegmentofvirion

DNA.Thecompa｢isonrevealsthatlhecontiguous192

(B)

1 2 3

¥■.･こt

:暮●･･-

. ● ●

● ●

十∵

■

_

F】G.2.HybrJdl三∂b･llty Orココp-1abeJed sub行∂gmentS Of CMRJor

CMUl仇Ith出トbLotled｢aてembけO DNAo｢vi｢ion DNA.〔∋Ch D卜｣A

S∂mPle.∂吾erheヨてdenaてU｢alion∴√ノ∂SdoトblotledlnqU8drupllCateOn

nl†r〇Cell山OSef;lてe｢S.SO†h昌て0neC∂neヨSll)■dlS‡ln9UrSh dotsduelO

genリlneh〉′mdlZヨ!】CnreSP⊂･〔Sefrロmthoseduetロtheb己Ckground

no･Se:(昌｢e81)1〃gOf鮎C/仙S5Uわ佃S二(a｢e∂2)1〃g〇f｢atembり0｢

(areろ310.3〃gO†CEJOv旧On.(a｢eaヰ11〃90fル7･′C｢OC(コCCUゞレ5ロ由勅/-

CU5.F‖ほ｢S■州ereb水ed∂†80〇/∩し′∂CUUm抑dvゾe｢e†｢三日【edforhybr】d-

1Zat[On(A)㈹itha∃2p-Eabeledequlm0larmixlureOfDC2引rdDC3.and

(引vJlthaslml旭riンPrePared汀再伸｣reO†LFLTarldLC2asprobes.The

hンb｢idに∃Tion cロnd｣i将nS仇■e｢elhe same昌S those desc｢lbed pre･

Vjous】y(2).

bpleft肌′ardf｢omtheA/uIsite(aste｢iskedinFig.1D)are

ldenモicaIto those of the vi｢ion DNA sequence.The

COmPUter-aidedsea｢choftherodentdatabasefounda

q山tehighsimi]arity(initjalsco｢e174;OPtimizedscore

304:markedby:::inFjg.1D)betwe呂hthemoreleft-

VVard remainHlg SeqUenCeOfCMUlandlhevariable

(0｢POlymo｢phic)｢egionof｢at｢ibosomalDNAnontran▼

SC｢ibedspace｢(11).whichis10Catedca.300bp up-

Streamfromtheinitiationsiteoftranscriptionof45S

rRNAprecurso｢.The｢es山tcan beinte｢pretedasfoト

10VVS.ThesegmentofCMLJlextendingfromitsright

end to the192nd bp counted】ef捏ノa｢d f｢om theA/LJI

CEeavage siteis the same as theleftmost EcoRlr

CEeavedvirionDNAfragmentmisslngOnIy4bpofthe

Ieftend,Whiletheremainingisderivedf｢omthecelIula｢

Segment肌hichcontainstheabove-mentionedva｢iab!e

re9jon.

Asawaytoco｢roboratetheaboveinterp｢etationfo｢

CMRJand CMLJl,Ps[トp｢oduced subfragments of

CMLJl,namedDC2(0.6kbp)andDC3(0,7kbp),and

SUbfragmentso†CMLJl.designatedLFLl(6kbp)and
LC2(0.4kbp)showninFig.1B.we｢ecJoned.andlheir
derivation vvas exarnined bytheir hyb｢idizabilitywith

the dotTblotted rat embryo DNA and〉Vith simiIar】y

treatedvirionDNA.Theywerefoundtobehyb｢idized

WiththeratembTyODNA,butnotwiththevirionDNA

of67bases.(■〉StretchofbasesequencefoundIobeldent■Ca[belvJeenCMR)(orCMUl)andvjrion DNA･ThepossibEejunctjoninCMRJ

correspondstoinbetweenthe146thand147thbp.countedrIghtvJardfromthelef189川cleavagesite.and†hatlnCMLJl.inbetvveen【he

192日dand193rdbp.counledEeftvJardfromtheaboveA/uIsile･(= ==ndjcatesthematchbe仙eenbasesinCMUIsequenceandlhose01the

vanab】eregronmadebythecomputer-aidedopttmizarion(9),and(-")shovJSagaPfictiona"yprod=CedbyiしBasesequencingvvasdonefor

bothstrandsofeachfragTTlenlbye冊｢eroneofthet､〟Omethodsdescribedp｢eviously(7,B)･Thedataforthe】eft-†ermina]twobaseso†∨汗10n

DNAa｢eaccordingtoShlnagaWae[a/･(
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(B) (C)

1 2 3 4 5 1 2 3 4 5

亭-::一∴†-･･
】

F【G.3,Southernb【othン加d･ZationofP5Jl-O｢ざCORトcJe8VedRC13

DNA,ratembryoDNA.andCMRJ(OrCMLJl)抑th32p-EabeledDC2

(orLCl).(A)5FLgandO.5FJgOfRC13DNA(1anes T and4,reSPeC-

tNely).5pgofratembryoDNA(Fane3).and50arldlOcopy-eqUiva-

厄ntCMR川anes2and5.respectively)vverecleaved㈲thPsTl.after

8aci//ussu加~/isDNAascarrrerv､′aSadded†osarnpト巳Sforh〕neS2.4.

2nd5.so†h∂Ithe
fin∂1∂mウリn10f DNArne8Ch sampleuノ∂S5〟g_

Then.sarnplesvveTeモ】ec[rDPhoresedonaO_9qbaga｢OSege】at40V

for12 hr and b10tted onto the niTroce‖urose
flrter_The fitlerl〟aS

treatedforhybrrdlZationwFthコ2p-1abeEedDC2バhenForautoradiograr

Phy.(E"ExperimentalconditionswereThesameasthosein(A)ex-

CePIDNAsl〟ere CPeaved血th EcoRし(C)Experimentalconditions

Werethesameasthosen(B)exceptthat5(〕andlOcopy-eqU[Va】ent

OfCMUl.inpFaceofCMRJ,肌e｢eSUbjected†othehybndlZat‖〕nin
lanes2and5.｢espectjveIy:aJsc.LCIvvasusedasp｢obeトnplaceof

RC2.

(Fig.2).The｢esultwasconfi｢medbySouthernhybrid-
ization tests using DC2.DC3.and LFLlas p｢Obes,

Which shovved these subsegments to be hyb｢idized

With severalsizesofthePs[l-0rEcoRトcleaved ratemL

bryoDNAf｢agments(SeeFigs.3Aand3BforDC2;data

notshovvnforDC3andforLFLl).but)Vithnoneofthe
Hind‖-CreaVedvirionDNAfragments(datanotshown),

indicatIng that these subfragments a｢e derived from

moderateIyrepealedsequencesinratDNA.A‖these

resultssupporttheaboveinte｢p｢etation.

Aremainlng reqUjsitevvhichcan beexperimentally

COnfirmedis that numberof repetition of CMRJand

CMLJlin RC13DNA,When p｢Obedwith thecelluFa｢

SeqUenCeSSUbc10ned什Omthemselves,Shou(dbethe

SameaSthenumberofrepetjtionsofMRJand MLJI

Predicted by our previous studywith vi｢aIDNA seg-

mentsasp｢Obes(3).Suchexperimentsvveredonefi｢st
Withtheabove-describedDC2asa p｢Obe,Figu｢e3A

Shows｢esullS Of the experimentin which examined

DNAs＼〟ereCleavedvvithPs[‡.IntheIaneo†50copy-

equivalentofCMRJasacontro川ane2),thebandap-

Pea｢SOnIyatthesitevvhe｢eDC2shou[dmigrate,indト

Cating that.evenifanypariofthe DC2sequenceis

repeatedin theothe｢ParlofCMRJ,itsextentisvery

=mited.lnthelaneof｢atembrYODNAasanothercon-

t｢○川ane3)･a.VVeak(10copyrequivaJent)bandappea｢s

atthesames】teaStheDC2bandintheabovecontr0l,

andsて｢Ongerbandsappearatseveralothe｢sitesc10Ser

totheelect｢opho｢et[congn.InthelaneofRC13DNA

(lanel)tthemobilityofmostbandsistheヲameaSin
thelaneof｢alembn,ODNA.buttheintens】tyOfsome

bandsis notてhesameasthatoftheco｢｢espond戸ng

bandsrntheねneofratemb｢yoDNA.Amongothers.

the両ensjtycft卜･ebandsho爪′mgthesamemobiIityas

fo｢DC2bandlS remarkab】ystronger.and equivaJenl

toca･200copiespe｢dipFoidgenome.Thesefindings

Fndicatelhat DC2is a constituerlt Of norm;∃いat cell

DNAandis｢epeatedca.10and200てimesperdip101d

genomeofratembryoandofRC13ce‖srrespectiveEy.
Figu｢e3B shows｢esuFts of a similar experjment fn

WhichexaminedDNAswerecleavedvvithEcoRl.hthe

laneof｢aてembryoDNA.amongsevera!otherbands.a

Weakband(10copy-eqUh/alentorless)appearsatlhe

SameSiてeaSthebandincontroICMRJlane.lntheLane

OfRC13DNA.themobiljtyofmostbandsappearssim-

iEartothatintheFaneof｢atembTyODNA,buttheinten-

Sityofsomebandsappea｢sst｢ongerthanthato†the

CO(｢eSPOnding bandsintheJaneofratembryo DNA.

Amongothe｢s,thebandatthesmaesiteasthecontroI

CMRJbandisasstrongasca.200copy･eqUivaIent.Jt

iswo｢1h｢emarkingthattheestimatednumberofcopies

(200)fo｢the two above-mentio=ed strong bands

Sho)VSrOUghagreementwiththenumber(160)forMRJ
estimatedbyou｢previousstudyusFngVirarDNAasa

P｢Obe.andthe200copy-equivalenlbandinthelaneof

EcoRトcleavedRC13DNAappearsatthesamesiteas

thatofCMR].Asimila｢expe｢imentwithDC3asprobe
fo(DNAscleavedwithEcoR!gaveresultsessentia‖y

Simiia｢tothoseshownjnFi9.3B(datanotshown).All
theseresu‡てSfo｢numbersof｢epetitionsstrongfycor-

｢Obo｢atethatCMRJisthepredictedMRJ.

Figu｢e3C showsthe｢esuIISOfan analysis shlilar

to Fig.3B,eXCePtforhaving been probed)Vith LCl.

asubsegmentofLFLl(SeeFig.1B).vJhichhasbeen
Shovvn not to be hyb｢idized with the other part of

CMUl(datanotshovvn).lntheraneofRC13DNA,the

StrOngeSt band(ca.800copy-eqUivalent)appears at

thesamesiteasthebandinthecontr01JaneofCMLJl,

A strong band(100copy equivalent)appears at the

SameSitejntheFaneof｢atembryoDNA.Thediffe｢ence

between the copy numberestjmated for RC13DNA

andthatfor｢atembryoDNAisashighas700.How-

ever,Other bandsin thelarle Of RC13DNA are also

SJightlymo｢eintensethanlhoseofthesame｢nobihてy

inthelaneofratembryoDNA.Thisfactseemsattribut-
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abIetotheprobablyinherentbiasleadingustoappIy

slight,ymoreDNAintheformerthaninthelatte｢･Even

glVenthisbias,thedifferenceisn01essthan300･lt

exceedstheincremento†thecopynumberin
RC13

DNAexpectedbythepredictednumberofrepetition

(ca.120copiesperdip‡oidgenome)ofMLJl.andit
thusindicatesthatothertypesofrearrangementtake

placein this tumor=ne,e･g･,the ce=u!ar DNA se-

quencecleavablebyEcoRlasaf｢agmentvvhichisthe

same size as CMLJland vvhichinc[udes LCIse-

quenceisamplifiedverym=Ch･A=hese｢esuJtsfor

numberofrepet由on arecompatiblevvith the notion

thatCMUlisthepredictedMLJl.

Asthese(ectivehybridizationmarkerforscreenIng

candidatephagec[onesincorporat一ngMLJlorMLJ2･

vveusedtheviralDNAsegment肌′hichvvasp｢edicted

toformapartofMLJlaswe‖asMLJ2･Hovvever･nO

candidate for MU2vvas found.At this moment,VVe

thinkthattheresultreflectsmerelythestatisticaIfIuc-

tuation of samp=ng･Thus,the existence of MU2･

vvhich we earJier concIuded should beiso(ated,re-

mainsto be confirmedinfuture.Despltethisincom-

pleteness,theexperimentalresuitsobtainedherevvith

CMRJandCMLJIseemtoconfirmthepreviousconc[u-

SioninitsmaJOrPOJntS･

)udgingfromthefactthatnocommonsequenceor

sequencearrangementhasbeenfo=ndinthevicinlty

oftherecombinationsitesinseverallinesofhumanad-

enovirus-induced tumorce=s so far extensively ana-

Lyzed(12,13),amOreeXtenSiveanalysisofthepresent
JFsvvouldnotappeartoprovidesupporliveevidence

forthehypothesisthatthereshouldbeasequenceor

sequencearrangementspecificfo｢therecombination･

Hovvever.itisintrlgUlngtOCOnSiderthattherecombト

nationmighttakepIacepreferentiallyonsitesofhost

cel]DNAvvhichare10Catedinorneartranscriptionally

activegenes(12),inconjunctionvvithapresentconc[u-
sionthattheleftendofviraIDNAmaybelinkedtoonIy

ca.300bpupstreamfromtheinitiationsiteoftranscnp-

451

tionof45SrRNAprecursor.TodetermLnevvhetherthe

PreSent SyStem S=PPOrtS the above hypothesis-VVe

mustdomoreextensivesequenclngOfCMLJlandmo-
(ecuIarcIonIngOftheco｢responding p｢einsertion se-

quencefromuninfectedratce[ls,aSWeffasstudieson

theirexpressionincelIs.
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2.2RIBOSOMALRNAGENESINMYCOPLASMACAPRICOLtJM*

Themycoplasmas are sma11wall-1ess bacteria and parasiticin eu-

karyotes.Theirgenomesizeisabout5×108daltons,Whichisaboutone-

fifththatofBaciHhssubtili5.Wehaveestimatedthenumberofgenesin

mycop]asma speciesis extremelylow compared with other bacterial

DNAs.55)

WehaverecentlylSOlatedDNAclonesincludingtherRNAgenes

ffom坤CqPhzsmacqpricolhmATCC27343(Kid)andanalyzedtheorgan-
izationandstructureofthegenes･Theresultssuggestthatthemycoplas一

皿aisphylogeneticallyrelatedtotheBac肋sgroup.

OrganizatibnqfrR･NAgenes:Reflectingthesmallsizeofthegenome,

M.cqpricohLm COntains onlytwo sets ofgehes fbr16S,23S and5S r-

RNAs･56)SinceB･SubtiZLscontainstensetsofrRNAgenes,ヲ7)thecopy

numberofrRNAgenesinthetwospeciesisroughlyinproportiontotheir

genomesize.

TheDNAsegmentscarrylngtherRNAgeneclustersofM.cqpricohLm

WereClonedin且,CherichiacoHplasmidpBR322,andanalyzedbyrestric-

tionendonucleasemapplng,DNA-RNAhybridizationandDNAsequenc-

1ng･58･甜)EachofthetworRNAclustersdesignatedasrrnAandrrnB,Car-

riesasetofgenesfbr16S,23Sand5SrRNAs.Theorderandorientationof

therRNAgenesineachclusterare(5′)16S-23S-5S(3′)1ikeinotherpro-
karyotes,SuChasE.coli,60)B.subtiZLs,61)AnaqystLsniduhms62)andRo-

d4pseudbmonascqpsuhzta.63)However,neitheroftheM.c呼ricohLmrRNA

ClustersincludesanytRNAgeneinthespacerbetween16Sand23SrRNA

genes･AllsevenrRNAoperonsofEcoli,6=6)tworRNAgeneclustersof

A･niduhms62)andtwooftenrRNAgeneclustersofB.subti]Ls57)contain

OneOrtWOSPaCertRNAgenes.ThustheoverallorganizationoftheM.

C呼ricohLm rRNA gene clusters resembles that ofthe eight B.subtilお

ClustersthatdonotcontainspacertRNAgenes.

TheDNAsequencesofatota116SrRNAgene,thespacersandthe5′一
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Fig･2･3Secondarystructure ofputative transcript ofrmA.The sequence

isdeducedfromtheDNAsequenceof〟･CqPricohLm rmA.Therepeated
SequenCeSinthetwostemsareboxed.Therepeatedstructureisalsofbund
in the stem of B.sLLbti[ねrmO.`タ)

and3,-flankingreglOnSOftheclusterweredetermined･Comparisonofthe

Partialrsequenc声Ofthe16Sand23SstructuregenereglOnShasrevealedthat

theM.cqpricムhLmSequenCeissimi1armoretotheB.subtil由(74%)thanthe
E･COlisequences(69%)･57)ThespチCerSandtheflankingsofthegenesof
M･C甲ricohLmareeXtremelypoorlnGandC(20%),aSinthecaseofB.

Subtilね･Furthermore,aremarkablesequencehomologyisfbundincertain

reglOnSOfspacerandflankingreglOnSOftherRNAgenesbetweenM.

C呼ricohLmandB･Subtilね･Fig･2･3showsapossiblesecondarystruCture

modeloftheputativetranscriptofM･CLPricohLmrrnAwiththeflanking

SequenCeS.Twolargestemstructurescanbefbldedbetweenthe5,-and

3,-flankingsequencesofthe16Sand23SrRNAsequences,reSPeCtively.

SimilarstructureshavebeenreportedintherRNAtranscriptsofE.coli68)

andB･SubtilLs･69JO)Ithasbeensuggestedthatthestemsmaybepossible

SubstratesfbrprocesslngenzymeSdurlngrRNAmaturation.Moreover,

thestretchesof12basepalrSarefbundtorepeatinthe16Sand23Sstems

(SequenCeSboxedinFig.2.3).Interestingly,therepeatedstemstructures

Withverysimi1arsequenceshavealsobeenobservedinB.subtiZLs6,)(See
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Fig.2.4Phylogenic tree of5S rRNAs.
助〟CrepreSentS therateofnucleotidesubstitution(see Ref.72).

Fig.2.3),butnotinE.coli.T寧erepeat?dstructuresinthetwostemsare
locatedwithinthehomologpusregl00SinbothRNAs二Ogasawaratetal･

●

havesuggestedthatthesereglOnSmaybethetargetsitesfb上▲aprocesslng

enzyme･69)ThiswouldmeanthattheprocesslngSlgnalsofrRNAgene
● ●

transcripts aswellasthespecificityoftheprocesslngenzymeareCOn-

SerVedbetweenM.cqpricohLmandB.subtihT,butnotbetweenthesetwo

SPeCiesandE･COii.TheseobservationssuggestthatM･CqPricohLmismore

CloselyrelatedtoB.subtilLsthantoE.coli.

Nuckotiksequenced5SrRM:Thesequencesof5SrRNAsfrom

aboutthreehundredorganismshavesofarbeendeterminedandusedfbr

deduclngtheirphylogenicrelationships･71･72)Wehavedeterminedtheto-

talnucleotidesequenceofM･CqPricohLm5SrRNAbysequenclngboth

thepurifiedRNAandtheclonedDNA･73)TheRNAislO7nucleotides

long,theshortestofallthe5SrRNAssofarknown･ThesequenceofM･

cqpricohLm5SrRNAismoresimi1artothatofthegram-POSitivebacteria

thanthegram-negative･Fig･2･4･Showsthephylogemicrelationshipof〟･

cqpricohLjntootherorganisms■deducedffomthesequencehomologleSOf

●
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the5SrRNAs(SeeReL72).Walkeretal.havesequenced5SrRNAof
SpiiqpLbsma sp.BC3,indicatingthat splrOPlasmais closely related to

mycoplasma･ComparisonsofmycoplasmatRNAsequenceswith other

bacterialtRNAsalso revealed the same relationship.75)
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SecretoryPeptideoftheSilkmothBombyxmoT･i*
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Bombyxin,preViouslyreferredtoas4K-prOthoraci-

cotropichormone,isabrainpeptideofthesilkmoth
Bombyxmori,theaminoacidsequenceofwhich$hows

considerablehomologywithvertebratein$ulinfamily

peptides.Twoindependentcloneshavebeenisolated
fromaBombyxlarvalbraincDNAlibrarybyusinga

syntheticoligonucleotideprobe,OneWiththecomplete

COdingregi?nfbrpreprobombyxin(入Bb360)andthe
other coverlng the coding region,pOSSibly fbr bom-

byxin,Onlypartia11y(入Bb204).入Bb360encodespre-

probombyxinintheorderofprepeptide/B-Chain/pro-
teolyticcleavagesignal/C一甲ptide/proteolyticcleavage
$ignal/A-Chain.This

domaln Organi2:ation ofprepro-

bombyxinisthe$ameaSthatofpreproin$ulins,Sug･

ge$ting that the tertiary struCture and posttransla-

tionalmodificationmechanismareconservedthrough

theevolutionofbombyxinandinsulin.GenomicSouth-

ernhybridi2:ationanalysesusingthiscDNAasprobe

suggest that the Bombyx genome contains multiple

copiesofbombyxingene.Northernhybridizationanal･

ysesindicate that the concentration of入Bb360-type

bombyxin mRNAin thebombyxin･prOducingcellsis

remarkablyhigh(2.8×109molecule$/FlgOftotalRNA),
withoutundergolngappreCiablechangeduringlarval-

pupaldevelopment.

Prothoracicotropichormone,aninsectbrainpeptide,aCtS

on the prothoracicglands
to stimulate the synthesis and

releaseofecdysonenecessaryforgrowth,mOulting,andmet-

amorphosis(1,2).ThebrainofthesilkmothBoTnわ′XTnOri

contains,inadditiontoitsownprothoracicotropichormone

(M.～22,000,Ref.3),a5-kDapeptidebombyxinthatmani-
fests the prothoracicotropic activity when tested with the

saturniidmothSamiaqynthiaricini(3,4)andaccordingly
wasreferredtoas4K-prOthoracicotropichormonepreviously

(5).

Bombyxinhasbeenpuri丘edfromBombyxheads(4)and

showntoconsistofhighlyheterogeneousmolecularspeCies
(6-10).BombyxinsareheterodimersconsistingofA-andB-
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Chains whose amino acid sequence shows considerable ho-

mologywith vertebrateinsulin familypeptides(6,7).The

primary structure ofbombyxin has been determined com-

pletelyfor three molecular speCies(7-9)and partia11yfor

threeothers(6,10).Thesemoleculesdiffbrffomoneanother
inafewreplacedaminoacidresidues.TheA-andB-Chains

areconnectedtogetherthroughdisul丘debondsinexactlythe

SaPeWayaSininsulin(8)･Animmunohistochemicalstudy
uslngamOnOClonalantibodyraisedagainstasyntheticfねg-

mentofbombyxinhasrevealeditslocalizationinfourpairs

Ofmid-dorsalbrainneurosecretorycellsofBomわ′X(5).Al-
thoughthephysiologicalfunctionofbombyxininBoTnわ′Xhas

remainedunclari丘ed,itsinsulin-1ikestruCtureisthoughtto

SuggeStSOmeeSSentialfunctioninBoTnbyxgrowthormetab-
01ism.
WehaverecentlystartedstudiesusingrecombinantDNA

technologyforbombyxincDNAandgenomicDNA,Withthe

aim of galnlnglnSightsinto various molecular aspects of

bombyxinincludingitsbiosynthesisthroughaprecursormol-

ecule,geneticbackgroundfortheheterogeneityofmolecular

SpeCies,andtranSCriptionalregulation duringdevelopment.

Wedescribeheretheclonlngandcharacterizationofbom-

byxincDNAsfromaBomわ′XbraincDNAlibrary.ThestruC-
ture ofthe deduced preprobombyxin con丘rmsits domain

Organizationconservedrelativetopreproinsulin,thefactof

WhichwasalsoexpectedfromthesimultaneOuSlyperformed

analysisofthegenomicDNA丘agmentcontainingasimilar

SequenCe(11).Severalhybridizationanalyses suggest that

bombyxinmulticopygenessupplyaremarkablyhighconcen-

trationofbombyxinmRNA.

EXPERIMENTAL PROCEDURES

MateriaLs-BolnbyxTnOrilarvaewererearedonanartificialdiet

(TakedaPharmaceuticalCo.,Ltd.,Tokyo,JapanorNipponNosanko

Co.,Yokohama,Japan)at25±10Cunderaphotoperiodof18hlight

and6hdark.Atotalof16,000brains ffomthefourth-and丘fth-

instarlarvaeandpupae(J122×Cl15)wasusedastheRNAsource.

RNAwasalsopreparedffom16pairsoftheposteriorsilkglandsof

the丘fth-instarlarvae(Shun-Reix Sho-Getsu).Threebatchesofa

pairoftheposteriorsilkglands ofthe丘fth-instarlarvae(J122×
Cl15)servedasthesourceofgenomicDNA.EscheT･ichiacoliYlO88

strainand入gtllphagewereprovidedbyDr.YoshioHamada(Na-
tionalInstitutefbrBasicBiology,0knzaki,Japan)･VariousenzymeS

werepurchasedfromTakaraShuzoCo.,Ltd･(Kyoto,Japan),New
EnglandBiolabsInc.(Beverly,MA),BoehringerMannheim(Mann-

heim,FederalRepublicofGermany),andAmershamCorp.Radioiso-
topeswerepurchasedfromAmershamCorp･

RMExtractionandCoTWtT･uCtionqfcD〃ALibraTy-Nucleicacids

wereextractedbyphenol-SDSlffomthebminsafterpulverization

underliquidnitrogeninamortar,andRNAwasobtainedbyLiCl

1Theabbreviationusedis:SDS,SOdiumdodecylsulfhte.
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precipit8tion.01igo(dT)-primed eDNA was synthesized by cDNA

synthesissystem(AmershamCorp.)usingpoly(A)'RNAfromt･he
brainsofthefourth-tOfifth-instarlarvaeastemplate,CDNAwas

insertedintot･heEcoRIsiteof入gtllDNAasdescribed(12).Screening

wascarriedoutafterampliflCationofthelibrary.

CDN4ScreeTlmg and
AnaEysis-Employing the codon usage of

月ombγズmaJOrplasmaprotein(13),aSyIltheticollgOIIUCleotide51-

merofthe良ntisenseDNAforbombyxill-1IA-Chain(theresidue昌4-
20,Ref.7)waspreparedasaprobebyDrs.TadayukiTakedaand

MasayukiYamamoto(TheUniversityofTokyo)asshownbelow.

initiator.Bycontrast,入Bb204cDNAappearstocoveronlya

3′portionofthecodingreglOn.

Theprimaryproductdeducedfrom入Bb360cDNAcontains

segments that resemble the A-and B-Chains
of natura11y

OCfurringbo皿byxins(ぷOJjdJg几ビーム0エedinFig･餌),Withonly
mlnOr amino acid residue replacement.The deduced se-

quencesmostcIoselyresemblebombyxin-II,withpreciseiden-
tityforA-Chainand89%homoIogyfDrB-Chain.

AmirLOaCid C-Cys Tyr Ser Leu Leu ValA5p ValSer Cys Pro Ar8 Leu Cys Cys GILL Asp-N

Antisense 5'.GCA GTÅGCT GAG GAG GAC GTC GAC GCT GCA GGG TCT GAG GCA GCA CTC GTC-3J

Northern hybridi2ration and plaque hybridizatioIIWere Carried ol】t

with32p-end-1abeledprobe.BraintotalRNAextractedbytheabove-

mentionedmethodservedforcalculatingthebombyxinmRNAcon-

centr8tion.Nucleotide seqllenCeSWeredet即minedbytbe M13di-

deoxymethod(14).Forcomputersearchoftranslation.hydropathy,

andhomology.GENETYX(SoftwareDevelopmentCo.,Tokyo.Ja-

pan)and DNASIS(HitachiSoftwareEnglneering,Tokyo,Japan)

p工Ogr8mSWereuSed.

JれV`加み和一わeぶk〆βomわ′エi几月凡4∽助γ7凸痛仰吼Ⅶ紺dm
〟or亡毎rJlβJoけどng-AfterfeCloningofthecDNAinse正i】-pTZ18R,

bombyxinRNAwassynthesizedwithT7polymeraseasdescribedby

Kumarelal.(15),A氏erthe且dditionofan appropriate且mOuntOf

posteriorsilkglandtotalRNAasacarriertothesyntheticbDmbyxi-1
RNA,RNAsampleswereglyox8latedandelectrophoresedonal,2

0rl.4%agarosegelandthentransferredtonylon皿embrane(biodyne

A,PALLUltraheFiltrationCo.,NewYork)with2OxSSC(3M

NaCl,300mMsodiumcitrate)asdescribed(16).
Cゼ托OmJぐβMEズ血CとょoJlα柁dβ0レ班err1月Jo損ng-Every$ampleof

BombyxgenomicDNAwasextracted丘omonepairoftheflfth-instar

posteriorsilkglandasdescribed(17)exceptthatl.1mg/mlprotJeinase
Xwasemployedduringhomogenatei11C11bationwithSDS.Genomic

DNAsdlgeStedwithvariousrestrictionenzymes(5,8FLg)wereelee-

trophoresed on O.7%agarose gel且nd analyzed by Southern blot

bybrldization(1即.

勒あ｢よd上zα`io乃び址βαdJoJ血eJedアro占ed柁dⅣ鮎九よ柁g-Hァbridiza-
tionwitholigonu亡Ieotideprobewascarriedoutformorethan12hat

22-250Cin50%formamide/4×SSC(600mMNaCl,60mMsodium

citrati))/1×Denhardt'ssolution(0.02%polyvinylpyrolidone,0.02%
Ficou･0･02%bovine.serumalbumin)/50mMphosphatebuffer(pH

5,95)/250〃g/mlsonlCatedsalmontestisDNA.Filterswerewaslled

formorethan3hat600Cin2×SSC/0.1%SI)S(Tm,-3O凸C).1n

thecaseofcDNAprobe,hybridizationsolutioncont且ined50%form-

amide/4-5
× SSC/ト5× Denhardtls solution/50mM phosphate

buffer/250FLg/mlsonicatedsalmontestisDNA,andreactionswere
doneovernightat420C,Filterswerew8Shedformorethan3hat

65DCinlXSSC/0,1%SDS(Tm,-25OC).

RESULTS

ム0如上ono/月om毎エよ円仁かM/和mα助m白γエエαrロαJβrdgn

CDNALibraTy-TheconditionofscreenlngWaSfLTStinvestir

gatedbyusingtheoligonucleotideasaprobefc･rNorthe

hybridizationofbrainpoly(A)'RNA.As$howninFig･1A,a

hybridizationbandofaboutO.6kilobasepairwasdetectedin

the poly(A)十RNA
from brain but not

from posterior silk

gland,SuggeStlng the specific hybridization of bombyxin

mRNAwiththeoligonucleotideprobe.About6×104recom-
binantphageswerethenscreenedunderthesamecondition,

and12positiveswere revealed.Two ofthem,入Bb360and

入Bb204,WereSubjectedtofurtheranalysIS.1nFig.1B,入Bb360

cDNAwasusedasaprobeintbeNorthernhybridizationof

the same filter asusedin the experiment for Fig.1A.The

similarpatternofbothhybridlZationsindicatesthat入Bb360

cDNAisa complementofthemRNAthatwasspecifically

detectedwiththeoligonucleotideprobe.

ぶけ眈土レre毎月omわ′ズ∠乃C工)Mβα柁dPred∫油dP和亡e£耶-Fig.
2A showsthe nucleotidesequences of入Bb360and入Bb204

cDNAs and theirpredicted amino acid sequences.入Bb360

cDNAobviouslycontainstheentirecodingreg10n,becauseit

hasanopenreadlngframefrom+42to+308precededbya

stopcodon at+30to+32,fburframesupstfeamfromthe

TheGlnattheNterminusofthepresumedB-Chaindlffers

frompyroglutamateatthecorrespondingsiteofthematurally

occurringbombyxinsbutismostprobablyconvertedtopyro-

glutamateposttranslationally(19),Between
the A,and B-

chainsisfoundanintervenlngSegmentWhichisflankedby

pairedbasic amino acidresidues at the N terminus and
a

basic
residue at C terminus(brokenline-boxedinFig.2A),

suggestingthattheposttranslationalproteolyticcleavageoc-

curs at these sites;a Slngle
Argis welldocumented as a

proteolyticsignal(20).NeighboringtheNter血inusoftheB-
chainahydrophobicstretchislocated.Theseintervenlngand

hydrophobicsequencesappear,fromtheirstructuralfeatures

andorganization,tObeequlValenttotheC-peptideandpre-

peptideofpreproinsulin,reSpeCtively(21).Toassignanap-

propriatelengthandhydrophobicitytoaputativeprepeptide,

weconsiderMet-lasthe mostlikelyl11itiatoramongthree

potentialones,Met-1,-10,and-15.Thus,apreprObombyxin

deducedfrom入Bb360cDNAisan89LreSidueproteinwitha

Mr of9,978having an overallstruCture Of prepeptide/B-

Chain/pfOteOlytic cleavage signal/C-peptide/proteolyt-ic

CleavaざeSignal/A-Chainwhichisexactlythesameasthatof
pTeprOlnSulin(Fig.3B).Thehydropathypro丘1es(22)ofpre-

probombyxinandpreproinsulinarealsosimi1artoeachother

(Fig.3β,叫and加わm).

入Bb204cDNAencodest.heentireA-Chain(solidLine-boxed

inFig.2A)and,mOSt.prObably,theC-peptidewhichisflanked

atitsCterminusbypairedbasicaminoacidresidues,andwe

presume that this cDNA was derived from a bombyxin

mRNA.This cDNA dlffers from入Bb360cDNAin many

aspects(Fig.2B),indicatingtheexistenceofheterogeneous
bombyxinmRNAs.TheA-Chaindiffersfrom入Bb360A-Chain

12 3 4 5 6

一0.6Kb

OIlgOnuCleotide cDNA :PrObe

A B

FIG.1.Northern hybridi2:ation analysis of boⅡ】byxiJl

mRNA.Posteriorsilkglandpoly(A)+RNA(3.3FLg)りanesland4),
brainpoly(A)+RNA(5.OFLg)(Janes2and5),andbraintotalRNA

(20pg)(Lanes38nd6)wereelectrophoresedandblotted.A,hybridi-

zELtionwith32p-end-1abeledsyntheticoligonucleotide.B,hybridiza-

tionwith32p-multiprlme-labeled入Bb360cDNA.hb,kilobasepair.
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入Bb360

IkしLysIlel-eu L臥1Al且 6

ATCAGCGAGACGTCCTCCGAAAC^CACTrTAGTCGCC山IAC ▲TG AAG ATA CTC CTT GCT 59

CTACTTT^CCAJuCTん▲TTCGTTCTCA▲▲▲C^mGG▲▲▲TA▲▲T

入Bb204

Ser Gln Tyr▲h Gly Tyr Gly Trp Pro Trpl一印PTO Pro Phe Sモr Ser 16

GA TCC CAG T^C CCG GGC TAC GGC TGG CCG TGG CTG CCC CCC TTC TCC TCG 50

ATTTTCGTA▲人CGCCTG^TTrATATTAAATAAATTATGTACTAAAA

Domain Pre B C A

入Bb360

~~~~

B
FIG･2･A,nuCleotidesequencesandencodedaminoacidsequences

OfcDNAinsertsof入Bb360(upper)and入Bb204(lower).Twodomains
formingmaturebombyxin(A-andB-Chain)andtheputativeprote-

Olyticcleavagesites(Lys-Arg,Arg)areboxedwithsolidandbrohen
lines,reSpeCtively.B,diagrammaticpresentationofbothcDNAstruC-

tures･nickandthinqpenboxesarecodingandnoncodingregions,

respectively.Twothinblacklinesareintroducedin入Bb360;the丘rst

One,between C-peptideandA-Chain,indicatesashortdeletionas

COmparedwith入Bb204,andthesecondoneisplacedinordertoalign
thepolyadenylationsignalwiththatof入Bb204.Verticallinesbetween

thetwocDNAsconnectthenonidenticalnucleotides.Horizontalblach

baT･Satthe Tniddlerepresentidenticalaminoacidresiduesbetween

thetwopredictedpeptides.Horizontalblackbarsatthetqpandbottom

representidenticalaminoacidresidueswhencomparedwithbom-

byxin-II(7).Arrowheadsindicatebordersbetweendomains.

by4residues,anditsCterminusisextendedby2residues

glVlngrise to a22-reSidue A-Chain contrastingto the20-

residueA-Chainofallthebombyxinssofarsequenced.
When nucleotide and/or amino acid sequences of the

CDNAscharacterizedherewerecomparedwiththeprepro-

bombyxingeneisolatedrecently(11)andnativebombyxins

(6-10),itisevidentthatthehomologyishighestintheA-

ChainandonlyslightlylowerintheB-Chain;homologyfor
theC-peptideisfarlessprominent;nOSlgni丘canthomology

isseeninthe3′-untranSlatedreg10n･Thesametendencyin

the degree of sequence homology among domainsis also

apparentwhencomparedwithinsulin(Fig.3A)andhasbeen

recognizedamong.variousinsulins(23)･
Allofthe6amlnOaCidresiduesthataresubstitutedcom_

paredtobombyxin-ⅠⅠ(positions8,12,13,and170f入Bb204
A-Chainand5and250f入Bb360B-Chain)occupythesites
knowntobevariantffompeptideanalysisofnativebom-

byxins(6-10).AnothersubstitutionofMet-18forLeu-18in

入Bb360B-Chainisaconservativesubstitutiontoretainthe

亨
O
P
r
O
-
コ
望
-
ニ
コ

Pre B C A

什OPrObombyxln
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FIG･3･Comparisonof$truCtureSbetween入Bb360prepro-

bombyxin&ndhumanpreproin$ulin･A,homologyplotofamino

acidsequencesbetween入Bb360preprobombyxinandhumanpre-

proinsulin produced by the program DNASIS(HitachiSoftware
Engineering,Tokyo).Span-1ength,10;identities,4.B(Tniddle),SChe-

maticrepresentationofdomainorganizationofpreprobombyxinen-

COdedby入Bb360cDNAandhumanpreproinsulin.BoxesandnuTner-

aLsrepresentthedomainsandthenumbersofaminoacidresiduesin

eachdomain,reSpeCtively･Basicaminoacidsattheputativeproteo-

1yticcleavagesitesareindicatedbytheone-lettercode(KorR).7｢岬

andbottom,hydropathypromesofbothpreprohormonesusingthe

methodofKyteandDoolittle(22).Thevaluesforevery丘vesequential
aminoacidsarecalculated.

hydrophobiccoreinsidetheglobularstruCtureOfbombyxins

(10)･Therefore,itmaywellbethat入Bb360cDNAandpos-

Sibly入Bb204cDNAalsocodeforbiologicallyactivenovel
bombyxins.

Ger10mわβ仙亡鮎r花月シ占ridfzα亡わ柁ご励とょmα血几呼月omわ′扇わ

GeneCqpyNuTnbeT･-Inviewofthedetectionoftwodistinct

CDNAsencodingbombyxinasdescribedaboveandthepres-

enceofmultiplemolecularspeciesofbombyxinsasrevealed

byaminoacidsequencingofthepuri且ednativepeptides(6-

10),itwasanticipatedthatmultiplebombyxingenecopies

WOuldexist･To testthispossibility,the genomicDNA of
Bomわ′XWaSanalyzedbySouthernhybridizationusingthe

入Bb360cDNAasprobe･AsshowninFig･4,multiplediscrete

hybridizationbandsweredetectedineverydigestofgenomic

DNA･Takingthebandintensityof丘ve-COpy入Bb360cDNA

as5･0,the totalbandintensitiesforrespectivelanes were

estimatedtorangefromllto26(Fig.4,lower).Asthegenomic
DNAwaspreparedfromeachindividualseparately,thepos-

Siblerestrictionffagmentlengthpolymorphismsweremini-

mized.Thus,itseemshigh1yprobablethatthereexistbom-
byxingenecopiesinaboutthesenumbers,althoughthenum-

bermightbelesswhenthepossibleinclusionofpseudogenes
isconsidered.Itisalsopossiblethattheactualnumberof

gene copies couldbe more sincetheprobepresentlyused
fai1edtohybridizewith入Bb204cDNAunderthesamecon-

ditions(datanotshown);Onlythegenomicfragmentscon-

tainingthesequenceidenticalorcloselyrelatedto入Bb360
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FIG■4■SoⅦthernbybridiヱation且n山ysisofg蝕OmicDNAor

Bombyx(Jl12×Cl15)probedwith入Bb360cDNA･Lbper,in

LeFttwo[rachs･丘veandonecopyequivalentsofpBb360(pTZ18R

With入Bb360cDNAinsert=inearlizedbyHlndIIIc｡tWe,el｡｡dedas

thestandardforcopynumber･Enzyme5uSedforgenomicDNA

digestionareindlCatedabovetheautoradlOgT号m･Female(fりandmale
(M)genomicDNAswereextractedfromaslngleindividuaI,reSpeC-

tively,andweredユSpenSedin8･Pgaliquotsforeachrestrictiondiges･

tionexceptforthecaseof5αJl-male､止erea5-and3一鵬pOrtionwere

COmbinedfromtwoindlViduals･OutofthesedlgeSt5,5･8JJgeaChwere

appliedfortheelectrophoresisLGenome5izeofBombyxisO･52pg/
haploid･Hybridizationprobewa8multiprimed32p-labeled入Bb360

eDNA･Lower･tOt81densitometricbandintensitiesforrespective
lanestakingtheintensityfDrfive･COpy入Bb360eDNAas5.0.Their

relativeindicesare:nVeCDpy･5･0:OneCOpy,0･8;BamHI,19.8(n,

25･7(〃);血oRい9･6鶴18･2(仰;〃g花山Ⅰ-,17･1rの,16･0(勅角札

11･0(凡12･0(〟)･5班,12･8(凡10･5(帆肋,kilobasepair.

CDNAmusthavebeendetected･Thus,althoughtheprecise

numberofgenecopiesisunknown,itmaybesafetoconclude
thatmorethanlObombyxingenecopiesexist.

Nodlfferenceswere foundin thehybridlZationpatte
betweenbothseヱeSindicatingthatthebombyxingenesare

notlinkedwitheitherWorZsexchromosome.

〃orfたer打方γわrよdgz¢亡加ニβeueわp′乃e几fαJCんα聯呼励m一

占γ血mβMA汀乙0α花油βomわ′ズ月柑よ几-TbemRNAin血m_

byxbrainwasquantifiedbyNorthernhybridizationusing

入Bb36OcDNAasprobe･ForconstruCtingastandardcuTVe

forthisquantification,WeuSedthebombyxinRNAsynthe-

SizediT"itrofrom入Bb360cDNAwithT7poly7neraSe.As
illustratedinFig･5Aforthecaseofthefifth-instarO-day

Bombyxbrain,20鵬OfbraintotalRNAisinferredtocontain

80pgofbo皿byxin mRNA･Theamount of入Bb360-tyPe

mRNA(only入Bb360-tyPebombyxinmRNAmusthavebeen

quanti丘edbythisprocedureforthesa皿ereaSOnaSmentioned

intheprev享OuSSeCtion)isthus4pg/FLgOfbraintotalRNA.
ThisvaluelSCalculatedtobel.1×107molecules/鵬Ofbrain

totalRNA,basedonaO･6-kilobasepairsizeofthebombyxin

mRNA.

Developmentalchangeinthe入Bb360-typemRNAamount

WaSeXaminedduringlarval-pupaldevelopmentofBoTnbyxby

usingtheaboveprocedure･The入Bb360-typemRNAamount

perbraintotalRNAdecrea$edgraduallywiththegrowthin

thefifth-instar(Fig.5B,tqPandmiddk>).Whenthiscu,V｡is

redrawnintermsofthemRNAperbrain,however,thetiter

remainsessent･iallyunchangedatト2pg/brairl(Fig.5,bot-
fom).
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FIG･5･Quantifie8tion of bo血by血mRNAin月0椚by∬

brainbytheuヨeOf入Bb360cI)NA･A,quantificationmethod,

Lbper,hybridizationbandsatO.6kilobasepair(arroLL,)｡fthet｡ta】

RNA(20堵)oftheflfth-instarO-dayBombyxbrain(妨)andgraded

amourlt60fbombyxinRNAprod11Cedfrom入Bb360cDNAwithT7

polymerase･ToeachsampleofbDmbyxinRNAwasaddedt･hepos-

teriorsilkglandtotd仁RNA(20FLg)ascarrier･=ybridizationprobe

WaSrr.ultiprimed32p-labeled入Bb360cDNA.Lower,Standardeur∇e
forestimatingthe入Bb360-typebombyxhmRNAamount.

amotzntofsyntheticbombyxinRNA;OrdinaEe.densitometricva[ues
inarbitraryunitsforhybridizationbands;qPenCircLe,datumpoint

forthefifth-instarOLdavbraintotalRNAplacedonthecurveac-

eordlngtOtbedensitometricvalueforhybridizationband.入Bb36D_

typebombvxinmRNAcontainedinthispreparationisestimatedas

80pgfromtheeorrespondingpointofabsc(ssa･B,Changeinthe

amountof入J3b360-typebombyxinmRNAinBombyxbrainduring

larvalLpupaIdevelopment,7也Northern hyt}ridizati｡n ba｡ds｡r
braintotalRNA(20腫)fromtheanimalsvariousdaysafterfourth-

toEifth-instarecdysis(E)･Wandcring(W),andpupaleedysis(P)

HybridlZation
probe was㍑午-nick-tranSlatedpBb360.MEddk.the

Cur∇eplottingtheamount畠Of入Bb360-typebombyxinmRNA/FtgOf
braintotalRNAforeachdevelopmentalstage･EaehdatumpDin†･WaS

determinedasinA･Bottom,theabovecurveisredrawnontheper

brai工1basis.

Thepresentstudyhasidentifiedthebombyxingeneac-

tual1yexpressedintheBombyxbrainamongthemultiple
genes･Thestructureofpreprobombyxincharacterizedhere

WaSShowntoresemblethatofpreproinsulininthedomain

Organization of prepeptide/B-Chain/C-peptide/A-Chain the

featureofwhichwasalsodeducedfromtheanalysisofge･

nomicDNAcontaininga similarsequence ul).Thus,We
presumetheexistenceofaslngle-Chainprecursormolecule
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forbombyxinthatassurestheinsulin-1iketertiarystruCture

andposttranslationalprocesslngtOgenerateamaturebom-
byxin･Recently,aCDNAencodingthe"mo11uscaninsulin-

relatedpeptide(MIP)"ofLyTnnaeaStangalishasbeenchar-
acterizedandtheMIPgenehasbeenshowntobeexpressed
inthe
cerebrallight-greenCe11sthatcontrolthe growthof

LyTnnaea(24).Fromthese studiesitis nowunequivocally

establishedthatinvertebratenervecellsproducepeptidesthat

Share a common ancestralmolecule with vertebrateinsulin
familypeptides,theconceptthathadbeensuggestedearlier

mainly fromimmunologicalandbiologicalstudies(25,26)

and丘rstbeenproveddirectlybyprimarystruCturedetermi-

nationofnaturallyocc?rringbombyxin(6･7)･
AminoacidsequenclngOfnativebombyxinmoleculesre-

Vealedthepresenceofsixdiffbrentmolecularspecieswhich
diffbredf上omoneanOtherbyreplacementofafewaminoacid

residues(6-10)andpuri丘cationdatasuggestedthepresence
Ofotherbombyxinmoleculesyettobesequenced.Further-

more,thebombyxinmoleculesdeducedfromthecDNAstruC-

tureinthepresentstudydi鮎redslightlyintheirsequence
ftomthoseelucidatedbypeptideanalysis.Thus,thepresence

Of highly heterogeneous bombyxin moleculesis now well

established.However,it has notbeen known whetherthis
heterogeneity resultsfrom the genetic variation associated

WiththeuseofmillionsofBombyxheadsforpuri丘cationor
isduetothepresenceofmultiplebombyxingenecopiesin

theBoTnわ′XgenOme.Southernhybridizationstudiesreported
herewhichrevealedmorethanlOcopiesofthebombyxin

geneinthegenomicDNApreparedffomaslngleindividual

OfBoTnbyx show
that thelatteris the case,althoughthe

formerpossibilitymightalsoholdtrue.Infact,Ourunpub-
1ishedstudyonthecloningofbombyxingenesrevealedthe

Clusteredlocalizationofmultiplebombyxingenesonaslngle
DNAfragmentofBoTnわ′X.2Thepresenceofmultiplebom-

byxingenecopleSisinsharpcontrasttovertebrateinsulin

geneswhichexistinasinglecopyexceptforthecaseofrat

genesthathavetwocopies(21).
Fourpairsofmid-dorsalbrainneurosecretorycellsofBom-

byxhavebeenimmunohistochemicallyshowntocontainbom-

byxin(5).Since入Bb360-typebombyxinmRNAiscontained

inthe丘fth-instarO-dayBoTnbyxbrainataconcentrationof

4pgorl.1×107molecules/FLgOfbraintotalRNAandthe

fburpairsofbombyxin-prOducingcellsoccupy～1/250volume

OfaBomわ′Xbrain,theconcentrationof入Bb360-tyPemRNA
inthesecellsiscalculatedtobe2.8×109molecules/pgof

totalRNA,basedontheassumptionthatthetotalRNAis

distributed evenly throughoutthe brain.This bombyxin

mRNA concentrationis comparable to the abundanCe Of
丘broinmRNA(1.3-5.1%(w/w)orl.4-5.5×109molecules/

FLgOftotalRNAintheposteriorsilkgland),Whichissynthe-
Sizedin aremarkablyhighrate duringalimitedperiodof

growth(27,28).The丘broingeneexistsinasinglecopyand

manifestsaremarkablyhightranscriptionalactivity(29,30).
Inthecaseofbombyxin,itseemsprobablethattheimmense

accumulation ofmRNAis supported,atleastin part,by

multiplicationofthegene.
Itwasdemonstratedthattheamountofbombyxininthe

BoTnわ′Xbrainrosesigni丘cantlyataroundpupation(31,32).
Bycontrast,thebombyxin mRNAhybridizableto入Bb360

CDNAperbrain didnot change appreciablyatthattime.

2A･Kawakami,M･Iwami,H.Nagasawa,A.Suzuki,andH.Ishi-

Zaki,manuSCriptinpreparation.
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Furthermore,theamountofbombyxinperbrain(0.1-3ng,

Ref.33)is severalthousand times more abundant on the

molarbasisthanitsmRNA.Takentogetheritseemsprobable
that the translationaland posttranslationalprocesses are

importantinregulatingthebombyxintiterratherthantran-

SCriptionalprocess,althoughthede丘nitiveconclusionmust

awaitsimilarstudiesforothertypesofbombyxinmRNA.
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Structureandorgallizatiol10ffburclusteredgenestllatellCOde
bbmbyxln,aninsulin-relatedbraiIISeCretOrypeptideoftlle

SilkmothBotnbyxmorl

(lnstctdeYelt)Pment/neurose⊂re10ryhormone/mtJ)tI-generam=y)

ATSUSHJK^WAK^MI+,M^SAFUMJIw^Ml*,HIROMIC=JNAG^S^W^†,AK)NORJSuzuKl†,

ANDHIRONORllsHIZAKl*‡

●郎o,ogic8I]ns"tutc.FacunyorSc;en⊂e.NagoyAUniY亡r5ity.Napya464-01･,apan;and-Depanmcntor^gricu]tura,C一一Cm;strylFacuhyor^gr;culture･Thc

Univ亡柑ilyorTokyo,Tokyol13.Japan

C¢m用〟〝Jcの～Jウγβ〃〃〃Jグ∫lビi冊r.〟ロγ2J.J9脚

^BSTR^CT Four genes encoding bombyxin hz"e been

IocaledInB14･kHobaseDomby.rgenomicDN^segmenl･^‖or
thesegene$enCOdepreprobombyxin,theprecursormoIecu)e

rorbombyカn,WllhthedomainorganizBlionor軸nnIpet,lidc/

JIch扇n/Cpepljde/^chin.BombyxjnsAreChssinedBSlamuy
^orBaccordlng10thelrsequenceJIOmOIoRy･TwogenesIeaCh

belonging108dirftrenlrBmiJ)･IBreC]oseIy叩POSed10rOrmaPalr

wiLhopposileorienlationIPreSumabIyrormJng8regula10rytJnil

ror transcription･Genomk Soulhern b)ol･hybrjdiLalio[.SUg･

gesled that there are many such gene palrSinl].eBombyx

8CnOme･DIfTerencesbelween bonlbyx".geneSand Yerlebrale

Insu=n･ramuygenCSlndicntelIlaldlrrcrcnlmeehnIⅢlSOP亡raIc

lnlhe eYOltJlion orInYerlebrate and YerlebraleInsulin･ramily

geneS･

Bombyxin,a5-kDabrainsecre10ryPePtjdeorLhesilkmolh

βombyxnlOrE,belongstotheinsu)inramily(1,2)･Bombyxin

hasbeenpurifledbyuslngilSbioJogJCaIactivityorslimulating

theprothoracicgIands10reIeaseecdysonwhcnappIied10

anothermotht50mi?Cy〃′/血ricin((3)･butitsphysio)ogica]
fbnclioninBomb)･XISSl川obscure.Bornbyxinisahetero-

geneousgrouporn-O]ecu]arspeciesthatdirrerbyonJyarew

amino acid subsLitulions.Bombyxin rnorecules are het-

erodimcrsor^andBchainswhoseaminoacidsequencesare

homoJogouswithverLebraleinsu]in-ramiIypeptides(1,4-6)･

The A and B chains orbombyxins areIinked togelherby

djsu旧dcbonds,eXaCtlyasjsinsu]in(7).WehavecIonedand

characlerjzed two distinct bombyxin cDN^s(8)and one

bombyxingene(9).GenomicSouthernhybridizationana)y･

sesus[ngabdmbyxincDN^asprobeindicatedthatmulliple

,COP]eSOrbombyxingene.asmanyasabout20-eXistedinlhe
･Bomb)･XgenOTT]e･Wenowreportlheclomngandcharacler-

/,izationorrourbombyxin
genes§thatlbrmaclusterin a

14-kilobase(kb)regionorlheBo(17bJ,XgenOme:

CαFcI｡njngandSequenei･呵BontbyxjnGencs･C･one^唯105･
oneorlhelburclonesprev,OuSIy-SOlaled(9)●WaSuScd桁Ihis

study.The nucleotide sequence was delermined by the

dideoxシnuc)eolidechain-terminationmelhod(1O)wMlOVer･
Jappingdelelionplasmidscreatedbyunidirectionaldigeslion

wilhexonucteaselIJandmungbeannuc)ease(ll)･NucJeo-
1idesequencedatawereassernbledandana[yzedbyus)ng

programsinDN^S-S(HitachiSortwareEngineering)･
Primer Exlention.0]igonucJcotide pnmers were chcmi-

calJysynthesized･Theyare5,-CGTGTGC^CTC11TGTG-

GCTGTTG-3.(JbmiJy^primer;aSisdescribedindetaiJin

Thcpub■icationcosIsorlhis封rlicIcwercdcrrayedinpilr(byp叩CChaTgC

paymenl.This8rlic.cmustthcrcrorcbchcrebymarked="Jt･"(iJ(m(nJ‖
in8CCOrdunccwith18U.S.C.§1734soIcIytoindicatcthisract･

Res〃I(.†,bombyxingenesarec)assinedintorami)iesAandB

according101heirnucIeolidesequencehomology)and5'･
AC^CATCAG^CTG^TC^CGATT^C-3'(ramity

B

primer)･ThereactionwasdonewilhavjanmyeIobIas10Sis

vjrusreversetranscriptase(12)usingl･5I⊥gOfBomb,･Xbrain
poly(A)+RN^rromI甘Ih-inslarIarvae･
probes ror Northern nnd Soulhern11ybridiz:aLions･As

a

probe fordetcc11ng ramiIy^membersin Northern and

Soulhernhybrjdizalionana]ysesIWeUSed bombyxingene

^-1(POSilions505-1045inngurelorrer･9)･Forlhedetection

orramiJyBmembers.bornbyxinceneB-1(POSitions370-996･

seeFig･2)wasused asI"C,bc･TheDN^rragnlentSWere

nick_tra｡SIaledwith【αq)2pJdCTPtogivelhespecincaclivi-
1iesorト3×1がcpnlルgorDNA･
RN^PreparalionandNorlJ]ernBIotAnaIYSis･Thetotal

RN^was‥mini-PrePared=by^GPC rnelhod(13)from

varioustissuesourcesorBnlTlb)･X･AliquoIs(10fLg)ortotaI
RN^were e)eclrophoresed

on rormaldehyde-denatunng

l.2%agarosegels(14)andtransftrredtonylonmembrane

nlterswilh20×SSC(3MNaCl/0.3Msodiumcilrale.pH
7.0).^nerprehybri(1izalion･lhemlersWerehybridi乙eda1

37｡C ror24hrin5O%(VOl/voI)rormamide/5×SSC/5×

Denhardl･ssoIuli｡n(1×Denhardl,ssoIution=0･02%FicoIl/
0･02%po-yviny.pwolidone/O･02%bovjneserumalburnin)/
0.01%tRN^/0.Ol%denaturedsaImonspermDNA/20mM

sodiumphosphate,PH6.5/0.1%SDS/10%(Wl/vol)dextran

suJraleandtheprobesa11.5×106cpm/mL･Thenlterswere

washedin2×SSC/O.1%SDSat600Cror3hrroIIowedby
O.2×SSC/O.1%SDSat650Crorl･5hr･
GeIIOmic DNA Prep3ration and SoulJ.crnⅢ0(Ana)ysJS･

HighmoJecu.arweightDN^waspreparedrromBombyxsi)k

gTandsornrth-inslar-arvaeasdescribed(15)･^JiquoLs(5FLg)
orlhegenomicDNAweredigesledwilhrestriclionenzymes･

sepnraledbye-ectrophoresisonO･7%agarosege[･anda]kali-

transl七rred(16)tolheny)onmembraneflTIers･Hybridi乙alion

was d｡ne at60｡C ror36hrin6×SSC/10×DenhardL's

sotution/20rnM sodium phosphale.pH6･5/0･02%yeasl

tRN^/0.()2%denatureds;ltmOnSPermDN^/0･5%SDS/10%
dextransuIralcandtIICPrObcsat4-5×106cpnl/mI･The
mlerswereWaSllCdas(､orNorll-ernblolhybridi乙itljon･

RESULrl'S

OvcraT,Or押IizationorF{mrlh-1bYXinGcncsjnltlCBom･

brx(;eIlOmic[)NÅ1[15CrlinCJ"1C^4K)O5･Fig･1川ustrales

lhereslriclionlTl=lPOrlheD(""h!･XgenO一一一icDN^inserljna

14KlO5clone.ThisDN^:hybridizedw=一PrObesAandBat

∧bbrevialion:MH,.mo),uscnninsu)in-rel…一tedpeplide･

叶owhomreprintrequesIssh(一Uldbea(ldressed･

叶hesequencereporled…一ispapcrhasbcendeposilcdinlhe
GenBankdatabase(臼CCeSSionno.事一旦旦堕±旦旦)t

…ヱ占○占苫ノZ占∂占ヂ′∽d Z占0-7ロ
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FIG.1･Res山clionmaporaβ仰Iわ･∫genOmicDN∧s亡gmenlin

C)onc^4KlO5.FragrTICntSthathybridizedtoo座onuc)eotjdeprobes^
8ndB8re;ndicatedby

reさ旧ワSar亡d叩壷tedin
g亡neS.Theop亡nandsli

andr8mityB(8-18ndB

OrtranSCパption.81S,a
E.gc()Rl:H.〟i〃dlll:

Open8ndsolidbars.r亡SP亡CliveIy.S亡qU印Ced

expandedsca)cIoshowrourprcprobombyxin

PPIed8汀OWSrepreS亡nlramilyAtA-2andん3)

-2)genes,reSPeCt;vc]y,andshowthcdireclion
transposon-)ikejns亡rledelcment;8.BomHJ;

K,伽〃1;P.アJJl;S.∫dJl.

J)roc･.〃βJJ.AcrJd.∫cJ.U5■Aβdり9βリノ

twoandroursites.respectiveIy.TlleIlybridizingsitesapr)ar-

entlyl.ormedtwocluslerSandthenucIeoLidesequcnccwas
determined Tbr these two regic,nS(Fig.2)to rc､VeaIrour

bombyxingenes(ass[.owninexT)a[1dedscaleinFig･1)■^s

isdiscussedinlheroHowJngSeClio11.bombyxingeneswere

classjriedinto twofbmiJies,termed ramiJies A and8.Two

genes,eaChorwhich beJongstothedirrerentramilies･are

paired(genesB-1/^-2andB-2/A-3)wilhopposileorienla-
tion.Genes8-1and^-2areた1.1kbaparta‖dgenes8-2and

A-3are士ご2

is due10tl だkbapart･ThewiderspilCebetweenB-2and^-3presenceoraninserlionsequence,des;gnaled
BIS(た1.2kb).Therailureorprobe^tohybridiz･eWjlhgenes

8-1andB-2.asshowninthereslriclionmap,ISaCCOUntedror

bya)owdegreeo川一eSequenCematChingbetweenlheprobe

andthe^-CllainporLionorlhesegenes･
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FIG.3.^[iFnmentOrCOdingandnankingreBionsornvepreprobombyxingenes･Gene^1hasbeenseqOenced(9)･Henlical'nucteolides
beLweenthencighboring$CqUenCeSareindicat亡dbycolons･

SlruclureorBombyxinGenesandTheirFIank;ngIteFions

8ndCl且SS靂nc81ionorBombyxinGenesln-oF8rnHiesAAndJl･

Nucleotide sequences or the
two regions conlaining the

bombyxir.gencsareshowninFig･2･Eachgenecontainstwo

orthreecandidalesfbrthelransIalioniniliationcodonbutwe

postu,atelhe;nitiationsites10belhoseindicatedinFjg･2
because orthc presence orgenera)reatures

rora s.Fnal

peptide･The open reading
rrame orallbombyxinFeneS

apparentlyencodesapreprobombyxin･Whichiscomposedor

burd｡mainsintheordersignaJpePtide/B云hain/Cpeplide/
^chain.Thestructureorpreprobo

arepos(transIalionaflymod眉edto ー'桔
xinssL)ggeSIsthalthey

rm nlatUre bomb)′Xins

throughtheexcisionortheCpePtideandlheconversionor

lhe帥血minealtheNterminusorlheBchain10PyrOgtu･
tamale.Theseinftrences have been made(8.9)rorlhe
bonlbyxingeneandcDN^scharaclerized･､

1nFig.31hecodingandnankingsequencesortt-erOUr

genesreporledhereandorlhecharaclerizedbombyxingene

(9)arealigned･Thesequencehomo)ogyisremarkablyhigh

(舞90%)belweentheuppertwosequencesandamoTlgthe

lowerthreesequences.whereasrarIcsshomoIogy(恕5O%)is

seenbet小eenthcsetwogroups･Bascdonthissequ占nce
comparison,Wetentalive)yclassirythebo一一一byxingenesin10

■tworam=es,famiIjes^andB.Th占characlerizedgene(9)
belongstofhmi.y^andwenowdesignaleilpene^-1･The

nucleolide sequence or^Bb360cDN^･(8)complelely

matcheslhecorrespondingregLOnOrgene^-2･A=orthe

geneslackinlronS.

^+T-rich,‖TAT^･box:,lranscriplion-SlarL.and po)y-

adenyly]alion-SIgna-sequencesarehighIyconservedthrouFh-

ou=henvegeneswithrespecl10theirsequcncesa一一dposilions

(Fjg･3).Thelranscriplion slart Siles weredelennined
by

pnmercxlension(datanoIshown)･Besides111eSeSiLeS,nO

conservedsequenceswereIbundinlhenankingreg-0-1Sin-

cludingsequencesouIsjdeortheareashowninFig･3･

Whentwogenepairs.8-1/^-2andB-2/^-3.areco･一IPared

円㍑識語忠霊霊㍊㌶慧㍊●

lenlent(17).^GenBank関山脚homologysearch

i)raiLed10nndsequencetlOmOIogybelweenBIS

_
● ■■-●

t

lhe3･and5･directions;eXCePlrorlheBISinserLion(Fig･4)･
ThusgenepairsB-1/A-2andB-2/A-3rorm8highIyhomo)-

opoustandemrepeal,SuggCSlingthatthesegenepalrSmuSl

havebeen8enerムtedbydl叩一icalionoranong.natgenePalr･

TheBISinsertionhas25-base-PalrlnVerledrepeatsatbolh

ends(Fig.2川一atarenankedby2-base-Pair(T^)l/arget･SiLe
dupticalio示s.;ndicatInglhalthisinserlionmaybeatrans-

t

__
_▲__._L

霊
扁dany]nSertionortransposonsequenCethusfaridenlined･
ヽ

~
_′

′

~▼~‖~~

^nlino^cidSequenceComparisonsorPreprobombyxins,

1lorTlbyxins†and OthcrItlSulin-Family Peplides･The se･

quencesorpreprobombvxinsdeducedrromrami]y^andB

genes.aprcprobo一一一byxindeducedrromlhe人Bb204cDNA

(8).at-dl-alivemalurebon-byxins(1･4･6)areaHgnedinFig･
5wilhthesequencesorhumani一一Su.inandthemo]Juscan

insuLin-re]aledpeptide(MIP,rer･19)･Thehomologyishigh

BtS A3
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F.G･5･^minoacidsequencecompnrisonbetweenpreprobombyxinslbo=一byxins･andolherhlSu=n-ramiIyprepropeplides･Preprobom-

byxins^-2,^･3.D･1,and8-2werededucedrromthegenescharacterizedjn‖一ePrCSenlsIu(Iy･Prep一･Obonlbyxin^-1wasdeducedrromthe

BCne(9)and^8b204isapartorlhepulativepreprobornbyxindeducedrromt,1e人山b204cDN^(8=3ombyx;n一川rough-)VaremaLurePePlides
pur汀kdrromBombyxheads(1.4.6)･Prepropeptidesorhl川一aninsu-in(18,itndmoJ.=S⊂aninstlli-1イ亡1atcdpcptide(19)arealsoa)igned･Gaps

wcreinlroduc亡drormaximuma]iFnrnenl･=omo)opousres;ducsthrouFhoutbombyxi一一rnnlilies∧ilndDareboxedandlheboxesnrecxlended

whereidcntitywasobservedtoolherbonlbyxinmo,ecu]esthatdonolbc-ong101heser壬=1;fies･ResiduesthnlilreCOnSerVedonlyw刷nbombyxin
fbmilies^orBareindicaledbystipp.edandJ-atChedareastrespective,y･Theres;duesimportnntrorthelbrm;llionorinsuIi,11erliaryslruCIUre

(5J.whicharecon托rVedorconservaliveIysubslitutedinbombyx;ns.areindicaLedbythecirc.esabovet]一einsuHnsequence･X･PyrOg)ulamate･

Th亡扇ngte･lell亡raminoacidcodewasused.

盃b)thaLhybridizedlobolllPrObes.i一一dicalingthatramilyA/andBgenesarespecinca"yexpressedonIyJn

βご:ごこご℃:ニ(ニ崇:i笠ごミl慧ご-ミ｡AF詣1d㌫鍔-ぎ宕;Ljごま㌍Fpearedwl-enBombJ･･rge･non-icDN^digcstedwiLhvarious

reslriclionenzymeswashybridizedw=一bombyxingenesA-1

and8-1asprobes,indicali一一･gthatmanycopJeSOrramilyA

andBbombyxingenesexistintheB(""byxgenome･Thel-kb
JJitldllIrragmentdelectedbylheram;ty^probecontained

acopyorbombyxingene^-1andlhe2･5-kb50Ilrragment

reveaJedbylheramityBprobecarricdacopyorbombyxin

geneB-1･Byus,ngthebandinlensityo=heserragmenls,We

eslimatedthenumberorcopleSOrramiIy^andBgenesIobe
12andlO,reSPeClive)y･Whenlhecorrespondingreslriclion

withinfbmily^orrami]yBbutisIowbetweenra-niJies^and atranscripl(

8.Bombyxin-11appearSIo be)ong to rami)y A.whcreas

bombyxjn-1seems to belong to rami)y B,allhough these

assJgnmenlsarepre]iminaryunli]thegenesarecharacterized

andlhe enlire nucleotide sequences are compared･The

aminoaddsequencesorbombyxin-=and-1Vandorthe

pulalivcpartialpreprobombyxinded'ucedrrornlhe人8b204

cDN^arequjledirTtrentftomotherbombyxinsandcannot
beass]gnedtoeitherlbmiIy^orB.suggestingthalstiT]other

bonbyxinfamiliesremainlobedenned･^verylowdegree

OrhomoIogyISObservedbetweenbombyxinsandLymnoeo
MIP.This)arge dirrerence betlVeeninsect and moIluscan

peptidessuggests extensiveevoILJtionarydiversincalionor
jnvertebraleinsuJin-related peptides.
WhenaminoacidsequencesorramiIy^andBbombyxins

WereCOmParedwilhthesequenceorinsu】i-1,Slrikingsinli-
larilies werelbund between residuesthat conlributetothe

lertiaryslructureorinsuIin and correspondingresiduesin

bombyxins,aS WaS discussed(5)mainly rorbonlbyxin-1l･

Thus.alIresidues responsible rorlhe hydrophobic core

rbrmaLionareconservedorsubslitutedb)lhydrophobicres-

idues(42.^3.A16,A19､B2.B6,Bll,B12.B15.B18･and
824:takingtheLNlerminiorthe^and8chainsorinFuJinas

サ琵整憲;…議器;監禁曇;器憲;‡語;
haveaninsulin-‖くeglobutarstruclure.

BonlbyxjnF8mjIJr^andlIGc"CS∧rcE叩r亡SSedi,.1加i-l･To

studyLhelissue-SPeC沼cexpressjonorramily^andI=)Om-
byxin genes,Northern bIot hYbridi乙atjon or RN^rrom

VariousBnmbyxlissues rrom day-Ornh-instarIarvaeand

什eshly

A-1andB-1as

usInglhesepro

DNAshadsho

lheir respeclive
RNA wasisolal

tedpupaewasperrormedustnggenes

robe.PrelirTlinaryhybridizationexTlerimellls

esandsubcIonedram;ly^andBbombvxin

nlhallheseprobesIlybridjzedspecincaIlyto
fbmi[y DNAs under stringent conditions･

Si]kgJand.brain,

ernbIoIsorlhese
Aand8.8rainw

d rrom subesopllageaI脚nglion,rat body

natpi帥antubuIe.ovary.andlestis･Norlh
N^sweremadeandI-ybridizcd10PrObes

theonlylissueexal11inedlhaLconlaincd

β′｣､′ぐク｣
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Janesarecornpared,inmanycasesthebandsthatl-Vbridized

lothefam;】y^probealsohybridizedlotherami)yliprobe.

Sincelhc r払mily^and B probes
did
not cross-reaCt.We

SySPeCllhatthefbmiIy^and8genesare)ocati乙CdcIoseto

OileanOther.possibJ)′rOrm川gPa)rSSimilar101hegenepairs

8-1/^-2and B-2/^-3.FurLhermore,lheractlhalthree jn-

tensebandswereobservedbetweenlOand30kbintheliLneS

COntainingBa11JHJ-digestedDN^su鐸eStSthat mos10rthe

bombyxingenecopJeSareCIusleredinthreereg)OnS.

DISCUSSlON

ThepresenceormuMpIegenecopIeSthatencodebombyxin

intheBombyx♀enOmehasbeensuggested(8)bygenorTlic

Soulhern hybridizalion using8bonlbyxincDN^asprobe･

Thepresenlstudyhasverinedthisobservationbydemonr

StralinglhataBombyxDNAsegmentcarriesfburbombyxin

genes.TheresullsortheNorthernhybridizationexperimenls

andtheslructural托aluresora‖genes,CharacterizedintIlis

SIudy suggest thatilis probabJe thalallfbur genes are

expressed･Thededucedaminoacidsequencesorbombyxins
dintrsomewhalrromoneanothcr.Thus.weconcIudethal

thebombyxinpepLjdepolymorphism(1.2,6)resu]tsrrom

helerogepeityallhegeneticIeve)(Le.,mulLipIecopJeSinthe

Bombyx genome).Mu)lipIe bombyxin gene copiesinlhe
BombyxgenomeandlheIacko‖ntronsareinsharpcontrasl

10Yertebrateinsu)jn-ramilygeneslhatexistinoneortwo
COP)eSPerhap]oidgenomeandhavelwoorlhreeinlrons(20)･
Thesed祈erencessuggestthatevoJutionarymechanismsror

insuJin-fbmjIygenesininverlebralesand vertebralesdifltr

S堰n描cal川y.
Remarkably,bombyxin penes are arranged;n pairs hl

Whichlhe.componentFeneSbe)ongtodirrerentramiIiesand

areorientedinopposited行ections.Genomic Soulhern hy-

bridizalionexperimentsus)nggeneS^-1andB-1asprobes

haveindicaledlhalsuchgenepaIrSSeemtOOCCUrrrequentIy

inlheBo(17byxgenome.^simiIargene-PalrOrganizationhas

beenexlensivelysIudiedrbrthemothchorionprotcinsuper-

fbmiIy(21.22).Thechoriongenesineachpairarecoordi-

natelycxpressedandlheexpressionorvariousgenepatrsis

regulaledin8deveJopmenlaI･Slage･SPeCi【1cmanner(23.24).
Coordinale expre5Sion orsimilargene paけSllaS alsobeen

SuggeSledrbrDJ･〝S叩hiI叩eneSthatencodelhesaIjvaryF)and

g]ue protein(25)and cul;cuJar p(otein(26).Tl-US,itis

PrObablelhalabombyxingenepairrormsaunilfbrcoord;-

naleexpression and variousL!enePalrSareeXPreSSedin a

temporaI]y speCi11c manner duringlhe course ordeve]op-

ment.

Although bombyxin has a clear-Cut r)rOthoracicolropIC

runclionwrienappIied105E7mia(3).itsrunctioninDnmI,)lXis

St川unknown.Jnleresting)y.bombyxinhasbeendetecledin

lheBnmbyx ovary andin embryos throughouL embryonic

development(27).inconlrast10●●●

abJeon)yattheJalerslagesoremb

1hererbre.-1ikely that bombyxin

COnlroloro.ogenesisiLnd embr

lhereguIalionorceltpro[iremLi

andinsu)in-1ikegrowlhrac(Or

eralion and dilltrenlialio11in,′

OPmenlaJslages,incIuding

悪賢認諾ぎとi㌘詫誓鵠ご;

J
runclionorbombyxin

WethankT.Takednand
Scienc亡.TheUniversityo

7●-､

n

=●.wllicllisdelecト

OFeneSis(28).)lsecnlS.
ight beinvoJvedin the

唱eneSis､POSSibtylllrOU帥
a11dd汀Tere111ialio11｣nsuli11

COnlro[vertebrate ceI)

恵

PrO】iト

VarietyortissuesatlddeシeI-

ylemaluralion(29)and el作

eson‖1ed祈erentiatexpres-

mighlprovide cIuesIo the

YanlnmOtO(TheInstituteorMedicnI
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昆虫の変態をつかさどる遺伝子

昆虫の脱皮や変態の進行はホルモンにより支配さ

れている.脳ホルモンほ最も上位に位置するホルモ

ンで,昆虫の成長,変態制御に中枢的な役割を果た

している.筆者らは最近,脳ホルモンの一つである

ボンビキシソの遺伝子を単離し構造を決定した.遺

伝子解析により得られた興味深い知見を紹介する.

1.変態はホルモンにより支配されている

地球上にほ多種多様の昆虫が生息している.その

数はヒトー人あたり3億匹ともいわれている.最も

地球上を席巻している動物はヒト,そして昆虫であ

る.このような昆虫の最も顕著な特徴は,その多く

が変態を行なうことである.変態を伴う昆虫は,成

長が劇的であるため,古くからヒトの目を引きつけ

てきた.

昆虫が科学の対象となったのは古いが,今世紀半

ばになってようやく,脱皮や変態ほホルモンによっ

て支配されていることがわかった.そのホルモンと

は脳ホルモン(前胸腺刺激脳ホルモン),エクジソ

ン(前胸腺ホルモン),幼君ホルモン(アラタ体ホ

ルモン)の三つのホルモンのことである.幼虫から

幼虫への脱皮には幼君ホルモン存在下で脳ホルモン

の刺激によりエクジソンが働くことが必要であり,

幼虫から成虫への変態には幼君ホルモン不在下で脳

ホルモンの刺激によりエクジソンが働くことが必要

である.重要なことは,いずれの場合にも脳ホルモ

ンが脱皮や変態の時期を支配していることである.

これら三つのホルモンのうち,ステロイドホルモ

ンであるエクジソンはButenandt と Karlsonによ

り精製,単離された後,HuberとHoppeによ り

1965年に,幼君ホルモンはR611erらにより1967年

に構造が決定された.しかし,ペプチドホルモンで

ある脳ホルモンは,ホルモンの生物検定法が難しい
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のに加えて,あまりにも微量しか存在しないことか

ら,単離,構造決定は困難をきわめた(この単離,

構造決定については石崎の解説1,2)がある).1984年

に,ようやく200万倍の精製の後,カイコ脳ホルモ

ンの一つであるボンビキシソの一次構造の一部が,

そして1986年には全構造が明らかにされ,インスリ

ンとの相同性が認められた3).

2.脳ホルモンを単離し構造を決定する

ホルモンを単離し構造を決定しようとするとき,

適切なホルモンの抽出源と活性の検定法を選ぶこと

が重要である.昆虫のなかでカイコは莫大な数(数

百万頭単位)の供給が可能な唯一の昆虫であること

から,カイコが脳ホルモンの抽出源として用いられ

た.

脳ホルモンの活性の検定にほ,まず桶から脳を外

科的に除去し発生を一時停止させる.発生を一時停

止させられた除脳嫡に被検体を注射する.このと

き,除脳桶が発生を再開し変態するかどうかにより

脳ホルモンの検定を行なう.しかし,この生物検定

法に適した昆虫ほ必ずしも多くない.幸いにして,

ェリサンというヤママユガ科のガがほぼ理想的に検

定動物としての条件を満たしていた.しかも,カイ

コの脳抽出液は種類の異なるェリサンの除脳桶に対

し変態を起こさせることができる(第1図).脳ホ

ルモンの抽出源としてカイコが,活性検定動物とし

てエリサンが用いられたことにより初めて脳ホルモ

ンの単離,構造決定が可能となった.〔しかし近年,

カイコの脳内にほ変態を起こさせうる脳ホルモンが

2種類存在することがわかった.一つがェリサンや

アゲハチョウに,もう一つがカイコに変態を起こさ

せうるものである4).前者をボンビキシソ(Bom-

byxin),後者をPTTH(Prothoracicotropic hoI-

遺伝1989年1月号(43巻1号)
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ン(ヤー､･- ニカ′樟二∫d′7‖~仁∫C,ヽり雨1■〃′･んl;-二l■巾小甘
I

′Lモンの≧書出軌と■侶ノ~侶l的;二配り陣
■ ⊥-_=~

サン匿封■ミ闇｢fこ)こコ!≡二二′L÷■一

寸｢ハニ ニ11㍉二1l二･~､･T_,±!ミ葵を･しLr-トて=_1 1

111川l亡､1と呼んている.4こ育.ちでほ研究の逓′'しでいる前

者に話檻滝しi‡/,て詰を道∠うる._1

このホノL-モン｣1】一山,快走系を肘いて,J三沢1二)によ

叫阻ホルモン｡言ンビキンン√)-′'ミ ノl顎ンベ′しでの

梢造〉1■､明仁っかにさiLた;1,ア∴ンヒ=㌣シソは⊥Åご椚.B

鋲二つの異なるノ､7〉トト■兇㍑･らなる∴宣什で分子止

は純5キロダノLトンでよろ.ホンヒキナン折一次構

造,すなわち7三 ノ厭配列恨インスリンと糾∩川≡を

も_-)ている.また.ボンビ■キシンには数使じしF∴の｢`

/･｣-ト≡｢ト乙とし1～Rぞごl馴l
射要与ノ

ー`■∴
l

l左･正史て∵-こ･.コl了■:[■押出

ミ/酸配列の少L異なる分子が仔任している･

へフナト~分析では出来_Lがノ)た脳ナノLモンの構造

はわこう･ノ､ても,｢どのように胴｣1′しモノが組ふ立て

らかるのか_.｣~また｢どのようた調節掠隅の下に/1二.産

さかているのか｣とい.た問≡払二･答えることがてき

/｣こい｣Ⅰ苗二トルモンの遺伝子な車即し,DNA
しべ･一し

で構造を酎潤L,発現調節レつしくみを探ることか昆

虫し｢変態を知るたこ〕のつきの 一歩と考えらかる.
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BBXl

-･･

■ ･し-

BBX4BBX2 BBX5BISIBBX3

1 ← →

ト･･･-りkb

5l-AAGCTTGTGGAACCTCGCAACAAACGAGACCGTCTTAACCTAAGGCTTCAAAGAATGAT

TTCAACGTTGTAACCCGGTCACCACTTGAAACAAGCAGTTTCTCTATGGTAAAATTTTCC

ACTACCAATCTTTTGAAATGTTTCAAGCTÅTCAAAGCAATTGGACCACGCCATÅCTTTCA
CAAATAAATCATAAAACATGATTACTACAGCTCTGATGAAGTCATAAACGCTCGCTTCCA

GCCACGCGTGCATCGAGCGTTATGAACTGGTTCTAAGTTCACCACTGATACCGGATGATG

CTTACTTTGTCTCCTAGTTACTACCTACTACATAATGAAGÅTGACAAATATTTATÅAA

TTGCTAGGCGTTCAAAGTTAAAAGTTGCGTCAAGTAAATGTACAACATTTAATTCAGTTC､

ATでGGTでAATTAでmGAACCで

GGAAGGGでTGCTTAGCででTCTT唾

し19 SIGNÅL_謂pTIDヱ .1--

MetLys=leLeuLeuAla=1eAlaLeuMetLeuSerThrValMetTrpValSerThrGln

ATGAAGATACTCCTTGCTATTGCATTAATGTTGTCAACAGTAATGTGGGTGTCAACAC

B-CHA工N

lO

､

′

･■2d･■r
GlnProGlnArgValHisThrTYrCYSGlyArgHisLeuAlaArgThrLeuAlaAspLe

CAGCCACAAAGAGTGCACACGTACTGCGGGCGTCACTTGGCTCGCACTCTGGCCGACCTG

-

130
C-PEPTIDE

40･

CysTrpGluAlaGIYValAspLYSArgSerGIYAlaGlnPheAlaSerTyrGIYSerAla
TGCTGGGAAGCGGGCGTGGACAAGCGCAGCGGTGCTCAGTTCGCGAGCTACGGCTCCGCG

A-CHA工N

50 60
TrpLeuMetProTYrSerGluGlyArgGlyLysArgGエy工IeValAspGluCYSCYSLeu

TGGCTGATGCCGTACTCGGAAGGACGCGGCAAACGAGGCATCGTGGATGAGTGTTGTCTC

70

ArgProCYSSerValAspValr;euLeuSerTYrCysAmb

AGACCCTGCAGCGTGGACGTGCTTCTGTCGTACTGTTAGACCATTCCTTTACCGAATGGT

TCGTTCTCAATACATTTGGAAATAAAAAACCGTAAATAATAATAAAAAGTTCTTCTTTTC

CTGAACCACAATTGAAAGTGTTGACTGGAGATTTAGATACÅGTTTTTTAGACATCATTTA

GATGATTTTGATTGGCAAGCAAGCTT,3l
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第2図 上:脳ホルモン･ボンビキシソl(BBX)の遺伝子地図.矢

印はそれぞれ転写の向きを示している.kb=キロ`塩基対.下:

ボンビキシソ遺伝子(BBXl)の塩基配列.影をつけた配列ほ

TATA-box,CATrboxを示し,箱で囲った配列はキャップ配

列を示している.下線部の配列は,ポリA付加シグナルおよび12

塩基対の保存配列を示している.

3.脳ホルモン遺伝子をクロー=ングする

一般にペプチドホルモンの遺伝子をクローニング

する方法として三つの方法が利用されている.

1)ホルモンのアミノ酸配列を(部分的に)決定

した後,アミノ酸配列から予想される遺伝子

DNAの塩基配列を合成する.合成したDNA

をプローブとして,遺伝子ライブラリーから

目的のホルモンの遺伝子を単離する.

2)ホルモンに対する抗体を作製する.つぎに,

CDNAライブラリーを発現させ抗体と反応

するクローンをスクリーニングすることによ

り目的の遺伝子を単離する.

3)cDNAライブラリーを発現させ,産物を生物

検定によりスクリーニングし,目的の遺伝子

=62=

を単離する.

筆者らは,すでに決定されたボンビキシソ

のアミノ酸配列を利用して,1)の方法によ

り遺伝子の単離を試みた.ボンビキシソA鎖

の4番目のアスパラギンから20番目のシステ

インまでの17個のアミノ酸に対する51塩基か

らなるDNAプローブAと,B鎖の8番目の

スレオニンから24番目のグルタミン酸までの

17個のアミノ酸に対する51塩基からなるプロ

ーブBの2種類のプローブを用いた.プロー

ブAはカイコ体液タンパク質30k5)で最も頻

繁に使われているコドンを利用して,プロー

ブBは■ショケジ､ヨウバよのコドン利用度6)を

ノ奏者にして合成した.､′.r･i
ズクリ′-エソ列′ち用いたカイ占遺伝子ライ

ブラリーはカイコ綿糸腺DNAを制限酵素

Sau3AIで部分消化し,ベクター]EMBL3

の制限酵素月k椚HI部位に接続し,試験管内

でパッケージングを行ない作製した約12万個

の独立した組換え体ファージのライブラリー

である.このライブラリーを,まずプローブ

Aでスクリーニングし6個のクローンを得

た.6個のうち4個ほプローブBとも反応し

ボンビキシン遺伝子をコードしていた.現在

4個のうち.2個ゐクローンについて遺伝子解

析が終了したので,これらボンビキシン遺伝

子の構造上の特色に関して話を進める.

4.ボンビキシン遺伝子はどのような構造

をしているか

第2図上は筆者らの単離した組換え体ファージ中

に存在するボンビキシソ遺伝子(BBX)の地図であ

る.BBXlは1個の遺伝子が単独で存在している.

BBX2～BBX5は対になった2個の遺伝子が重複

した構造となっている.転写される向きほ,BBX2

とBBX3が右向き,BBX4とBBX5が左向きであ

る.このような特徴的な構造はボンビキシソのほか

昆虫ではコリオン,熱ショックタンパク質などの遺

伝子でも見られる.これら遺伝子ほ,右向きのもの

と左向きのものとでは転写調節のしくみが異なって

いる7,8).ボンビキシソ遺伝子では転写方向により

別々の調節機構が存在するかどうかはまだわかって

いない.また,ボンビキシソ遺伝子の場合,BBX3

とBBX5の間に約1200塩基対からなる挿入因子様

遺伝1989年1月号(43巻1号)



シグナルペプチド

Cペプチド

二二二二二二二㍉二二二二二二二二二二二二二二二▼
七=こ･=ヂ≒こC聖-

⑳ =ピログノ㌣タミン酸

第3図 ボンビキシソ分子の予想される生合成過程.▲はエンドペプチダーゼによ

り攻撃を受けると考えられる部位を示している.

遺伝1989年1月号(43巻1号)

配列(BISl)が存在している.

この挿入因子様配列は両端に25

塩基対の逆向き反復配列をもっ

ている.

ボンビキシソ遺伝子(BBXl)

をもっと詳しく見てみよう(第

2図下).ボンビキシソ遺伝子

は276塩基対のコーディング領

域(タンパク質に翻訳される領

域)をもち,その道伝子構成は

5′側からシグナルペプチド(小

胞体外へ分泌させるために必要

なシグナル部位),B鎖,Cペ

プチド(A鎖とB鎖をつなぐペ

プチド),A鎖の順に並んでお

り,ヒトをほじめとするインス

リンとまったく同じ道伝子構成

である(第5図参照).この遺

伝子構成から,ボンビキシソは

インスリンと同様な経路で生合

成されると考えられる.'すなわ

ち,ボンビキシソほまず92ラミ

ノ酸のプレプロペプチドとして

合成される.同時に,シグナル

ペプチドが切り離される.この

時点でインスリンと似た立体構

造が形成され,ジスルフィド結

合が架けられた後,エンドペプ

チダーゼによりCペプチドが切

りとられたボン豆キシソ分子が

できあがる(第3図).

これまでに五つめボンビキシ

シ遺伝子の構造が明らかになっ

ている.五つのプレプロポンビ

キシソのDNA塩基配列から予

想されるアミノ酸配列を,ヒト

プレプロインスリン,プレプロ

IGF(インスリン様成長因子ト

Ⅰ,プレプロIGF-Ⅱのアミノ

酸配列とともに比較したのが第

4図である.五つのプレプロポ

ンビキシソほアミノ酸配列の相

同性から二つのグループ(Aと
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シグナルペプチド

ボンビキシン(BBXl:A-1)
(BBX2:A-2)
(BBX3:A-3)

(BBX4:B-1)
(BBX5:B-2)

ス
F
F

ン
G
G

イ
Ⅰ
Ⅰ
ト
ト
ト

ヒ
ヒ
ヒ

ンノ

ⅠⅢ-

】

第4図 8種類のインスリソ様分子の

アミノ酸配列の比較.黒丸ほ八つの

インスリン様分子の中で八つともア

ミノ酸配列が保存されているアミノ

酸残基の位置を,白丸は八つの中で

六つ以上でアミノ酸配列が保存され

ているアミノ酸残基の位置を示して

いる.

MKILLAIAI_MLSTVMWST

MKILLAIAl.MLSTVNhVVST

MKILLAIAI皿STVhAWST

MNLKTSⅥmVIVISI一朗CSGEA

MMKTSⅥ〉『MLVFVISIJMCSSEA

NLAI』仙択LLPLLALLAI∬DDPAAA

ホ皿IIMSSSHLFYLALCLLTFTSSATA

MGIPMGKSMLVLLTFLAFASCCIA

Cペプチド

B鎖

QQPQRV HTYCGRHLARTLAI)LCWEAGVD

QQPQEV HTYCGRHLARⅧADLCWEEGVI)

QQPQGV HTYCGRHLARTLANLCWEAGVD

QEVARTYCGRHLADTLADLC FGVE

QEVARTYCGRHLADTLADLC FGVE

FVNQHLCGSHLVEALYLVCGERGFFYTPKT
GPETLCGAELVDALQFVCGDRGFYFNKPT
ATRPSETLCGGELVDTLQFVCGDRGFYFSRPA

O O10100 ll

A鎖

KRSGAQFASYGSAWYSEGRGKR
KRSDAQFASYGSAWYSAGR
KRSDAQYVSYGSAⅦ劇PYSAGRGKR

KRGGAQYAPY FWrRQYLGSRGKR
KRSGAQYAPY FWRQYLGSRGKR

RREAEDLQVGQVELGGGPGAGSLQPLALEGSLQKR
GYGSSSRRAPQT
SRVSRRSR

B)に分けることができる.BBXl,BBX2,BBX

3はAグループ(順にA-1,A-2,A-3)に,

BBX4とBBX5はBグループ(順にB-1,B-2)

に分類されうる.各グループ内でほ,9割程度アミ

ノ酸配列が保存されているが,グループ間でほ6割

程度しか保存されていない.

第4図に掲げた八つのインスリン様分子の中で,

アミノ酸配列が保存されている箇所を注意深く見て

みると,これら分子が立体構造を形成するとき重要

な役割を果たすアミノ酸残基,すなわち,

1)ジスルフィド結合を形成するアミノ酸残基

2)グリシン残基

3)立体構造の核となる疎水性アミノ酸残基

がよく保存されている9).

1)ほ骨組みの桟(さん)もしくは梁(ほり)を形づ

くるアミノ酸残基でCys(BlO)〔B鎖10番目のシ

ステイン残基の意,以下同様〕,Cys(B22),Cys

(A6),Cys(A7),Cys(All),Cys(A20)･2)

ほ立体的に自由度が大きいため骨組みの曲りかどを

形づくるアミノ酸残基で,Gly(Bll),Gly(B26),

Gly(Al).3)は立体構造の核,すなわちしんと

なる疎水性アミノ酸残基で,Leu(B14),Leu(B

18),Ile(A2),Val(A3),Leu(A16),Tyr

(A19).

A鎖,B鎖以外の特徴を簡単に述べる.シグナル

ペプチドは,八つの分子の中で,アミノ酸配列ほ保
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GIVDECCLRPCSVDVLLSYC

GIVDECCLRPCSⅥ)VLLSYC

GIVDECCLRPCSⅥ〕VLLSYC

GVVDECCFRPCTLDVLLSYCG

GVVDECCFRPCTLDVLLSYCG

GIVEQCCTSICSLYQLENYCN
GIVDECCFRSCDLRRLEMYCA-

GIVEECCFRSCDLALLETYCA一

10100110111l

存されていない.しかし,その長さ,そして疎水性

のアミノ酸残基で構成されている点では八つの間で

共通している.プレプロポンビキシンのCペプチド

をプレプロインスリンのCペプチドと比較してみる

と,プロペプチドが適切な立体構造を形づくるため

に必要な長さと極性をもっている10,11)

これまでに10種以上の動物からインスリン族の遺

伝子が単離されている.これらの遺伝子はすべてコ

ーディング領域の5′側上流に一カ所,そしてラッ

トインスリン遺伝子1を除いたすべての遺伝子のコ

ーディング領域に一カ所もしくほニカ所イントロ:/

が存在している11)(第5図).しかし,ボンビキシソ

遺伝子にほ,これまでに塩基配列を決定した五つの

遺伝子すべてにイントロンが存在しない.カイコイ

ンスリン族遺伝子は進化の過程でイントロンを失っ

たのだろうか.カイコのインスリン族遺伝子にイン

トロンがないという事実ほ,インスリン分子の進化

を解明するうえで興味深い問題を投げかけている.

5.ボンビキシン遺伝子のコピー数と脳での発現

ヒトやネズミのインスリン遺伝子はゲノム中に1

コピーもしくは2コピーしか存在していない.とこ

ろが,ボンピキシソ遺伝子をクローニングしてみる

と,カイコゲノム中のボンビキシソ遺伝子のコピー

数はどうも1コピーや2コピーでほすまないよ う

だ.実際に存在するコピー数を調べるため,ボンビ
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第5図 上ンこ:1ニンン.じ1｢ン7■■ン.･二卜IGF-

Ⅰ,ヒト1GF･･Ⅱ退伝丁･の遺伝ナ伸赴虹㍍絹

物の至･1r琉l_明.龍弓■ノ_Jけた読;二っJ､:こ±じ吉成の過程一=切

りとら.･?lノろ′･､了ヰトrをホしで′･る.数字ほおのお

のの.宅分を=-ト′してし､る DNAのJ志基数を.

PTP.B.C.A.D,Eはl;l｢iに,シフ`ナ′〃-＼フ

ーイート＼B誹,Cへナ+ト1A丘〔1,Dへケネト∴
E

ペ■'■†~卜を.ATGほ應洞骨†･三始侶lてを.TAGお

.上こ:TGAほ昂]言f･こ停止｢紺llなJjlていろ.

り∵
ゝ十㍉ロ

ト

∽ ■l泊 〈n.出

第6｢到 左:一千ト1ドン′､rプ■トビイ王1∴∴ヨン.｣斗こ イニケ′∴DNAを消化した制限酵素せ示Lていろ

ブロー7■はAグノーー'7(人ramilylト ま出土B7■′⊥-ソ(B rami】)･〕に特異的なものを用いた.惇J侶

たゲノ∴DNA･はし一ソあナン.)5爬てある.石:ノーインハ†7Jク~トビトン｣ン..仁に言=IA｢予〉

RNAの柚出押(SG:絹利軋 B-∵甘)を宣しニトろ.プ･=一イほ左1･くに【r~りr.匪==_/二.■ニ･∵A･■+1

RNA:ニL′-ン.㌢｣′′･2.∴.′唱 て.牢-こ･一正l):キL

キシソ.退転了▲な7)ローブに快,〕たハーrプリダーlごイ

ションな行な･‥トニ(第G匡r左二).A,B各クー'′L-■/

の∵ロープとも7i那艮滞京且､ORlや〃∴･′dⅢで消化

したゲノムD甘A車に.川本以L･刀∴ンドか見カか

る,すi･1こiっち,｣てンビキシン追ヒ丁･ほイブ†ニケ■■ノム

中に少なくとも20こコヒ･∵行#Lていることになる

(プローブほA.8各7′LM■ナに特異‥りでぁる).こ

のことほ,ペプチド別行により得ら,れ7二｢ボンヒ､=ナ

シンはどうして数紐以.上¢)アミ ノ酸配列の少L_汽な

る分子を含んでいるのか｣という疑問に誉えを/ヶ･え

るもrソ_)である,

申クF-ン抗体を使′,た免疫組織化字｢†勺手法によ

り,ボンビキシンを生花Lている神経分髄灘牒い通

常の神経灘腫としての機能とホ′L′モノ分泌僚能を兼

ね齢えた神経細胞)はカイ:川押)脹潤]動こ4対存在

している12'.よノつてボンピキシニノ■nlRNAは脳に桓

在してし･ることが期待される.実際.A,B各グル

ー7`′つフロー7～を用いたハイプりダイゼイシ≡ンに

よr〕,予想通りボンビキシン111RNAは各グ/レーフ

とも脹=こ極在Lていることがわかノー)た(第6図右).

迫伝1989年1月号(･13巻1号)
= 65=



6.脳ホルモン･ボンビキシンの機能は何か

インスリン様分子が昆虫にも存在していることか

ら,インスリンは進化の過程でよく保存されてお

り,発生や成長に重要な役割を果たしていると考え

られる.脊椎動物では,インスリ ンはグリコーゲ

ン,脂質,アミノ酸,タン/くク質の合成に関与して

いる.加えて,多くの培養細胞にマイトジェニック

(DNA合成をさかんにし成長を促す)効果をもた

らす.IGF-ⅠとIGトⅡもマイトジェニック効果

に関与している.

ショウジョウバエでは,脊椎動物のインスリンが

成虫原基の成長を促したり,多くの培養細胞の増殖

を進めたりする(無脊椎動物におけるインスリンの

作用に関して総説13)がある).さらに,スズメガの

一種(Agr∠〟∫C∠刀g血Jαfα)やオオカバマダラ(かα-

乃αα∫♪ggヱ軸〟∫)では,脊椎動物のインスリンによ

り,トリグリセリド,ジグリセリド,脂質が月旨肪体

から放出される.

一方,免疫組織化学的手法により多くの昆虫にイ

ンスリン抗体と反応する分子の存在が示唆されてい

る.さらに,これらインスリン分子の昆虫に対する

多様な生理作用を考え合わせると,ボンビキシソは

ユリサンなどの前胸腺を刺激しエクジソンを合成,

放出させるのに加えて,発生の各段階で成長国子と

しても機能していることも考えられる.

以上述べてきたように,脳ホルモンを含め昆虫ホ

ルモンの分子生物学はようやく緒についたばかりで

ある.前胸腺を刺激し,変態を起こさせる脳ホルモ

ンの一つのボンビキシソが脊椎動物のインスリンと

似ていることは脳一消化管系ホルモンの機能や進化

に新たな問題を提出するものである･今後,クロー

ニングされたボンビキシソ遺伝子を使って,日周

期,温度変化などにより左右される変態がどのよう

な調節の下に制御されているかを明らかにすること

が,つぎの研究の大きな目標の一つであろう･

本稿をまとめるにあたり指導ならびに助言を賜った石崎

宏矩教授に,また大学院生川上厚志氏の協力に感謝する･
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