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研究成果の概要（和文）：尾索動物ホヤを用いて、精子の卵黄膜通過機構と、雌雄同体のホヤが自家受精を防ぐ
自家不稔機構について研究した。マボヤとカタユウレイボヤでは精子プロテアソームが精子の卵黄膜通過に重要
な役割を果たすことを示しているが、カタユウレイボヤでは、アスタシン様金属プロテアーゼ(tast)も重要な機
能を果たすことを報告している。今回、マボヤの受精においてもtastが重要な役割を果たすことを明らかにし
た。一方、自家不稔機構に関しては、精子因子s-Themisと卵黄膜因子v-Themisの３ペアが関わることを遺伝学的
解析で示しているが、今回s-Themisが精子で発現していることを生化学的解析により確認した。

研究成果の概要（英文）：Molecular mechanisms of sperm penetration through the vitelline coat (VC) 
and of self-sterility were investigated using hermaphroditic ascidians (Urochordate). We previously 
reported that sperm proteasome plays a key role in sperm penetration of the VC in ascidians, 
Halocynthia roretzi and Ciona intestinalis. In addition, we also showed that sperm astacin-like 
metalloproteases (tasts) play key roles in sperm penetration of the VC in C. intestinalis. Here, we 
showed that tasts also play key roles in fertilization of H. roretzi. On the other hand, we 
previously reported that three pairs of sperm s-Themis and VC v-Themis are responsible for 
self-sterility in C. intestinalis by genetic analysis. Here, we showed that s-Themis proteins are 
expressed in the sperm surface by biochemical analysis. 

研究分野： 生化学

キーワード： 受精　自家不稔性　自家不和合性　精子　ライシン　ホヤ

  ３版

令和

研究成果の学術的意義や社会的意義
我が国では夫婦4.4組に１組が不妊症で、その約半数は男性側に原因があると言われている。男性不妊症への対
応として、ICSI(卵細胞質内精子注入法)等の人工授精法がとられているが、受精の分子機構に関する研究は進ん
でいない。　私は受精実験の容易なホヤを用いて、精子プロテアソームが受精時にライシンとして機能すること
を初めて報告し、その後哺乳類でも同様であることが報告された。またホヤの自家不稔性に関わる精子タンパク
質のホモログが哺乳類精子にも存在し、個体間多型があるという。これらの知見は、男性不妊症の一因がライシ
ン系の異常や男女間の遺伝的近縁関係に関わる可能性を示唆しており、興味深い基礎研究といえる。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。



様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９（共通） 
 
 
１．研究開始当初の背景 

 

受精は、精子と卵の細胞間認識により開始され、同種異個体

の細胞が融合し、核相が倍化する現象で、生物が種を維持する

上で極めて重要な生命現象である。しかし、その分子機構に関

しては不明な点が多い。本研究では、受精実験が容易で配偶子

の大量入手が可能なホヤ（海洋脊索動物）を材料として取り上

げ、その受精機構の研究を行った。  

一般に、卵は糖タンパク質性の卵外被（卵黄膜）で覆われて

おり、受精するためには、精子は卵黄膜に精子通過孔を開ける

必要がある（図 1）。申請者は、その卵黄膜溶解物質（ライシン）

の実体解明を目指して研究を行ってきた。そし

て、精子プロテアソームがライシンとして細胞外

で重要な役割を果たすことを明らかにしている

（図１）（文献１、２）。しかし、プロテアソーム以外

の酵素の受精における機能は不明な点が多い。

マボヤではアクロシンとスペルモシンという２つの

酵素がライシン系に関わることを報告しているが

（文献２）それらの基質や詳細な役割は不明であ

る。 

 また、ホヤは雌雄同体で、精子と卵をほぼ同

時に海中に放出するが、カタユウレイボヤ等で

は、卵黄膜上で自己と非自己の細胞認識機構

が働き、自家受精を防いでいる。獲得免疫系を

持たないホヤが、どのようにして自己と非自己の

細胞を識別するのだろうか？それは動物学にお

ける永年の謎とされてきた。申請者は、その候補

分子（卵側の v-Themis と精子側の s-Themis）を

遺伝学的解析で同定し、Science 誌に発表した

（文献３）。最近の研究では、強く連鎖する３つの遺伝子ペア（s/v-Themis-A, s/v-Themis-B, s/v-
Themis-B2）が自己非自己認識に関わり、精子が、この３遺伝子ペアとも同一ハプロタイプの場合に自

己卵と認識し、精子内に Ca2+流入を促し、精子を卵黄膜から離脱させるか精子の運動を停止させること

で、受精を阻止することがわかってきた（図２）(文献４、５)。しかし、v-Themis タンパク質の卵黄膜上での

発現は確認されているが、s-Themis タンパク質の精子上での発現は未だに確認されていない。また s-

Themis と v-Themis 間のアレル特異的タンパク質間相互作用も不明である。 

 

２．研究の目的 

本研究では、受精現象の中でも、特に卵黄膜に精子通過孔を開ける卵黄膜ライシンに関する研究と、

雌雄同体のホヤが自家受精を防ぐ自家不和合性機構の研究に焦点を絞った。 

（１）卵黄膜ライシンについて：精子プロテアソームがライシンとして機能していることをホヤで最初に発

見したが、その後哺乳類や鳥類やウニやでも同様の現象が報告されている。本研究では、精子ユビキ

チンープロテアソーム系（UPS）が受精時に細胞外で機能することに対する検証を行う目的で、(i)ユビキ

チン活性化酵素(E1)の阻害剤(PYR-41)による受精阻害効果の検討、(ii) E1 のクローニングと局在性解

析、(iii)脱ユビキチン化酵素(DUB)阻害剤(PR-619)の受精阻害効果の検討、(iv) E1、プロテアソーム、

DUB の受精時における作用タイミングについて、主にマボヤを用いて検討した。(v)さらに、カタユウレイ

ボヤでは、プロテアソームに加えて、アスタシン様金属プロテアーゼ(tast)がライシン系で機能することが

わかってきたので（文献 6）、tast がマボヤでも同様に精巣で発現し受精に関与するか否かについて検

討し、tastの生理的基質についても検討を行った。  

（２）自家不和合性について： (i)カタユウレイボヤでは、s/v-Themis の３つのアレルペアが合致すると

自己と認識されて、精子内に海水から Ca²⁺が流入し、精子が卵黄膜から離脱するか精子運動性を停止

する。そこで、低 Ca²⁺海水中で自己精子を卵に媒精すると自家受精できるかについて検討した。(ii)同

様の実験をマボヤでも行い、自家不和合性機構がマボヤとカタユウレイボヤで類似しているか否かを検

討した。(iii)ついで、s-Themis と v-Themis のアレル特異的相互作用を解析することを目的として、大腸

菌や昆虫細胞や哺乳類細胞で遺伝子発現させ、タンパク質の高発現条件の検討を行った。(iv) s-

Themis の精子における存在を LC/MS を用いて解析した。  

【図２】カタユウレイボヤの⾃家不和合性機構 
第 2 染⾊体には s/v-Themis-A の遺伝⼦が、また第 7 染⾊体には s/v-
Themis-B と s/v-Themis-B2 の遺伝⼦が座位する。3 者とも、v-Themis
遺伝⼦は s-Themis 遺伝⼦の第 1 イントロンに⼊れ⼦状に存在し強く
連鎖している。 v-Themis はいずれも卵⻩膜上に局在し、s-Themis は
精⼦細胞膜上に局在し、v-Themis と相互認識すると考えられる。この
s/v-Themis はいずれも個体間でアミノ酸配列上の多型に富み、アロ認
識分⼦としての必要条件を満たしている。3 遺伝⼦ペアで⾃⼰と識別
されると、精⼦内に Ca2+流⼊が起こり、精⼦が卵膜から離脱して、⾃
家受精できなくなると考えられる。 
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【図１】マボヤの受精の模式図 
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様式Ｓ－１－２７ 応募内容ファイル（添付ファイル項目） 
挑戦（萌芽）－概要１ 

研究目的及び研究計画の概要 
本欄には、研究計画調書に記載した「研究目的及び研究計画」の概要について焦点を絞り、簡潔にまとめて記述してください。 
 
※ 従来の挑戦的萌芽研究の細目別の書面審査と異なり、広い分野構成で多角的視点から審査が行われることに注意して作成して

ください。 
 ユビキチン（Ub）−プロテアソームシステム（UPS）は
細胞内の主要なタンパク質分解経路であるが、細胞外での
機能はほとんど知られていない。申請者は、海産脊索動物
マボヤの受精に関与する精子プロテアーゼを探索し、精子
プロテアソームが卵黄膜主成分で精子受容体として機能す
るHrVC70を分解するライシンとして細胞外で機能するこ
とを世界に先駆けて報告した（Sawada  et  a l., PNAS, 
2002）（図１参照）。その後、哺乳類（Sutovsky et  a l., Biol. 
Reprod., 2004）や鳥類（Sasanami et  a l., Reproduct ion , 
2012）においても精子 UPS がライシンとして細胞外で機
能することが報告された。しかし、この酵素系がどのようにして細胞膜表面に輸送されて機能す
るのか、また細胞内外で機能する酵素分子の役割分担はあるのか、など不明な点が多い。一方、
ユビキチン様タンパク質（UbL）の１つである FAT10 (HLA-F-adjacen t  t ranscr ipt  10)は、UbL
の中で唯一タンパク分解シグナルとなる。その活性化酵素 E1 は UBA6 (E1L2)と命名されており、
Ub と FAT10 の両者を活性化して標的タンパク質に分解シグナルを与える。この UBA6 は精巣で
多く発現することや精子形成への関与が報告されているが、FAT10 修飾の受精における役割は全
く不明である。FAT10 遺伝子はMHC 領域に座位し、腫瘍の悪性化や肥満に関わるという報告が
ある。また、FAT10 欠損マウスでは肥満と老化が抑制され寿命が 20%伸びたという報告もある。
FAT10 は謎の多いタンパク質で、UBA6 に関しても知見が乏しく、萌芽性の高い研究といえる。 
 
 細胞内顆粒へのタンパク質複合体の輸送という観点では、ペルオキシソームへの輸送システム
が興味深い。PTS1 と呼ばれる C 末端 3 残基の配列（[SAGCN]-[RKH]-[LIVMAF]）があると、
巨大分子複合体であっても輸送可能なシグナルとなる。これがヒントとなり、UPS を先体胞や細
胞外に輸送するシグナルがどこかにあるのではないかと考えるようになった。そこでまず、精子
プロテアソームと他組織のプロテアソームとの相違に着目し比較を行ったところ、精子プロテア
ソームの α6サブユニットの C末端 16残基が、精子特異的に除去（プロセシング）されることを
見出した。そこで、このプロセシングにより出現する C末配列が先体胞や細胞膜表面に輸送する
特異的なシグナルになっている可能性について検討する。また、プロテアソームアクティベータ
−PA200 は、細胞外プロテアソームに多く会合していると報告されているので、PA200 がプロテ
アソームの精子細胞外への輸送に関わる可能性も検討する。最近、Ubと FAT10の両者を活性化
する UBA6がマボヤ精子に存在することを発見した（澤田ら、未発表）。そこで、本研究では FAT10
化と Ub化の受精における役割についても解析する。本研究は、細胞外という新しい UPSの局在
化機構と機能解明に加えて、新規修飾である FAT10化の受精における役割について明らかにする
事を目的としている。細胞外の Ub/FAT10 化修飾に着目している研究者は殆どおらず、極めて独
創性の高い挑戦的な萌芽研究である。  
 
 最近では、受精に限らず、肺胞内、血液、脳脊髄液にも細胞外プロテアソームが存在すること
が報告され、癌化との関連で注目されている（総説：Sixt & Dahlman, BBA, 2008）。しかし、細
胞外プロテアソームの構造的特徴は不明で、細胞膜や細胞外への輸送機構は全く明らかにされて
いない。とはいえ最近では、血中や肺胞中の細胞外プロテアソームに関する報告が増えつつあり、
競争も予想される。特に癌化に伴って細胞外にプロテアソームが放出されることはよく知られて
おり、癌の診断治療にも密接に関連する。細胞外 UPS は受精の系で重要な機能を果たしており、
ホヤのみならず哺乳類でも同様であることが報告されている。ヒトには原因不明の不妊症が多い
ことを考慮すると、本研究は、ヒト不妊症の診断治療にも繋がりうる基礎研究といえる。受精系
以外の細胞外 UPS 研究にも波及効果を与えうる。受精に関わる細胞外 UPS に関する研究は、申請
者の独創的研究であり、世界の研究を凌駕している。この挑戦的研究を是非とも遂行したい。 



 

３．研究の方法 

実験材料であるカタユウレイボヤは、NBRPから提供していただき、実験室の水槽で 17℃の人工海水

中で、恒明条件下で飼育した。受精実験の際には、輸卵管と輸精管からそれぞれ卵と精子を採取し、

既報に従い受精実験を行った。４８穴プレートに最終液量が 500μL になるように、3倍系列希釈した阻

害剤、卵、希釈精子を加え、精子添加後 1−2時間後に卵割率を測定し、受精率を推定した。 

マボヤを用いた実験は主に、東北大学大学院生命科学研究科附属浅虫海洋生物学教育研究セン

ターで行った。配偶子の採集は既報に従って行い、13℃で受精実験を行った。受精時の作用タイミング

の検討では、媒精後 0 秒、30 秒、45 秒、60 秒、2分、3分後に阻害剤を加えて 13℃で培養し、1 時間

後の卵黄膜上昇を指標として、受精阻害が見られなくなるタイミングを調べた。 

 

４．研究成果 

（１）卵黄膜ライシンについて：(i) E１阻害剤の

PYR-41 はマボヤの受精を低濃度で阻害するこ

とから、マボヤの受精時に Ub化が関与すること

が考えられる。しかも、作用タイミングの解析か

ら、精子添加後45秒前後で機能し終えることが

示唆された。これは、受精の初期段階で E1 が

細胞外で機能することを強く示唆している（図

3）。(ii) E1 の cDNA クローニングを行ったとこ

ろ、マボヤには２つ（UBA1, UBA6）存在すること

が示された。いずれも Ub 化反応を触媒するが

UBA6は Ubに加えて FAT10（Ubiquitin D）化の

活性化も触媒する。ただし、FAT10 は脊椎動物

には存在するが、それより下等動物では（ウニで

の発現報告があるものの）不明点が多い。マウス

では胚発生、免疫、神経機能に関わると報告さ

れているが、マボヤゲノムデータベースでは確

認されなかった。従ってマボヤのUBA6はUb化のみを行っている

と推測される。抗体を作製して局在性解析を行ったところ、精子ミ

トコンドリア近傍と卵の濾胞細胞に存在することが示唆されたが

（図 4）、今回作製した抗体は受精を阻害する中和活性は示さなか

った。(iii) DUB が受精に関与するという報告はないが、Ub 化した

基質（VC70）を分解するためには DUB 活性は必須である。そこで

各種 DUB 阻害剤を用いて受精阻害効果を検討した。その結果、

100µM では細胞毒性が見られるものもあるが、比較的強い阻害活

性が複数で見られた。特に PR-619 は低濃度で受精阻害効果を

示した。このことは、マボヤ受精時に DUBが関与することを示唆し

ている。(iv) 次いで、受精時における E1、DUB、プロテアソームの

作用時期を検討した。その結果の一例

を図３に示した。PYR-41 の受精阻害効

果は精子添加後でも見られるが、45 秒

前後経過すると受精阻害の著しい減弱

が見られた。次いで DUB 阻害剤 PR-

619の阻害減弱効果が見られ、プロテア

ソームの阻害剤 MG115 の阻害減弱効

果が見られる。この結果は、我々の作業

仮説、すなわち「卵黄膜タンパク質

VC70が精子 E１で Ub化され、次いで、

プロテアソームの DUB 活性で脱 Ub 化

されてから 26S プロテアソームで分解さ

れる」という仮設を支持している。また、

後述する金属プロテアーゼは UPS 系の

後で機能することがこの実験から示唆された。(v)マボヤの受精における金属プロテアーゼ阻害剤の効

果を検討した。その結果、GM6001 や TAPI-1 といった P2’サイトに芳香環を有する阻害剤は受精阻害

効果が強いことが示された（図 5）。P2’サイトに芳香環をもたない TAPI-2は阻害効果が弱く、不活性型
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In mammals, it has already been reported that the E1 inhibitor PYR-41 inhibits fer-
tilization [32]. Our present results coincided well with these results. Since PYR-41 is a
cell-permeable inhibitor, the possibility that PYR-41 could inhibit intracellular E1 cannot
be ruled out. However, in contrast to the inhibition in cell culture experiments, gametes
are exposed to the inhibitor only for several minutes due to the short fertilization time.
Therefore, it is thought that only a small amount of inhibitor could penetrate the gamete
cell membrane. It is reasonable to consider that gamete surface E1s, HrUBA1 and HrUBA6,
may play a key extracellular role in fertilization.

It has been reported that ubiquitin-conjugating enzymes make a 700 kDa complex,
which is released from sperm upon sperm reaction induced by alkaline seawater [24].
Because of the limitation of the amount of purified protein, the sequences of its subunits
are still unknown. However, the enzymatic properties are considerably different from
those of intracellular enzymes, since 10 mM Ca2+, a concentration in seawater, is necessary
for ubiquitination of HrVC70, and since the enzyme exhibited activity under high salt
conditions such as seawater [24]. Furthermore, the enzyme can ubiquitinate HrVC70 but
not lysozyme, a widely used substrate for ubiquitination [24]. It is inferred that this complex
contains ubiquitin-activating enzyme E1, ubiquitin-conjugating enzyme E2, and ubiquitin
ligase E3 since the purified 700 kDa complex catalyzes the ubiquitination of HrVC70 by
adding [125I]-ubiquitin and ATP-Mg. HrUBA1/6 may be included in this 700 kDa complex.
ATP, ubiquitin, ubiquitin-conjugating enzyme complexes, and the proteasome seem to be
released from sperm upon sperm reaction since the supernatant fraction after treatment of
sperm with alkaline seawater contained ATP and the enzymes involved in ubiquitination
and proteolysis [21,24]. After the sperm reaction, clear HrUBA1/6 localization in sperm
mitochondria was not detected, but some were localized to the released mitochondria.
Although the mechanisms of transportation of the ubiquitin-conjugating complex and the
proteasome to the sperm and egg surface are unknown, both sperm and follicle-cell E1
(HrUBA1/6) may be involved in ubiquitination of HrVC70, a sperm receptor, which allows
sperm penetration through the VC (Figure 7). Further studies are necessary to elucidate
the detailed localization and extracellular functions of the ubiquitin-conjugating enzyme
complex, including E1, E2, and E3, during fertilization of the ascidian H. roretzi. Although
genome editing experiments of E1, E2, and E3 would be difficult due to the inability of
culturing a juvenile into a sexually matured adult in an aquarium, several specific inhibitors
against the UPS [33], including deubiquitinating enzyme [34,35], may give us an answer to
the questions remained to be solved.

Figure 7. Working hypothesis for localization and role in fertilization of ubiquitin-activating enzyme
E1 (UBA1/6) in the ascidian Halocynthia roretzi.

【図 3】マボヤの受精における各種酵素の作⽤タイミング 
媒精後に阻害剤（E1 阻害剤 PYR-41, DUB 阻害剤 PR-619, プロテア
ソーム阻害剤 MG115, ⾦属プロテアーゼ阻害剤 GM6001）を加え、
受精阻害効果を調べた。その結果、精⼦添加 45 秒前後まで E1 が機能
してユビキチン化がおこり、ついで 26S プロテアソームの DUB が Ub
化された卵⻩膜タンパク質（VC70）を脱ユビキチン化してからプロテ
アソームが分解するという図式を⽭盾なく⽰す結果が得られた。⾦属
プロテアーゼは受精の後期段階で機能することが⽰された。 

【図４】マボヤの受精における E1 の局在と
機能に関する作業仮説 
 

The protocol for synthesizing an earlier version of the AspR1 probe has
been described (5). The procedures for synthesizing the AspR1 probe
have also been reported.3 [6-3H]Uridine (specific activity, 20 Ci/mmol)
was purchased fromMoravek Biochemicals (Brea, CA). N-Formyl-me-
thionine-alanine-serine (fMAS) was purchased from Bachem Bio-
sciences Inc. (King of Prussia, PA). Cobalt-conjugated Sepharose was
purchased from Clontech (Mountain View, CA). Glutathione-agarose
and the ECL kit were purchased from Amersham Biosciences (Piscat-
away, NJ). The Precision Plus Protein All Blue molecular weight stand-
ards (for covalent labeling experiments) and the broad range prestained
protein standards (for all other experiments) were purchased from Bio-
Rad (Hercules, CA).

Wild-type Chlamydial Strains—Strain 434/bu of C. trachomatis
serovar L2 (L2), strain UW-3/Cx ofC. trachomatis serovar D, and strain
Nigg II ofC. trachomatismouse pneumonitis (MoPn) represent biovars
lymphogranuloma venereum, trachoma, andmouse, respectively. They
were purchased from American Type Culture Collection (Manassas,
VA). Strain stocks were amplified using HeLa cells with the aid of 1
!g/ml cycloheximide added to the culture medium to block host pro-
tein synthesis (6).

Selection and Cloning of Resistant Mutant—To select Chlamydia
resistant to GM6001, L2 was cultured in HeLa cells in the presence of 6,
7, and 10 !M GM6001 for 3, 7, and 4 passages, respectively. The last
passage was harvested, expanded in the absence of GM6001, and desig-
nated GR10. To obtain homogeneous clonal populations, we 1:10 seri-
ally diluted aGR10 stock before it was added ontoHeLa cell monolayers
grown on 35-mm culture dishes. Six replicate dishes were inoculated
with each dilution ofGR10 andwere incubated at 37 °C. Twohours later
free EBs were removed by three washes withmedium. The infected cells
were cultured for an additional 36 h. Themonolayers were viewed care-
fully under anOlympus IX-41 inverted phase-contrastmicroscope with
a 40! objective to identify inclusions. There was less than one inclusion
per field in wells infected with a 1:106-diluted stock. An inclusion-con-

taining cell (and the surrounding uninfected ones)was picked fromeach
of the six dishes infected with that dilution. The cells were transferred
into a tube containing 500 !l of culture medium, briefly sonicated to
release EBs, and inoculated onto new HeLa monolayers to expand the
resistant clones.

Immunostaining of Chlamydial Inclusions—HeLa and A549 cells
grown on coverslips were exposed to an EB stock for 2 h. Unless speci-
fied, infected cells were washed with medium to remove free EBs and
were cultured in medium with or without the supplementation of 1
!g/ml cycloheximide and a metalloprotease inhibitor. Infected cells
were fixed with cold methanol 40 h after infection and reacted to a
monoclonal antibody against the major outer membrane protein
(MOMP) of L2 (7, 8). MoPn- and serovar D-infected cells were fixed at
30 and 48 h after infection, respectively, and reacted to a monoclonal
antibody against chlamydial lipopolysaccharide (7, 8). Free primary
antibodies were removed by three washes with phosphate-buffered
saline. Coverslips were then reacted with a fluorescein isothiocyanate-
conjugated goat anti-mouse IgG (7, 8). After three additional washes,
coverslips were mounted onto glass slides and viewed with an Olympus
IX-51 fluorescence microscope (9). For experiments comparing wild-
type L2 and GR10, the multiplicities of infection for both were 5 inclu-
sion-forming units (IFUs)/cell (see below).

Quantitation of EB Production—For experiments comparing sensi-
tivities of L2 and GR10 to GM6001 and TAPI-0, the infectivities of their
EB stocks were titrated in parallel by measuring their abilities to form
inclusions in HeLa cell monolayers grown on coverslips in 24-well
plates. Six replicatewells withHeLamonolayerswere infectedwith each
dilution of a stock. Infected cells were fixed with cold methanol 40 h
after infection and reacted to a monoclonal antibody. Inclusions were
scored following immunostaining as described above (9). Essentially the
same IFU values were obtained in three repeated titration experiments
for each of the stocks. Titration of EB production for other purposeswas
carried out in essentially the same manner, except only duplicate wells
were infected with each dilution.

Determination of DNA Synthesis Activity of MoPn—HeLa cells in
24-well plates were infected withMoPn and cultured in the presence of

3 Sieber, S. A., Niessen, S., Hoover, H. S., and Cravatt, B. F. (2006) Nat. Chem. Biol. 2,
274 –281.

FIGURE 1. Structures of metalloprotease inhib-
itors, GM6001 and TAPI-0, their control com-
pound GMNC, and the AspR1 probe. GM6001
and TAPI-0 are peptide-based compounds in
which the hydroxamic group shown in red with
the catalytic zinc of metalloproteases and conse-
quently inhibits their activities. Modification of
the hydroxamic group in GMNC results in a loss of
inhibitory activity (19). The AspR1 probe is a
hydroxamate that carries a benzophenone group
shown in blue, which allows for cross-linking with
target enzymes upon photoactivation, and an
alkyne tag shown in magenta, which allows for
conjugation with the fluorochrome Rhodamine
by copper(I)-catalyzed azide-alkyne cycloaddition
reaction after cross-linking (5, 18, 37).
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The protocol for synthesizing an earlier version of the AspR1 probe has
been described (5). The procedures for synthesizing the AspR1 probe
have also been reported.3 [6-3H]Uridine (specific activity, 20 Ci/mmol)
was purchased fromMoravek Biochemicals (Brea, CA). N-Formyl-me-
thionine-alanine-serine (fMAS) was purchased from Bachem Bio-
sciences Inc. (King of Prussia, PA). Cobalt-conjugated Sepharose was
purchased from Clontech (Mountain View, CA). Glutathione-agarose
and the ECL kit were purchased from Amersham Biosciences (Piscat-
away, NJ). The Precision Plus Protein All Blue molecular weight stand-
ards (for covalent labeling experiments) and the broad range prestained
protein standards (for all other experiments) were purchased from Bio-
Rad (Hercules, CA).

Wild-type Chlamydial Strains—Strain 434/bu of C. trachomatis
serovar L2 (L2), strain UW-3/Cx ofC. trachomatis serovar D, and strain
Nigg II ofC. trachomatismouse pneumonitis (MoPn) represent biovars
lymphogranuloma venereum, trachoma, andmouse, respectively. They
were purchased from American Type Culture Collection (Manassas,
VA). Strain stocks were amplified using HeLa cells with the aid of 1
!g/ml cycloheximide added to the culture medium to block host pro-
tein synthesis (6).

Selection and Cloning of Resistant Mutant—To select Chlamydia
resistant to GM6001, L2 was cultured in HeLa cells in the presence of 6,
7, and 10 !M GM6001 for 3, 7, and 4 passages, respectively. The last
passage was harvested, expanded in the absence of GM6001, and desig-
nated GR10. To obtain homogeneous clonal populations, we 1:10 seri-
ally diluted aGR10 stock before it was added ontoHeLa cell monolayers
grown on 35-mm culture dishes. Six replicate dishes were inoculated
with each dilution ofGR10 andwere incubated at 37 °C. Twohours later
free EBs were removed by three washes withmedium. The infected cells
were cultured for an additional 36 h. Themonolayers were viewed care-
fully under anOlympus IX-41 inverted phase-contrastmicroscope with
a 40! objective to identify inclusions. There was less than one inclusion
per field in wells infected with a 1:106-diluted stock. An inclusion-con-

taining cell (and the surrounding uninfected ones)was picked fromeach
of the six dishes infected with that dilution. The cells were transferred
into a tube containing 500 !l of culture medium, briefly sonicated to
release EBs, and inoculated onto new HeLa monolayers to expand the
resistant clones.

Immunostaining of Chlamydial Inclusions—HeLa and A549 cells
grown on coverslips were exposed to an EB stock for 2 h. Unless speci-
fied, infected cells were washed with medium to remove free EBs and
were cultured in medium with or without the supplementation of 1
!g/ml cycloheximide and a metalloprotease inhibitor. Infected cells
were fixed with cold methanol 40 h after infection and reacted to a
monoclonal antibody against the major outer membrane protein
(MOMP) of L2 (7, 8). MoPn- and serovar D-infected cells were fixed at
30 and 48 h after infection, respectively, and reacted to a monoclonal
antibody against chlamydial lipopolysaccharide (7, 8). Free primary
antibodies were removed by three washes with phosphate-buffered
saline. Coverslips were then reacted with a fluorescein isothiocyanate-
conjugated goat anti-mouse IgG (7, 8). After three additional washes,
coverslips were mounted onto glass slides and viewed with an Olympus
IX-51 fluorescence microscope (9). For experiments comparing wild-
type L2 and GR10, the multiplicities of infection for both were 5 inclu-
sion-forming units (IFUs)/cell (see below).

Quantitation of EB Production—For experiments comparing sensi-
tivities of L2 and GR10 to GM6001 and TAPI-0, the infectivities of their
EB stocks were titrated in parallel by measuring their abilities to form
inclusions in HeLa cell monolayers grown on coverslips in 24-well
plates. Six replicatewells withHeLamonolayerswere infectedwith each
dilution of a stock. Infected cells were fixed with cold methanol 40 h
after infection and reacted to a monoclonal antibody. Inclusions were
scored following immunostaining as described above (9). Essentially the
same IFU values were obtained in three repeated titration experiments
for each of the stocks. Titration of EB production for other purposeswas
carried out in essentially the same manner, except only duplicate wells
were infected with each dilution.

Determination of DNA Synthesis Activity of MoPn—HeLa cells in
24-well plates were infected withMoPn and cultured in the presence of

3 Sieber, S. A., Niessen, S., Hoover, H. S., and Cravatt, B. F. (2006) Nat. Chem. Biol. 2,
274 –281.

FIGURE 1. Structures of metalloprotease inhib-
itors, GM6001 and TAPI-0, their control com-
pound GMNC, and the AspR1 probe. GM6001
and TAPI-0 are peptide-based compounds in
which the hydroxamic group shown in red with
the catalytic zinc of metalloproteases and conse-
quently inhibits their activities. Modification of
the hydroxamic group in GMNC results in a loss of
inhibitory activity (19). The AspR1 probe is a
hydroxamate that carries a benzophenone group
shown in blue, which allows for cross-linking with
target enzymes upon photoactivation, and an
alkyne tag shown in magenta, which allows for
conjugation with the fluorochrome Rhodamine
by copper(I)-catalyzed azide-alkyne cycloaddition
reaction after cross-linking (5, 18, 37).
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The protocol for synthesizing an earlier version of the AspR1 probe has
been described (5). The procedures for synthesizing the AspR1 probe
have also been reported.3 [6-3H]Uridine (specific activity, 20 Ci/mmol)
was purchased fromMoravek Biochemicals (Brea, CA). N-Formyl-me-
thionine-alanine-serine (fMAS) was purchased from Bachem Bio-
sciences Inc. (King of Prussia, PA). Cobalt-conjugated Sepharose was
purchased from Clontech (Mountain View, CA). Glutathione-agarose
and the ECL kit were purchased from Amersham Biosciences (Piscat-
away, NJ). The Precision Plus Protein All Blue molecular weight stand-
ards (for covalent labeling experiments) and the broad range prestained
protein standards (for all other experiments) were purchased from Bio-
Rad (Hercules, CA).

Wild-type Chlamydial Strains—Strain 434/bu of C. trachomatis
serovar L2 (L2), strain UW-3/Cx ofC. trachomatis serovar D, and strain
Nigg II ofC. trachomatismouse pneumonitis (MoPn) represent biovars
lymphogranuloma venereum, trachoma, andmouse, respectively. They
were purchased from American Type Culture Collection (Manassas,
VA). Strain stocks were amplified using HeLa cells with the aid of 1
!g/ml cycloheximide added to the culture medium to block host pro-
tein synthesis (6).

Selection and Cloning of Resistant Mutant—To select Chlamydia
resistant to GM6001, L2 was cultured in HeLa cells in the presence of 6,
7, and 10 !M GM6001 for 3, 7, and 4 passages, respectively. The last
passage was harvested, expanded in the absence of GM6001, and desig-
nated GR10. To obtain homogeneous clonal populations, we 1:10 seri-
ally diluted aGR10 stock before it was added ontoHeLa cell monolayers
grown on 35-mm culture dishes. Six replicate dishes were inoculated
with each dilution ofGR10 andwere incubated at 37 °C. Twohours later
free EBs were removed by three washes withmedium. The infected cells
were cultured for an additional 36 h. Themonolayers were viewed care-
fully under anOlympus IX-41 inverted phase-contrastmicroscope with
a 40! objective to identify inclusions. There was less than one inclusion
per field in wells infected with a 1:106-diluted stock. An inclusion-con-

taining cell (and the surrounding uninfected ones)was picked fromeach
of the six dishes infected with that dilution. The cells were transferred
into a tube containing 500 !l of culture medium, briefly sonicated to
release EBs, and inoculated onto new HeLa monolayers to expand the
resistant clones.

Immunostaining of Chlamydial Inclusions—HeLa and A549 cells
grown on coverslips were exposed to an EB stock for 2 h. Unless speci-
fied, infected cells were washed with medium to remove free EBs and
were cultured in medium with or without the supplementation of 1
!g/ml cycloheximide and a metalloprotease inhibitor. Infected cells
were fixed with cold methanol 40 h after infection and reacted to a
monoclonal antibody against the major outer membrane protein
(MOMP) of L2 (7, 8). MoPn- and serovar D-infected cells were fixed at
30 and 48 h after infection, respectively, and reacted to a monoclonal
antibody against chlamydial lipopolysaccharide (7, 8). Free primary
antibodies were removed by three washes with phosphate-buffered
saline. Coverslips were then reacted with a fluorescein isothiocyanate-
conjugated goat anti-mouse IgG (7, 8). After three additional washes,
coverslips were mounted onto glass slides and viewed with an Olympus
IX-51 fluorescence microscope (9). For experiments comparing wild-
type L2 and GR10, the multiplicities of infection for both were 5 inclu-
sion-forming units (IFUs)/cell (see below).

Quantitation of EB Production—For experiments comparing sensi-
tivities of L2 and GR10 to GM6001 and TAPI-0, the infectivities of their
EB stocks were titrated in parallel by measuring their abilities to form
inclusions in HeLa cell monolayers grown on coverslips in 24-well
plates. Six replicatewells withHeLamonolayerswere infectedwith each
dilution of a stock. Infected cells were fixed with cold methanol 40 h
after infection and reacted to a monoclonal antibody. Inclusions were
scored following immunostaining as described above (9). Essentially the
same IFU values were obtained in three repeated titration experiments
for each of the stocks. Titration of EB production for other purposeswas
carried out in essentially the same manner, except only duplicate wells
were infected with each dilution.

Determination of DNA Synthesis Activity of MoPn—HeLa cells in
24-well plates were infected withMoPn and cultured in the presence of

3 Sieber, S. A., Niessen, S., Hoover, H. S., and Cravatt, B. F. (2006) Nat. Chem. Biol. 2,
274 –281.

FIGURE 1. Structures of metalloprotease inhib-
itors, GM6001 and TAPI-0, their control com-
pound GMNC, and the AspR1 probe. GM6001
and TAPI-0 are peptide-based compounds in
which the hydroxamic group shown in red with
the catalytic zinc of metalloproteases and conse-
quently inhibits their activities. Modification of
the hydroxamic group in GMNC results in a loss of
inhibitory activity (19). The AspR1 probe is a
hydroxamate that carries a benzophenone group
shown in blue, which allows for cross-linking with
target enzymes upon photoactivation, and an
alkyne tag shown in magenta, which allows for
conjugation with the fluorochrome Rhodamine
by copper(I)-catalyzed azide-alkyne cycloaddition
reaction after cross-linking (5, 18, 37).
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GM6001アナログで金属プロテアーゼ
阻害剤であるTAPI-1とTAPI-2の構造

The protocol for synthesizing an earlier version of the AspR1 probe has
been described (5). The procedures for synthesizing the AspR1 probe
have also been reported.3 [6-3H]Uridine (specific activity, 20 Ci/mmol)
was purchased fromMoravek Biochemicals (Brea, CA). N-Formyl-me-
thionine-alanine-serine (fMAS) was purchased from Bachem Bio-
sciences Inc. (King of Prussia, PA). Cobalt-conjugated Sepharose was
purchased from Clontech (Mountain View, CA). Glutathione-agarose
and the ECL kit were purchased from Amersham Biosciences (Piscat-
away, NJ). The Precision Plus Protein All Blue molecular weight stand-
ards (for covalent labeling experiments) and the broad range prestained
protein standards (for all other experiments) were purchased from Bio-
Rad (Hercules, CA).

Wild-type Chlamydial Strains—Strain 434/bu of C. trachomatis
serovar L2 (L2), strain UW-3/Cx ofC. trachomatis serovar D, and strain
Nigg II ofC. trachomatismouse pneumonitis (MoPn) represent biovars
lymphogranuloma venereum, trachoma, andmouse, respectively. They
were purchased from American Type Culture Collection (Manassas,
VA). Strain stocks were amplified using HeLa cells with the aid of 1
!g/ml cycloheximide added to the culture medium to block host pro-
tein synthesis (6).

Selection and Cloning of Resistant Mutant—To select Chlamydia
resistant to GM6001, L2 was cultured in HeLa cells in the presence of 6,
7, and 10 !M GM6001 for 3, 7, and 4 passages, respectively. The last
passage was harvested, expanded in the absence of GM6001, and desig-
nated GR10. To obtain homogeneous clonal populations, we 1:10 seri-
ally diluted aGR10 stock before it was added ontoHeLa cell monolayers
grown on 35-mm culture dishes. Six replicate dishes were inoculated
with each dilution ofGR10 andwere incubated at 37 °C. Twohours later
free EBs were removed by three washes withmedium. The infected cells
were cultured for an additional 36 h. Themonolayers were viewed care-
fully under anOlympus IX-41 inverted phase-contrastmicroscope with
a 40! objective to identify inclusions. There was less than one inclusion
per field in wells infected with a 1:106-diluted stock. An inclusion-con-

taining cell (and the surrounding uninfected ones)was picked fromeach
of the six dishes infected with that dilution. The cells were transferred
into a tube containing 500 !l of culture medium, briefly sonicated to
release EBs, and inoculated onto new HeLa monolayers to expand the
resistant clones.

Immunostaining of Chlamydial Inclusions—HeLa and A549 cells
grown on coverslips were exposed to an EB stock for 2 h. Unless speci-
fied, infected cells were washed with medium to remove free EBs and
were cultured in medium with or without the supplementation of 1
!g/ml cycloheximide and a metalloprotease inhibitor. Infected cells
were fixed with cold methanol 40 h after infection and reacted to a
monoclonal antibody against the major outer membrane protein
(MOMP) of L2 (7, 8). MoPn- and serovar D-infected cells were fixed at
30 and 48 h after infection, respectively, and reacted to a monoclonal
antibody against chlamydial lipopolysaccharide (7, 8). Free primary
antibodies were removed by three washes with phosphate-buffered
saline. Coverslips were then reacted with a fluorescein isothiocyanate-
conjugated goat anti-mouse IgG (7, 8). After three additional washes,
coverslips were mounted onto glass slides and viewed with an Olympus
IX-51 fluorescence microscope (9). For experiments comparing wild-
type L2 and GR10, the multiplicities of infection for both were 5 inclu-
sion-forming units (IFUs)/cell (see below).

Quantitation of EB Production—For experiments comparing sensi-
tivities of L2 and GR10 to GM6001 and TAPI-0, the infectivities of their
EB stocks were titrated in parallel by measuring their abilities to form
inclusions in HeLa cell monolayers grown on coverslips in 24-well
plates. Six replicatewells withHeLamonolayerswere infectedwith each
dilution of a stock. Infected cells were fixed with cold methanol 40 h
after infection and reacted to a monoclonal antibody. Inclusions were
scored following immunostaining as described above (9). Essentially the
same IFU values were obtained in three repeated titration experiments
for each of the stocks. Titration of EB production for other purposeswas
carried out in essentially the same manner, except only duplicate wells
were infected with each dilution.

Determination of DNA Synthesis Activity of MoPn—HeLa cells in
24-well plates were infected withMoPn and cultured in the presence of

3 Sieber, S. A., Niessen, S., Hoover, H. S., and Cravatt, B. F. (2006) Nat. Chem. Biol. 2,
274 –281.

FIGURE 1. Structures of metalloprotease inhib-
itors, GM6001 and TAPI-0, their control com-
pound GMNC, and the AspR1 probe. GM6001
and TAPI-0 are peptide-based compounds in
which the hydroxamic group shown in red with
the catalytic zinc of metalloproteases and conse-
quently inhibits their activities. Modification of
the hydroxamic group in GMNC results in a loss of
inhibitory activity (19). The AspR1 probe is a
hydroxamate that carries a benzophenone group
shown in blue, which allows for cross-linking with
target enzymes upon photoactivation, and an
alkyne tag shown in magenta, which allows for
conjugation with the fluorochrome Rhodamine
by copper(I)-catalyzed azide-alkyne cycloaddition
reaction after cross-linking (5, 18, 37).
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The protocol for synthesizing an earlier version of the AspR1 probe has
been described (5). The procedures for synthesizing the AspR1 probe
have also been reported.3 [6-3H]Uridine (specific activity, 20 Ci/mmol)
was purchased fromMoravek Biochemicals (Brea, CA). N-Formyl-me-
thionine-alanine-serine (fMAS) was purchased from Bachem Bio-
sciences Inc. (King of Prussia, PA). Cobalt-conjugated Sepharose was
purchased from Clontech (Mountain View, CA). Glutathione-agarose
and the ECL kit were purchased from Amersham Biosciences (Piscat-
away, NJ). The Precision Plus Protein All Blue molecular weight stand-
ards (for covalent labeling experiments) and the broad range prestained
protein standards (for all other experiments) were purchased from Bio-
Rad (Hercules, CA).
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serovar L2 (L2), strain UW-3/Cx ofC. trachomatis serovar D, and strain
Nigg II ofC. trachomatismouse pneumonitis (MoPn) represent biovars
lymphogranuloma venereum, trachoma, andmouse, respectively. They
were purchased from American Type Culture Collection (Manassas,
VA). Strain stocks were amplified using HeLa cells with the aid of 1
!g/ml cycloheximide added to the culture medium to block host pro-
tein synthesis (6).

Selection and Cloning of Resistant Mutant—To select Chlamydia
resistant to GM6001, L2 was cultured in HeLa cells in the presence of 6,
7, and 10 !M GM6001 for 3, 7, and 4 passages, respectively. The last
passage was harvested, expanded in the absence of GM6001, and desig-
nated GR10. To obtain homogeneous clonal populations, we 1:10 seri-
ally diluted aGR10 stock before it was added ontoHeLa cell monolayers
grown on 35-mm culture dishes. Six replicate dishes were inoculated
with each dilution ofGR10 andwere incubated at 37 °C. Twohours later
free EBs were removed by three washes withmedium. The infected cells
were cultured for an additional 36 h. Themonolayers were viewed care-
fully under anOlympus IX-41 inverted phase-contrastmicroscope with
a 40! objective to identify inclusions. There was less than one inclusion
per field in wells infected with a 1:106-diluted stock. An inclusion-con-

taining cell (and the surrounding uninfected ones)was picked fromeach
of the six dishes infected with that dilution. The cells were transferred
into a tube containing 500 !l of culture medium, briefly sonicated to
release EBs, and inoculated onto new HeLa monolayers to expand the
resistant clones.

Immunostaining of Chlamydial Inclusions—HeLa and A549 cells
grown on coverslips were exposed to an EB stock for 2 h. Unless speci-
fied, infected cells were washed with medium to remove free EBs and
were cultured in medium with or without the supplementation of 1
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(MOMP) of L2 (7, 8). MoPn- and serovar D-infected cells were fixed at
30 and 48 h after infection, respectively, and reacted to a monoclonal
antibody against chlamydial lipopolysaccharide (7, 8). Free primary
antibodies were removed by three washes with phosphate-buffered
saline. Coverslips were then reacted with a fluorescein isothiocyanate-
conjugated goat anti-mouse IgG (7, 8). After three additional washes,
coverslips were mounted onto glass slides and viewed with an Olympus
IX-51 fluorescence microscope (9). For experiments comparing wild-
type L2 and GR10, the multiplicities of infection for both were 5 inclu-
sion-forming units (IFUs)/cell (see below).

Quantitation of EB Production—For experiments comparing sensi-
tivities of L2 and GR10 to GM6001 and TAPI-0, the infectivities of their
EB stocks were titrated in parallel by measuring their abilities to form
inclusions in HeLa cell monolayers grown on coverslips in 24-well
plates. Six replicatewells withHeLamonolayerswere infectedwith each
dilution of a stock. Infected cells were fixed with cold methanol 40 h
after infection and reacted to a monoclonal antibody. Inclusions were
scored following immunostaining as described above (9). Essentially the
same IFU values were obtained in three repeated titration experiments
for each of the stocks. Titration of EB production for other purposeswas
carried out in essentially the same manner, except only duplicate wells
were infected with each dilution.

Determination of DNA Synthesis Activity of MoPn—HeLa cells in
24-well plates were infected withMoPn and cultured in the presence of
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which the hydroxamic group shown in red with
the catalytic zinc of metalloproteases and conse-
quently inhibits their activities. Modification of
the hydroxamic group in GMNC results in a loss of
inhibitory activity (19). The AspR1 probe is a
hydroxamate that carries a benzophenone group
shown in blue, which allows for cross-linking with
target enzymes upon photoactivation, and an
alkyne tag shown in magenta, which allows for
conjugation with the fluorochrome Rhodamine
by copper(I)-catalyzed azide-alkyne cycloaddition
reaction after cross-linking (5, 18, 37).
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were cultured in medium with or without the supplementation of 1
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30 and 48 h after infection, respectively, and reacted to a monoclonal
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conjugated goat anti-mouse IgG (7, 8). After three additional washes,
coverslips were mounted onto glass slides and viewed with an Olympus
IX-51 fluorescence microscope (9). For experiments comparing wild-
type L2 and GR10, the multiplicities of infection for both were 5 inclu-
sion-forming units (IFUs)/cell (see below).

Quantitation of EB Production—For experiments comparing sensi-
tivities of L2 and GR10 to GM6001 and TAPI-0, the infectivities of their
EB stocks were titrated in parallel by measuring their abilities to form
inclusions in HeLa cell monolayers grown on coverslips in 24-well
plates. Six replicatewells withHeLamonolayerswere infectedwith each
dilution of a stock. Infected cells were fixed with cold methanol 40 h
after infection and reacted to a monoclonal antibody. Inclusions were
scored following immunostaining as described above (9). Essentially the
same IFU values were obtained in three repeated titration experiments
for each of the stocks. Titration of EB production for other purposeswas
carried out in essentially the same manner, except only duplicate wells
were infected with each dilution.

Determination of DNA Synthesis Activity of MoPn—HeLa cells in
24-well plates were infected withMoPn and cultured in the presence of

3 Sieber, S. A., Niessen, S., Hoover, H. S., and Cravatt, B. F. (2006) Nat. Chem. Biol. 2,
274 –281.

FIGURE 1. Structures of metalloprotease inhib-
itors, GM6001 and TAPI-0, their control com-
pound GMNC, and the AspR1 probe. GM6001
and TAPI-0 are peptide-based compounds in
which the hydroxamic group shown in red with
the catalytic zinc of metalloproteases and conse-
quently inhibits their activities. Modification of
the hydroxamic group in GMNC results in a loss of
inhibitory activity (19). The AspR1 probe is a
hydroxamate that carries a benzophenone group
shown in blue, which allows for cross-linking with
target enzymes upon photoactivation, and an
alkyne tag shown in magenta, which allows for
conjugation with the fluorochrome Rhodamine
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P2’
P2’

TAPI-2
【図５】⾦属プロテアーゼ阻害剤の構造 
受精阻害効果が強い GM6001 と TAPI-1 には、いずれも P2ʻ位（⻘枠）に芳⾹環が
存在する点に注⽬。⾚枠は活性部位を⽰す。GM6001NC は GM6001 の不活性型構
造類似体。 



スから検索したところ、8 個の遺伝子モデルを検出することができた。これらのうち、7 個は精巣で発現し

ているこが RT-PCRで確認された。さらにこの 7個のうち、N末端付近に膜貫通ドメインを有する遺伝子

モデルが 4 個存在することも確認された。単離した卵黄膜を精子抽出液とインキュベートした後、SDS-

PAGE を行うと、分子量 120k 付近に卵黄膜由来のバンドが出現するが GM6001 で処理するとこのバン

ドの出現が抑制される。このタンパク質を同定する目的で LC/MS 解析を行ったところ、vitellogenin であ

ることが判明した。このタンパク質は卵母細胞でも発現されることや卵成熟過程で卵黄膜に移行すること

も確認している（文献 7）。またこれは精子トリプシン様酵素（プロアクロシンやスペルモシン）と相互作用

することも確認している（文献 8）。精子が精子トリプシン様酵素を介して卵黄膜上の vitellogenin と相互

作用し、後期段階で精子 tastによって分解される可能性が考えられる。 

 

（２）自家不和合性について：(i)カタユウレイボヤでは、v-Themis 遺伝子が s-Themis 遺伝子の第１イント

ロン内に、入れ子状態で逆向きにコードされおり、複対立遺伝子対（multi-allelic gene pair）を形成して

いる。そのタンパク質は自己のアレルペアを認識すると考えられる。実際には３つのアレルペア（s-

Themis-Aと v-Themis-A, s-Themis-Bと v-Themis-B, s-Themis-B2と v-Themis-B2）が存在するので、

その全てでアレルがマッチングした場合には、自己と識別されることが遺伝学的解析で明らかとなって

いる。この場合、海水から精子内に Ca²⁺が流入し、精子が卵黄膜から離脱するか、運動を停止する。そ

こで次の疑問として、「精子内への Ca²⁺流入が自己認識シグナルとなるならば、海水の Ca²⁺濃度を低下

させて、Ca²⁺流入シグナルを作動させなければ、自家受精は可能になるのか？」という点が挙げられる。

Ca²⁺は受精に不可欠なので、Ca²⁺欠如海水では自家受精できないが、人工海水を Ca²⁺欠如海水で 10

倍希釈した低 Ca²⁺海水では、自家受精が可能になることが明らかとなった（図 6）（文献 9）。この現象は

低 Mg2+海水や低 K+海水では観察されず、Ca²⁺特異的現象である。(ii)この現象はマボヤでは観察され

ず、低 Ca²⁺海水中で自己精子を卵に添加しても受精しない。マボヤにも s/v-Themis のホモログ遺伝子

が存在するが、これらは自家不和合性には機能していないか、あるいはカタユウレイボヤにおける自家

不和合性機構とは異なる機構で機能している可能性が考えられる。(iii)次いで、s-Themis と v-Themis

のアレル特異的相互作用解析を目的として、さまざまなコンストラクトを作製し、大腸菌、昆虫細胞、哺

乳類細胞での発現を試みてきたが、コントロール遺伝子の発現は高いものの、s/v-Themis の発現効率

は非常に低いことがわかった。哺乳類細胞での発現が低い理由の一つとして、ホヤと哺乳類での codon 

usage の相違が考えられたので、哺乳類の codon usage に合わせて DNAを化学合成し、その発現を試

みた。しかし、それでも高い発現は確認されなかった。このことは、配列自体に発現を抑制するシグナル

が入っている可能性を暗示しており、今後の課題である。(iv)今まで、v-Themis の卵黄膜上での発現に

関しては、特異的抗体を用いた免疫染色や LC/MS を用いた生化学的解析で確認されている。しかし、

s-Themis に関しては精子タンパク質の SDS-PAGE とゲル切り出し後の LC/MS 解析で全く検出されて

こなかった。今回、SDS-PAGE後のウエスタンブロット解析で初めて s-Themis タンパク質を同定すること

に成功した。今まで検出されなかった理由として考えら

れるのは、SDS サンプルバッファーで抽出後熱変性さ

せていたため膜タンパク質が可溶化されにくかった点

が挙げられる。今回、SDS抽出後熱変性させずにSDS-

PAGE を行うことにより、検出が可能となった。また、

LC/MS 解析においても s-Themis を検出することがで

きた。現在、AlphaFold２を用いた v-Themis の構造予

測を行っており、少なくとも複数のドメインから構成され

ることや、三量体の構造予測にも成功している。今後

は s-Themis と v-Themis とのアレル特異的相互作用

の構造予測が望まれる。 
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