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研究成果の概要（和文）：マウス卵母細胞および初期胚においてアルギニル化されるタンパク質の検出に成功
し、これらの中でN末端則経路を介して分解されることが予想できる11種類のタンパク質を発見することができ
た。しかしながら、研究期間内にこれらのタンパク質の動態を明らかにするには至らなかった。また、ATE1を欠
失した卵母細胞を得ることができなかったため、アルギニル化が起こらない胚の解析を実施することができなか
った。以上のように、本研究では当初の目的を達成することはできなかったが、ATE1が雌性配偶子形成に必須で
あることが示唆されたのは本研究の成果のひとつであり、今後の研究の発展が期待できるものであると考える。

研究成果の概要（英文）：In this study, arginylated proteins were detected in mouse oocytes and 
preimplantation embryos by LC-MS/MS. Eleven of them were identified as the candidates of the targets
 of the proteolysis via N-end rule passwey. However, we were not able to do future analyses on the 
behavior or degradation of those proteins.
We were not able to analyze the embryo derived from ATE1-depleted oocytes, because we failed to 
obtain ATE1-depleted oocytes from ATE1-CKO mice.
The results obtained are not enough to achieve the purpose of this study. However, one of our 
results suggests that ATE1 is essential for female gametogenesis, providing interesting direction 
for the future study.

研究分野： 細胞生物学、発生生物学、生殖生物学

キーワード： N末端則経路　アルギニル化　初期胚

  １版

令和

研究成果の学術的意義や社会的意義
受精直後の胚は卵細胞質に蓄積された母性タンパク質を利用して発生を進めるが、それと同時に母性タンパク質
を分解することも必要である。N末端則経路を介したタンパク質の分解はこれまで初期胚では調べられておら
ず、本研究においてそのターゲットの候補となるタンパク質を検出できたことは、初期発生におけるタンパク質
分解メカニズムの研究の発展につながるものであると考える。また、本研究では、ATE1が雌性配偶子形成に必須
である可能性を提示した。これらの成果は、配偶子や初期胚の今後の研究に貢献できる可能性があるほか、生殖
医療や家畜生産の現場での応用につながる可能性がある。

※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。
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１．研究開始当初の背景 
 
 受精卵は、高度に分化した細胞である配偶子（精子と卵子）の融合により形成される全能性細
胞である。分化細胞同士の融合により全能性（個体発生能）を有する未分化細胞が形成されるこ
とは生物学における非常に興味深い現象であり、人為的に全能性を誘導した John Gurdon の研
究成果は山中伸弥による iPS 細胞の樹立とともに 2012 年度のノーベル賞の受賞対象となった。
分化細胞が全能性を獲得するメカニズムは未だ解明されていないが、その過程にはクロマチン
構造の変化、胚ゲノム由来の遺伝子発現、母性 mRNA の分解、母性タンパク質の分解といった現
象が含まれる。これらの現象それぞれに関する研究の推進が基礎と応用の両面において大きな
意味をもつことは上記から明らかである。 
 受精直後の胚は卵細胞質に蓄積された母性タンパク質を利用して発生を進めるが、それと同
時に母性タンパク質を分解することも必要であり、これは全能性獲得の過程のひとつであると
考えられている。N 末端則とは、タンパク質の寿命がアミノ末端（N 末端）残基に依存するとい
う法則で、真核生物で広く保存されている。特に N末端残基がアルギニンであるペプチドは、主
要なタンパク質分解経路であるユビキチン-プロテアソーム経路によって急速に分解されること
が知られており、その反応はアルギニル化とよばれる翻訳後修飾により促進される。アルギニル
化は、アルギニン転移酵素（ATE1）のはたらきによって、タンパク質にアルギニンがペプチド結
合する翻訳後修飾であり、ATE1 は発生に必須である。アルギニル化を介してユビキチン-プロテ
アソーム系でタンパク質を急速に分解するというメカニズムは、単時間に劇的な変化が必要な
初期胚発生や全能性獲得の特性と合致すると思われるが、初期胚発生におけるアルギニル化に
ついての報告は現在のところ皆無である。全能性獲得という極めて重要な生命現象において、多
くの生物で保存されているタンパク質分解経路および必須な翻訳後修飾の重要性を明らかにす
ることは、学術的に大きな意義をもつ。 
 また、本研究によってアルギニル化・N 末端則経路の重要性が示されることになれば、初期胚
における ATE1 タンパク質の量を人為的にコントロールすることで胚の発生能を向上させる可能
性を提示することができる。これは動物生産や生殖医療に大きく貢献するものである。 
 
２．研究の目的 
 
 本研究は、初期胚発生における母性タンパク質分解への N 末端則経路のかかわりを明らかに
することで、全能性獲得メカニズムの解明に迫ることである。 
 
 
３．研究の方法 
 
 研究目的を達成するため、本研究では 1) アルギニル化を受けて N末端則経路を介して分解さ
れるタンパク質の同定、2) アルギニル化が起こらない胚すなわち ATE1 を欠失した胚の解析を
試みた。 
 
1) マウス卵および初期胚において N末端則経路を介して分解されるタンパク質の同定 
 代表者のこれまでの研究で、第二減数分裂中期（MII期）のマウス卵母細胞に ATE1 がアルギ
ニル化を受けてユビキチン-プロテアソーム系で分解されるタンパク質が卵子中に存在すること
が予想できる。そこで、マウス卵母細胞および初期発生の各発生段階の体外受精胚においてアル
ギニル化されているタンパク質を検出し、これらの中で N 末端則経路を介して分解されるタン
パク質の同定を試みた。また、これらのタンパク質がユビキチン-プロテアソーム系で分解され
る可動かを調べるため、プロテアソーム阻害剤MG132 の存在下で培養された胚のプロテオーム
解析も実施した。供試した卵母細胞および初期胚のステージは、卵核胞期（GV 期、PMSG投与後
44-46時間）、第二減数分裂中期（MII 期、hCG投与後 14時間）、前核期（PN期、媒精後 6時間）、
2細胞期初期（E2C 期、媒精後 21 時間）、2細胞期後期（L2C 期、媒精後 34時間）、4細胞期（4C
期、媒精後 40 時間）、8 細胞期（8C 期、媒精後 55 時間）であり、アルギニル化タンパク質は
Triple TOF 5600+システム（SCIEX）を用いた質量分析により検出した。 
 
2) ATE1 を欠失した胚の解析 
 ATE1 ノックアウト胚は ATE1ヘテロマウス同士の交配でえることができるが、このような胚の
場合、卵細胞質中に母親由来の ATE1 を持ち込むことが予想される。そこで、本研究では完全に
ATE1 を欠失した胚を得るために、生殖細胞特異的 ATE1 コンディショナルノックアウト（ATE1-
CKO）マウスを用いた。ATE1-CKO マウスは、生殖細胞特異的に Cre リコンビナーゼを発現する
（TNAP-Cre）マウスと ATE1 に loxP 配列を挿入した（ATE1-flox）マウスとの交配で作製した。
ATE1欠失胚の発生能は、ATE1-CKOマウスの生殖能および ATE1欠失胚の体外発生能で評価した。 



 
４．研究成果 
1) マウス卵および初期胚において N末端則経路を介して分解されるタンパク質の同定 
 
 各ステージの卵母細胞および初期胚において、ペプチドの N 末端がアルギニル化されている
タンパク質の検出を試みたところ、GV 期で 15 種類、MII 期で 21種類、PN期で 25 種類、E2C 期
で 29 種類、L2C 期で 32種類、4C 期で 19 種類のタンパク質が候補として検出された。これらの
中で、アルギニル化された次のステージでは検出されなかったもの、あるいはアルギニル化され
た次のステージではアルギニル化されていない形でのみ検出されたものが N 末端則経路を介し
た分解のターゲットの有力候補となる。本実験の結果、アルギニル化の後に N末端則経路を介し
て分解されることが予想されるタンパク質は、MII 期でアルギニル化されて前核期で分解される
ものが 4 種類、E2C 期でアルギニル化されて L2C 期で分解されるものが 3 種類、L2C 期でアルギ
ニル化されて 4C 期で分解されるものが 4 種類であった（表 1）。 
 
表 1. アルギニル化の後、N 末端則経路を介して分解されることが予想されるタンパク質 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 MG132 存在化で培養された胚を用いたプロテオーム解析も実施したが、上記の結果をサポート
する結果は得られなかった。MG132自体が胚の発生に大きな悪影響を与えており、アルギニル化
やそこから誘導されるタンパク質分解が正しく検出できない可能性が考えられるので、プロテ
アソームを阻害した胚ではなく、ATE1 を欠失させた胚を用いた解析が必須である。 
 
2) ATE1 を欠失した胚の解析 
 ATE1-CKO 雌マウスと野生型雄マウスを交配し、ATE1-CKO 雌マウスの生殖能力を調べたところ、
ほとんどの ATE1-CKO 雌マウスは正常な生殖能力を有していた。また、ATE1-CKOマウス由来の卵
母細胞を用いた体外受精胚の発生を調べたところ、雌個体間の排卵数にばらつきはあったが、受
精卵の胚盤胞への発生率は正常であった（表 2）。このことは、卵細胞質中の ATE1 が発生に必須
ではないということを示していると考えられるが、このマウスの作製に用いた TNAP-Creマウス
において、目的遺伝子のノックアウト率が 60%程度であるという報告もあり、ATE1-CKOマウスに
おいて ATE1 の欠失が十分に起こっていない可能性も考えられる。そこで、ATE1-CKO マウスの
MII 期卵母細胞における ATE1 の発現を免疫蛍光染色で調べたところ、全ての卵母細胞で ATE1 の
発現がみられた（図 1、表 3）。このことから、ATE1-CKOマウスの全ての生殖細胞で ATE1 の欠失
が起こっているわけではなく、欠失が起こらなかった生殖細胞のみが卵母細胞まで成長して排
卵されていたことが考えられ、ATE1 が雌性配偶子形成に必須であるという新たな可能性が示唆
された。表 2 で示す通り、ATE1-CKO 雌マウスの個体間で胚卵数にばらつきが見られるが、これ
は各マウスでのノックアウトの効率を反映している可能性がある。 
 
 
 本研究では、マウス卵母細胞および初期胚においてアルギニル化されるタンパク質の検出に
成功し、これらの中で N末端則経路を介して分解されることが予想できる 11種類のタンパク質
を発見することができた。しかしながら、研究期間内にこれらのタンパク質の動態を明らかにす
るには至らなかった。また、ATE1-CKOマウスから ATE1 を欠失した卵母細胞を得ることができな
かったため、アルギニル化が起こらない胚の解析を実施することができなかった。以上のように、
本研究では当初の目的を達成することはできなかったが、ATE1 が雌性配偶子形成に必須である
ことが示唆されたのは本研究の成果のひとつであり、今後の研究の発展が期待できるものであ
ると考える。 
 
 

Stages Protein Gene Sites

Enoyl-[acyl-carrier-protein] reductase, mitochondrial Mecr E147

Peptidyl-prolyl cis-trans isomerase-like 4 Ppil4 D145

Secernin-3 Scrn3 K335

Transducin-like enhancer protein 6 Tle6 N323

Glucose-6-phosphate 1-dehydrogenase G6pdx E416

MAGUK p55 subfamily member 4 Mpp4 E356

Chromodomain-helicase-DNA-binding protein 7 Chd7 S2608

Stress-70 protein, mitochondrial Hspa9 E222

Predicted pseudogene 5478 Gm5478 D279

Serine/arginine repetitive matrix protein 1 Srrm1 S635

Kinase D-interacting substrate 220 Kidins220 L1361

MII期でアルギニル化

↓

前核期では分解

2細胞期初期でアルギニル化

↓

2細胞期後期では分解

2細胞期後期でアルギニル化

↓

4細胞期では分解



表 2. ATE1-CKOマウス由来の卵母細胞を用いた体外受精胚の体外発生能 

 
 

 

 
図 1. マウス卵母細胞における ATE1 の発現 

A: ネガティブコントロール（一次抗体なし）、B: 野生型、C: ATE1-CKO 

 

 

表 3. MII 期卵母細胞における ATE1 の発現率 

 

Protein arginylation implies the protein degradation
via N-end rule pathway

in mouse oocytes and preimplantation embryos.
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Abstract

Background Information

N-end rule pathway is a proteolytic system in which the N-terminal residues are the determinant of the half-life of proteins. In this pathway, the peptides containing N-
terminal arginine (Arg) is recognized and led to rapid degradation. Arginylation is a posttranslational modification mediated by arginyltransferase (ATE1), in which Arg is 
transferred from arginyl-tRNA onto proteins, and constitutes arginylation branch of N-end rule pathway. Arginylation is essential for mammalian embryogenesis, and lack of 
ATE1 in germ cells affects pre- or peri-implantation development. However, the target proteins of arginylation and protein degradation via N-end rule pathway during 
preimplantation development are still not reported. In this study, arginylated proteins are identified by LC-MS/MS in mouse oocytes/embryos at germinal vesicle, metaphase 
II, pronuclear, early 2-cell, late 2-cell and 4-cell stages. The addition of Arg on N-terminally exposed aspartic acid and glutamic acid is known as the conventional form of 
arginylation involved in the degradation via N-end rule pathway, and the most of peptides with such type of arginylation detected at any developmental stages were not 
detected or detected as non-arginylated forms at the next stages, suggesting that those arginylated proteins are the targets of the degradation via N-end rule in the 
preimplantation development. In addition, the current results of the analyses on the oogenesis in germ-line specific ATE1 KO mice and developmental competence of their 
oocytes are presented in this poster.

In eukaryotes, the N-end rule pathway consists of two branches.
One of them, called the Arg/N-end rule pathway, targets specific
unacetylated N-terminal residues (Fig. 1A) (11, 15, 23). The pri-
mary destabilizing N-terminal residues Arg, Lys, His, Leu, Phe, Tyr,
Trp, and Ile are directly recognized by N-recognins. In contrast,
N-terminal Asn, Gln, Asp, and Glu (as well as Cys under some
metabolic conditions) are destabilizing owing to their preliminary
enzymatic modifications, which include Nt-deamidation and Nt-
arginylation (Fig. 1A). In the yeast Saccharomyces cerevisiae, the
Arg/N-end rule pathway is mediated by the Ubr1 N-recognin,
a 225-kDa RING-type E3 Ub ligase and a part of the targeting
complex comprising the Ubr1-Rad6 and Ufd4-Ubc4/5 holoenzymes
(9, 16, 19). In multicellular eukaryotes, several E3 Ub ligases (in-
cluding Ubr1) function as N-recognins of the Arg/N-end rule
pathway (Fig. 1A). It was recently shown that both yeast and
mammalian Ubr1 can recognize not only the unacetylated pri-
mary destabilizing N-terminal residues cited above, but also the
unacetylated N-terminal Met residue, if it is followed by a hy-
drophobic residue. This capability of the Arg/N-end rule pathway
greatly expands the range of its substrates, as virtually all nascent
proteins bear N-terminal Met (23).
The other branch, called the Ac/N-end rule pathway, recognizes

proteins through their Nα-terminally acetylated (Nt-acetylated)
residues (Fig. 1B) (17, 23, 24). The degradation signals and E3 Ub
ligases of the Ac/N-end rule pathway are called Ac/N-degrons and
Ac/N-recognins, respectively. Nt-acetylation of cellular proteins
is apparently irreversible, in contrast to acetylation-deacetylation

of internal Lys residues. The bulk of Nt-acetylation is cotransla-
tional, being mediated by ribosome-associated Nt-acetylases. Ap-
proximately 90% of human proteins are Nt-acetylated (25, 26).
Many, possibly most, Nt-acetylated proteins contain Ac/N-degrons
(Fig. 1B) (17, 23, 24).
Our surveys of the previously characterized natural calpain

substrates in mammals identified ∼50 proteins (about 40% of
the total number of actually mapped substrates) whose calpain-
generated C-terminal fragments bear destabilizing N-terminal resi-
dues recognized by the Arg/N-end rule pathway. These proteins
include transcriptional and translational regulators, transmembrane
ion channels, cytoskeletal proteins, kinases, phosphatases, and other
enzymes (Fig. 2). We selected from this set, essentially at random,
11 natural fragments (Phe1279-GluN2a, Lys609-Ica512, Arg103-
Ankrd2, Tyr937-Grm1, Arg1091-Atp2b2,Glu16-Bak, Arg181-Igfbp2,
Glu51-IκBα, Arg91-c-Fos, Asp142-Capns1, and Leu28-Capn1) (Fig.
2, #1 and #4–13) and examined them for actually being N-end rule
substrates. It should be noted that none of the earlier studies that
initially described these or other calpain-generated protein frag-
ments considered the possibility of their regulation through degra-
dation by the N-end rule pathway.
We show here that all of these fragments are, in fact, short-lived

substrates of the Arg/N-end rule pathway. As discussed below,
calpains join other proteases, including Met-aminopeptidases,
separases and caspases, as substrate-generating upstream compo-
nents of the Arg/N-end rule pathway (Fig. 1A). Specifically,
cleavages by these and other nonprocessive proteases can produce

Fig. 1. The mammalian N-end rule pathway. See Introduction for descriptions of the pathway’s mechanistic aspects and biological functions. N-terminal residues
are denoted by single-letter abbreviations. A yellow oval denotes the rest of a protein substrate. (A) The Arg/N-end rule pathway. It recognizes proteins through
their specific unacetylated N-terminal residues (9, 19). (B) The Ac/N-end rule pathway. It recognizes proteins through their Nα-terminally acetylated (Nt-acetylated)
residues (17, 23, 24). Red arrow on the left indicates the removal of the N-terminal Met residue by Met-aminopeptidases (MetAPs). N-terminal Met is retained
if a residue at position 2 is larger than Val (56). See SI Text for a detailed supplementary legend and supplementary references to this figure.

E818 | www.pnas.org/cgi/doi/10.1073/pnas.1401639111 Piatkov et al.

Piatkov et al., Proc Natl Acad Sci U S A (2014) Leu et al., PLoS One (2009)

ATE1

Negative control

WT
ESCs

KO
MEFs Oocytes

N-terminally-arginylated proteins are
the targets  for rapid degradation
by ubiquitin-proteassome system.

Developmental delay and periimplantation
death of embryos derived from mice
lacking ATE1 in germ cells.

ATE1 is expressed in the oocytes

Objectives

Materials and Methods

Does N-end rule pathway contribute to the degradastion of maternal proteins
during acquisition and loss of totipotency?

à Identify arginylated proteins in mouse oocytes and preimplantation embryos.

à Assess the fertility of germ cell-specific ATE1 KO mouse.

Germ cell-specific ATE1 KO mouse
Generated by mating of TNAP-Cre Ate1flox/+ and Ate1flox/flox mice.

LC-MS/MS
Whole proteins were extracted from 100-400 oocytes/embryos (from GV
to 4-cell stages).
LC-MS/MS was performed using TripleTOF 5600+ system.
Identified peptides with mass ambiguity (similar mass to the addition
of arginine) were discarded.

Reproductive ability of germ-cell specific ATE1 KO mice
Reproduction by natural mating.
Development of IVF embryos.

Immunocytochemistry in mouse oocytes
ATE1 antibody: MABS436 (Merck Millipore)

Histology in mouse ovaries
Paraffin embedded sections were stained with hematoxylin and eosin.

Results
Accessions Protein Names Gene Names Sequences Sites Stages Detected

MII
E2C
L2C

Protein FAM135A Fam135a DSVVLVSYKCLK D516 MII
Enoyl-[acyl-carrier-protein] reductase, mitochondrial Mecr EALIGIPK E147 MII

PN
L2C

M-phase phosphoprotein 8 Mphosph8 EETSPEDLRK E101 PN
MAGUK p55 subfamily member 4 Mpp4 EDSMKIDEK E356 E2C
Glucose-6-phosphate 1-dehydrogenase G6pdx EESELDLTYGNR E416 E2C
Stress-70 protein, mitochondrial Hspa9 EPTAAALAYGLDK E222 Dimethyl L2C
ACTB protein Actb DLYANTALSGGTTMYPGIADR D292 L2C

Not detected at the next stage.
Detected only non-arginyleted form at the next stage.
Detected only arginylated form at the next stage.
Detected both arginylated- and non-arginylated forms at the next stage.

sp|Q3TYA6|MPP8_MOUSE
tr|D3Z0G8|D3Z0G8_MOUSE
tr|Q3TNL1|Q3TNL1_MOUSE
sp|P38647|GRP75_MOUSE
tr|Q3UAA9|Q3UAA9_MOUSE

Phospholipid-transporting ATPase IB Atp8a2 EVAVGDIVK E129sp|P98200|AT8A2_MOUSE

sp|Q6NS59|F135A_MOUSE
sp|Q9DCS3|MECR_MOUSE

sp|O88987|AKAP3_MOUSE A-kinase anchor protein 3 Akap3 DTTIATILLK D312

Table 1. Arginylated proteins in mouse oocytes and preimplantation embryos.

Ovulated Fertilized (%) 2-cell (%) Blastocyst (%)
#1 21 12 (57.1) 12 (100.0) 12 (100.0)
#2 0 NA NA NA
#3 42 39 (92.9) 35 (89.7) 31 (79.5)
#4 17 12 (70.6) 12 (100.0) 11 (91.7)
#5 35 7 (20.0) 6 (85.7) 2 (28.6)
#6 37 23 (62.2) 23 (100.0) 22 (95.7)
#7 27 26 (96.3) 25 (96.2) 23 (88.5)
#8 39 32 (82.1) 28 (87.5) 30 (93.8)
#9 4 4 (100.0) 4 (100.0) 4 (100.0)
#10 18 13 (72.2) 12 (92.3) 11 (84.6)
#11 15 13 (86.7) 13 (100.0) 12 (92.3)
#12 7 7 (100.0) 7 (100.0) 3 (42.9)
#13 7 5 (71.4) 5 (100.0) 5 (100.0)
#14 20 13 (65.0) 13 (100.0) 8 (61.5)
#15 5 4 (80.0) 3 (75.0) 4(100.0) 
#16 0 NA NA NA
#17 19 14 (73.7) NA 9 (64.3)
#18 49 40 (81.6) NA 27 (67.5)
#19 31 23 (74.2) NA 10 (43.5)
#20 30 23 (76.7) NA 13 (56.5)
#21 15 9 (60.0) NA 4 (44.4)

No. of Embryos Developed toNo. of Oocytes

Table 2. Fertilization and in vitro development
of eggs from germ cell-specific ATE1 KO mice.

No. of oocytes

collected expressed ATE1 
(%)

WT (n=2) 32 32 (100)
CKO #1 18 18 (100)
CKO #2 23 23 (100)

Table 3. Expression of ATE1 in mouse oocytes.

Figure 2. Expression of ATE1 in mouse oocytes.
A: without primary antibody, B: wild type,
C: germ cell-specific ATE1 KO.

A B C

Figure 3. Histology of mouse ovaries.
A: wild type, B: germ cell-specific ATE1 KO.

A B

Conclusions
Arginylated proteins were identified in the oocytes and preimplantation embryos.
Most arginylated peptides were not detected at the next stage, or detected
as non-arginylated forms, suggesting the degradation of those arginylated peptides.

àProtein degradation via N-end rule pathway occurs in the oocytes and preimplantation 
embryos

Germ-cell specific ATE1 KO female mice were fertile, and all oocytes from those mice
expressed ATE1, suggesting that germ cells in which Ate1 was not excised exclusively
contribute to gametogenesis.

à ATE1 is essential for female gametogenesis.

Results of natural mating: 
Male mice were nearly infertile, same as the
report by Leu et al. (J Biol Chem, 2016).
Female mice were fertile.
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Background Information

N-end rule pathway is a proteolytic system in which the N-terminal residues are the determinant of the half-life of proteins. In this pathway, the peptides containing N-
terminal arginine (Arg) is recognized and led to rapid degradation. Arginylation is a posttranslational modification mediated by arginyltransferase (ATE1), in which Arg is 
transferred from arginyl-tRNA onto proteins, and constitutes arginylation branch of N-end rule pathway. Arginylation is essential for mammalian embryogenesis, and lack of 
ATE1 in germ cells affects pre- or peri-implantation development. However, the target proteins of arginylation and protein degradation via N-end rule pathway during 
preimplantation development are still not reported. In this study, arginylated proteins are identified by LC-MS/MS in mouse oocytes/embryos at germinal vesicle, metaphase 
II, pronuclear, early 2-cell, late 2-cell and 4-cell stages. The addition of Arg on N-terminally exposed aspartic acid and glutamic acid is known as the conventional form of 
arginylation involved in the degradation via N-end rule pathway, and the most of peptides with such type of arginylation detected at any developmental stages were not 
detected or detected as non-arginylated forms at the next stages, suggesting that those arginylated proteins are the targets of the degradation via N-end rule in the 
preimplantation development. In addition, the current results of the analyses on the oogenesis in germ-line specific ATE1 KO mice and developmental competence of their 
oocytes are presented in this poster.

In eukaryotes, the N-end rule pathway consists of two branches.
One of them, called the Arg/N-end rule pathway, targets specific
unacetylated N-terminal residues (Fig. 1A) (11, 15, 23). The pri-
mary destabilizing N-terminal residues Arg, Lys, His, Leu, Phe, Tyr,
Trp, and Ile are directly recognized by N-recognins. In contrast,
N-terminal Asn, Gln, Asp, and Glu (as well as Cys under some
metabolic conditions) are destabilizing owing to their preliminary
enzymatic modifications, which include Nt-deamidation and Nt-
arginylation (Fig. 1A). In the yeast Saccharomyces cerevisiae, the
Arg/N-end rule pathway is mediated by the Ubr1 N-recognin,
a 225-kDa RING-type E3 Ub ligase and a part of the targeting
complex comprising the Ubr1-Rad6 and Ufd4-Ubc4/5 holoenzymes
(9, 16, 19). In multicellular eukaryotes, several E3 Ub ligases (in-
cluding Ubr1) function as N-recognins of the Arg/N-end rule
pathway (Fig. 1A). It was recently shown that both yeast and
mammalian Ubr1 can recognize not only the unacetylated pri-
mary destabilizing N-terminal residues cited above, but also the
unacetylated N-terminal Met residue, if it is followed by a hy-
drophobic residue. This capability of the Arg/N-end rule pathway
greatly expands the range of its substrates, as virtually all nascent
proteins bear N-terminal Met (23).
The other branch, called the Ac/N-end rule pathway, recognizes

proteins through their Nα-terminally acetylated (Nt-acetylated)
residues (Fig. 1B) (17, 23, 24). The degradation signals and E3 Ub
ligases of the Ac/N-end rule pathway are called Ac/N-degrons and
Ac/N-recognins, respectively. Nt-acetylation of cellular proteins
is apparently irreversible, in contrast to acetylation-deacetylation

of internal Lys residues. The bulk of Nt-acetylation is cotransla-
tional, being mediated by ribosome-associated Nt-acetylases. Ap-
proximately 90% of human proteins are Nt-acetylated (25, 26).
Many, possibly most, Nt-acetylated proteins contain Ac/N-degrons
(Fig. 1B) (17, 23, 24).
Our surveys of the previously characterized natural calpain

substrates in mammals identified ∼50 proteins (about 40% of
the total number of actually mapped substrates) whose calpain-
generated C-terminal fragments bear destabilizing N-terminal resi-
dues recognized by the Arg/N-end rule pathway. These proteins
include transcriptional and translational regulators, transmembrane
ion channels, cytoskeletal proteins, kinases, phosphatases, and other
enzymes (Fig. 2). We selected from this set, essentially at random,
11 natural fragments (Phe1279-GluN2a, Lys609-Ica512, Arg103-
Ankrd2, Tyr937-Grm1, Arg1091-Atp2b2,Glu16-Bak, Arg181-Igfbp2,
Glu51-IκBα, Arg91-c-Fos, Asp142-Capns1, and Leu28-Capn1) (Fig.
2, #1 and #4–13) and examined them for actually being N-end rule
substrates. It should be noted that none of the earlier studies that
initially described these or other calpain-generated protein frag-
ments considered the possibility of their regulation through degra-
dation by the N-end rule pathway.
We show here that all of these fragments are, in fact, short-lived

substrates of the Arg/N-end rule pathway. As discussed below,
calpains join other proteases, including Met-aminopeptidases,
separases and caspases, as substrate-generating upstream compo-
nents of the Arg/N-end rule pathway (Fig. 1A). Specifically,
cleavages by these and other nonprocessive proteases can produce

Fig. 1. The mammalian N-end rule pathway. See Introduction for descriptions of the pathway’s mechanistic aspects and biological functions. N-terminal residues
are denoted by single-letter abbreviations. A yellow oval denotes the rest of a protein substrate. (A) The Arg/N-end rule pathway. It recognizes proteins through
their specific unacetylated N-terminal residues (9, 19). (B) The Ac/N-end rule pathway. It recognizes proteins through their Nα-terminally acetylated (Nt-acetylated)
residues (17, 23, 24). Red arrow on the left indicates the removal of the N-terminal Met residue by Met-aminopeptidases (MetAPs). N-terminal Met is retained
if a residue at position 2 is larger than Val (56). See SI Text for a detailed supplementary legend and supplementary references to this figure.
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Materials and Methods

Does N-end rule pathway contribute to the degradastion of maternal proteins
during acquisition and loss of totipotency?

à Identify arginylated proteins in mouse oocytes and preimplantation embryos.

à Assess the fertility of germ cell-specific ATE1 KO mouse.

Germ cell-specific ATE1 KO mouse
Generated by mating of TNAP-Cre Ate1flox/+ and Ate1flox/flox mice.

LC-MS/MS
Whole proteins were extracted from 100-400 oocytes/embryos (from GV
to 4-cell stages).
LC-MS/MS was performed using TripleTOF 5600+ system.
Identified peptides with mass ambiguity (similar mass to the addition
of arginine) were discarded.

Reproductive ability of germ-cell specific ATE1 KO mice
Reproduction by natural mating.
Development of IVF embryos.

Immunocytochemistry in mouse oocytes
ATE1 antibody: MABS436 (Merck Millipore)

Histology in mouse ovaries
Paraffin embedded sections were stained with hematoxylin and eosin.

Results
Accessions Protein Names Gene Names Sequences Sites Stages Detected

MII
E2C
L2C

Protein FAM135A Fam135a DSVVLVSYKCLK D516 MII
Enoyl-[acyl-carrier-protein] reductase, mitochondrial Mecr EALIGIPK E147 MII

PN
L2C

M-phase phosphoprotein 8 Mphosph8 EETSPEDLRK E101 PN
MAGUK p55 subfamily member 4 Mpp4 EDSMKIDEK E356 E2C
Glucose-6-phosphate 1-dehydrogenase G6pdx EESELDLTYGNR E416 E2C
Stress-70 protein, mitochondrial Hspa9 EPTAAALAYGLDK E222 Dimethyl L2C
ACTB protein Actb DLYANTALSGGTTMYPGIADR D292 L2C

Not detected at the next stage.
Detected only non-arginyleted form at the next stage.
Detected only arginylated form at the next stage.
Detected both arginylated- and non-arginylated forms at the next stage.

sp|Q3TYA6|MPP8_MOUSE
tr|D3Z0G8|D3Z0G8_MOUSE
tr|Q3TNL1|Q3TNL1_MOUSE
sp|P38647|GRP75_MOUSE
tr|Q3UAA9|Q3UAA9_MOUSE

Phospholipid-transporting ATPase IB Atp8a2 EVAVGDIVK E129sp|P98200|AT8A2_MOUSE

sp|Q6NS59|F135A_MOUSE
sp|Q9DCS3|MECR_MOUSE

sp|O88987|AKAP3_MOUSE A-kinase anchor protein 3 Akap3 DTTIATILLK D312

Table 1. Arginylated proteins in mouse oocytes and preimplantation embryos.

Ovulated Fertilized (%) 2-cell (%) Blastocyst (%)
#1 21 12 (57.1) 12 (100.0) 12 (100.0)
#2 0 NA NA NA
#3 42 39 (92.9) 35 (89.7) 31 (79.5)
#4 17 12 (70.6) 12 (100.0) 11 (91.7)
#5 35 7 (20.0) 6 (85.7) 2 (28.6)
#6 37 23 (62.2) 23 (100.0) 22 (95.7)
#7 27 26 (96.3) 25 (96.2) 23 (88.5)
#8 39 32 (82.1) 28 (87.5) 30 (93.8)
#9 4 4 (100.0) 4 (100.0) 4 (100.0)
#10 18 13 (72.2) 12 (92.3) 11 (84.6)
#11 15 13 (86.7) 13 (100.0) 12 (92.3)
#12 7 7 (100.0) 7 (100.0) 3 (42.9)
#13 7 5 (71.4) 5 (100.0) 5 (100.0)
#14 20 13 (65.0) 13 (100.0) 8 (61.5)
#15 5 4 (80.0) 3 (75.0) 4(100.0) 
#16 0 NA NA NA
#17 19 14 (73.7) NA 9 (64.3)
#18 49 40 (81.6) NA 27 (67.5)
#19 31 23 (74.2) NA 10 (43.5)
#20 30 23 (76.7) NA 13 (56.5)
#21 15 9 (60.0) NA 4 (44.4)

No. of Embryos Developed toNo. of Oocytes

Table 2. Fertilization and in vitro development
of eggs from germ cell-specific ATE1 KO mice.

No. of oocytes

collected expressed ATE1 
(%)

WT (n=2) 32 32 (100)
CKO #1 18 18 (100)
CKO #2 23 23 (100)

Table 3. Expression of ATE1 in mouse oocytes.

Figure 2. Expression of ATE1 in mouse oocytes.
A: without primary antibody, B: wild type,
C: germ cell-specific ATE1 KO.
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Figure 3. Histology of mouse ovaries.
A: wild type, B: germ cell-specific ATE1 KO.
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Conclusions
Arginylated proteins were identified in the oocytes and preimplantation embryos.
Most arginylated peptides were not detected at the next stage, or detected
as non-arginylated forms, suggesting the degradation of those arginylated peptides.

àProtein degradation via N-end rule pathway occurs in the oocytes and preimplantation 
embryos

Germ-cell specific ATE1 KO female mice were fertile, and all oocytes from those mice
expressed ATE1, suggesting that germ cells in which Ate1 was not excised exclusively
contribute to gametogenesis.

à ATE1 is essential for female gametogenesis.

Results of natural mating: 
Male mice were nearly infertile, same as the
report by Leu et al. (J Biol Chem, 2016).
Female mice were fertile.
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In eukaryotes, the N-end rule pathway consists of two branches.
One of them, called the Arg/N-end rule pathway, targets specific
unacetylated N-terminal residues (Fig. 1A) (11, 15, 23). The pri-
mary destabilizing N-terminal residues Arg, Lys, His, Leu, Phe, Tyr,
Trp, and Ile are directly recognized by N-recognins. In contrast,
N-terminal Asn, Gln, Asp, and Glu (as well as Cys under some
metabolic conditions) are destabilizing owing to their preliminary
enzymatic modifications, which include Nt-deamidation and Nt-
arginylation (Fig. 1A). In the yeast Saccharomyces cerevisiae, the
Arg/N-end rule pathway is mediated by the Ubr1 N-recognin,
a 225-kDa RING-type E3 Ub ligase and a part of the targeting
complex comprising the Ubr1-Rad6 and Ufd4-Ubc4/5 holoenzymes
(9, 16, 19). In multicellular eukaryotes, several E3 Ub ligases (in-
cluding Ubr1) function as N-recognins of the Arg/N-end rule
pathway (Fig. 1A). It was recently shown that both yeast and
mammalian Ubr1 can recognize not only the unacetylated pri-
mary destabilizing N-terminal residues cited above, but also the
unacetylated N-terminal Met residue, if it is followed by a hy-
drophobic residue. This capability of the Arg/N-end rule pathway
greatly expands the range of its substrates, as virtually all nascent
proteins bear N-terminal Met (23).
The other branch, called the Ac/N-end rule pathway, recognizes

proteins through their Nα-terminally acetylated (Nt-acetylated)
residues (Fig. 1B) (17, 23, 24). The degradation signals and E3 Ub
ligases of the Ac/N-end rule pathway are called Ac/N-degrons and
Ac/N-recognins, respectively. Nt-acetylation of cellular proteins
is apparently irreversible, in contrast to acetylation-deacetylation

of internal Lys residues. The bulk of Nt-acetylation is cotransla-
tional, being mediated by ribosome-associated Nt-acetylases. Ap-
proximately 90% of human proteins are Nt-acetylated (25, 26).
Many, possibly most, Nt-acetylated proteins contain Ac/N-degrons
(Fig. 1B) (17, 23, 24).
Our surveys of the previously characterized natural calpain

substrates in mammals identified ∼50 proteins (about 40% of
the total number of actually mapped substrates) whose calpain-
generated C-terminal fragments bear destabilizing N-terminal resi-
dues recognized by the Arg/N-end rule pathway. These proteins
include transcriptional and translational regulators, transmembrane
ion channels, cytoskeletal proteins, kinases, phosphatases, and other
enzymes (Fig. 2). We selected from this set, essentially at random,
11 natural fragments (Phe1279-GluN2a, Lys609-Ica512, Arg103-
Ankrd2, Tyr937-Grm1, Arg1091-Atp2b2,Glu16-Bak, Arg181-Igfbp2,
Glu51-IκBα, Arg91-c-Fos, Asp142-Capns1, and Leu28-Capn1) (Fig.
2, #1 and #4–13) and examined them for actually being N-end rule
substrates. It should be noted that none of the earlier studies that
initially described these or other calpain-generated protein frag-
ments considered the possibility of their regulation through degra-
dation by the N-end rule pathway.
We show here that all of these fragments are, in fact, short-lived

substrates of the Arg/N-end rule pathway. As discussed below,
calpains join other proteases, including Met-aminopeptidases,
separases and caspases, as substrate-generating upstream compo-
nents of the Arg/N-end rule pathway (Fig. 1A). Specifically,
cleavages by these and other nonprocessive proteases can produce

Fig. 1. The mammalian N-end rule pathway. See Introduction for descriptions of the pathway’s mechanistic aspects and biological functions. N-terminal residues
are denoted by single-letter abbreviations. A yellow oval denotes the rest of a protein substrate. (A) The Arg/N-end rule pathway. It recognizes proteins through
their specific unacetylated N-terminal residues (9, 19). (B) The Ac/N-end rule pathway. It recognizes proteins through their Nα-terminally acetylated (Nt-acetylated)
residues (17, 23, 24). Red arrow on the left indicates the removal of the N-terminal Met residue by Met-aminopeptidases (MetAPs). N-terminal Met is retained
if a residue at position 2 is larger than Val (56). See SI Text for a detailed supplementary legend and supplementary references to this figure.
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Germ cell-specific ATE1 KO mouse
Generated by mating of TNAP-Cre Ate1flox/+ and Ate1flox/flox mice.

LC-MS/MS
Whole proteins were extracted from 100-400 oocytes/embryos (from GV
to 4-cell stages).
LC-MS/MS was performed using TripleTOF 5600+ system.
Identified peptides with mass ambiguity (similar mass to the addition
of arginine) were discarded.

Reproductive ability of germ-cell specific ATE1 KO mice
Reproduction by natural mating.
Development of IVF embryos.

Immunocytochemistry in mouse oocytes
ATE1 antibody: MABS436 (Merck Millipore)

Histology in mouse ovaries
Paraffin embedded sections were stained with hematoxylin and eosin.

Results
Accessions Protein Names Gene Names Sequences Sites Stages Detected

MII
E2C
L2C

Protein FAM135A Fam135a DSVVLVSYKCLK D516 MII
Enoyl-[acyl-carrier-protein] reductase, mitochondrial Mecr EALIGIPK E147 MII

PN
L2C

M-phase phosphoprotein 8 Mphosph8 EETSPEDLRK E101 PN
MAGUK p55 subfamily member 4 Mpp4 EDSMKIDEK E356 E2C
Glucose-6-phosphate 1-dehydrogenase G6pdx EESELDLTYGNR E416 E2C
Stress-70 protein, mitochondrial Hspa9 EPTAAALAYGLDK E222 Dimethyl L2C
ACTB protein Actb DLYANTALSGGTTMYPGIADR D292 L2C

Not detected at the next stage.
Detected only non-arginyleted form at the next stage.
Detected only arginylated form at the next stage.
Detected both arginylated- and non-arginylated forms at the next stage.

sp|Q3TYA6|MPP8_MOUSE
tr|D3Z0G8|D3Z0G8_MOUSE
tr|Q3TNL1|Q3TNL1_MOUSE
sp|P38647|GRP75_MOUSE
tr|Q3UAA9|Q3UAA9_MOUSE

Phospholipid-transporting ATPase IB Atp8a2 EVAVGDIVK E129sp|P98200|AT8A2_MOUSE

sp|Q6NS59|F135A_MOUSE
sp|Q9DCS3|MECR_MOUSE

sp|O88987|AKAP3_MOUSE A-kinase anchor protein 3 Akap3 DTTIATILLK D312

Table 1. Arginylated proteins in mouse oocytes and preimplantation embryos.

Ovulated Fertilized (%) 2-cell (%) Blastocyst (%)
#1 21 12 (57.1) 12 (100.0) 12 (100.0)
#2 0 NA NA NA
#3 42 39 (92.9) 35 (89.7) 31 (79.5)
#4 17 12 (70.6) 12 (100.0) 11 (91.7)
#5 35 7 (20.0) 6 (85.7) 2 (28.6)
#6 37 23 (62.2) 23 (100.0) 22 (95.7)
#7 27 26 (96.3) 25 (96.2) 23 (88.5)
#8 39 32 (82.1) 28 (87.5) 30 (93.8)
#9 4 4 (100.0) 4 (100.0) 4 (100.0)
#10 18 13 (72.2) 12 (92.3) 11 (84.6)
#11 15 13 (86.7) 13 (100.0) 12 (92.3)
#12 7 7 (100.0) 7 (100.0) 3 (42.9)
#13 7 5 (71.4) 5 (100.0) 5 (100.0)
#14 20 13 (65.0) 13 (100.0) 8 (61.5)
#15 5 4 (80.0) 3 (75.0) 4(100.0) 
#16 0 NA NA NA
#17 19 14 (73.7) NA 9 (64.3)
#18 49 40 (81.6) NA 27 (67.5)
#19 31 23 (74.2) NA 10 (43.5)
#20 30 23 (76.7) NA 13 (56.5)
#21 15 9 (60.0) NA 4 (44.4)

No. of Embryos Developed toNo. of Oocytes

Table 2. Fertilization and in vitro development
of eggs from germ cell-specific ATE1 KO mice.

No. of oocytes

collected expressed ATE1 
(%)

WT (n=2) 32 32 (100)
CKO #1 18 18 (100)
CKO #2 23 23 (100)

Table 3. Expression of ATE1 in mouse oocytes.

Figure 2. Expression of ATE1 in mouse oocytes.
A: without primary antibody, B: wild type,
C: germ cell-specific ATE1 KO.
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Figure 3. Histology of mouse ovaries.
A: wild type, B: germ cell-specific ATE1 KO.
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Conclusions
Arginylated proteins were identified in the oocytes and preimplantation embryos.
Most arginylated peptides were not detected at the next stage, or detected
as non-arginylated forms, suggesting the degradation of those arginylated peptides.

àProtein degradation via N-end rule pathway occurs in the oocytes and preimplantation 
embryos

Germ-cell specific ATE1 KO female mice were fertile, and all oocytes from those mice
expressed ATE1, suggesting that germ cells in which Ate1 was not excised exclusively
contribute to gametogenesis.

à ATE1 is essential for female gametogenesis.

Results of natural mating: 
Male mice were nearly infertile, same as the
report by Leu et al. (J Biol Chem, 2016).
Female mice were fertile.
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