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改良分解タグ; FBnG の創出 AUTACによるタンパク質分解 

ミトコンドリアへのFBnGタグ導入によるマイトファジーの誘導 

AUTACによる機能不全ミトコンドリア除去と疾患細胞への応用 

(A) Targeted FBnG modification of endogenous proteins using AUTACs. (B) Structure of AUTAC1 that contains an FBnG and a fumagillol moiety. Fumagillol binds covalently to MetAP2. 
(C)Levels of MetAP2 in AUTAC1-treated HeLa cells (24 h). Means (n=3) not connected by the same letter are significantly different using the Tukey–Kramer test (p< 0.01). (D) Structure 
of AUTAC2 that contains an FBnG and an SLF moiety. SLF binds non-covalently to FKBP12. (E) Levels of FKBP12 in AUTAC2-treated HeLa cells (24 h). Statistical analysis: the Tukey–
Kramer test (p< 0.01).  

(A) Structure of a FBnG-HT-ligand (FBnG-HTL). (B) FBnG modification of EGFP-HT using 10- µM 
FBnG-HTL generated punctate structures in HeLa cells. Means (n=3) not connected by the same 
letter are significantly different (Tukey–Kramer; p< 0.01). Scale bar, 10 µm. (C)Colocalization of 
FBnG-modified EGFP-HT protein with LC3B, K63-linked ubiquitin (K63Ub), and p62 in HeLa cells 
after 10 µM FBnG-HTL (6 h) treatment (n=3). Scale bar, 10- µm. (D) Decrease of EGFP levels in 
HeLa cells stably expressing EGFP-HT by FBnG-HTL treatments (24 h). The levels of EGFP-HT 
normalized to the FBnG-HTL-untreated control are depicted (n=3). Statistical analysis: the Tukey–
Kramer test (p< 0.01). (E) Levels and subcellular localization of EGFP-HT in Atg5+/+ and Atg5−/− 
MEFs with 10 µM FBnG-HTL (24- h). Left panels: Relative EGFP-HT protein levels normalized to the 
FBnG-HTL-untreated controls. Statistical analysis: student’s t-test (***p< 0.001). Right panels: EGFP-
HT-dots formation was assessed by fluorescence microscopy (n=3). Statistical analyses: student’s t-
test (***p< 0.001). Scale bar, 10 µm.  (F) Levels and subcellular localizations of EGFP-HT in p62+/+ 
and p62−/− MEFs with 10 µM FBnG-HTL (24 h). Left panels: Relative EGFP-HT protein levels 
normalized to the FBnG-HTL-untreated controls. Right panels: The numbers of EGFP-dots per cell 
(n=3). Statistical analysis: student’s t-test (***p< 0.001). Scale bar, 10 µm. 
(G) Top panels: TMR-modified EGFP-HT, unlike FBnG-modified EGFP-HT, did not generate dots in 
HeLa cells (n=3). Statistical analysis: student’s t-test (***p< 0.001).  Scale bar, 10 µm. Bottom panels: 
Selective degradation of FBnG-modified HT in the presence of TMR-modified HT in HeLa cells. Data 
are normalized to the mean levels at 1 h (n=3). Statistical analysis: the Tukey–Kramer test (p< 0.05).  

(A) Targeted S-guanylation of the EGFP-HT–outer membrane protein 25 (Omp25) fusion protein (mito-EGFP-HT).  (B) Colocalization of K63-linked Ub/LC3B dots with mitochondria in mito-EGFP-HT–expressing HeLa cells (10 µM FBnG-HTL, 6 h). Statistical analysis: student’s t-test (**p< 0.01, ***p< 0.001). Scale bar, 5 µm. (C) Induced K63-linked 
ubiquitination of mitochondria in HeLa cells expressing mito-EGFP-HT by FBnG-HTL treatment (10 µM, 10 h).  (D) Time course of the induced K63-linked ubiquitination of mitochondria in HeLa cells expressing mito-EGFP-HT by FBnG-HTL treatment (10 µM, 10 h).  (E) Enhanced mitochondrial degradation by FBnG-HTL (24 h) under OPA1-silenced 
conditions in mito-EGFP-HT–expressing HeLa cells (n=3). Amount of mitochondria was assessed by immunoblot of mitochondrial proteins (n=3). Statistical analysis: student’s t-test (**p<0.01). (F) Effects of OPA1-knockdown on the mitophagy induction by 10 µM FBnG-HTL as assessed using MtPhagy Dye in mito-EGFP-HT–expressing HeLa cells 
(n=3). MtPhagy dye is a mitochondrion-localizing pH-sensitive probe. Statistical analysis: the Tukey–Kramer test (p< 0.05). (G) Effects of OPA1-knockdown on the mitophagy induction by FBnG-HTL as assessed using mito-Rosella. HeLa cells expressing both mito-HT and mito-Rosella were transfected with OPA1 siRNA and then treated with 10 µM 
FBnG-HTL (12 h). Mitophagic cells have areas with DsRed signals but without pHluorin signals. Statistical analysis: the Tukey–Kramer test (p< 0.01). (H) Recovery of mitochondrial membrane potential in CCCP-treated cells by mitochondria-targeted S-guanylation. Mito-HT-expressing HeLa cells were treated with FBnG-HTL (10 µM, 10 h) in the 
presence or absence of 200 nM Baf A1 and then incubated additionally with CCCP (40 µM, 2 h). After the removal of compounds, cells were incubated for 6 h. The membrane potential was assessed via JC-1 staining. Scale bar, 10 µm. (I) Cytoprotective effects of mitochondria-targeted S-guanylation. Mito-EGFP-HT–expressing HeLa cells were 
treated with FBnG-HTL (10 µM, 10 h) in the presence or absence of 200 nM Baf A1 and then incubated additionally with CCCP (40 µM, 2 h). After the removal of compounds, cells were incubated for 6 h. Percentages of survival cells normalized to FBnG-untreated cell were depicted (n=3). Statistical analysis: student’s t-test (**p<0.01, ***p< 0.001). 
(J)Suppression of apoptotic caspase activation by mitochondria-targeted S-guanylation. Mito-EGFP-HT–expressing HeLa cells were first treated with 10 µM FBnG-HTL for 10 h and then incubated additionally with 40 µM CCCP for 2 h. After the removal of compounds, cells were incubated for 6 h. Cytochrome c release from mitochondria to cytosol and 
caspase 3 activation were analyzed by immunoblotting. Mitochondrial and cytosolic fractions were prepared using a cell fractionation kit (Abcam). (K) Activation of AMPK-PGC1α-axis by mitochondrial degradation with FBnG-HTL. Mito-EGFP-HT transfected HeLa cells were first treated with 10 µM FBnG-HTL for 10 h and then incubated additionally 
with 40 µM CCCP for 2 h. After the removal of compounds, cells were incubated for 6 h. Phosphorylation of AMPK and expression of PGC1α were assessed by immunoblotting in three independent experiments. The representative image is shown. Relative levels of indicated proteins (vs actin) normalized to CCCP-untreated cells (10 h) are shown as 
bar graphs. Statistical analysis was performed using the student’s t-test: **p< 0.01.  (L) FBnG-HTL induces PINK1-independent degradation of mitochondria. mito-EGFP-HT–expressing PINK1+/+ and PINK1-/- HeLa cells were transfected with siRNA targeting OPA1 and then treated with 10 µM FBnG-HTL for 24 h. Amount of mitochondria was 
assessed by immunoblot analysis of mitochondrial proteins. Values under the immunoblot image indicate relative levels of indicated proteins (vs actin) normalized to FBnG-HTL–untreated cells. (M) Chemical structure of a thalidomide-containing HT-ligand (Thal-HTL). (N)Colocalization of K48-linked ubiquitin dots with mitochondria in HeLa cells after a 
6 h-treatment with 10 µM Thal-HTL as assessed by immunocytochemistry. Representative images are shown. Percentages of mitochondria colocalized with indicated proteins (K48Ub, K63Ub, and LC3B) were assessed in three independent experiments and shown as bar graphs. Statistical analysis was performed using Student’s t-test: **p< 0.01. 
Scale bar, 5 µm. (O)Levels of mitochondrial proteins after a 24 h-treatment with 10 µM Thal-HTL under OPA1-silenced conditions in mito-EGFP-HT–expressing HeLa cells. 

(A) Targeted S-guanylation of OMM using AUTACs. (B) Structure of AUTAC4 that contains an FBnG and a phenylindole moiety. This indole moiety binds non-covalently to the mitochondrial translocator protein (TSPO) endogenously located on OMM. (C) Induced K63-linked ubiquitination by 10 µM AUTAC4 treatment (10 h) in HeLa cells. (D) Time course of K63-linked ubiquitination of mitochondria by 10 µM AUTAC4 treatment (HeLa). (E) Degradation and biogenesis of mitochondria in HeLa cells treated with 10 µM 
AUTAC4. Mitochondria were pre-labeled by mito-EGFP and MitoTracker Red (MTR). Excess MTR dye was removed from the culture medium, and then cells were treated with AUTAC4 for 10 h prior to the addition of 40 µM CCCP (n=3). Statistical analysis: the Tukey–Kramer test (p < 0.01). (F) Recovery of mitochondrial membrane potential in CCCP-treated cells by AUTAC4. HeLa cells were treated with 10 µM AUTAC4 (10 h) and then incubated with CCCP (40 µM, 2h). The membrane potential was assessed via 
JC-1 staining (n=3). Statistical analysis: the Tukey–Kramer test (p < 0.01). Scale bar, 10 µm. (G) Cytoprotective effects of AUTAC4. HeLa cells were treated with 10 µM AUTAC4 in the presence or absence of 200 nM Baf A1 (10 h) and then incubated additionally with CCCP (40 µM, 2 h). After the removal of compounds, cells were incubated for 6 h. Percentages of survival cells normalized to control cells (the leftmost bar) were shown (n=3). Statistical analysis: student’s t-test (**p<0.01). (H) AUTAC4 (10 µM, 3 days) 
improves the mitochondrial morphology of Detroit 532 cells (n=3). MitoTracker Green was used for analysis. TIG-119 cells were used as a reference. Statistical analysis: student’s t-test (**p<0.01). Scale bar, 10 µm.  (I) AUTAC4 (10 µM, 3 days) improved the mitochondrial membrane potential of Detroit 532 cells. Cells were first treated with AUTAC4 and Baf A1 was added 20–32 h after the AUTAC4 treatment. Statistical analysis: student’s t-test (**p<0.01). Scale bar, 10 µm.  (J) Time-lapse microscopy of 
mitochondrial turnover in mito-EGFP–transfected Detroit 532 cells in the presence of 10 µM AUTAC4. Mitochondria were pulsed with MitoTracker Red for 30 min and chased (n=3). In an experiment, three cells in a dish were monitored. Fluorescence intensities normalized to those of controls (0 h) are shown. Statistical analysis: the Tukey–Kramer test (p < 0.05). (K) Activation of AMPK-PGC1α-axis through mitochondrial degradation by AUTAC4. Detroit532 cells were treated first with 10 µM AUTAC4 for 10 h and 
then incubated with 40 µM CCCP for 2 h. After the removal of compounds, cells were incubated for 6 h. AMPK phosphorylation and PGC1α expression were detected by immunoblotting. A representative immunoblot image is shown. Relative levels of proteins (vs actin) from three independent experiments normalized to untreated control cells (DMSO) were shown as bar graphs. Means not connected by the same letter are significantly different using a multiple-range means comparison (Tukey–Kramer; p< 0.01). (L) 
Mitophagy induction by AUTAC4 in Down syndrome-derived fibroblasts as assessed using mito-Rosella. Down syndrome-derived Detroit532 cells expressing mito-Rosella were treated with 10 µM AUTAC4 for the indicated times. mito-Rosella-expressing TIG-119 fibroblasts were also treated with 10 µM AUTAC4 as the control. Percentages of mitophagic cells in three independent experiments are shown as bar graphs. Means not connected by the same letter are significantly different using a multiple-range means 
comparison (Tukey–Kramer; p< 0.01). Scale bar, 20 µm. (M) Intracellular ATP levels in AUTAC4-treated Detroit532 cells. Detroit532 cells were treated with AUTAC4 for 3 days. ATP levels were analyzed by an ATP determination kit. ATP levels from six independent experiments normalized to AUTAC4-untreated cells are shown as bar graphs. Bar graphs indicate the mean. Statistical analysis was performed using the Student’s t-test: *p< 0.05. 
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cGMP構造は細胞膜透過性が悪く，医薬には向かない。
構造活性相関研究から，環状リン酸基を含むリボース
がp-フルオロベンジルへと変換された誘導体(FBnG)が
見出された。FBnG-HTL処理によって，EGFP-HTはお
よそ70％分解され(D)，分解効率は，cGMP-HTLの3倍
まで向上した。この場合も，オートファジー関連因子
陽性のEGFP-HTドットが観察された(B,C)。また，
Atg5やp62への依存性(E,F)，FBnGタグへの選択性(G)
なども検討した。 

タグ技術を利用せず，内因性のタンパク質を分解するため，標的へ結合するリガンドとFBnG
タグを連結したキメラ分子AUTACを作製し，標的タンパク質の分解を評価した。 

オートファジーを利用する特徴を生かすため，ミトコンドリアを標的とした。
ミトコンドリアの外膜にHTを発現させ，FBnG-HTLによって分解タグを導入
した。ミトコンドリアへのK63型のユビキチン化の誘導，LC3のリクルートは
観察されたが，分解には断片化(OPA1-KD)が必要であった(B-E)。CCCPによ
りミトコンドリア断片化を引き起こした際にも，FBnGタグ導入により分解が
観察されるとともに，ミトコンドリアのターンオーバーが誘導され，膜電位の
改善や細胞死の抑制なども観察された(H-K)。また，この効果はPINK1に依存
しない経路であった(L)。ミトコンドリアにPROTACを使ってK48型Ub化を誘
導しても分解は観察されなかった(N,O)。 

ミトコンドリアを標的とするAUTAC4を作製した。標
的化には，ミトコンドリア外膜タンパク質TSPOのリガ
ンドを用いた。AUTAC4処理により，ミトコンドリア
へのK63型Ubが観察された(C,D)。CCCPによりミトコ
ンドリアの断片化を促すと，AUTAC4を処理した細胞
でミトコンドリアの分解とそれに伴う生合成が観察さ
れた(E)。ミトコンドリア膜電位の改善や細胞死の抑制
もみられた(F,G)。 
AUTAC4を疾患治療へ応用するための一歩として，ミ
トコンドリア機能不全を伴う疾患患者由来の細胞への
AUTAC4の効果を検証した。ダウン症男児由来線維芽
細胞Detroit532は，正常線維芽細胞TIG-119と比較して
ミトコンドリアが断片化しており，膜電位も低い。
AUTAC4を３日間処理することで，Detroit532のミトコ
ンドリア形態，膜電位，細胞内ATPレベルがともに回
復した(H,I,M)。リソソーム阻害剤 BafilomycinA1との併
用により効果が抑制することから，オートファジー経
路での分解が示唆された。また，この効果には，ミト
コンドリアのターンオーバーの加速が関係している
(J,K)。また，mito-Rosellaを用いた解析により，
AUTAC4処理下，マイトファジーレベルが顕著に高
まった(L)。 


