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1. Introduction  

!

1.1 Apoptosis: a form of programmed cell death   

1.1.1 Classification of cell death  
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1.1.2 The history of apoptosis  
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1.2 Caspases: the initiators and executioners of apoptosis 
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Figure  1-­‐‑1:  Structures  of  initiator  and  executioner  caspases  
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1.2.2 Extrinsic apoptotic pathway  
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Figure  1-­‐‑2:  Extrinsic  apoptotic  pathway  
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1.2.3 Intrinsic apoptotic pathway  

1-!+)-&.'5&!K"&D!&D%!%W&."-5"+!'6)6&)&"+!6'&DK':I!&D%!"-&."-5"+!6'&DK':!"5!

'+&"#'&%4!(:!"-&.'+%**9*'.!4%'&D!5&"39*"V!UD%5%!+'-!(%!/9.&D%.!4"#"4%4!"-&)!&K)!+'&%B)."%5G!

*)55!)/!'6)6&)&"+!5966.%55")-!).!6)5"&"#%!"-49+&")-!)/!'6)6&)5"5V!f)55!)/!'6)6&)&"+!

5966.%55")-!"-+*94%5!K"&D4.'K'*!)/!B.)K&D!/'+&).5!).!+:&)E"-%5!'-4!-9&."%-&!

4%6."#'&")-V!`-!&D%!)&D%.!D'-4I!6)5"&"#%!"-49+&")-!)/!'6)6&)5"5!"-+*94%5!CJ@!4'3'B%!

&."BB%.%4!(:!.'4"'&")-!).!+D%3"+'*5I!D:6)W"'I!#".'*!"-/%+&")-I!)W"4'&"#%!5&.%55I!'3)-B!

)&D%.5V!;)&D!+'&%B)."%5!&:6"+'**:!'+&"#'&%!'6)6&)&"+!6'&DK':!"-!'!3"&)+D)-4."'2

4%6%-4%-&!3'--%.I!/%'&9.%4!(:!3"&)+D)-4."'*!)9&%.!3%3(.'-%!6%.3%'("*"\'&")-!

X$`$?Y!X. %#"%K%4!"-!g*3).%I!7SSjYV!@!6.)&%"-!/'3"*:I!-'3%4!&D%!;2+%**!*:36D)3'!7!

X;+*27Y!/'3"*:I!"5!.%56)-5"(*%!/).!.%B9*'&"-B!&D"5!+D'.'+&%."5&"+!$`$?!%#%-&V!UD%!;+*27!

/'3"*:!+)-&'"-5!&D.%%!59(/'3"*"%5G!6.)2'6)6&)&"+!;+*27!/'3"*:I!"-+*94"-B!;+* 27!'55)+"'&%4!

O!6.)&%"-!X;'WY!'-4!;+*27!D)3)*)B)95!'-&'B)-"5&!E"**%.!X;'EYb!&D%!'-&"2'6)6&)&"+!;+*27!

/'3"*:I!"-+*94"-B!;+* 27I!; 2+%**!*:36D)3' 2%W&.'!*'.B%!X;+*2OfYI!'-4!)&D%.5b!'-4!&D%!;+*27!

D)3)*)B:!4)3'"-!Z!X;A 2ZY!)-*:!/'3"*:I!"-+*94"-B!;+* 27!*"E%!6.)&%"-!TT!X;"3YI!;A2Z!

"-&%.'+&"-B24)3'"-!4%'&D!'B)-"5&!X;"4YI!;+* 272'55)+"'&%4!4%'&D!6.)3)&%.!X;@CYI!'-4!

)&D%.5!X.%#"%K%4!"-!,).:!'-4!@4'35I!7SS7YV!UD%!6.)2'6)6&)&"+!3%3(%.5!;'W!'-4!;'4!

'.%!&D%!3'"-!;+*27!/'3"*:!3%3(%.5!&D'&!/9-+&")-!)-!&D%!3"&)+D)-4."'!&)!'+&"#'&%!&D%!

'6)6&)&"+!6' &DK':!XQ%"!%&!'*VI!7SSTYV!UD%!*'+E!)/!%"&D%.!;'W!).!;'E!'*)-%!"-!3"+%!4)%5!-)&!



!

!

T7!

6.)49+%!'!5"B-"/"+'-&!6D%-)&:6%I!D)K%#%.I!&D%!*'+E!)/!()&D!;'W!'-4!;'E!"-!3"+%!+'95%5!'!

4.'3'&"+!4"5.96&")-!)/!'6)6&)5"5I!59BB%5&"-B!&D'&!&D%:!&)B%&D%.!'.%!%55%-&"'*!/).!

'6)6&)5 "5!"-49+&")-!Xf"-45&%-!%&!'*VI!7SSSYV!1-!&D%!"-'+&"#%!/).3I!;'W!"5!'!3)-)3%."+!

+:&)5)*"+!6.)&%"-V!1-!.%56)-5%!&)!4%'&D!5&"39*"I!D)K%#%.I!;'W!"5!&.'-5*)+'&%4!&)!&D%!

3"&)+D)-4."'*!)9&%.!3%3(.'-%!'-4!9-4%.B)%5!)*"B) 3%."\'&")-!XA59!'-4!a)9*%I!T__hb!

@-&)-55)-!%&!'*VI!7SSTYV!`-!&D%!)&D%.!D'-4I!;'E!"5!+)-5&'-&*:!*)+'&%4!)-!3"&)+D)-4."'I!

(9&!"&!'*5)!9-4%.B)%5!+)-/).3'&")-'*!+D'-B%!'-4!)*"B)3%."\'&")-!"-!.%56)-5%!&)!4%'&D!

5&"39*"!XQ%"!%&!'*VI!7SSSYV!F6)-!)*"B)3%."\'&")-I!;'W!'-4!;'E!'.%!'(*%!&)!/).3!6).%5!)-!

&D%!)9&%.!3%3(.'-%!)/!3"&)+D)-4."'I!K"&D!5"\%5!*'.B%!%-)9BD!&)!.%*%'5%!'6)6&)&"+!

6.)&%"-5I!59+D!'5!+:&)+D.)3%!+I!/.)3!&D%!3"&)+D)-4."'!&)!&D%!+:&)5)*V!UD"5!+:&)+D.)3%!+!

.%*%'5%!"5!%55%-&"'*!/).!&D%!'+&"#'&")-!)/!&D%!4)K-5&.%'3!'6)6&)&"+!6'&DK':!X;*%"+E%-!%&!

'*VI!7STZYV!F-59.6."5"-B*:I!&D%!'+&"#'&")-!)/!;'W!'-4!;'E!"5!&"BD&*:!.%B9*'&%4I!()&D!

-%B'&"#%*:!'-4!6)5"&"#%*:V!UD%!'-&"2'6)6&)&"+!;+*27!/'3"*:!3%3(%.5!-%B'&"#%*:!.%B9*'&%!

;'W!'-4!;'E!(:!"-&%.'+&"-B!K"&D!&D%3!&)!(*)+E!'+&"#'&")-V!P).!%W'36*%I!;+*2Of!K'5!

5D)K-!&)!"-&%.'+&!K"&D!;'EI!/).3"-B!'!D%&%.)4"3%.!KD"+D!"5!9-'(*%!&)!+'95%!

3"&)+D)-4."'*!)9&%.!3%3(.'-%!6%.3%'("*"\'&")-!X$`$?Y!X8'&&*%.!%&!'*VI!T__jYV!1-!

'44"&")-I!;'W!K'5!'*5)!5D)K-!&)!(%!5966.%55%4!(:!&D%!D%&%.)24"3%."\'&")-!K"&D!;+* 27!

X`*&#'"!%&!'*VI!T__Zb!0) .53%:%.!%&!'*VI!T__ZYV!1-!+)-&.'5&!&)!&D%!'-&"2'6)6&)&"+!/'3"*:!

3%3(%.5!&D'&!'+&!'5!-%B'&"#%!.%B9*'&).5!)/!;'W!'-4!;'EI!&D%!;A2Z!)-*:!59(/'3"*:I!



!

!

TZ!

6)5"&"#%*:!.%B9*'&%5!;'W!'-4!;'EV!UD"5!59(/'3"*:!"5!+'**%4!;A2Z!)-*:I!(%+'95%!"&5!

3%3(%.5!)-*:!6)55%55!&D%!&D".4!)-%!)/!/)9.!;+* 27!D)3)*)B:!X;AY!4)3'"-5!X;A 2TI!7I!ZI!kYI!

KD"*%!&D%!)&D%.!&K)!59(/'3"*"%5!5D'.%!Z!&)!k!;A!4)3'"-5!X.%#"%K%4!"-!A9'-B!'-4!

8&.'55%.I!7SSSYV!;A2Z!)-*:!6.)&%"-5!+'-!6.)3)&%!&D%!'+&"#'&")-!)/!;'W!'-4!;'E!"-!&K)!

4"//%.%-&!K':5I!%"&D%.!(:!4".%+&*:!'+&"#'&"-B!;'W!'-4!;'EI!).!(:!5966.%55"-B!'-&" 2

'6)6&)& "+!;+*27!6.)&%"-5!X.%#"%K%4!"-!A'.4K"+E!'-4!8)'-%I!7STZYV!P).!%W'36*%I!'/&%.!

'+&"#'&")-!(:!+*%'#'B%I!&D%!&.9-+'&%4!;"4!X&;"4Y!"5!'(*%!&)!)*"B)3%."\%!'-4!'+&"#'&%!;'E!

XQ%"!%&!'*VI!7SSSYV!`-!&D%!)&D%.!D'-4I!;"3!"5!'(*%!&)!"-&%.'+&!K"&D!#'.")95!'-&" 2'6)6&)&"+!

;+*27!6.)&%"-5I!"-+*94"-B!;+*27I!;+*2OfI!;+* 2QI!'-4!$+* 2TI!'-4!;'4!"5!'(*%!&)!"-&%.'+&!K"&D!

;+*27!'-4!;+* 2Of!X,D%-!%&!'*VI!7SS<YV!UD%!&D.%%!;+*27!59(/'3"*"%5!&)B%&D%.!/).3!'!&."'-B*%!

.%B9*'&).:!-%&K).E!&)!&"BD&*:!.%B9*'&%!&D%!$`$?!%#%-&I!KD"+D!"5!'-!%55%-&"'*!5&%6!"-!&D%!

"-&."-5"+!'6)6&)&"+!6'&DK':V!

@5!3%-&")-%4!'()#%I!$`$?!4".%+&*:!+'95%5!&D%!.%*%'5%!)/!'6)6&)&"+!6.)&%"-5I!

59+D!'5!+:&)+D.)3%!+I!"-&)!&D%!+:&)5)*!/.)3!&D%!56'+%!(%&K%%-!&D%!)9&%.!'-4!"--%.!

3%3(.'-%!)/!3"&)+D)-4."'V!1-!&D%!+:&)5)*I!+:&)+D.)3%!+!*%'45!&)!&D%!/).3'&")-!)/!&D%!

+'56'5%2_!'+&"#'&")-!6*'&/).3I!-'3%4!&D%!'6)6&)5)3%V!UD%!'6)6&)5)3%!+)-5"5&5!)/!

+:&)+D.)3%!+I!'6)6&)&"+!6.)&%'5%!'+&"#'&"-B!/'+&).!T!X@?@PTYI!4%)W:'4%-)5"-%!

&."6D)56D'&%!X4@U?YI!'-4!6.)+'56'5%2_!Xf"!%&!'*VI!T__jYV!UD%!6.)+'56'5%2_!"5!6.)+%55%4!

'-4!'+&"#'&%4!)-!&D"5!6*'&/).3I!'/&%.!KD"+D!&D%!'+&"#%!+'56'5%2_!"5!'(*%!&)!+*%'#%!'-4!



!

!

Tk!

'+&"#'&%!%W%+9&")-%.!+'56'5%5I!59+D!'5!+'56'5%2Z!'-4!+'56'5% 2j !XP"BV!T2ZY!X.%#"%K%4!"-!

J"+D) *5)-!'-4!UD).-(%..:I!T__j YV!



!

!

T<!

!

Figure  1-­‐‑3:  Intrinsic  apoptotic  pathway  
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1.3 Caspase-2: initiator of apoptosis 
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1.3.1 The relationship between caspase -2 structure and function  
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Figure  1-­‐‑4:  PIDDosome:  The  proposed  platform  for  caspase-­‐‑2  activation  
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1.3.2 Caspase -2 as an initiator caspase  
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1.3.3 Caspase -2 as a tumor suppressor  
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1.4 Caspase-2 in the metabolic regulation of apoptosis 
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Figure  1-­‐‑5:  The  non-­‐‑oxidative  phase  of  pentose  phosphate  pathway  (PPP)  
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1.4.2 Metabolically regulated caspase -2 phosphorylation med iated by 
Ca2+/Calmodulin dependent protein kinase II (CaMKII)  
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Figure  1-­‐‑6:  Metabolic  suppression  of  caspase-­‐‑2  through  CaMKII  
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1.4.3 Subsequent researc h regarding the metabolic regulation of 
caspase -2 
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Figure  1-­‐‑7:  Suppression  of  caspase-­‐‑2  dephosphorylation  by  14-­‐‑3-­‐‑3  
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+)-&.)**"-B!,'$011I!'!6.)&%"-!+."&"+'*!/).!+%**!5"B-'*"-B!"-!.%56)-5%!&)!39*&"6*%!5&"39*"V!
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2. Materials and methods  

!

2.1 Preparation of Xenopus egg extracts and nutrient treatment 

UD%!8!6D'5%!'-4!9*&.'2/.'+&")-'&%4!8!6D'5%!Xenopus!%BB!%W&.'+&5!K%.%!6.%6'.%4!

'5!6.%#")95*:!4%5+."(%4!XP"BV!72TY!X83:&D%!'-4!J%K6).&I!T__TYV!Li?!K'5!6.%6'.%4!'5!'!

T$!5)*9&")-!"-!K'&%.V!gW&.'+&5!K%.%!6.%6'.%4!'&!kt,I!&.%'&%4!K"&D!Li?!'&!'!/"-'*!

+)-+%-&.'&")-!)/!7S3$!XK'&%.!'5!+)-&.)*!&.%'&3%-&YI!'-4!"-+9('&%4!'&!.))3!

&%36%.'&9.%V!
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Figure  2-­‐‑1:  Simplified  process  for  the  preparation  of  Xenopus  egg  extracts  

UD%!%BB5!*'"4!(:!Xenopus  Laevis!'.%!+)**%+&%4!'-4!6'+E%4!'/&%.!&D%!.%3)#'*!)/!%W+%55!
(9//%.V!UD%!8!6D'5%!Xenopus!%BB!%W&.'+&5!'.%!&D%!3"44*%!+:&)6*'53"+!/.'+&")-I!B%-%.'&%4!
(:!+%-&."/9B'&")-V!
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2.2 Cell culture, nutrient treatment, and cell lysis 

Ag0!7_ZU!+%**5!K%.%!3'"-&'"-%4!'-4!B.)K-!"-!C$g$!K"&D!TSu!/%&'*!()#"-%!

5%.93!XP;8Y!3%4"93!'&!Zjt,V!;%/).%!-9&."%-&!&.%'&3%-&I!+%**5!K%.%!5&'.#%4!K"&D!B*9+)5%2

/.%%!C$g$!K"&D!TSu!4"'*:\%4!P;8!3%4"93!+)-&'"-"-B!-)!C 2B*9+)5%!'-4!5)4"93!

6:.9#'&%!'&!Zjt,!/).!T7!D)9.5I!'-4!&D %-!&.%'&%4!K"&D!).!K"&D)9&!7<3$!C2B*9+)5%!

X8"B3'Y!/).!'-)&D%.!T7!D)9.5V!1-!'44"&")-I!T<Sv$!4%D:4.)%6"'-4.)5&%.)-%!XCAg@Y!"-!

4"3%&D:*!59*/)W"4%!XC$8`Y!).!C$8`!K'5!)++'5")-'**:!+) 2&.%'&%4!&)B%&D%.!K"&D!C2

B*9+)5%!&)!B*9+)5%25&'.#%4!7_ZU!+%**5V!,%**5!K%.%!*:5%4!"-!<S3$!U."5!6A!jV<I!T<S3$!

J',*I!T3$!4"&D")&D.%"&)*!XCUUYI!'-4!Tu!J? 2kSI!"-!&D%!6.%5%-+%!)/!<vB>3*!

@6.)&)-"->f%96%6&"-!X@>fYI!TSSv$!6D%-:*3%&D:*59*/)-:*!/*9)."4%!X?$8PY!'-4!

6D)56D'&'5%!"-D"("&).5!X?D)58U`?!?D)56D'&'5%!1-D"("&).!,)+E&'"*!U'(*%&5!/.)3!N)+D%I!

7SOY!)-!"+%!/).!SV<!D)9.V!,%**!*:5'&%5!K%.%!+)**%+&%4!'/&%.!+%-&."/9B'&")-!K"&D!T7ISSS!.63!

/).!T<!3"-9&%5V!

2.3 SiRNA transfection 

f"6)/%+&'3"-%!NJ@"$@O!X1-#"&.)B%-Y!K'5!95%4!/).!5"NJ@!&.'-5/%+&")-V!??7@2

;<<=!5"NJ@!K'5!69.+D'5%4!/.)3!8'-&'!,.9\!;")&%+D-) *)B:!&)!E-)+E!4)K-!;<<=!"-!

7_ZU!+%**5V!,)-&.)*!5"NJ@!K'5!4%5"B-%4!&)!&'.B%&!'!-)-23'33'*"'-!6.)&%"-I!/".%/*:!

*9+"/%.'5%!X<p2,LF@,L,LL@@F@,FF,L@ 2ZpYV!7SSISSS!+%**5!6%.!K%**!K%.%!6*'&%4!)-!

i 2K%**!6*'&%5!X,).-"-B!f"/%!8+"%-+%5Y!)-%!4':!(%/).%!&.'-5/%+&")-V!<S6$!)/!;<<=!).!
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+)-&.)*!5"NJ@I!'-4!TSv*!NJ@"$@OI!K%.%!5%6'.'&%*:!B%-&*:!4"*9&%4!"-!7SSv*!`6&"2$g$!

1!N%49+%4!8%.93!$%4"93!X1-#"&.)B%-YV!@/&%.!<!3"-9&%5I!5"NJ@!'-4!NJ@"$@O!"-!`6&"2

$g$!K%.%!B%-&*:!3"W%4!'-4!'44%4!)-&)!+%**5!'/&%.!&D%!"-+9('&")-!'&!.))3!&%36%.'&9.%!

/).!7S!3"-9&%5V!@/&%.!&D%!/".5&!.)9-4!)/!&.'-5/%+&")-I!&D%!5%+)-4!.)9-4!K'5!.%6%'&%4!'/&%.!

<!D)9.5!)/!"-+9('&")-V!,%**5!K%.%!&D%-!"-+9('&%4!/).!kh!3).%!D)9.5!(%/).%!'-:!

59(5%R9%-&!&.%'&3%-&V!

2.4 Plasmids and recombinant protein preparation 

2.4.1 Gene c loning  

Xenopus!,'$011s!K'5!'36*"/"%4!(:!?,N!95"-B!&D%!6."3%.5!<p 2!

LLLL@@UU,@ULL,,@,U@,,,@L@,UUL,@,, 2Zp!'-4!<p2!

LLL,U,L@LU,@,ULL@L@LLLL,UL,ULLUL, 2ZpV!?9."/"%4!?,N!6.)49+&5!K%.%!

+*)-%4!"-&)!&D%!g+)N1!'-4!OD)1!5"&%5!)/!6gJUNZ,V!UD%!l9"E,D'-B%!8"&%2C".%+&%4!

$9&'B%-%5"5!0"&!X8&.'&'B%-%Y!K'5!95%4!&)!B%-%.'&%!6)"-&!39&'-&5!"-!,'$011s!"-!

6gJUNZ,V!UD%!UZ_Z@>8Z_<@!6."3%.5!K%.%!<p2!

,@L@ULLL@U@@@@LL@U,@L,@L@LL,UUL,@@,@,,@,,@,UL@@L 2Zp!'-4!

"&5!+)36*%3%-&V!UD%!UZ_ZC>8Z_<C!6."3%.5!K%.%!<p2!

,@L@ULLL@U@@@@LL@U,@L@,L@LL@UUL,@@,@,,@,,@,UL@@ L 2Zp!'-4!

"&5!+)36*%3%-&V!UD%!L'&%K':!fN!,*)-'5%!11!g-\:3%!$"W!X1-#"&.)B%-Y!K'5!95%4!&)!

&.'-5/%.!,'$011s!K"*4!&:6%!'-4!39&'-&5!/.)3!6gJUNZ,!"-&)!6Cg8U7kV!;'+3"4!CJ@5!
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K%.%!6.)49+%4!(:!&.'-5/).3"-B!6Cg8U7k!6*'53"45!"-&)!$@O!g//"+"%-+:!CATS;'+!

,D%3"+'**:!,)36% &%-&!gV!+)*"!X1-#"&.)B%-Y!'-4!&.'-5/%+&%4!"-&)!8P_!+%**5!95"-B!,%**/%+&"-!

11!N%'B%-&!X1-#"&.)B%-YV!UD%!#".95%5!K%.%!'36*"/"%4!/)**)K"-B!&D%!;'+9*)#".95!

gW6.%55")-!8:5&%3!K"&D!L'&%K':!U%+D-)*)B:!3'-9'*!X1-#"&.)B%-YV!@/&%.!&D%!/"-'*!5&%6!

)/!'36*"/"+'&")-I!59 6%.-'&'-&5!+)-&' "-"-B!#".95%5!K%.%!5&).%4!"-!kt, V!

2.4.2 His-tagged protein production and purification  

T<3*!)/!#".95!596%.-'&'-&5!K%.%!3"W%4!K"&D!TSS!3"**")-!8P_!+%**5I!'44%4!&)!

TSS3*!)/!&)&'*!#)*93%!K"&D!A:+*)-%!8PO2"-5%+&!3%4"93!XUD%.3)!8+"%-&"/"+YI!'-4!

#).&%W%4!'&!7<t, !/).!Zi!D)9.5V!UD%!8P_!+%**!6%**%&5!K%.%!+)**%+&%4!(:!+%-&."/9B'&")-!'-4!

5&).%4!'&!2hSt, !/).!*'&%.!69."/"+'&")-V!

UD%!8P_!+%**!6%**%&5!K%.%!.%25956%-4%4!(:!TO!O"')4)-Bp5!;9//%.!X7S3$!Ag?g8!

6A!jV<I!TS3$!0,*I!TV<3$!$B,* 7I!T3$!gCU@I!T3$!gLU@I!T3$!CUUI!SVT3$!?$8PI!

'-4!<vB>3*!@>fYI!5)-"+'&%4!/).!T<!5%+)-45!K"&D!ZSu!'36*"&94%!/).!&D.%%!&"3%5I!'-4!

+%-&."/9B%4!K"&D!TSISSS!OB!/).!T!D)9.V!@/&%.!+%-&."/9B'&")-I!596%.-'&'-&5!K%.%!+)**%+&%4I!

'44%4!"-&)!Z3*!)/!-"+E%*!XJ"Y!(%'45!Xl"'B%-YI!'-4!.)&'&%4!'&!kt, !/).!7!D)9.5V!UD%!(%'45!

K%.%!K'5D%4!K"&D!ZSS3*!)/!*:5"5!(9//%.!K"&D!<SS3$!J',*!'-4!T<3$!"3"4'\)*%I!

/)**)K%4!(:!7S3*!)/!*:5"5!(9//%.!K"&D)9&!J',*!'-4!"3"4'\)*%V!@/&%.!&D%!K'5DI!&D%!(%'45!

K%.%!%*9&%4!(:!T3*!)/!*:5"5!(9//%.!K"&D!7<S3$!"3"4'\)*%!/).!5"W!&"3%5V!UD%!%*9&")-5!

K%.%!'-'*:\%4!(:!K%5&%.-!(*)&I!' -4!&D%!)-%5!K"&D!69."/"%4!6.)&%"-5!K%.%!+)**%+&%4I!
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+)-+%-&.'&%4I!'-4!4"'*:\%4!&D.%%!&"3%!"-&)!Tf!TO!?;8!K"&D!T3$!CUU!'&!kt, V!P"-'**:I!&D%!

6.)&%"-!5)*9&")-5!K%.%!5&).%4!"-!2hSt, V!

2.4.3 GST-tagged protein production and purification  

UD%!L8U2&'BB%4!Xenopus!+'56'5%27!6.)4)3'"-!'-4!;<<=I!'-4!L8U 2)-*:!6*'53"45!

K%.%!&.'-5/).3%4!"-&)!;f7T!+)36%&%-&!+%**5!'-4!"-+9('&%4!'&!Zjt, !)#%.-"BD&V!,)*)-"%5!

K%.%!"-)+9*'&%4!"-&)!<S3*!f;!3%4"'!'&!Zj t, !)#%.-"BD&I!'-4!&D%-!'44%4!"-&)!Tf!f;!3%4"'!

'&!Zj t, V!QD%-!&D%!('+&%."'!K%.%!'36*"/"%4!%-)9BDI!T3*!)/!T$!"5)6.)6:*!=2C2T2

&D")B'*'+&)6:.'-)5"4%!X1?ULY!K'5!'44%4!&)!('+&%."'!&)!B%-%.'&%!'!/"-'*!+)-+%-&.'&")-!)/!

T3$!'-4!"-+9('&%4!'&!Z j t, !/).!'-)&D%.!&D.%%!D)9.5V!UD%!('+&%."'!K%.%!+)**%+&%4!(:!

+%-&."/9B'&")-V!

7V<3*!)/!(9//%.!@!X7VZ$!59+.)5%I!<S3$!U."5!6A!jV<I!T3$!gCU@Y!'-4!7<v*!)/!

TSS3$!?$8P!K%.%!'44%4!)-&)!&D%!('+&%."'!6%**%&5!&)!.%25956%-4!&D%!6%**%&5I!/)**)K%4!

(:!&D%!'44"&")-!)/!TS3*!(9//%.!;!X<S3$!U."5!jV<I!TS3$!0,*I!T3$!gCU@Y!+)-&'"-"-B!

Tv$!CUUI!TSSv$!?$8PI!'-4!SVSTB!*:5)\:3%V! UD%!3"W&9.%5!K%.%!.)&'&%4!'&!kt, !/).!T!

D)9.I!&D%-!'44%4!K"&D!7iZv*!$B,*7I!Tj<v*!TSu!5)4"93!4%)W:+D)*'&%I!'-4!7<v*!

4%)W:."()-9+*%'5%!1!XCJ'5%!1YI!5)-"+'&%4!!/).!T<!5%+)-45!K"&D!ZSu!'36*"&94%!/).!&D.%%!

&"3%5I!'-4!/"-'**:!+%-&."/9B%4!(:!T7ISSS!OB!/).!SV<!D)9.!'&!kt, V!UD%!596%.-'&'-&5!K%.%!

+)**%+&%4I!'-4!.)&'&%4!&)B%&D%.!K"&D!73*!B*9&'&D")-%!(%'45!XLg!D%'*&D+'.%Y!'&!kt, !/).!7!

D)9.5V!UD%!(%'45!K%.%!K'5D%4!(:!TS3*!(9//%.!,!XTS3$!Ag?g8!6A!jV<I!T3$!CUUY!
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+)-&'"-"-B!T3$!CUU!'-4!ZSS3$!J',*!/).!&D.%%!&"3%5I!'-4!&D%-!K'5D%4!(:!TS3*!(9//%.!

,!&K"+%V!T3*!(9//%.!,!K'5!*%/&!K"&D!&D%!(%'45!&)!B%-%.'&%!'!5*9..:!)/!6.)&%"-5!()9-4!&)!

&D%!(%'45V!7Sv*!)/!&D%!5*9.."%5!K%.%!95%4!&)!'-'*:\%!&D%!+)-+%-&.'&")-!)/!.%+)3("-'-&!

6.)&%"-5!(:!+))3'55"%!5&'"-"-BI!+)36'.%4!K"&D!5&'-4'.4!()#"-%!5%.93!'*(93"-!X;8@Y!

XJ%K!g-B*'-4!;")*'(5Y!K"&D!4"//%.%-&!'3)9-&5V!UD%!(%'45!5*9..:!K'5!5&).%4!'&!kt, V!

2.5 Antibodies and related assays 

2.5.1 Antibodies used for western blot  

UD%!/)**)K"-B!'-&"()4"%5!K%.%!95%4!/).!K%5&%.-!(*)&G!'-&"2,'$011!?D)56D)!U7hi!

X@(+'3YI!'-&"2,'$011!X;C!U.'-549+&")-!f'().'&)."%5YI!'-&" 2??7@!+'&'*:&"+!59(9-"&!

X$"**"6).%YI!'-&"2??<!X;C!U.'-549+&")-!f'().'&)."%5YI!'-&" 2???7NT@!X@(+'3YI!'-&"2

???7N7;!X;<<=Y!X@(+'3YI!'-&"26'-!;<i!X$"**"6).%YI!'-4!'-&" 2L8U!X8'-&'!,.9\!

;")&%+D-)*)B:YV!?.)&%"-5!K%.%!3%'59.%4!(:!K%5&%.-!(*)&!%"&D%.!95"-B!f12,`N!

;")5+"%-+%5!`4:55%:!5)/&K'.%!).!%-D'-+%4!+D%3"*93"-%5+%-+%!Xg,fY!3%&D)4!K"&D!

D).5%.'4"5D!6%.)W"4'5%!XAN?Y!'-&"23)95%!).!.'(("&!"339-)B*)(9*"-!L!X1BLY!5%+)-4'.:!

'-&"()4"%5V!

2.5.2 Co-immunoprecipitation  

UK)!3"+.)B.'35!)/!'-&" 2,'$011w!X8"B3'Y!).!$)95%!+)-&.)*!1BL!X8'-&'!,.9\!

;")&%+D-)*)B:Y!K%.%!"-+9('&%4!K"&D!7Sv*!)/!C:-'(%'45!?.)&%"-!L!X1-#"&.)B%-Y!5*9..:!

)#%.-"BD&!'&!kt,V!TSSv*!)/!Xenopus!%BB!%W&.'+&5!&.%'&%4!K"&D!).!K"&D)9&!Li?!K%.%!
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"-+9('&%4!K"&D!(%'45!/).!T!D.!'&!kt,V!;%'45!K%.%!K'5D%4!/)9.!&"3%5!K"&D!K'5D!(9//%.!

X4%5+."(%4!(%*)KYI!'-4!%*9&%4!K"&D!kSv*!7O!8)4"93!4)4%+:*!59*/'&%!6)*:'+.:*'3"4%!B%*!

%*%+&.)6D).%5"5!X8C82?@LgY!5'36*%!(9//%.!4"*9&%4!/.)3!<O!5'36*%!(9//%.!X4%5+."(%4!

(%*)KYV!8'36*%5!K%.%!.%5)*#%4!(:!8C82?@Lg!/).!"339-)(*)&&"-BV !

UD%!K'5D!(9//%.!/).!+)2"339-)6.%+"6"&'&")-G!ZSS3$!J',*!'-4!SVTu !U."&)-!O2

TSS!X5"B3'Y!"-!TW!%BB!*:5"5!(9//%.!Xgf;G!TS3$!Ag?g8!6A!jV<I!<S3$!0,*I!7V<3$!$B,*7I!

T3$!CUUI!'-4!SV7<$!59+.)5%I!6AxjVjYV!

<O!8C82?@Lg!5'36*%!(9//%.G!T<S3$!U."5!6A!iVhI!ZSu!B*:+%.)*I!TSu!8C8I!<u!=2

3%.+'6&)%&D'-)*!X;$gYI!'-4!SV<u!(.)3)6D%-)*!(*9%V !

2.5.3 Immuno -depletion  

TSvB!???7N7;!'-&"()4:!XSV7<vB>v*Y!).!N'(("&!+)-&.)*!1BL!X8'-&'!,.9\!

;")&%+D-)*)B:Y!K%.%!"-+9('&%4!K"&D!TSSv*!)/!C:-'(%'4!?.)&%"-!@!X1-#"&.)B%-Y!

)#%.-"BD&!'&!kt,V!;%'45!K%.%!K'5D%4!'-4!4"#"4%4!"-&)!Z!%R9'*!6'.&5V!_Sv*!)/!Xenopus!%BB!

%W&.'+&5!K%.%!"-+9('&%4!K"&D!(%'45!/).!T!D)9.!'&!kt,!'-4!5%6'.'&%4!/.)3!(%'45!(:!

+%-&."/9B'&")-!)/!T7ISSS!.63!/).!T!3"-9&%V!UD"5!5&%6!K'5!.%6%'&%4!/).!&D.%%!&"3%5V!79*!

%W&.'+&5!'/&%.!4%6*%&")-!(:!%"&D%.!???7N7;!'-&"()4:!).!N'(("&!+)-&.)*!1BL!K%.%!.%5)*#%4!

(:!7Sv*!7O!8C82?@Lg!5'36*%!(9//%.I!'-4!'-'*:\%4!(:!K%5&%.-!(*)&!/).!4%&%+&"-B!&D%!

%//"+"%-+:!)/!"339-) 24%6*%&")-V!
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2.6 Pull-down assays 

2.6.1 Calmodulin (CaM) sepharose pull -down assay  

7SSv*!Xenopus!%BB!%W&.'+&5!K%.%!&.%'&%4!K"&D!Li?!).!K'&%.!'&!.))3!&%36%.'&9.%!

/).!SV<!D)9.V!kSv*!)/!,'$!5%6D'.)5%!X@B"*%-&!&%+D-)*)B"%5Y!K'5!K'5D%4!/).!&K"+%!K"&D!

TO!gf;I!&D%-!4"66%4!"-&)!&.%'&%4!%W&.'+&5I!'-4!"-+9('&%4!'&!k t, !/).!T!D)9.V!@/&%.!

"-+9('&")-I!(%'45!K%.%!K'5D%4!/).!/)9.!&"3%5!K"&D!&D%!5'3%!K'5D!(9//%.!'5!95%4!"-!+)2

"339-)6.%+"6"&'&")-!%W6%."3%-&5I!'-4!%*9&%4!(:!kSv*!7O!8C82?@Lg!5'36*%!(9//%.V!UD%!

5'36*%5!K%.%!.%5)*#%4!(:!8C82?@Lg!'-4!'-'*:\%4!( :!K%5&%.-!(*)&V!

2.6.2 GST-B55!  pull -down assay  

7SSv*!Xenopus!%BB!%W&.'+&5!K%.%!&.%'&%4!K"&D!Li?!).!K'&%.!'&!.))3!&%36%.'&9.%!

/).!SV<!D)9.V!kSv*!)/!L8U2&'BB%4!Xenopus!;<<=!).!L8U 2)-*:!(%'45!5*9..:!+)-&'"-"-B!7vB!

6.)&%"-5!K'5!K'5D%4!/).!&K"+%!K"&D!TO!gf;I!&D%-!4"66%4!"-&)!&.%'&%4!%W&.'+&5I!'-4!

"-+9('&%4!'&!kt, !/).!T!D)9.V!@/&%.!"-+9('&")-I!(%'45!K%.%!K'5D%4!/).!/)9.!&"3%5!K"&D!&D%!

5'3%!K'5D!(9//%.!'5!95%4!"-!+) 2"339-)6.%+"6"&'&")-!%W6%."3%-&5I!'-4!%*9&%4!(:!kSv*!

7O!8C82?@Lg!5'36*%!(9//%.V!UD%!5'36*%5!K%.%!.%5)*#%4!(:!8C8 2?@Lg!'-4!'-'*:\%4!

(:!K%5&%.-!(*)&V!

2.7 Phospho-antibody purification 

UD%!/)**)K"-B!6%6&"4%5!K%.%!5:-&D%5"\%4!&)!B%-%.'&%!'-4!69."/:!6D)56D)2

'-&"()4:!'B'"-5&!UZ_Z!'-4!8Z_<!)/! Xenopus!,'$011sG!yAz 2mAJ@UCL10L8Ug8,J 2
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<Z!

yJA7z!X-)- 26D)56D)!6%6&"4%YI!yAz2mAJ@UCL10L8 2?UD.2g8,J 2yJA7z!X6D)56D)2UZ_Z!

6%6&"4%YI!'-4!yAz2mAJ@UCL10L8Ug 2?8%.2,J 2yJA7z!X6D)56D)28Z_<!6%6&"4%YV!

UD%!-)-26D)56D)!6%6&"4%!'-4!&K)!6D)56D).!6%6&"4%5!K%.%!+)-e9B'&%4!K"&D!

F*&.'f"-E!;")5966).&!.%5"-!XUD%.3)!8+"%-&"/"+YV!8%.'!K%.%!/".5&!.9-!&D.)9BD!-)- 2

6D)56D)!6%6&"4%!+)*)3-!&)!%*"3"-'&%!'-&"()4"%5!KD"+D!K%.%!'(*%!&)!.%+)B-"\%!-)-2

6D)56D)!,'$011sV!UD"5!6.)+%55!K'5!.%6%'&%4!/).!Z!&"3%5!&)!%-59.%!&D%!+)36*%&%!

%*"3"-'&")-V!UD%!%*9&%4!5%.'!K%.%!&D%-!5%6'.'&%*:!69."/"%4!)-!&K)!6D)56D)26%6&"4%!

+)*93-5 !&)!.%3)#%!-)- 256%+"/"+!'-&"()4"%5!'-4!&)!)(&'"-!D"BD*:!69."/"%4!'-&"()4"%5!

.%56%+&"#%*:!.%+)B-"\"-B!6D)56D)2UZ_Z!'-4!6D)56D) 28Z_<V!UD"5!6.)+%55!K'5!'*5)!

.%6%'&%4!/).!Z!&"3%5!&)!%-59.%!+)36*%&%!69."/"+'&")-V!

Tv*!Xenopus!,'$011s!K"*4&:6%!'-4!UZ_Z@>8Z_<@!39&'-&!K%.%!5%6'.'&%*:!'44%4!

"-&)!7Sv*!7O!8C82?@Lg!5'36*%!(9//%.I!'-4!'-'*:\%4!(:!K%5&%.-!(*)&!&)!%W'3"-%!&D%!

56%+"/"+"&:!)/!&K)!6D)56D)2'-&"()4"%5V!

2.8 Gel Filtration chromatography 

73*!)/! Xenopus!%BB!%W&.'+&5!K%.%!&.%'&%4!K"&D!Li?!).!K'&%.I!'-4!+)2&.%'&%4!K"&D!

)E'4'"+!'+"4! X`@Y!).!C$8`V!@/&%.!"-+9('&")-!'&!.))3!&%36%.'&9.%!/).!kD.5I!&D%!%W&.'+&5!

K%.%!+%-&."/9B%4!'&!7SSISSS!OB!'-4!K%.%!/.'+&")-'&%4!(:!896%.)5%!i!+)*93-!XLg!

A%'*&D+'.%!f"/%!8+"%-+%5YV!g'+D!/.'+&")-!+)**%+&5!'66.)W"3'&%*:!kSSv*!)/!%*9&")-V!;%/).%!

.9--"-B!5'36*%5I!5&'-4'.4!6.)&%"-!3'.E%.5!K"&D!3)*%+9*'.!K%"BD&5!)/!ii_ECI!kkZECI!
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<k!

'-4!T<SEC!K%.%!.9-!&D.)9BD!&D%!+)*93-!&)!4%&%.3"-%!&D%!3)*%+9*'.!K%"BD&!6'&&%.-!)/!

B%*!/"*&.'&")-!/.'+&")-5I!'-'*:\%4!(:!-'&"#% 2?@Lg!+))3'55"%!5&'"-"-BV!P).!%'+D!5'36*%I!

-" -%&%%-!/.'+&")-5!/.)3!-93(%.!&K%-&:!/".5&!&)!&D".&:!-"-&D!K%.%!+)**%+&%4I!.%5)*#%4!(:!

8C82?@LgI!'-4!'-'*:\%4!(:!K%5&%.-!(*)&V !

2.9 Mass spectrometry analysis 

2.9.1 Sample preparation  

Xenopus!%BB!%W&.'+&5!K%.%!&.%'&%4!K"&D!Li?!).!K'&%.I!'-4!,'$!5%6D'.)5%!K'5!

'44%4!X@B"*%-&!U%+D-)*)B"%5YV!@/&%.!"-+9('&")-I!&D%!,'$!5%6D'.)5%!(%'45!K%.%!

+)**%+&%4!(:!+%-&."/9B'&")-!'-4!K'5D%4!/)9.!&"3%5!K"&D!TW!%BB!*:5"5!(9//%.!+)-&'"-"-B!

<SS3$!J',*!'-4!SV<u!U."&)-!O 2TSSV!P)**)K"-B!(9//%.!%W+D'-B%!"-&)!<S3$!'33)-"93!

("+'.()-'&%I! 6A!hVSI!5'36*%5!K%.%!59(e%+&%4!&)!'!3"+.)!;.'4/).4!'55':!X?"%.+%Y!'-4!&D%-!

5966*%3%-&%4!K"&D!SVTu!N'6"B%5&!8P!59./'+&'-&!XQ'&%.5!,).6).'&")-YV!

8'36*%5!K%.%!.%49+%4!K"&D!<3$!CUU!/).!ZS!3"-!'&!jS{,!'-4!/.%%!59*/D:4.:*5!

K%.%!'*E:*'&%4!K"&D!TS3$!")4)'+%&'3"4%!/).!k<!3"-!'&!.))3!&%36%.'&9.%V!?.)&%)*:&"+!

4"B%5&")-!K'5!'++)36*"5D%4!(:!&D%!'44"&")-!)/!<SS!-B!5%R9%-+"-B!B.'4%!&.:65"-!

X?.)3%B'Y!K"&D!"-+9('&")-!'&!Zj{,!/).!Th!D)9.5V!896%.-'&'-&5!K%.%!+)**%+&%4!/)**)K"-B!'!

7!3"-!+%-&."/9B'&")-!'&!TISSS!.63I!'+"4"/"%4!&)!6A!7V<!K"&D!UP@!'-4!"-+9('&%4!'&!iS{,!

/).!T!D)9.!&)!D:4.)*:\%!.%3'"-"-B!N'6"B%5&!59./'+&'-&V!1-5)*9(*%!D:4.)*:\%4!59./'+&'-&!

K'5!+*%'.%4!(:!+%-&."/9B'&")-!'&!T<ISSS!.63!/).!<!3"-V!@66.)W"3'&%*:!ZvB!)/!&)&'*!
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4"B%5&%4!6.)&%"-!/.)3!%'+D!5'36*%!K'5!.%5%.#%4!/).!4".%+&!9-("'5%4!J'-) 2P*)K!f"R9"4!

,D.)3'&)B.'6D:!g*%+&.)56.':!1)-"\'&")-!U'-4%3!$'55!86%+&.)3%&.:!Xf, 2$8>$8Y!

'-'*:5"5!&)!'**)K!/).!6.)&%"-!*)'4"-B!-).3'*"\'&")-!"-!&D%!6D)56D). 26%6&"4%!%-."+D%4!

4'&'5%&I!KD"*%!&D%!.%3'"-"-B!_S9B!K'5!(.)9BD&!&)!4.:-%55!95"-B!#'+993!+%-&."/9B'&")-!

'-4!&D%-!.%25956%-4%4!"-!TSS9*!hSu!'+%&)-"&."*%I!Tu!UP@I!<S!3B>3f!$'55?.%6!

g-D'-+%.I!6A!7V<!XQ'&%.5!,).6YV!?%6&"4%5!K%.%!59(e%+&%4!&)!6D)56D).26%6&"4%!

%-."+D3%-&!95"-B!'!7SS9*!U"7̀!?.)&%'!U"6!X?.)&%'!;")Y!'-4!59(5%R9%-&*:!K'5D%4!K"&D!

7SS9f!hSu!'+%&)-"&."*%I!Tu!UP@I!<S!3B>3f!$'55?.%6!g-D'-+%.!/)**)K%4!(:!7SS9f!hSu!

'+%&)-"&."*%I!Tu!UP@V!?%6&"4%5!K%.%!%*9&%4!"-!<S9f!7Su!'+%&)-"&."*%I!<u!'R9%)95!

'33)-"'I!6A!TSV<!'-4!&D%-!'+"4"/"%4!&)!6A!7V<!K"&D!/).3"+!'+"4!6.").!&)!4.:"-B!95"-B!

#'+993 !+%-&."/9B'&")-V!?D)56D)26%6&"4%!%-."+D%4!5'36*%5!K%.%!.%5956%-4%4!"-!TS9f!

7u!'+%&)-"&."*%I!SVTu!/).3"+!'+"4I!TS3$!+"&."+!'+"4!6.").!&)!f, 2$8>$8!'-'*:5"5V !

2.9.2 LC-MS/MS Analysis  

g'+D!5'36*%!K'5!59(e%+&%4!&)!+D.)3'&)B.'6D"+!5%6'.'&")-!)-!'!Q'&%.5!

J'-)@R9"& :!9*&.'!6%./).3'-+%!*"R9"4!+D.)3'&)B.'6D:!XF?f,Y!%R9"66%4!K"&D!'!TVjv$!

;gATZS!,Th!j<v$!1VCV!O!7<S33!.%#%.5%426D'5%!+)*93-V!!UD%!3)("*%!6D'5%!+)-5"5&%4!

)/!X@Y!SVTu!/).3"+!'+"4!"-!K'&%.!'-4!X;Y!SVTu!/).3"+!'+"4!"-!'+%&)-"&."*%V!!P)**)K"-B!'!<!

vf!"-e%+&")-I!6%6&"4%5!K%.%!&.'66%4!/).!<!3"-!)-!'!<v$!8:33%&.:!,Th!ThSv$!1VCV!O!7S!

33!+)*93-!'&!7Sv*>3"-!"-!__V_u!@V!!UD%!'-'*:&"+'*!+)*93-!K'5!D%*4!'&!<u!;!/).!<!3"-!
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&D%-!5K"&+D%4!"-2*"-%!'-4!'!*"-%'.!%*9&")-!B.'4"%-&!)/!<u!;!&)!kSu!;!K'5!6%./).3%4!)#%.!

_S!3"-!'&!ZSS-*>3"-V!UD%!'-'*:&"+'*!+)*93-!K'5!+)--%+&%4!&)!'!/95%4!5"*"+'!?"+)U"6!

%3"&&%.!XJ%K!`(e%+&"#%I!,'3(."4B%I!$@Y!K"&D!'!TSv$!&"6!)."/"+%!'-4!+)96*%4!&)!'!

UD%.3)!fUl 2̀ .("&.'6!Of!3'55!56%+&.)3%&%.!&D.)9BD!'-!%*%+&.)56.':!"-&%./'+%V!P).!'**!

5'36*%5I!&D%!"-5&.93%-&!K'5!5%&!&)!'+R9".%!'!6.%+9.5).!$8!5+'-!"-!&D%!`.("&.'6!/.)3!3>\!

kSS27SSS!K"&D!.!x!iSISSS!'&!3>\!kSS!'-4!'!&'.B%&!@L,!5%&&"-B!)/!T%i!")-5V!$8>$8!56%+&.'!

)/!&D%!/"#%!3)5&!'(9-4'-&!6.%+9.5).!")-5!K%.%!'+R9".%4!%"&D%.!"-!&D%!`.("&.'6!K"&D!.!x!

j<SS!'&!3>\!K"&D!'!&'.B%&!@L,!5%&&"-B!)/!7%<!")-5!/).!-)-2%-."+D%4!5'36*%5!).!"-!&D%!")-2

&.'6!K"&D!'!&'.B%&!@L,!5%&&"-B!)/!T%Z!/).!%-."+D%4!5'36*%5V!$'W!/"**!&"3%5!K%.%!5%&!&)!

TSSS35!/).!/9**!$8!5+'-5!'-4!%"&D%.!<SS35!/).!`.("&.'6!$8>$8!5+'-5!).!7<S35!/).!")- 2

&.'6!$8>$8!5+ '-5!K"&D!3"-"393!$8>$8!&."BB%."-B!&D.%5D)*45!)/!<SSS!+)9-&5V!!P).!'**!

%W6%."3%-&5I!/.'B3%-&'&")-!)++9..%4!"-!&D%!fUl!*"-%'.!")-!&.'6!K"&D!'!,1C!%-%.B:!

5%&&"-B!)/!Z<u!'-4!'!4:-'3"+!%W+*95")-!)/!iS5!K'5!%36*):%4!/).!6.%#")95*:!/.'B3%-&%4!

6.%+9.5).!")-5V!

2.9.3 Qualitative Identifications and Selected Ion Chromatogram 
Generation from Raw LC -MS/MS Data 

N'K!f, 2$8>$8!4'&'!/"*%5!K%.%!6.)+%55%4!"-!$'5+)&!4"5&"**%.!X$'&."W!8+"%-+%Y!

'-4!&D%-!59(3"&&%4!&)!"-4%6%-4%-&!$'5+)&!5%'.+D%5!X$'&."W!8+"%-+%Y!'B'"-5&!'-!U.%3(*!

4'&'('5%!X#!kSVTk!Xenopus  Laevis!&'W)-)3:I!T7I<ZS!/).K'.4!%-&."%5Y!+)-&'"-"-B!()&D!

/).K'.4!'-4!.%#%.5%!%-&."%5!)/!%'+D!6.)&%"-V!!8%'.+D!&)*%.'-+%5!/).!fUl2̀ .("&.'6!Of!4'&'!
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K%.%!<!663!/).!6.%+9.5).!")-5!'-4!SVS7!C'!/).!`.("&.'6!6.)49+&!")-5!).!SVh!C'!/).!")- 2

&.'6!6.)49+&!")-5!95"-B!/9**!&.:65"-!56%+"/"+"&:V!,'.('3"4)3%&D:*'&")-!X[<jVS7Tk!C'!)-!

,Y!K'5!5%&!'5!'!/"W%4!3)4"/"+'&")-I!KD%.%'5!)W"4'&")-!X[T<V__k_!C'!)-!$Y!'-4!

6D)56D).:*'&")-!X[j_V_iiZ!C'!)-!8I!UI!'-4!aY!K%.%!+)-5"4%.%4!'!#'."'(*%!3)4"/"+'&")-5V!!

@**!5%'.+D%4!56%+&.'!K%.%!"36).&%4!"-&)!8+'//)*4!X#kVSI!?.)&%)3%!8)/&K'.%Y!'-4!3'5+)&!

")-!5+)."-B!&D.%5D)*45!)/!7i!X6!SVS<!$'5+)&!"4%-&"&:!5+).%!K'5!TkVSY!K%.%!5%&!&)!'+D"%#%!'!

/'*5%!4"5+)#%.:!.'&%!)/!SVSuV!?.)('("*"&:!)/!+)..%+&!6D)56D).:*'&")-!3)4"/"+'&")-!

*)+'*"\'&")-!&)!'!56%+"/"+!8%.I!UD.!).!U:.!.%5"49%!K'5!6%./).3%4!(:!59(3"&&"-B!%'+D!

$8>$8!56%+&.93!&)!&D%!@8+).%!'*B)."&D3!K"&D!@8+).%5!|!T<!).!|T_!"-4"+'&"-B!'!|_Su!).!

|__u!6.)('("*"&:!)/!+)..%+&!*)+'*"\'&")-I!.%56%+&"#%*:V!N%*'&"#%!R9'-&"&'&")-!K'5!

6%./).3%4!"-!8E:*"-%!X#TVkVTI!F-"#%.5"&:!)/!Q'5D"-B&)-Y!(:!'66*:"-B!&D%!/9**!$8!

6.%+9.5).!%W&.'+&%4!")-!+D.)3'&)B.'3!Xg1,Y!/9-+&")-!&)!"-&%B.'&%!'-4!3%'59.%!6%'E!

'.%'5!X'.%'!9-4%.!&D%!+9.#%I!@F,Y!)/!%'+D!"4%-&"/"%4!6D)56D)26%6&"4%5V!N%6).&%4!@F,!

3%'59.%3%-&5!/).!%'+D!6D)56D)26%6&"4%!K%.%!&D%!593!)/!&D%!3)-)"5)&)6"+!6%'E!g1,!'5!

K%**!'5!&D%!5%+)-4!'-4!&D".4!"5)&)6)3%.!g1,V!U)!'4e95&!/).!5*"BD&!#'."'&")-5!"-!5&'.&"-B!

,'$011!6.").!&)!U"` 7!%-."+D3%-&I!&D%!'#%.'B%!@F,!)/!&D.%%!-)-26D)56D).:*'&'(*%!X"V%V!

4"4!-)&!+)-&'" -!'!8UaY!6%6&"4%5!/.)3!&D%!-)-2%-."+D%4!f,2$8!5'36*%5!K%.%!95%4!&)!

B%-%.'&%!'!+)..%+&")-!/'+&).V!



!

!

<h!

2.10 Kinase assay 

kSv*!)/!B*9&'&D")-%!8%6D'.)5%!+)-&'"-"-B!kvB!)/!.%+)3("-'-&!L8U!&'BB%4!

+'56'5%27!6.)4)3'"-!).!L8U 2)-*:!6.)&%"-5!K%.%!"-+9('&%4!"-!Xenopus!%BB!%W&.'+&5!

&)B%&D%.!K"&D!7Sv,"!ys2Z7?z@U?I!&.%'&%4!(:!7S3$!Li?!).!K'&%.I!'&!ZSt,!/).!TD.V!8'36*%5!

K%.%!K'5D%4!K"&D!&D%!5'3%!K'5D!(9//%.!'5!"-!+)2"339-)6.%+"6"&'&")-!%W6%."3%-&I!

%*9&%4!K"&D!8C82?@Lg!5'36*%!(9//%.I!'-4!.%5)*#%4!(:!8C8 2?@Lg!/).!'9&).'4")B.'6D: V!
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3. Metabolic control of CaMKII activation through the 
B55! /PP2A 

!

3.1 Introduction 

,'$011!"5!'-!"36).&'-&!,' 7[ !5"B-'*!3%4"'&).V!F6)-!'+&"#'&")-!(:!&D%!"-&%.'+&")-!

K"&D!,' 7[>,'$I!,'$011!56%+"/"+'**:!6D)56D).:*'&%5!&D%!&'.B%&"-B!5%."-%>&D.%)-"-%!

.%5"49%5!)-!59(5&.'&%5!'-4!3%4"'&%5!39*&"6*%!4)K-5&.%'3!5"B-'*"-B!6'&DK':5V!A"BD*:!

%W6.%55%4!"-!(.'"-!&"559%5!59+D!'5!D"66)+'3695I!,'$011!"5!(%5&!5&94"%4!"-!3%4"'&"-B!

&D%!*%'.-"-B!'-4!3%3).:!6.)+%55!+'**%4!*)-B2&%.3!6)&%-&"'&")-!XfU?YI!KD"+D!"5!'!

3%3).:!3%+D'-"53!4% /"-%4!(:!5:-'65%!5&.%-B&D%-"-B!4%6%-4%-&!)-!.%+%-&!'+&"#"&"%5V!

F6)-!5:-'6&"+!%W+"&%3%-&I!,'$011!'+&"#"&:!"5!%*%#'&%4!(:!&D%!"-+.%'5"-B!,'7[ !

+)-+%-&.'&")-!"-!6)5&5:-'6&"+!+%**5!'-4!3%4"'&%5!5:-'6&"+!&.'-53"55")-!X.%#"%K%4!"-!

f"53'-!%&!'*VI!7SS7YV!0"-'5%!"-D"("&).5!K%.%!95%4!&)!5&94:!&D%!/9-+&")-!)/!,'$011!"-!&D%!

6.)+%55!)/!5:-'6&"+!&.'-53"55")-V!;)&D!&D%!(.)'4!56%+&.93!"-D"("&).!Aj!'-4!&D%!,'$011 2

56%+"/"+!6%6&"4%!"-D"("&).!K%.%!/)9-4!&)!.%49+%!&D%!6)&%-+:!)/!5:-'6&"+!&.'-53"55")-!

XQ'WD'3!%&!'*VI!T__ZYV!UD%!,'$011w!E-)+E)9&!3"+%!5D)K%4!4%/"+"%-+:!)/!fU?I!KD"*%!

6.%5%-&"-B!-).3'*!(%D'#").5!"-!3)5&!)&D%.!'56%+&5!X8"*#'!%&!'*VI!T__7YV!;%5"4%5!*%'.-"-B!

'-4!3%3).:I!,'$011!D'5!'*5)!(%%-!5&94"%4!/).!"&5!/9-+&")-!"-!.%B9*'&"-B!&D%!

+)-&.'+&"*"&:!)/!53))&D!395+*%5V!;:!95"-B!&D%!,'$011!"-D"("&).!0J 2_ZI!,'$011!K'5!
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5D)K-!&)!(%!%55%-&"'*!/).!3'"-&'"-"-B!&D%!+)-&.'+&"*%!/).+%!"-49+%4!(:!D"5&'3"-%!

&.%'&3%-&!XN)E)*:'!'-4!8"-B%.I!7SSSYV!,'$011!K'5!&D)9BD&!&)!3%4"'&%!53))&D!395+*%!

+)-&.'+&"*"&:!&D.)9BD!6D)56D).:*'&"-B!&D%!*"BD&!+D'"-!)/!3:)5"-!Xg4%*3'-!%&!'*VI!T__SYV!

C%/"+"%-+"%5!K"&D"-!&D%!,'$01123%4"'&%4!6'&DK':!.%59*&5!"-!D%'.&!4:5/9-+&")-I!

"-+*94"-B!+'.4"'+!'..D:&D3"'!'-4!D%'.&!/'"*9.%!X.%#"%K%4!"-!A9-4!'-4!$)D*%.I!7STkYV!1-!

'44"&")-I!,'$011!+)9*4!'*5)!.%B9*'&%!B%-%!&.'-5+."6&")-!(:!6D)56D).:*'&"-B!&D%!

&.'-5+."6&")-!/'+&).I!+@$?!.%56)-5%!%*%3%-&2("-4"-B!6.)&%"-!X,Ng;YI!&D%.%(:!

"-/*9%-+"-B!&D%!&.'-5+."6&")-!)/!4)K-5&.%'3!B%-%5!X89-!%&!'*VI!T__kYV!1-!'44"&")-!&)!&D%5%!
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Figure  3-­‐‑1:  The  regulation  of  CaMKII  activity  
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3.2 Results 

3.2.1 Metabolic control of CaMKII activity  
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Figure  3-­‐‑2:  CaMKII  activation  is  sensitive  to  metabolic  status  
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3.2.2 The phosphorylation status of CaMKII is altered by G6P 
treatment of egg extracts  
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Figure  3-­‐‑3:  Modification  of  CaMKII  by  metabolism  
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3.2.3 G6P treatment increases binding of PP2A to CaMKII  
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Figure  3-­‐‑4:  CaMKII  -­‐‑PP2A  interactions  are  regulated  by  G6P  
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3.2.4 B55! targets PP2A to regulate CaMKII activation  
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Figure  3-­‐‑5:  B55β  regulates  CaMKII  activation  
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3.2.5 PP2A dephosphorylates S395 on CaMKII in the presence of G6P  
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3.2.6 The phosphorylation status of T393 and S395 affects CaMKII 
activation  
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Figure  3-­‐‑6:  B55β-­‐‑mediated  T393/S395  dephosphorylation  Contributes  to  CaMKII  
Activation  
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3.2.7 Involvement of CoA in the B55 ! /PP2A regulation of CaMKII 
activation  
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Figure  3-­‐‑7:  Involvement  of  CoA  in  B55β/PP2A-­‐‑mediated  CaMKII  regulation  
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3.3 Discussion 

3.3.1 The communication between CoA and B55! /PP2A-mediated 
CaMKII dephosphorylation  
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3.3.2 Effects of G6P -stimulated phosphorylation status change on 
CaMKII 
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5"&%5I!'-4!&D%!R9%5&")-!)/!KD%&D%.!&D%!6D)56D).:*'&")-!)/!&D%5%!5"&%5!"5!9-4%.!3%&'()*"+!

.%B9*'&")-I!'.%!K).&D!69.59"-BV!
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3.3.3 Regulation of T393/S395 phosphorylation status  
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4. Conclusions and perspectives  
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4.1 Metabolic regulation of CaMKII in other CaMKII-mediated 
signaling pathways 
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'+&"#"&:I!56%+"/"+"&:I!'+&"#'&")-!'-4!"-D"("&")-V! The  Biochemical  journal!ZhkI!7ST27Z7V!

L'3(D".I!8V8V!X7SS7YV!$)*%+9*'.!"3'B"-B!)/!+'-+%.!K"&D!6)5"&.)-!%3"55")-!&)3)B.'6D:V!
Nature  reviews  Cancer!7I!ihZ2i_ZV!

L'.+"' 2,'*#)I!$VI!?%&%.5)-I!gV?VI!f%"&"-BI!;VI!N9%*I!NVI!J"+D)*5)-I!CVQVI!'-4!UD).-(%..:I!
JV@V!XT__hYV!1-D"("&")-!)/!D93'-!+'56'5%5!(:!6%6&"4%2('5%4!'-4!3'+.)3)*%+9*'.!
"-D"("&).5V!The  Journal  of  biological  chemistry!7jZI!Z7iSh2Z7iTZV!

L)%4%.&I!$VI!M'E%5I!NVI!l"I!dVI!Q'-BI!MVAVI!'-4!,)D%-I!?V!XT__<YV!?.)&%"-!6D)56D'&'5%!7@!
"5!&D%!3'e).!%-\:3%!"-!(.'"-!&D'&!4%6D)56D).:*'&%5!&'9!6.)&%"-!6D)56D).:*'&%4!
(:!6.)*"-% 24".%+&%4!6.)&%"-!E"-'5%5!).!+:+*"+!@$?24%6%-4%-&!6.)&%"-!E"-'5%V!
Journal  of  neurochemistry!i<I!7hSk27hSjV!

L)%4%.&I!$VI!'-4!86"**'-&"-"I!$VLV!X7SSiYV!@!+%-&9.:!)/!@*\D%"3%.€5!4"5%'5%V!Science!ZTkI!
jjj 2jhTV!

L.'#%5I!?VNVI!a9I!fVI!8+DK'.\I!MV0VI!L'*%5I!MVI!8'95#"**%I!gV@VI!`€,)--).I!?V$VI!'-4!
?"K-"+' 2Q).35I!AV!X7SSSYV!UD%!,DET!6.)&%"-!E"-'5%!'-4!&D%!,4+7<,!.%B9*'&).:!
6'&DK':5!'.%!&'.B%&5!)/!&D%!'-&"+'-+%.!'B%-&!F,J2STV!The  Journal  of  biological  
chemistry!7j<I!<iSS2<iS<V!

L."//"&DI!fV,V!X7SSkYV!,'*+"93>+'*3)49*"-24%6%-4%-&!6.)&%"-!E"-'5%!11G!'-!9-/).B%&&'(*%!
E"-'5%V!The  Journal  of  neuroscience  :  the  official  journal  of  the  Society  for  Neuroscience!
7kI!hZ_T2hZ_ZV!
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L9)I!aVI!8."-"#'5 9*'I!8V$VI!C.9"*D%I!@VI!P%.-'-4%52@*-%3."I!UVI!'-4!@*-%3."I!gV8V!X7SS7YV!
,'56'5% 27!"-49+%5!'6)6&)5"5!(:!.%*%'5"-B!6.)'6)6&)&"+!6.)&%"-5!/.)3!
3"&)+D)-4."'V! The  Journal  of  biological  chemistry!7jjI!TZkZS2TZkZjV!

A'**"K%**I!;V!X7SSjYV!`W"4'&"#%!5&.%55!'-4!+'-+%.G!D'#%!K%!3)#%4!/).K'.4q!The  
Biochemical  journal!kSTI!T2TTV!

A'-'D'-I!CVI!'-4!Q%"-(%.BI!NV@V!X7SSSYV!UD%!D'**3'.E5!)/!+'-+%.V!Cell!TSSI!<j2jSV!

A'-'D'-I!CVI!'-4!Q%"-(%.BI!NV@V!X7STTYV!A'**3'.E5!)/!+'-+%.G!&D%!-%W&!B%-%.'&")-V!Cell!
TkkI!iki 2ijkV !

A'-5)-I!?V1 VI!$%:%.I!UVI!8&.:%.I!fVI!'-4!8+D9*3'-I!AV!XT__kYV!C9'*!.)*%!)/!+'*3)49*"-!"-!
'9&)6D)56D).:*'&")-!)/!39*&"/9-+&")-'*!,'$!E"-'5%!3':!9-4%.*"%!4%+)4"-B!)/!
+'*+"93!5"B-'*5V!Neuron!T7I!_kZ2_<iV!

A'-5)-I!?V1VI!'-4!8+D9*3'-I!AV!XT__7YV!1-D"("&).:!'9&)6D)56D).:*'& ")-!)/!
39*&"/9-+&")-'*!,'7[>+'*3)49*"- 24%6%-4%-&!6.)&%"-!E"-'5%!'-'*:\%4!(:!5"&%2
4".%+&%4!39&'B%-%5"5V!The  Journal  of  biological  chemistry!7ijI!Tj7Ti 2Tj77kV!

A'.4K"+EI!MV$VI!'-4!8)'-%I!fV!X7STZYV!$9*&"6*%!/9-+&")-5!)/!;,f27!/'3"*:!6.)&%"-5V!Cold  
Spring  Harbor  perspectives  in  biology!<V!

A'.."5I!,V,V!XT__iYV!6<Z!&93).!5966.%55).!B%-%G!/.)3!&D%!('5"+!.%5%'.+D!*'().'&).:!&)!&D%!
+*"-"+22'-!'(."4B%4!D"5&)."+'*!6%.56%+&"#%V!Carcinogenesis!TjI!TThj2TT_hV!

A%'*:I!@V$VI!d)*-"%.)K"+\I!8VI!8&'6*%&)-I!@VgVI!L)%(*I!$VI!C%?')*" 2N)'+DI!@V@VI!'-4!
?."-B*%I!MVNV!XT__TYV!,C,<<I!'!8'++D'.)3:+%5!+%.%#"5"'%!B%-%!"-#)*#%4!"-!+%**9*'.!
3).6D)B%-%5"5G!"4%-&"/"+'&")-I!+D'.'+&%."\'&")-I!'-4!D)3)*)B:!&)!&D%!;!59(9-"&!
)/!3'33'*"'-!&:6%!7@!6.)&%"-!6D)56D'&'5%V! Molecular  and  cellular  biology!TTI!
<jij 2<jhSV!

A%-B'.&-%.I!$V`VI!g**"5I!NVgVI!'-4!A).#"&\I!AVNV!XT__7YV!Caenorhabditis!elegans!B%-%!ced-­‐‑9!
6.)&%+&5!+%**5!/.)3!6.)B.'33%4!+%**!4%'&DV!Nature!Z<iI!k_k2k__V!

A%-B'.&-%.I!$V`VI!'-4!A).#"&\I!AVNV!XT__kYV!C.  elegans!+%**!59.#"#'*!B%-%!ced-­‐‑9!%-+)4%5!'!
/9-+&")-'*!D)3)*)B!)/!&D%!3'33'*"'-!6.)&) 2)-+)B%-%!(+*27V!Cell!jiI!ii< 2ijiV !

A".5+DI!UVI!$'.+D%&&"I!?VI!895"-I!8V@VI!C'**'6).&'I!;VI!d'3\'3"I!JVI!$'.\)I!1VI!L%95E%-5I!
$VI!'-4!0.)%3%.I!LV!XT__jYV!UD%!'6)6&)5"52-%+.)5"5!6'.'4)WV!@6)6&)B%-"+!
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6.)&%'5%5!'+&"#'&%4!'/&%.!3"&)+D)-4."'*!6%.3%'("*"&:!&.'-5"&")-!4%&%.3"-%!&D%!
3)4%!)/!+%**!4%'&DV!Oncogene!T<I!T<jZ2T<hTV!

A)I!fVAVI!U':*).I!NVI!C).5&:-I!fVI!,'E)9.)5I!CVI!;)9"**%&I!?VI!'-4!093'.I!8V!X7SS_YV!@!
&93).!5966.%55).!/9-+&")-!/).!+'56'5% 27V!Proceedings  of  the  National  Academy  of  
Sciences  of  the  United  States  of  America!TSiI!<ZZi2<ZkTV!

A)/3'--I!0VI!;9+D%.I!?VI!'-4!U5+D)66I!MV!XT__jYV!UD%!,@NC!4)3'"-G!'!-%K!'6)6&)&"+!
5"B-'**"-B!3)&"/V!Trends  in  biochemical  sciences!77I!T<<2T<iV!

A)/3'--I!QV0VI!4%!m)5I!8VI!U59E'5'E"I!0VI!Q'+D53'-I!QVI!?"-E95I!LV8VI!8'"4I!MVQVI!'-4!
0)%//*%.I!AV?V!X7SSTYV!@*&%.%4!'6)6&)5"5!6'&DK':5!"-!3'-&*%!+%**!*:36D)3'!
4%&%+&%4!(:!)*"B)-9+*%)&"4%!3"+.)'..':V!Blood!_hI!jhj 2j_kV!

A)**%3'-I!@VI!4%-!;)%.I!$VfVI!0'\%3"%.I!0V$VI!;%#%.*))I!AV;VI!#)-!;%.BDI!@VNVI!M'-E'2
8+D'9(I!LVgVI!'-4!?"%&%.5I!NV!X7SS<YV!C%+.%'5%4!?@N?!'-4!6.)+'56'5%27!6.)&%"-!
*%#%*5!'.%!'55)+"'&%4!K"&D!+%**9*'.!4.9B!.%5"5&'-+%!"-!+D"*4D))4!'+9&%!
*:36D)(*'5&"+!*%9E%3"'V!Blood!TSiI!ThTj2Th7ZV!

A)-E'-%-I!NVgVI!'-4!L)*4%-I!UV!X7SS7YV!N%B9*'&).5!)/!5%."-%>&D.%)-"-%!6.)&%"-!
6D)56D'&'5%5!'&!&D%!4'K-!)/!'!+*"-"+'*!%.'q!Current  medicinal  chemistry!_I!7S<<2
7Sj<V!

A59I!aVUVI!'-4!a)9*%I!NVMV!XT__hYV!;'W!"-!39."-%!&D:395!"5!'!5)*9(*%!3)-)3%."+!6.)&%"-!
&D'&!4"56*':5!4"//%.%-&"'*!4%&%.B%-&2"-49+%4!+)-/).3'& ")-5V!The  Journal  of  
biological  chemistry!7jZI!TSjjj 2TSjhZV!

A9'-BI!;VI!g(%.5&'4&I!$VI!`*%e-"+\'EI!gVUVI!$%'4)K5I!NV?VI!'-4!P%5"EI!8VQV!XT__iYV!J$N!
5&.9+&9.%!'-4!39&'B%-%5"5!)/!&D%!P'5!X@?`2T>,C_<Y!4%'&D!4)3'"-V!Nature!ZhkI!
iZh2ikTV!

A9'-BI!CV,VI!'-4!8&.'55% .I!@V!X7SSSYV!;AZ2̀ -*:!6.)&%"-5 2%55%-&"'*!"-"&"'&).5!)/!'6)6&)&"+!
+%**!4%'&DV!Cell!TSZI!hZ_2hk7V!

A943)-I!@VI!'-4!8+D9*3'-I!AV!X7SS7YV!8&.9+&9.%2/9-+&")-!)/!&D%!39*&"/9-+&")-'*!
,'7[>+'*3)49*"- 24%6%-4%-&!6.)&%"-!E"-'5%!11V!The  Biochemical  journal!ZikI!<_Z2
iT TV!

A9-4I!UVMVI!'-4!$)D*%.I!?VMV!X7STkYV!N)*%!)/!,'$011!"-!+'.4"'+!'..D:&D3"'5V!Trends  in  
cardiovascular  medicineV!
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A9&+D"-5I!MVNVI!C"E)#5E':'I!CVI!'-4!,*'.E%I!?VNV!X7SSZYV!N%B9*'&")-!)/!,4+7>+:+*"-!;!
'+&"#'&")-!"-! Xenopus!%BB!%W&.'+&5!#"'!"-D"("&).:!6D)56D).:*'&")-!)/!,4+7<,!
6D)56D'&'5%!(:!,'X7[Y>+'*3)49*"- 24%6%-4%-&!6.)&%"-!y+)..%+&%4z!E"-'5%!11V!
Molecular  biology  of  the  cell!TkI!kSSZ2kSTkV!

1E%B'E"I!JVI!0'&593'&'I!$VI!$"--'I!MVI!'-4!U59e"3)&)I!aV!XT__kYV!gW6.%55")-!)/!(+*27!"-!
53'**!+%**!*9-B!+'.+"-)3'!+%**5V!Cancer  research!<kI!i 2hV!

15D"4'I!@VI!0"&'-"I!UVI!`E9-)I!8VI!'-4!P9e"5'K'I!AV!XT__kYV!1-'+&"#'&")-!)/!
,'7[>+'*3)49*"- 24%6%-4%-&!6.)&%"-!E"-'5%!11!(:!,'7[>+'*3)49*"-V!Journal  of  
biochemistry!TT<I!TSj<2TSh7V!

M'-55%-5I!mVI!L)."5I!MVI!'-4!m'-!A))/I!,V!X7SS<YV!??7@G!&D%!%W6%+&%4!&93).!5966.%55).V!
Current  opinion  in  genetics  &  development!T<I!Zk2kTV!

0'-'5%E"I!UVI!1E%9+D"I!aVI!89B"9.'I!AVI!'-4!a'3'9+D"I!UV!XT__TYV!8&.9+&9.'*!/%'&9.%5!)/!
,'7[>+'*3)49*"- 24%6%-4%-&!6.)&%"-!E"-'5%!11!.%#%'*%4!(:!%*%+&.)-!3"+.)5+)6:V!
The  Journal  of  cell  biology!TT<I!TSk_2TSiSV!

0%36I!;VgVI!?'.E%.I!$VQVI!A9I!8VI!U"B'-"5I!UVI!'-4!A)95%I!,V!XT__kYV!89(5&.'&%!'-4!
65%94)59(5&.'&%!"-&%.'+&")-5!K"&D!6.)&%"-!E"-'5%5G!4%&%.3"-'-&5!)/!56%+"/"+"&:V!
Trends  in  biochemical  sciences!T_I!kkS2kkkV!

0%..I!MVPVI!Q:**"%I!@VAVI!'-4!,9.."%I!@VNV!XT_j7YV!@6)6&)5"5G!'!('5"+!(")*)B"+'*!
6D%-)3%-)-!K"&D!K"4%2.'-B"-B!"36*"+'&")-5!"-!&"559%!E"-%&"+5V!British  journal  of  
cancer!7iI!7Z_27<jV!

0"3I!AVI!U9I!AV,VI!N%-I!CVI!U'E%9+D"I!`VI!M%//%.5I!MVNVI!d'3(%&&"I!LV?VI!A5"%DI!MVMVI!'-4!
,D%-BI!gVAV!X7SS_'YV!8&%6K"5%!'+&"#'&")-!)/!;@O!'-4!;@0!(:!&;1CI!;1$I!'-4!
?F$@!"-"&"'&%5!3"&)+D)-4."'*!'6)6&)5"5V!Molecular  cell!ZiI!khj 2k__V!

0"3I!1VNVI!$9.'E'3"I!0VI!,D%-I!JVMVI!8'"("*I!8VCVI!$'&:5"'E2d'(*)+E"I!gVI!g*/).4I!@VNVI!
;)--'.4I!$VI!; %-+D"3)*I!8VI!M9."5"+)#'I!@VI!a%DI!QV,VI!%&!'*V!X7SS_(YV!CJ@!
4'3'B% 2!'-4!5&.%552"-49+%4!'6)6&)5"5!)++9.5!"-4%6%-4%-&*:!)/!?1CCV!Apoptosis  :  
an  international  journal  on  programmed  cell  death!TkI!TSZ_2TSk_V!

0*9+EI!NV$VI!;)55:2Q%&\%*I!gVI!L.%%-I!CVNVI!'-4!J%K3%:%.I!CVCV!XT__jYV!UD%!.%*%'5%!)/!
+:&)+D.)3%!+!/.)3!3"&)+D)-4."'G!'!6."3'.:!5"&%!/).!;+* 27!.%B9*'&")-!)/!'6)6&)5"5V!
Science!7j<I!TTZ72TTZiV!
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0)*(I!8VMVI!A943)-I!@VI!L"-5(%.BI!UVNVI!'-4!Q'WD'3I!$VJV!XT__hYV!14%-&"/"+'&")-!)/!
4)3'"-5!%55%-&"'*!/).!&D%!'55%3(*:!)/!+'*+"93>+'*3)49*"- 24%6%-4%-&!6.)&%"-!
E"-'5%!11!D)*)%-\:3%5V!The  Journal  of  biological  chemistry!7jZI!ZT<<<2ZT<ikV!

0)*)4\"%eI!8VMVI!A943)-I!@VI!Q'WD'3I!$VJVI!'-4!8&))65I!MV0V!X7SSSYV!UD.%%24"3%-5")-'*!
.%+)-5&.9+&")-5!)/!+'*+"93>+'*3)49*"- 24%6%-4%-&!X,'$Y!E"-'5%!11'*6D'!'-4!
&.9-+'&%4!,'$!E"-'5%!11'*6D'!.%#%'*!'!9-"R9%!).B'-"\'&")-!/).!"&5!5&.9+&9.'*!+).%!
'-4!/9-+&")-'*!4)3'"-5V! The  Journal  of  biological  chemistry!7j<I!TkZ<k2TkZ<_V!

0).53%:%.I!8VMVI!8D9&&%.I!MVNVI!m%"5I!CVMVI!$%..:I!CVgVI!'-4!`*&#'"I!dVJV!XT__ZYV!;+*27>;'WG!'!
.D%)5&'&!&D'&!.%B9*'&%5!'-!'-&"2)W"4'-&!6'&DK':!'-4!+%**!4%'&DV!Seminars  in  cancer  
biology!kI!Z7j2ZZ7V!

0.935+D-'(%*I!LVI!8)D3I!;VI!;)+EI!PVI!$'-\*I!,VI!'-4!m"**9-B%.I!@V!X7SS_YV!UD%!%-"B3'!)/!
+'56'5%27G!&D%!*':3%-€5!#"%KV!Cell  death  and  differentiation!TiI!T_<27SjV!

093'.I!8V!X7SS_YV!,'56'5%!7!"-!'6)6&)5"5I!&D%!CJ@!4'3'B%!.%56)-5%!'-4!&93)9.!
5966.%55")-G!%-"B3'!-)!3).%q!Nature  reviews  Cancer!_I!h_j2_SZV!

093'.I!8VI!0"-)5D"&'I!$VI!J)4'I!$VI!,)6%*'-4I!JVLVI!'-4!M%-E"-5I!JV@V!XT__kYV!1-49+&")-!
)/!'6)6&)5"5!(:!&D%!3)95%!J%447!B%-%I!KD"+D!%-+)4%5!'!6.)&%"-!5"3"*'.!&)!&D%!
6.)49+&!)/!&D%!Caenorhabditis  elegans!+%**!4%'&D!B%-%!ced-­‐‑3!'-4!&D%!3'33'*"'-!1f 2
T!(%&'2+)-#%.&"-B!%-\:3%V!Genes  &  development!hI!TiTZ2Ti7iV!

093'.I!8VI!U)3))E'I!aVI!'-4!J)4'I! $V!XT__7YV!14%-&"/"+'&")-!)/!'!5%&!)/!B%-%5!K"&D!
4%#%*)63%-&'**:!4)K- 2.%B9*'&%4!%W6.%55")-!"-!&D%!3)95%!(.'"-V!Biochemical  and  
biophysical  research  communications!Th<I!TT<<2TTiTV!

093'.I!8VI!QD"&%I!CVfVI!U'E'"I!8VI!U9.+\:-)K"+\I!8VI!M9&&-%.I!,V@VI!'-4!A9BD%5I!UV?V!
XT__<YV!@6)6&)5"5!.%B9*'&).:!B%-%!JgCC7!3'65!&)!D93'-!+D.)3)5)3%!5%B3%-&!
jRZk2Z<I!'!.%B")-!/.%R9%-&*:!'//%+&%4!"-!D'%3'&)*)B"+'*!-%)6*'535V!Human  
genetics!_<I!ikT2ikkV!

09.%&I!MVI!'-4!8+D9*3'-I!AV!XT_hkYV!?9."/"+'&")-!'-4!+D'.'+&%."\'&")-!)/!'!
,'7[> +'*3)49*"- 24%6%-4%-&!6.)&%"-!E"-'5%!/.)3!.'&!(.'"-V!Biochemistry!7ZI!<k_<2
<<SkV!

f'"I!aVI!J'".-I!@V,VI!L).%*"+EI!PVI!'-4!L.%%-B'.4I!?V!XT_hjYV!,'7[>+'*3)49*"-24%6%-4%-&!
6.)&%"-!E"-'5%!11G!"4%-&"/"+'&")-!)/!'9&)6D)56D).:*'&")-!5"&%5!.%56)-5"(*%!/).!
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B%-%.'&")-!)/!,'7[>+'*3)49*"- 2"-4%6%-4%-+%V!Proceedings  of  the  National  Academy  
of  Sciences  of  the  United  States  of  America!hkI!<jTS2<jTkV!

f'"I!aVI!J'".-I!@V,VI!'-4!L.%%-B'.4I!?V!XT_hiYV!@9&)6D)56D).:*'&")-!.%#%.5"(*:!.%B9*'&%5!
&D%!,'7[>+'*3)49*"- 24%6%-4%-+%!)/!,'7[>+'*3)49*"- 24%6%-4%-&!6.)&%"-!E"-'5%!
11V!Proceedings  of  the  National  Academy  of  Sciences  of  the  United  States  of  America!hZI!
k7<Z2k7<jV!

f'5595I!?VI!`6"&\ 2@.':'I!OVI!'-4!f'\%(-"EI!aV!X7SS7YV!N%R9".%3%-&!/).!+'56'5%27!"-!5&.%552
"-49+%4!'6)6&)5"5!(%/).%!3"&)+D)-4."'*!6%.3%'("*"\'&")-V! Science!7_jI!TZ<72TZ<kV!

f"I!?VI!J"eD'K'-I!CVI!;94"D'.4e)I!1VI!8."-"#'59*'I!8V$VI!@D3'4I!$VI!@*-%3."I!gV8VI!'-4!
Q'-BI!OV!XT__jYV!,:&)+D.)3%!+!'-4!4@U?24%6%-4%-&!/).3'&")-!)/!@6'/ 2
T>+'56'5%2_!+)36*%W!"-"&"'&%5!'-!'6)6&)&"+!6.)&%'5%!+'5+'4%V!Cell!_TI!kj_2kh_V!

f"-I!,VPVI!,D%-I!,VfVI!,D'-BI!QVUVI!M'-I!$V8VI!A59I!fVMVI!Q9I!NVAVI!U'-BI!$VMVI!,D'-BI!
QV,VI!'-4!f"-I!aV8V!X7SSkYV!8%R9%-&"'*!+'56'5%27!'-4!+'56'5% 2h!'+&"#'&")-!
965&.%'3!)/!3"&)+D)-4."'!49."-B!+%.'3"4%'-4!%&)6)5"4% 2"-49+%4!'6)6 &)5"5V!The  
Journal  of  biological  chemistry!7j_I!kSj<<2kSjiTV!

f"-I!$V!X7STTYV!$)*%+9*'.!"3'B"-B!95"-B!6)5"&.)-!%3"55")-!&)3)B.'6D:!"-!+)*).%+&'*!
+'-+%.V!Discovery  medicine!TTI!kZ<2kkjV!

f"-I!aVI!$'I!QVI!'-4!;%-+D"3)*I!8V!X7SSSYV!?"44I!'!-%K!4%'&D24)3'"- 2+)-&'"-"-B!6.)&%"-I!
"5!"-49+%4!(:!6<Z!'-4!6.)3)&%5!'6)6&)5"5V!Nature  genetics!7iI!T772T7jV!

f"-45&%-I!UVI!N)55I!@VMVI!0"-BI!@VI!d)-BI!QVOVI!N'&D3%**I!MV,VI!8D"%*5I!AV@VI!F*."+DI!gVI!
Q':3".%I!0VLVI!$'D'.I!?VI!P.'9K".&DI!0VI!%&!'*V!X7SSSYV!UD%!+)3("-%4!/9-+&")-5!)/!
6.)'6)6&)&"+!;+* 27!/'3"*:!3%3(%.5!('E!'-4!('W!'.%!%55%-&"'*!/).!-).3'*!
4%#%*)63%-&!)/!39*&"6*%!&"559%5V!Molecular  cell!iI!TZh_2TZ__V!

f"53'-I!MVI!8+D9*3'-I!AVI!'-4!,*"-%I!AV!X7SS7YV!UD%!3)*%+9*'.!('5"5!)/!,'$011!/9-+&")-!
"-!5:-'6&"+!'-4!(%D'#")9.'*!3%3). :V!Nature  reviews  Neuroscience!ZI!Tj<2T_SV!

f)9I!fVfVI!'-4!8+D9*3'-I!AV!XT_h_YV!C"5&"-+&!'9&)6D)56D).:*'&")-!5"&%5!5%R9%-&"'**:!
6.)49+%!'9&)-)3:!'-4!"-D"("&")-!)/!&D%!39*&"/9-+&")-'*!,'7[>+'*3)49*"- 2
4%6%-4%-&!6.)&%"-!E"-'5%V!The  Journal  of  neuroscience  :  the  official  journal  of  the  
Society  for  Neuroscience!_I!7S7S27SZ7V!
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f:-+DI!$V@VI!g.."-B&)-I!$VfVI!,*%3%-&5I!$V?VI!;*"55I!UVmVI!N%4"-"2C%*!J%B.)I!,VI!'-4!
f'.)+D%I!8V!XT__SYV!1-+.%'5%5!"-!B*9&'3'&%!.%*%'5%!'-4!6D)56D)"-)5"&"4%!
3%&'()*"53!'55)+"'&%4!K"&D!*)-B2&%.3!6)&%-&"'&")-!'-4!+*'55"+'*!+)-4"&")-"-BV!
Progress  in  brain  research!hZI!7<T27<iV!

$'e-)I!LVI!'-4!M)."5I!1V!XT__<YV!@6)6&)5"5I!)-+)5"5I!'-4!-%+.)5"5V!@-!)#%.#"%K!)/!+%**!
4%'&DV!The  American  journal  of  pathology!TkiI!Z2T<V!

$'-\*I!,VI!0.935+D-'(%*I!LVI!;)+E I!PVI!8)D3I!;VI!f'("I!mVI!;'93B'.&-%.I!PVI!f)B%&&%I!gVI!
U5+D)66I!MVI!'-4!m"**9-B%.I!@V!X7SS_YV!,'56'5%27!'+&"#'&")-!"-!&D%!'(5%-+%!)/!
?1CC)5)3%!/).3'&")-V! The  Journal  of  cell  biology!Th<I!7_T2ZSZV!

$'.B'-5E"I!QV@VI!L'-B)6'4D:':I!8V8VI!M%I!AVCVI!L'**'-&I!,VI!'-4!$).B'-I!0VLV!X7SS<YV!
U'.B%&"-B!)/!'!-)#%*!,'[7>+'*3)49*"- 24%6%-4%-&!6.)&%"-!E"-'5%!11!"5!%55%-&"'*!/).!
%W&.'+%**9*'.!5"B-'*2.%B9*'&%4!E"-'5%23%4"'&%4!5"B-'*"-B!"-!4"//%.%-&"'&%4!53))&D!
395+*%!+%**5V!Circulation  research!_jI!<kT2<k_V!

$'.B)*"5I!8V8VI!?%..:I!MV@VI!P).%5&%.I!,V$VI!J9&&I!fV0VI!L9)I!aVI!M'.4"3I!$VMVI!UD)3%-"95I!
$VMVI!P.%%*I!,VCVI!C'.('-4"I!NVI!@D-I!MVAVI!%&!'*V!X7SSi'YV!N)*%!/).!&D%!
??7@>;<i4%*&'!6D)56D'&'5%!"-!.%B9*'&"-B!Tk2Z2Z!.%*%'5%!/.)3!,4+7<!&)!+)-&.)*!
3"&)5"5V!Cell  T7jI!j<_ 2jjZV!

$'.B) *"5I!8V8VI!?%..:I!MV@VI!Q%"&\%*I!CVAVI!P.%%*I!,VCVI!a)5D"4'I!$VI!A':5&%'4I!UV@VI!'-4!
0).-(*9&DI!8V!X7SSi(YV!@!.)*%!/).!??T!"-!&D%!,4+7>,:+*"-!;23%4"'&%4!6)5"&"#%!
/%%4('+E!'+&"#'&")-!)/!,4+7<V!Molecular  biology  of  the  cell!TjI!Tjj_ 2Tjh_V!

$'.B)*"5I!8V8VI!Q'*5DI!8VI!Q%"5%.I!CV,VI!a)5D"4'I!$VI!8D%-)*"E'.I!8VI!'-4!0).-(*9&DI!8V!
X7SSZYV!??T!+)-&.)*!)/!$!6D'5%!%-&.:!%W%.&%4!&D.)9BD!Tk2Z2Z2.%B9*'&%4!,4+7<!
4%6D)56D).:*'&")-V!The  EMBO  journal!77I!<jZk2<jk<V!

$+,):I!PVI!C'.('-4"I!NVI!,D%-I!8V1VI!g+E'.4I!fVI!C)44I!0VI!M)-%5I!0VI!;'9+93I!@VMVI!7-4I!
L"(()-5I!MV@VI!f"-I!8VAVI!,)*(.'-I!NVMVI!%&!'*V!X7STZ'YV!$%&'()*"+!.%B9*'&")-!)/!
,'$011!6.)&%"-!'-4!+'56'5%5!"-! Xenopus!*'%#"5!%BB!%W&.'+&5V!The  Journal  of  
biological  chemistry!7hhI!hhZh2hhkhV!

$+,):I!PVI!C'.('-4"I!NVI!f%%I!AV,V I!;D'.'&D'3I!0VI!$)*4)#%'-9I!UVI!L.'+%I!,VNVI!C)44I!
0VI!f"-I!QVI!,D%-I!8V1VI!U'-B'**'6'**:I!NV?VI!%&!'*V!X7STZ(YV!$%&'()*"+!'+&"#'&")-!)/!
,'$011!(:!+)%-\:3%!@V! Molecular  cell!<7I!Z7<2ZZ_V!
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$%"e%."-EI!MV?VI!$%-5"-EI!gVMVI!Q'-BI!0VI!8%4*'EI!UVQVI!8*)%&e%5I!@VQVI!4%!Q"&&%I!UVI!
Q'E53'-I!LVI!'-4!0).53%:%.I!8VMV!XT__hYV!A%3'&)6)"%&"+!3'*"B-'-+"%5!
4%3)-5&.'&%!*)552)/ 2/9-+&")-!39&'&")-5!)/!;@OV! Blood  _TI!7__T27__jV!

$%:%.I!UVI!A'-5)-I!?V1VI!8&.:%.I!fVI!'-4!8+D9*3'-I!AV!XT__7YV!,'*3)49*"-!&.'66"-B!(:!
+'*+"93 2+'*3)49*" - 24%6%-4%-&!6.)&%"-!E"-'5%V!Science!7<iI!TT__2T7S7V!

$"**%.I!8VLVI!?'&&)-I!;VfVI!'-4!0%--%4:I!$V;V!XT_hhYV!8%R9%-+%5!)/!'9&)6D)56D).:*'&")-!
5"&%5!"-!-%9.)-'*!&:6%!11!,'$!E"-'5%!&D'&!+)-&.)*!,'7X[Y2"-4%6%-4%-&!'+&"#"&:V!
Neuron!TI!<_Z2iSkV!

$)--"I!`VI!M)%-599I !AVI!P.'-55"*'I!0VI!0*%/5&.)3I!MVI!@*"&'*)I!0VI!'-4!0-99&"*'I!8V!XT__jYV!
;,f7!)#%.%W6.%55")-!'55)+"'&%4!K"&D!+D.)3)5)3'*!'36*"/"+'&")-!"-!4"//95%!*'.B%!
; 2+%**!*:36D)3'V!Blood!_SI!TTih2TTjkV!

$)."&'I!aVI!?%.%\I!LV1VI!$'.'#%"I!CVmVI!U"**:I!0V1VI!'-4!U"**:I!MVfV!XT___YV!U'.B%&%4!
%W6.%55")-!)/!;+*27!"-!3)95%!))+:&%5!"-D"("&5!)#'."'-!/)**"+*%!'&.%5"'!'-4!6.%#%-&5!
56)-&'-%)95!'-4!+D%3)&D%.'6: 2"-49+%4!))+:&%!'6)6&)5"5!"-!#"&.)V!Molecular  
endocrinology!TZI!hkT2h<SV!

$)."&'I!aVI!'-4!U"**:I!MVfV!XT___YV!`)+:&%!'6)6&)5"5G!*"E%!5'-4!&D.)9BD!'-!D)9.B*'55V!
Developmental  biology!7TZI!T2TjV!

$9\")I!$VI!,D"--'":'-I!@V$VI!0"5+DE%*I!PV,VI!`€N)9.E%I!0VI!8D%#+D%-E)I!@VI!J"I!MVI!
8+'//"4"I!,VI!;.%&\I!MVCVI!dD'-BI!$VI!L%-&\I!NVI!%&!'*V!XT__iYV!Pf1,gI!'!-)#%*!P@CC2
D)3)*)B)95!1,g>,gC 2Z2*"E%!6.)&%'5%I!"5!.%+.9"&%4!&)!&D%!,C_<!XP'5>@?`2TY!
4%'&D22"-49+"-B!5"B-'*"-B!+)36*%WV!Cell!h<I!hTj2h7jV!

J%K3%:%.I!CVCVI!P'.5+D)-I!CV$VI!'-4!N%%4I!MV,V!XT__kYV!,%**2/.%%!'6)6&)5"5!"-!Xenopus!
%BB!%W&.'+&5G!"-D"("&")-!(:!;+*27!'-4!.%R9".%3%-&!/).!'-!).B'-%** %!/.'+&")-!
%-."+D%4!"-!3"&)+D)-4."'V!Cell!j_I!Z<Z2ZikV!

J"+D)*5)-I!CVQVI!'-4!UD).-(%..:I!JV@V!XT__jYV!,'56'5%5G!E"**%.!6.)&%'5%5V!Trends  in  
biochemical  sciences!77I!7__2ZSiV!

J9-%\I!LVI!;%-%4"+&I!$V@VI!A9I!aVI!'-4!1-)D'.'I!JV!XT__hYV!,'56'5%5G!&D%!6.)&%'5%5!)/!&D%!
'6)6&)&"+!6'&DK':V!Oncogene!TjI!Z7Zj2Z7k<V!

J9&&I!fV0VI!;9+D'Ee"'-I!$VNVI!L'-I!gVI!C'.('-4"I!NVI!a))-I!8VaVI!Q9I!MVlVI!$":'3)&)I!aVMVI!
L"(()-5I!MV@VI!@-4%.5%-I!MVfVI!P.%%*I!,VCVI!%&!'*V!X7SS_YV!$%&'()*"+!+)-&.)*!)/!))+:&%!
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'6)6&)5"5!3%4"'&%4!(:!Tk2Z2Z\%&'2.%B9*'&%4!4%6D)56D).:*'&")-!)/!+'56'5%27V!
Developmental  cell!TiI!h<i 2hiiV!

J9&&I!fV0VI!$'.B)*"5I!8V8VI!M%-5%-I!$VI!A%.3'-I!,VgVI!C9-6D:I!QVLVI!N'&D3%**I!MV,VI!'-4!
0).-(*9&DI!8V!X7SS<YV!$%&'()*"+!.%B9*'&")-!)/!))+:&%!+%**!4%'&D!&D.)9BD!&D%!
,'$011 23%4"'&%4!6D)56D).:*'&")-!)/!+'56'5% 27V!Cell!T7ZI!h_2TSZV!

`*&#'"I!dVJVI!$"**"3'-I!,VfVI!'-4!0).53%:%.I!8VMV!XT__ZYV!;+*27!D%&%.)4"3%."\%5!"-!#"#)!
K"&D!'!+)-5%.#%4!D)3)*)BI!;'WI!&D'&!'++%*%.'&%5!6.)B.'33%4!+%**!4%'&DV!Cell!jkI!
iS_2iT_V!

?'&.'I!0V,VI!'-4!A':I!JV!X7S TkYV!UD%!6%-&)5%!6D)56D'&%!6'&DK':!'-4!+'-+%.V!Trends  in  
biochemical  sciences!Z_I!Zkj2Z<kV!

?'&&)-I!;VfVI!$"**%.I!8VLVI!'-4!0%--%4:I!$V;V!XT__SYV!@+&"#'&")-!)/!&:6%!11!
+'*+"93>+'*3)49*"- 24%6%-4%-&!6.)&%"-!E"-'5%!(:!,'7[>+'*3)49*"-!"5!"-D"("&%4!
(:!'9&)6D)56D ).:*'&")-!)/!&D.%)-"-%!K"&D"-!&D%!+'*3)49*"- 2("-4"-B!4)3'"-V! The  
Journal  of  biological  chemistry!7i<I!TT7Sk2TT7T7V!

?%.%\I!LV1VI!0-945)-I!,V$VI!f%:E"-I!fVI!0).53%:%.I!8VMVI!'-4!U"**:I!MVfV!XT__jYV!@6)6&)5"52
'55)+"'&%4!5"B-'*"-B!6'&DK':5!'.%!.%R9".%4!/).!+D%3)&D%.'6: 23%4"'&%4!/%3'*%!
B%.3!+%**!4%5&.9+&")-V!Nature  medicine!ZI!T77h2T7Z7V!

?)&&5I!$V;VI!'-4!,'3%.)-I!8V!X7STTYV!,%**!*"-%'B%!'-4!+%**!4%'&DG!Caenorhabditis  elegans!
'-4!+'-+%.!.%5%'.+DV!Nature  reviews  Cancer!TTI!<S2<hV!

N'&&5I!mV8VI!P*'K5I!MV@VI!0)*6I!NVI!8).%-5)-I!,V$VI!'-4!U"**:I!MVfV!XT__<YV!@(*'&")-!)/!(+*27!
B%-%!%W6.%55")-!4%+.%'5%5!&D%!-93(%.5!)/!))+:&%5!'-4!6."3).4"'*!/)**"+*%5!
%5&'(*"5D%4!"-!&D%!6)5&2-'&'*!/%3'*%!3)95%!B)-'4V! Endocrinology!TZiI!Zii< 2ZiihV!

N)(%.&5)-I!MVCVI!g-)E55)-I!$VI!89)3%*'I!$VI!dD"#)&)#5E:I!;VI!'-4!`..%-"95I!8V!X7SS7YV!
,'56'5% 27!'+&5!965&.%'3!)/!3"&)+D)-4."'!&)!6.)3)&%!+:&)+D.)3%!+!.%*%'5%!
49."-B!%&)6)5"4%2"-49+%4!'6)6&)5"5V!The  Journal  of  biological  chemistry!7jjI!7_hSZ2
7_hS_V!

N)E)*:'I!@VI!'-4!8"-B%.I!AV@V!X7SSSYV!1-D"("&")-!)/!,'$!E"-'5%!11!'+&"#'&")-!'-4!/).+%!
3'"-&%-'-+%!(:!0J 2_Z!"-!'.&%."'*!53))&D!395+*%V!American  journal  of  physiology  
Cell  physiology!7jhI!,<Zj 2<k<V!
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N)&)-4'I!MVI!J"+D)*5)-I!CVQVI!P'\"*I!0V$VI!L'**'-&I!$VI!L'.%'9I!aVI!f'(%**%I!$VI!?%&%.5)-I!
gV?VI!N'56%.I!CV$VI!N9%*I!NVI!m'"**'-+)9.&I!MV?VI!%&!'*V!XT__iYV!UD%!&D.%%24"3%-5")-'*!
5&.9+&9.%!)/!'6)6'"->,??Z7I!'!E%:!3%4"'&).!)/!'6)6&)5"5V! Nature  structural  biology!
ZI!iT_2i7<V!

8'&&*%.I!$VI!f"'-BI!AVI!J%&&%5D%"3I!CVI!$%'4)K5I!NV?VI!A'.*'-I!MVgVI!g(%.5&'4&I!$VI!a))-I!
AV8VI!8D9E%.I!8V;VI!,D'-BI!;V8VI!$"--I!@VMVI!%&!'*V!XT__jYV!8&.9+&9.%!)/!;+*2Wf2;'E!
6%6&"4%!+)36*%WG!.%+)B-"&")-!(%&K%%-!.%B9*'&).5!)/!'6)6&)5"5V!Science!7j<I!_hZ2
_hiV!

8'9-4%.5I!MVQVI!M.V!XT_iiYV!C%'&D!"-!%3(.:)-"+!5:5&%35V!Science!T<kI!iSk2iT7V!

8+DK'.&\I!@VLVI!'-4!?'5DE)I!fVfV!X7SSkYV!C%D:4.)%6"'-4.)5&%.)-%I!B*9+)5%2i 26D)56D'&%!
4%D:4.)B%-'5%I!'-4!*)-B%#"&:V!Ageing  research  reviews!ZI!TjT2ThjV!

8D%-I!LVAVI!dD'-BI!QVMVI!M"'I!dVaVI!'-4!C%-BI!AVPV!X7STkYV!y?)5"&.)-!%3"55")-!&)3)B.'6D:!
/).!3)*%+9*'.!"3'B"-B!)/!6.) 5&'&%!+'-+%.zV!Zhonghua  nan  ke  xue  =  National  journal  
of  andrology  20I!TSZ_2TSk7V!

8D%-I!0VI!'-4!$%:%.I!UV!XT__hYV!1-!#"#)!'-4!"-!#"&.)!+D'.'+&%."\'&")-!)/!&D%!5%R9%-+%!
.%R9".%3%-&!/).!)*"B)3%.!/).3'&")-!)/!,'7[>+'*3)49*"- 24%6%-4%-&!6.)&%"-!
E"-'5%!11'*6D'V!Journal  of  neurochemistry!jSI!_i 2TSkV!

8D%-I!OVI!m'*%-+"'I!,V@VI!8\)5&'EI!MVQVI!C)-BI!;VI!'-4!f"9I!NV!X7SS<YV!8+'--"-B!&D%!D93'-!
6.)&%)3%!/).!+'*3)49*"- 2("-4"-B!6.)&%"-5V!Proceedings  of  the  National  Academy  of  
Sciences  of  the  United  States  of  America!TS7I!<_i_ 2<_jkV!

8D"I!aV!X7SS_YV!@55%3(*:!'-4!5&.9+&9.%!)/!6.)&%"-!6D)56D'&'5%!7@V!Science  in  China  Series  
C,  Life  sciences  /  Chinese  Academy  of  Sciences!<7I!TZ<2TkiV!

8D"%*45I!8V$VI!1-B%(."&5%-I!UV8VI!'-4!0%**:I!?VUV!XT_h<YV!14%-&"/"+'&")-!)/!6.)&%"-!
6D)56D'&'5%!T!"-!5:-'6&"+!e9-+&")-5G!4%6D)56D).:*'&")-!)/!%-4)B%-)95!
+'*3)49*"- 24%6%-4%-&!E"-'5%!11!'-4!5:-'65%2%-."+D%4!6D)56D)6.)&%"-5V!The  
Journal  of  neuroscience  :  the  official  journal  of  the  Society  for  Neuroscience!<I!ZkTk2Zk77V!

8"*#'I!@VMVI!8&%#%-5I!,VPVI!U)-%B'K'I!8VI!'-4!Q'-BI!aV!XT__7YV!C%/"+"%-&!D"66)+'36'*!
*)-B 2&%.3!6)&%-&"'&")-!"-!'*6D'2+'*+"93 2+'*3)49*"-!E"-'5%!11!39&'-&!3"+%V!
Science!7<jI!7ST27SiV!
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83"&DI!,V@VI!P'..'DI!UVI!'-4!L))4K"-I!NVLV!XT__kYV!UD%!UJP!.%+%6&).!596%./'3"*:!)/!
+%**9*'.!'-4!#".'*!6.)&%"-5G!'+&"#'&")-I!+)5&"39*'&")-I!'-4!4%'&DV!Cell!jiI!_<_ 2_i7V!

83:&D%I!,VI!'-4!J%K6).&I!MVQV!XT__TYV!8:5&%35!/).!&D%!5&94:!)/!-9+*%'.!'55%3(*:I!CJ@!
.%6*"+'&")-I!'-4!-9+*%'.!(.%'E4)K-!"-! Xenopus  laevis!%BB!%W&.'+&5V!Methods  in  cell  
biology!Z<I!kk_2kihV!

8."-"#' 5'-I!$VI!g43'-I!,VPVI!'-4!8+D9*3'-I!AV!XT__kYV!@*&%.-'&"#%!56*"+"-B!"-&.)49+%5!'!
-9+*%'.!*)+'*"\'&")-!5"B-'*!&D'&!&'.B%&5!39*&"/9-+&")-'*!,'$!E"-'5%!&)!&D%!
-9+*%95V!The  Journal  of  cell  biology!T7iI!hZ_2h<7V!

89-I!fVI!Q'-BI!AVI!Q'-BI!dVI!A%I!8VI!,D%-I!8VI!f"')I!CVI!Q'-BI!fVI!a'-I!MVI!f"9I!QVI!f%"I!OVI!
%&!'*V!X7ST7YV!$"W%4!*"-%'B%!E"-'5%!4)3'"-2*"E%!6.)&%"-!3%4"'&%5!-%+.)5"5!
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,Ng;!(:!,'7[>+'*3)49*"- 24%6%-4%-&!6.)&%"-!E"-'5%5!&:6%!11!'-4!&:6%!1m!
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89\'--%I!$VI!'-4!8&%**%.I!AV!X7STZYV!8D'6"-B!).B'-"535!K"&D!'6)6&)5"5V!Cell  death  and  
differentiation!7SI!ii_ 2ij<V!

U'BB'.&I!$VMVI!'-4!Q.':I!8V!XT__hYV!A:6)W"'!'-4!53))&D!395+*%!/9-+&")-G!E%:!.%B9*'&).:!
%#%-&5!49."-B!3%&'()*"+!5&.%55V!The  Journal  of  physiology!<S_!X!?&!7YI!ZT<2Z7<V!

U'-I!aVI!89-I!CVI!M"'-BI!QVI!0*)&\2J)'+EI!0VI!m'5D "5D&I!@V@VI!Q)D*5+D*%B%*I!MVI!
Q"45+DK%-4&%.I!$VI!'-4!86.9+EI!,V!X7STkYV!??7@2;<<(%&'!'-&'B)-"\%5!+:+*"-!gT!
6.)&%)*:5"5!'-4!6.)3)&%5!"&5!4:5.%B9*'&")-!"-!+'-+%.V!Cancer  research!jkI!7SSi2
7STkV!

U%-BI!OVI!C%B&%.%#I!@VI!M'B&'6I!?VI!O"-BI!OVI!,D)"I!8VI!C%-9I!NVI!a9'-I!MVI!'-4!,9-:I!LVCV!
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United  States  of  America!h<I!iZZj 2iZkTV!
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"-49+%4!'6)6&)5"5V!Nature  cell  biology!hI!j72jjV !

m'**'-)I!$VfV!XT_h_YV!8%6'.'&")-!)/!"5)\:3"+!/).35!)/!&:6%!11!+'*+"93>+'*3)49*"- 2
4%6%-4%-&!6.)&%"-!E"-'5%!95"-B!+'&")-2%W+D'-B%!+D.)3'&)B.'6D:V!Journal  of  
neuroscience  methods!ZSI!T2_V!
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.%*'&%4!B%-%I!%-+)4%5!()&D!6)5"&"#%!'-4!-%B'&"#%!.%B9*'&).5!)/!6.)B.'33%4!+%**!
4%'&DV!Cell!jhI!jZ_ 2j<SV!
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international!7_I!kh_2k_iV!
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Q'WD'3I!$VJVI!$'*%-E'I!NV,VI!0%**:I!?VUVI!'-4!$'9EI!$VCV!XT__ZYV!,'*+"93>+'*3)49*"-2
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Q%"I!$V,VI!f"-45&%-I!UVI!$))&D'I!mV0VI!Q%"*%.I!8VI!L.)55I!@VI!@5D":'I!$VI!UD)365)-I!,V;VI!
'-4!0).53%:%.I!8VMV!X7SSSYV!&;1CI!'!3%3(.'-%2&'.B%&%4!4%'&D!*"B'-4I!
)*"B)3%."\%5!;@0!&)!.%*%'5%!+:&)+D.)3%!+V!Genes  &  development!TkI!7SiS27SjTV!

Q%"I!$V,VI!d)-BI!QVOVI!,D%-BI!gVAVI!f"-45&%-I!UVI!?'-)9&5'E)6)9*)9I!mVI!N)55I!@VMVI!
N)&DI!0V@VI!$'+L.%B).I!LVNVI!UD)365)-I!,V;VI!'-4!0).53%:%.I!8VMV!X7SSTYV!
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'-4!4%'&DV!Science!7_7I!j7j 2jZSV!
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3%+D'-"53!)/!"-&%.*%9E"-2T!(%&'!+)-#%.&"-B!%-\:3%V!Nature!ZjSI!7jS27j<V!

O9I!,VI!;'"**: 2$'"&.%I!;VI!'-4!N%%4I!MV,V!X7SS<YV!g-4)6*'53"+!.%&"+9*93!5&.%55G!+%**!*"/%!'-4!
4%'&D!4%+"5")-5V!The  Journal  of  clinical  investigation!TT<I!7i<i27iikV!

O9I!aVI!,D%-I!aVI!dD'-BI!?VI!M%//.%:I!?VCVI!'-4!8D"I!aV!X7SShYV!8&.9+&9.%!)/!'!6.)&%"-!
6D)56D'&'5%!7@!D)*)%-\:3%G!"-5"BD&5!"-&)!;<<23%4"'&%4!U'9!
4%6D)56D).:*'&")-V!Molecular  cell!ZTI!hjZ2hh<V!
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0).-(*9&DI!8V!X7STkYV!P'&&:!'+"4!5:-&D'5%!"-D"("&")-!%-B'B%5!'!-)#%*!+'56'5%27!
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"-D"("&).:!6D)56D).:*'&")-!)/! C.)-+V!The  EMBO  journal!7_I!ZT_i2Z7SjV!

a))I!JVMVI!f%%I!MVQVI!0"3I!aVMVI!8)9-BI!aVAVI!0"3I!8VaVI!J'3I!8VQVI!?'.EI!QV8VI!f%%I!MVaVI!
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APMIS  :  acta  pathologica,  microbiologica,  et  immunologica  Scandinavica!TT7I!ZZS2ZZ<V!

a9'-I!MVI!8D'D'3I!8VI!f%4)9WI!8VI!g**"5I!AV$VI!'-4!A).#"&\I!AVNV!XT__ZYV!UD%!C.  elegans!+%**!
4%'&D!B%-%!ced-­‐‑3!%-+)4%5!'!6.)&%"-!5"3"*'.!&)!3'33'*"'-!"-&%.*%9E"- 2T!(%&'2
+)-#%.&"-B!%-\:3%V!Cell!j<I!ikT 2i<7V!

dD'-BI!aVI!'-4!a'-BI!MV$V!X7STZYV!@*&%.%4!%-%.B:!3%&'()*"53!"-!+'-+%.G!'!9-"R9%!
)66).&9-"&:!/).!&D%.'6%9&"+!"-&%.#%-&")-V!Cancer  biology  &  therapy!TkI!hT2h_V!
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