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/!ADC=:G:=!FC=CD9<FX!"BC!FC=CD9<F!:A!;<9!/H?C!9<!4:A=F:8:;/9C!HC9VCC;!=>9<A<?@ADC=:G:=!9,*#A!

/;4!:8D<F9C4!9,*#AW!VB:=B!:A!=<;A:A9C;9!V:9B!9BC!?<AA!<G!ADC=:G:=:9>!:;!$)1@$&'-!9,*#!:8D<F9!

A>A9C8!?/=6:;J!C&(Q/!N$<ER/:4:@":/?:!C9!/?W!O\\bPX!"<!CLD?/:;!VB>!/!9F/;A?/9:<;!G/=9<F!C&(Q/!

BC?DA!/!AEHD<DE?/9:<;!<G!/8:;</=>?/9C4!9,*#A!9<!CA=/DC!=>9<A<?:=!9F/;A?/9:<;!/;4!9/FJC9A!

9BC8!9<!9BC!8:9<=B<;4F:/W!9BC!CL:A9C;=C!<G!9V<!GE;=9:<;/?>!4:GGCFC;9!C&(Q/!D<DE?/9:<;A!V/A!

AEJJCA9C4!N$<ER/:4:@":/?:!C9!/?W!O\\bPX!

#!DFC=:AC!8C=B/;:A8!<G!9BC!9,*# !9F/;A?<=/9:<;!/=F<AA!9BC!8:9<=B<;4F:/?!4<EH?C!

8C8HF/;C !:;! 9F>D/;<A<8/9:4A!:A!E;6;<V; !HE9!:9!4CDC;4A!<;!#"1!B>4F<?>A:AX!.; 1AG1='5#+$!

9,*#!8:9<=B<;4F:/ ?!:8D<F9!AB<VA!/! =<;;C=9:<; !V:9B!9BC!8:9<=B<;4F:/?!DF<9C:;!:8D<F9!?:6C!:;!

?G1#+'+@$%$(+!/;4!:;!D?/;9A !HE9W!E;?:6C!D?/;9AW!4<CA!;<9!FCUE:FC!-0#) !N1EA;:6!C9!/?W!O\\cPX!

A=":8Qb!/;4 !A=83ADb\ !/FC!4:FC=9?>!:;I<?IC4!:;!9,*#!:8D<F91$)1@$@-!/A!4C?C9:<;!<G!9BCAC!

DF<9C:;A!?C/4A!9<!:;B:H:9:<;!<G!9,*#!:8D<F9X!3<VCICFW!D<AA:H?C!FC/A<;!G<F!9BC!9,*#!:8D<F9!

:;B:H:9:<;!=<E?4!HC!/ !?/=6!<G!:8D<F9!<G!/44:9:<;/?!E;6;<V;!9,*#!:8D<F9!G/=9<F!N"A=B<DD!C9!/?W!

O\QQPX!.9!V/A!AEJJCA9C4!9B/9!A=":8Qb!/;4 !A=83ADb\! are physically associated V:9B!<9BCF!

DF<9C:;A!:;=?E4:;J!A=QQX\QXMYc\!/;4!A=\cXIQX\MO\ to form the tRNA translocon of T. ='5#+$1

N+C:48/; !C9!/?W!O\QOPX!

.;! HG1&'-2$#(W!DF:<F!9<!9F/;A?<=/9:<;W!9,*#A!:;9CF/=9!V:9B!9BC!<E9CF!8:9<=B<;4F:/?!

8C8HF/;C!FC=CD9<FA!<;C!<G!V:9=B!:A!"#$! N9EHE?:;!/;9:AC;AC@H:;4:;J!DF<9C:;P!N#4B>/!C9!/?W!

Qccb]!$B/99/=B/F>>/!C9!/?W!O\\OPX!"BC!CLDCF:8C;9A!V:9B!8E9/;9!G<F8A!<G!9BC!0@/F8!<G!9,*# ">F!

/??<VC4!AEJJCA9:;J !9BC!DFCAC;=C!<G!4:A9:;=9!FC=CD9<FA!:; !9BC!<E9CF!/;4!9BC!:;;CF !8C8HF/;CA!

N$B/99/=B/F>>/!C9!/?W!O\\\PX!*<F9B:;J!:A!6;<V;!/H<E9!/! D/9BV/>!G<F!9,*#!9F/;A?<=/9:<;!

9BF<EJB!9BC!4<EH?C@8:9<=B<;4F:/?!8C8HF/;CX!3<VCICFW!:9!V/A!AEJJCA9C4!9B/9!/!E;:UEC!

=B/;;C?!G<E;4!:;!HG1&'-2$#( !DF<I:4CA!/!9F/;AD<F9!<G!9,*#A!9BF<EJB!9BC!:;;CF!8:9<=B<;4F:/?!

8C8HF/;C! N(:JEFC!^$PX!
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!

M#10&%*7O*2#(/3U/"+&#-9*(CEHR#L>/&(*(&-"'9/3-(#/"*>-(U`-a'*/_* '&#()*)$!+!,) \*-&#.*%/!(,*-"+* '&#.01)*%+021
N/4/D9C4!GF<8!+/?:;/A!C9!/?XW!O\\jPX!#P!.;! ?G1#+'+@$%$(+W!9BC!:8D<F9!<G!9BC!;E=?C/F@C;=<4C4!9,*#%>A)TT !NH?EC!F:HH<;P!
FC?:CA!<;!:9A!;<; @=/;<;:=/? !:;9CF/=9:<;!V:9B!:9A!=/FF:CF!DF<9C:;!DFC2+7QD!NFC4PX!"BC!FC=CD9<F!"<8O\!N9EFUE<:ACP!
NHE9!;<9!"<8b\]!H?ECP!<G!9BC!"'2!=<8D?CL!/;4!":8 MM!N9EFUE<:ACP!<G!9BC!".2!=<8D?CL!/FC!CAAC;9:/?!G<F!9,*#!
:8D<F9X!$P!.;! H+$%4.()$(1&'-2$#(W!9,*#A!/FC!G:FA9!H<E;4!9<!<E9CF!8:9<=B<;4F:/?!8C8HF/;C!N'2P!FC=CD9<FA!<;C!<G!
VB:=B!:A!"#$!N<F/;JCPX!*CL9W!9,*#A!/FC!9F/;A?<=/9C4!9BF<EJB!9BC!<E9CF!8C8HF/;C!I:/!/;!E;6;<V;!D/9BV/>X!"BC!
9F/;A?<=/9:<;!<G!9,*#A!/=F<AA!9BC!9BC!:;;CF!8C8HF/;C!N.2P!8:JB9!<==EF!9BF<EJB!,.)!=<8D?CLX!" V<!FC=CD9<FAW!
,.)Q!/;4!,.)j#W !H:;4 !V:9B!9,*#AW!VB:=B!9BC;!/FC!9F/;A?<=/9C4!9BF<EJB!9BC!D<FC!=<;A9:9E9C4!H>!,.)^!/;4!,.)cX!)P!
.;! ?-,()5.1&5=+'-%5. W!9,*#!:8D<F9!4CDC;4!<;!9V<!8/i< F!=<8D<;C;9A!<G!9BC!"'2!=<8D?CLW!"'2O\!N9 EFUE<:ACP!
/;4!"'2M\!N9EFUE<:ACPW!VB:=B!G:L!9,*#A!/9!9BC!8:9<=B<;4F:?/!AEFG/=CX!" BC!I<?9/JC@4CDC;4C;9!/;:<;!=B/;;C?!
N-0#)]!<F/;JCP!=FC/9CA!/!D<FC!G<F!9,*#A!9F/;A?<=/9:<;!9BF<EJB!9BC!<E9CF!8:9<=B<;4F:/?!8C8HF/;CX!#!D/9BV/>!<G!
9BC!:;;CF!8C8HF/;C! 9F/;A?<=/9:<;!FC8/:;A!E;6;<V; X!

"B:A!:A!9BC!̂ M\!60/! 9,*#!:8D<F9!=<8D?CL!N,.)P!?<=/9C4!<;!9BC!:;;CF!8:9<=B<;4F:/?!

8C8HF/;C X!"BC!A>A9C8!FC=<;A9FE=9C4!V:9B!,.)!:;!DB<ADB<?:D:4!ICA:=?CA!4C8<;A9F/9C4!

=B/F/=9CF:A9:=!GC/9EFCA!<G!9BC!H+$%4.()$(!,*#! :8D<F9!:;=?E4:;J!9BC!/??<A9CF:=!FCJE?/9:<;!

HC9VCC;!9V<!4:GGCFC;9!AEHAC9A!<G!9,*#A!N9>DC!.!/;4!9>DC!..P!N)B/99CFiCC!C9!/?W!O\\^PX!*/9:IC!,.)!

=<;9/:;A!QQ!4:GGCFC;9!AEHE;:9AW!^!<G!VB:=B!/FC!CAAC;9:/?!and sufficient G<F!:8D<F9!/=9:I:9>X!"BC!

6;<=64<V;!<G!9BCAC!A:L!AEHE;:9A!?C4!H<9B!9<!:;B:H:9:<;!<G!8:9<=B<;4F:/?!9,*#!:8D<F9!/;4!

8:9<=B<;4F:/?!9F/;A?/9:<;X!,.)Q! =<FFCAD<;4A!9<!9BC!Z!AEHE;:9!<G!9BC!(Q@#"1!A>;9B/AC!<G!9BC!

=<8D?CL!-!/;4!DF<I:4CA!C;CFJ>!G<F!:8D<F9!VBCFC/A!,.)j#! :A!9BC!AEHE;:9!^H!<G!=<8D?CL!...!<G!

9BC!FCAD:F/9<F>!=B/:;X!#A!VC??!/A!,.)Q W!,.)j#! /DDC/FC4!/A!/!FC=CD9<F!/??<A9CF:=/??>!:;9CF/=9:;J!

V:9B!4:A9:;=9!9,*#!AEHAC9A!N$B/99/=B/F>>/!C9!/?W!O\\a]!2E6BCFiCC!C9!/?W!O\\bPX!"BFCC!<9BCF!
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=<8D<;C;9AW!,.)YW!,.)Ŵ!/;4!,.)cW!/FC!/?A<!D/F9A!<G!FCAD:F/9<F>!=<8D?CLCAX!,.)c!9F/;AGCFA!

9,*#!GF<8!FC=CD9<FA!9<!9BC!:8D<F9!D<FCX!#!I<?9/JC@J/9C4!8:;:8/?!9F/;A?<=/9:<;!D<FC!<G!,.)!:A!

=<;A9:9E9C4!H>!,.)^W!,.)cW!/;4!,.)M#! N7<?C>!/;4!#4B>/W!O\QaPX!3<VCICFW!9BC!DEH?:ABC4!4/9/!

F/:AC!ACICF/?!UECA9:<;A!=<;=CF;:;J!9BC!CL:A9C;=C!/;4!GE;=9:<;:;J!<G!,.)!N+/?:;/A!C9!/?W!O\\jPX!

"<!4/9CW!9BC!,.)!=<8D?CL!B/A!HCC;!:4C;9:G:C4!<;?>!:;!HG1&'-2$#(!/;4!:9!V/A!4C8<;A9F/9C4!9B/9!

8:9<=B<;4F:/?!9,*#!:8D<F9!:;! AG1='5#+$!4<CA!;<9!4CDC;4!<;!,:CA6C!DF<9C:;W!VB:=B!:A!<;C!

=<8D<;C;9!<G!,.)!N1/F:A!C9!/?W!O\\cPX!

(CEH*#L>/&(*#"(/*>9-"(*L#(/3U/"+&#- *

.;! D?/;9AW!9BC!;E8HCF!/;4!:4C;9:9:>!<G!:8D<F9C4!9,*#A!I/F>! greatly!CIC;!:;!=?<AC?>!

FC?/9C4!ADC=:CAX!*CICF9BC?CAAW!9BC!CL:A9C;=C!<G!CL=?EA:IC?>!=>9<A<?:=!9,*#A!/;4!4:A9:;=9!CL9C;9!

<G!8:9<=B<;4F:/?!?<=/?:R/9:<;!G<F!4:GGCFC;9!9,*#A!D<:;9!9<!/ !AC?C=9:<;!A9CD!:;!8:9<=B<;4F:/?!

:8D<F9X!0:GGCFC;9!;E=?C<9:4CA!<F!4<8/:;A!:;=?E4:;J!9BC!/;9:=<4<;W!9BC!0@/F8! /;4!" @4<8/:;! :;!

9,*# -/? !N0C?/JC!C9!/?W!O\\aH]!%/G<FCA9!C9!/?W!O\\YPW!D<A:9:<;!b\!:;!9,*##?/!N0:C9F:=B!C9!/?W!Qcc^P!

VCFC!FCIC/?C4!/A!:8D<F9!4C9CF8:;/;9AX!#HAC;=C!<G!=<88<;!:8D<F9!ACUEC;=C!A:J;/9EFC!?C4!9<!

/ !B>D<9BCA:A!9B/9!/ !=<;G<F8/9:<;!<G!9BC!9,*#!/;4!;<9!D/F9:=E?/F!;E=?C<9:4CA!8/>!HC!

ADC=:G:=/??>!FC=<J;:RC4!4EF:;J!:8D<F9!N%/G<FCA9!C9!/?W!O\\YPX!2 E9/JC;C9:=!A9E4:CA!

4C8<;A9F/9C4!/!=CF9/:;!?CIC?!<G!=<FFC?/9:<;!HC9VCC;!:8D<F9!/;4!FC=<J;:9:<;!H>!/ !=<J;/9C!

/8:;</=>? @9,*#!A>;9BC9/AC!:;4:=/9:;J!:9A!:;I<?I C8C;9!:;9<!8:9<=B<;4F:/?!,*#!:8D<F9!:;!

D?/;9A!N0C?/JC!C9!/?W!O\\a/PX!#?9B<EJB!:9!:A!AEJJCA9C4!9B/9!9BC!/8:;</=>?@9,*#!A>;9BC9/AC!:A!

:8D?:=/9C4!:;9<!9,*#!8:9<=B<;4F:/?!:8D<F9!:;!D?/;9A!HE9!:A!;<9!AEGG:=:C;9!G<F!9B/9!DF<=CAAX!(<F!

CL/8D?CW!:;! ?G1&5=+'-%5.!9V<!=>9<A<?:=!9,*#5?>!V:9B!T))!/;4!)))!/;9:=<4<;A!/FC! AC?C=9:IC?>!

:8D<F9C4!:;9<!8:9<=B<;4F:/W!/;4! 9,*# 5?>5)) !:A!FC9/:;C4!:;!=>9<A<?!VB:?C!/??!:A</==CD9<FA!=/;!HC!

FC=<J;:RC4!H>!9BC!J?>=>?@9,*#!A>;9BC9/AC!N0C?/JC!C9!/?W!O\\a/PX!#A!/;!CLD?/;/9:<; W!:9!V/A!

AEJJCA9C4!9B/9!9BC!G/9C!<G!/!=>9<A<?:=!9,*#!4CDC;4A!<;!9BC!:;9CF/=9:<;!V:9B!C:9BCF!=>9<A<?:=!

//,+W!VB:=B!/44FCAACA!:9!9<!=>9<A<?:=!9F/;A?/9:<;W!<F!DFC=EFA<F!G<F8!<G!8:9<=B<;4F:/?!//,+!

9B/9!4:FC=9A!:9!:;9<!8:9<=B<;4F:/!N0E=Bt;C!C9!/?W!O\QQ]!0E=BC;C!C9!/?W!O\\YPX!

9,*#!:8D<F9!:;9<!D?/;9!8:9<=B<;4F:/!FCUE:FCA!H<9B!/!8C8HF/;C!D<9C;9:/?!/;4!#"1X!

SBCFC/A!$)1@$&'-!:8D<F9!<G!9,*#A!=/;!HC!/=B:CIC4!:;4CDC;4C;9?>!GF<8!/44 :9<;/?!=>9<A<?:=!

G/=9<FAW!9BC!AC?C=9:I:9>!<G!9B:A!A>A9C8!:A!?:8:9C4!N+/?:;/A!C9!/?W!O\\P̂X!" V<!=<8D<;C;9A!<G!9BC!
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D?/;9!"'2!=<8D?CL!N"<8O\!/;4!"<8M\ P!/FC!FCUE:FC4!G<F!#"1 @4CDC;4C;9!9,*#@H:;4:;J!/9!

9BC!8:9<=B<;4F:/?!AEFG/=C!$)1@$@-!N+/?:;/A!C9!/?W!O\\^]!+/?:;/A!C9!/?W!O\QMPG1"BCFC/G9CFW!9,*#A!

/FC!9F/;A?<=/9C4!/=F<AA!9BC!8C8HF/;C!9BF<EJB!/!D<FC!G<F8C4!H>!-0#) !N(:JEFC!^)PX!#;!

/;J/JC8C;9 !<G!-0#)!:A!=<;G:F8C4!H>!:;B:H:9:<;!CLDCF:8C;9A!<G!9,*#!:8D<F9!:;9<!:A<?/9C4!

8:9<=B<;4F:/!H>!-0#)!/;9:H<4:CA!/;4! FE9BC;:E8!FC4!N+/?:;/A!C9!/?W!O\\P̂X!

(CEH*#L>/&(*#"(/*a%-'(*L#(/3U/"+&#- *

"BC!8:9<=B<;4F:/?!:8D<F9!<G!?(##4('-.:#+% 1#+'+@$%$(+!9,*# %>A)TT !N9,7QP!FCDFCAC;9A!/!

B:JB?>!AC?C=9:IC!A>A9C8X!#!GF/=9:<;!?<VCF!9B/;!Yd!<G!9BC!=>9<A<?:=!9,7Q!V/A!AB<V;!9<!

/AA<=:/9C!V:9B!8:9<=B<;4F:/W!VBCFC/A!9BC!<9BCF!:A</==CD9<F!9,*#%>ATTT!N9,7OP!:A!FCA9F:=9C4!9<!

=>9<A<?!N"/F/AA<I!/;4!&;9C?:AW!QccOPX!1FCI:<EA?>W!:9!V/A!AEJJCA9C4!9B/9!9BC!/;9:=<4<;!<G!9,7Q!

NCADC=:/??>!9BC!V<HH?C!D<A:9:<;!)aM!<G!9BC!/;9:=<4<;P!/;4!9BC!/==CD9<F!A9C8!=<;9/:;!

4C9CF8:;/;9A!G<F!:9A!:8D<F9!AC?C=9:I:9>!N&;9C?:A!C9!/?W!QccjPX!"BCFC/G9CFW!:9!V/A!/AAE8C4!9B/9!/!

9,*#!AC=<;4/F>!A9FE=9EFC!FC/FF/;JC8C;9!DF<I:4CA!9BC!8/i<F!=<;9F:HE9:<;!9<!:8D<F9!

AC?C=9:I:9>!N(:JEFC!bPX!';?>!8<?C=E?CA!=<8DF:A:;J!/!G<?4C4!"u)!B/:FD:;W!/;4!VB:=B!/FC!/H?C!9<!

/4<D9!/!D/F9:=E?/F!( @B/:FD:;!:88C4:/9C?>!G<??<VC4!H>!9BC!a" @C;4!N(:JEFC!b$P!DF<=CC4!9<!9BC!

:8D<F9!D/9BV/>!N7<?CA;:6<I/!C9!/?W!O\Q\PX!

!

M#10&%*XO*,%3/"+-&a*'(&03(0&%'*/_*(CS6O*N#P!=?/AA:=/?!=?<ICF@?C/G!A9FE=9EFC!/;4!N$P!(@G<F8!N$/?CI/!C9!/?W!O\QYPX!
,CJ:<;A!<G!9,7Q!:;I<?IC4!:;!(@A9C8!G<F8/9:<;!/A!VC??!/A!(@A9C8!/FC!:;!=<?<F!H<LX!
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"F/;AGCF!,*#A!/FC! :;I<?IC4!:;!=>9<A<?:=!9F/;A?/9:<;!/;4!FC=>=?C4!4EF:;J!DF<9C:;!

A>;9BCA:AX!"<!HC!9/FJC9C4!:;9<!8:9<=B<;4F:/!;E=?C/F@C;=<4C4!9,*#A!8EA9!CA=/DC!9BC!

9F/;A?/9:<;!8/=B:;CF>!=>=?C!D<AA:H?>!4EC!9<!:;9CF/=9:<;!V:9B!DF<9C:;!G/=9<FA!N(:JEFC!j#PX!.;! ?G1

#+'+@$%$(+W!9BC!:8D<F9C4!9,7Q!:A!G:FA9?>!=B/FJC4!H>!9BC!=>9<A<?:=!?>A>?@9,*#!A>;9BC9/AC!N7,+P!

N"/F/AA<I!C9!/?W!QccYHPW!/;4!9BC;!:A!ADC=:G:=/??>!FC=<J;:RC4!H>!&;<OD!@!<;C!<G!9BC!9V<!:A<G<F8A!

<G!9BC!J?>=<?>9:=!C;R>8C!C;<?/AC!N&;9C?:A!C9!/?W!O\\^PX!.9!V/A!AEJJCA9C4!9B/9!&;<OD!:;4E=CA!

=<;G<F8/9:<;/?!=B/;JCA!:;!9BC!/8:;</==CD9<F!A9C8!<G!9,*#! 8<?C=E?CA!/;4!4:A=F:8:;/9CA!

:8D<F9C4!8<?C=E?CAX!"BC!9,*# @&;<OD@=<;9/:;:;J !=<8D?CL!:A!9BC;!9F/;AGCFC4!9<V/F4!9BC!

8:9<=B<;4F:/?!AEFG/=CW!VBCFC!9BC!9,*#!:A!B/;4C4!9<!9BC!DFC=EFA<F!<G!8:9<=B<;4F:/?!?>A>?@

9,*#!A>;9BC9/AC!NDFC2+7QDP!N"/F/AA<I!C9!/?W!QccYHPW!VB:=B!:A!A>;9BCA:RC4!8/:;?>! :;!9BC!

I:=:;:9>!<G!8:9<=B<;4F:/!N&;9C?:A!C9!/?W!O\\^PX!.;!=<8D?CL!V:9B!DFC2+7QDW!9,7Q!/4<D9A!/;!

v:;9CF8C4:/9Cw!=<;G<F8/9:<;W!VB:=B!9BCFC/G9CF!G/=:?:9/9CA!FC@G<?4:;J!<G!9,7Q!:;9<!9BC!=?/AA:=!%@

AB/DC!A9FE=9EFC!N7<?CA;:6<I/!C9!/?W!O\Q\PX!&;<?/AC!:;9CJF/9CA!:;9<!/!J?>=<?>9:=!8E?9:DF<9C:;!

=<8D?CL!9B/9!:A!/AA<=:/9C4!V:9B!9BC!8:9<=B<;4F:/?!<E9CF!8C8HF/;CW!VBCFC/A!/! 9,7Q@

DFC2+7QD!=<8D?CL!=<@:8D<F9A!:;9<!8:9<=B<;4F:/!N&;9C?:A!C9!/?W!O\\^PX!
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HOZ!@;5!+9AY,5AY,:V<;89+!@-8Y!;<];<-79!AY,5AY;8;59!MX,9Y:-7L9:!D;77Y9-4"!D;77Y9-4"!F9:4;7VN!
;7+! <;K9<9+! ;8! 8Y9! %t'97+! @-8Y!��' $\ ^'Z[^! >5-7L! [&! A,<V7>B<9,8-+9! ]-7;59! M^:,49L;N1! T,:! 8Y9! HOZ!
K-7+-7L!;55;V"!<;K9<9+!HOZ!@;5!+97;8>:9+!;8!/00!kE!;7+!8Y97!;<<,@9+!8,!5<,@<V!B,,<!+,@7!8,!:,,4!
894A9:;8>:91![Y9!;AA:,A:-;89! ;4,>785!,?!A:,89-7! ;7+!<;K9<9+!HOZ!@9:9!4-`9+!-7! \0!pj! ,?! ;!K>??9:!
B,78;-7-7L! \0! 4D! [:-5'iE<! Ai ! )1%"! /%0! 4D! O;E<"! /0! 4D! DLE<\ "! %! 4D! C[["! /0c! L<VB9:,<"!!
01/!4L24j!XPZ!;7+!-7B>K;89+!;8!$0!kE!?,:!/%!4-71![Y9!4-`8>:9!@;5!?:;B8-,7;89+!KV!7;8-R9!Sc!^ZFU!
-7!01%r![:-5'K,:;89!K>??9:!MAi!S1$N!;7+!%c!L<VB9:,<!g\%h"!?,<<,@9+!KV![VAY,,7'[:-,!MFU!i9;<8YB;:9"!



!"#$%&$%'()$%*+,$%!"#$ "!-.% UV64-
-

!

T;-:?-9<+"! E["! GPZN! 5B;77-7L! ;7+!J>;78-?-B;8-,7! ;5! +95B:-K9+! A:9R-,>5<V! g\(h1! T,:! PB;8BY;:+! A<,8!
;7;<V5-5"! 59R9:;<! 58;7+;:+! UDPZ! :9;B8-,75! @9:9! A9:?,:49+! -7! @Y-BY! 8Y9! B,7B978:;8-,75! ,?! A:,89-75!!
M01%!4D!?,:!A:9dZHP\!;7+!/!4D!?,:!Y>4;7!97,<;59!-5,?,:45N!@9:9!]9A8!B,758;78"!;7+!8Y9!B,7B978:;8-,7!
,?!<;K9<9+!8Hd/!R;:-9+!?:,4!/!8,!/00!7D1!E;<B><;8-,7!,?!8Y9!+-55,B-;8-,7!B,758;78!F4!?:,4!8Y9!<-79;:!
:9L:955-,7!,?!9`A9:-4978;<!+;8;!@;5!+,79!;5!+95B:-K9+!-7!g\)h1!

C$N$%!"%O,#0(%!D>(0#%/AA8:%

[Y9% ,"% 3,#0(! -4A,:8! ;55;V! @;5! A9:?,:49+! ;5! -7! gSh1!T,:! 8Y-5"! A>:-?-9+! i9AF\! 4-8,BY,7+:-;! @9:9!
-7B>K;89+! @-8Y!$\^! %t! <;K9<9+! HOZ! ;7+! A>:-?-9+! A:,89-75!-7! -4A,:8! K>??9:.! 01(! D! P,:K-8,<"! \0! 4D!
iU^UP'dmi! MAi! )N"! /0! 4D! dE<"! \1%! 4D! DLE< \ "! %! 4D! CC[! ;7+! \! 4D! Z[^1! T,:! ;! 58;7+;:+ %%
,"%3,#0(!;55;V"!$!A4,<95!,?!<;K9<<9+!HOZ!@9:9!;++9+!8,!/00!pj!,?!:9;B8-,7!4-`8>:9!B,78;-7-7L!01/!4L!
,?!4-8,BY,7+:-;!M49;5>:9+!KV!8Y9!;4,>78!,?!4-8,BY,7+:-;<!A:,89-7N1![Y-5!B,::95A,7+5!8,!/00c!HOZ!
-7A>81!Z?89:! -7B>K;8-,7!?,:! /%!4-7! ;8!$&!kE"!%0!pL24j! ,?!HO;59!Z!MP-L4;!Z<+:-BY"!P;-78! j,>-5"!Dm"!
GPZN! @;5! ;++9+! ;7+! 8Y9! :9;B8-,7! ?>:8Y9:! -7B>K;89+!?,:! /%! 4-7! 8,! +-L958! ;<<! 8Y9! HOZ! 8Y;8! @;5! 7,8!
-4A,:89+1! D-8,BY,7+:-;! @9:9! @;5Y9+! 8Y:99! 8-495! @-8Y! K>??9:! B,78;-7-7L! 01(! D! 5,:K-8,<"! /0! 4D!
iU^UPfdmi!MAi!(1)N!;7+!&!4D!UC[Z "!8Y97!:95>5A97+9+!-7!/00!pj!,?!8Y9!5;49!K>??9:!;7+!8:9;89+!
@-8Y!;7!9J>;<!R,<>49!,?!01\c!+-L-8,7-7!MP-L4;N!5,<>8-,7!8,!+-5:>A8!8Y9!4-8,BY,7+:-;<!,>89:!494K:;79"!
?,<<,@9+!KV!A>:-?-B;8-,7!,?!4-8,A<;5851![Y9!4-8,A<;58!A9<<98!@;5!:95>5A97+9+!-7!;!5,<>8-,7!B,78;-7-7L!
/00!4D!Ei $EmmO;"!/0!4D!DLE<\ "!/c!PCP!;7+!010%c!C-98YV<AV:,B;:K,7;89!MCU^EN!;7+!Y9;89+!
;8! /00! kE! ?,:! /! 4-71! HOZ! @;5! 9`8:;B89+! ;8! %0! kE! >5-7L! @;89:! 5;8>:;89+!;B-+-B! AY97,<1! HOZ! @;5!
A:9B-A-8;89+! @-8Y! 98Y;7,<! ;7+!?:;B8-,7;89+! KV! /\c! ^ZFU! B,78;-7-7L! S! D! >:9;"! ?,<<,@9+! KV!
J>;78-?-B;8-,7! KV! ;! [VAY,,7'[:-,! 5B;779:! >5-7L! 64;L9! s>;78'[,,<5! 5,?8@;:9! MFU! i9;<8YB;:9N1! [Y9!
;4,>78!,?!-4A,:89+!HOZ!@;5!+989:4-79+!KV!B,4A;:-5,7!,?!8Y9!K;7+!+975-8V!,?!A:,89B89+!?><<'5-e9+!
HOZ!-5,<;89+!?:,4!8Y9!4-8,A<;585!;?89:!8Y9!-4A,:8!;55;V!@-8Y!;7!;<-J>,8!M\cf%cN!,?!8Y9!HOZ!-7A>81!

C$C$%?0(#1,"%/),P"D1"#Q%'()1+9)80%'(41)),"P%8"4%E)1+#0(A#8#,+%*90J8+1%K8)+9)8#,("%

P9J>97B95!@9:9!,K8;-79+!>5-7L!K<;58A!g\Sh"!;<-L79+!KV!B<>58;<@!g\#h!;7+!R-5>;<-e9+!>5-7L!BY-49:;!g$0h1!
[Y9! 8Y:99'+-4975-,7;<! 4,<9B><;:! 4,+9<! ,?! U7,\A! @;5! ,K8;-79+! KV! ;>8,4;8-B! Y,4,<,LV! 4,+9<-7L!
>5-7L!8Y9!Pn6PP'DmCUj!A-A9<-79!g$/h1![Y9!K958!894A<;89!@;5!\;</!g$\h!?:,4!8Y9!A:,89-7!+;8;K;7]1!
U<9B8:,58;8-B!A,8978-;<!5>:?;B95!@9:9!:9A:959789+!-7!^VDmj!g$$h!>5-7L!^CX\^ZsH!g$&h!;7+!Z^XP!g$%h!
A<>L-751![Y9,:98-B;<!A6!@9:9!+989:4-79+!>5-7L!U`^ZPV!8,,<5!g$(h1!

8)K0&H'(@9=(0;1-

DX! @;5! 5>AA,:89+! KV! ;! ^YC! ?9<<,@5Y-A! ?:,4! 8Y9! PG^HZEiUD! 798@,:]1! [Y-5! @,:]! Y;5! K997!
A>K<-5Y9+! >7+9:! 8Y9! ?:;49@,:]! ,?! 8Y9! jZXUu!ZOH'//'jZXu'00%)vD6[mEHmPP1! [Y-5! @,:]!!
@;5! 5>AA,:89+! KV! 8Y9! H>55-;7! D-7-58:V! ?,:! U+>B;8-,7! ;7+! PB-97B9! MZL:994978! /&1(0&1\/10//$]-
HTDUT6(0&/&u000S!?,:!D,5B,@!P8;89!G7-R9:5-8VN1!
! -



!"#$%&$%'()$%*+,$%!"#$ "!-.% UV6$-
-

!

8*;:&,-T&0;,/Q*;/&01-

O-7;!U789<-5"!6R;7![;:;55,R"!^-,8:!d;4975]-!;7+!X97,w8!D;5J>-+;!+95-L79+!:959;:BY*!Z<-!F,@Y9:"!
D;:-;! X;<9R;"! O-7;! U789<-5! ;7+! X97,w8! D;5J>-+;!A9:?,:49+! :959;:BY*! Z<-! F,@Y9:"! D;:-;! X;<9R;"!!
O-7;!U789<-5"!6R;7! [;:;55,R"! ^-,8:! d;4975]-! ;7+!X97,w8!D;5J>-+;! ;7;<Ve9+!+;8;*!O-7;!U789<-5! ;7+!
X97,w8!D;5J>-+;!@:,89!8Y9!A;A9:1!

T&0B'/);1-&B-20;(,(1;-

[Y9!;>8Y,:5!+9B<;:9!7,!B,7?<-B8!,?!-789:9581!

C(B(,(0)(1-

/1! T:9BY-7"!D1*!U7]<9:"!j1*![98;>+"!U1*!j;A,:89"!C1*!P97L9:"!X1*!X<;7B;:+"!E1*!i;44;77"! ^1*!X;+9:"!F1*!
E<;>+9:'Dx7589:"!P1*!P89-7498e"!j1D1*!1#%8)$!U`A:955-,7!,?!7>B<9;:!;7+!4-8,BY,7+:-;<!L9795!97B,+-7L!
;8A!5V78Y;59!-5!5V7BY:,7-e9+!KV!+-5;5594K<V!,?! ;!4><8-5V78Y98;59!B,4A<9`1!'()$%K1))%!"#4 "!<. "!
)($f))(1!

\1! U789<-5"!O1P1*!d,<957-],R;"!m1Z1*!D;:8-7"!H1^1*! [;:;55,R"!61Z1!HOZ!+9<-R9:V!-78,!4-8,BY,7+:-;1!
/43$%R09P%R1),3$%213$%!""# "!CS"!/##f\/%1!

$1! P-9K9:"! T1*! C>BYy79"! Z1'D1*! D;:IBY;<'C:,>;:+"! j1! EY;A89:! ?,>:QD-8,BY,7+:-;<! HOZ! -4A,:8.!
T:,4!+-R9:5-8V! ,?!7;8>:;<!49BY;7-545!8,!A,8978-;<! ;AA<-B;8-,751!67!!"#10"8#,("8)%213,1T%(J%K1))%
8"4% '()1+9)80% U,()(P:*! d@;7L"! n1=1"! U+1*! ZB;+94-B! ^:955.! O9@! l,:]"! Ol"! GPZ"! \0//*!!
z,<>49!\S)"!AA1!/&%f/#01!

&1! U4K<94"!Z1*!d;:<597"!X1m1*!UR9:8597"!=1*!=,Y;7597"!P1C1!D-8,L97,49!:9;::;7L94978!-7!8Y9!B,<+'@;89:!
5B<9:;B8-7-;7! B,:;<! <,AY9<-;! A9:8>5;! MB7-+;:-;"! ;78Y,e,;N! -7R,<R95! ;! <,7L'89:4! 9R,<R-7L! L:,>A! 6!
-78:,71!'()$%?B:)(P1"1#$%E3()$%!"## "!.- "!&#%f%0$1!

%1! =;B]5,7"!d1U1*!i;K-K"!P1*!T:>L-9:"!D1*!i,97"!H1*!dY;7"!P1*!^Y;4"!=1P1*!^,>A<;7;"!j1H1C1*!H,V,"!D1*!
P;78,5"!D1Z1P1*!PY;:4;"!Z1*!1#%8)$!^:,89-7!8:;75<;8-,7!-7!A<;54,+->4!A;:;5-8951!V01"4A%?808A,#()$%
!"## "!6W"!&()f&)(1!

(1! D;:8-7"!H1^1*!PBY79<<9:"!=1D1*!P8;Y<"!Z1=1*!C-:Y9-49:"!F1!64A,:8!,?!7>B<9;:!+9,`V:-K,7>B<9-B!;B-+!
B,+9+! <V5-79';BB9A8-7L! 8:;75?9:! :-K,7>B<9-B! ;B-+! M;78-B,+,7! EGGN! -78,! V9;58! 4-8,BY,7+:-;1!
U,(+B1D,A#0:%#U7U"!-7"!&(00f&(0%1!

)1! d;4975]-"! ^1*! d,<957-],R;"! m1*! =>K97,8"! z1*! U789<-5"! O1*! d:;5Y97-77-],R"! 61Z1*! D;:8-7"! H1^1*!
[;:;55,R"!61!UR-+97B9!?,:!;7!;+;A8;8-,7!49BY;7-54!,?!4-8,BY,7+:-;<!8:;75<;8-,7!R-;!8HOZ!-4A,:8!
?:,4!8Y9!BV8,5,<1!'()$%K1))%!""7 "!6. "!(\%f($)1!

S1! U789<-5"!O1P1*!d,<957-],R;"!m1Z1*!C,L;7"!P1*!D;:8-7"!H1^1*! [;:;55,R"!61Z1!%!P! :HOZ! ;7+!8HOZ!
-4A,:8!-78,!Y>4;7!4-8,BY,7+:-;1!E,4A;:-5,7!,?%,"%3,#0(!:9J>-:9497851!&$%U,()$%KB1D$%!""# "!6W."!
&%(&\f&%(%$1!

#1! d,<957-],R;"!m1Z1*!U789<-5"!O1P1*!=;BJ>-7'X9B]9:"!E1*!F,<8e979"!T1*!EY:e;7,@5];'j-LY8,@<9:5"!{1D1*!
j-LY8,@<9:5"! H1O1*! D;:8-7"! H1^1*! [;:;55,R"! 61! O>B<9;:! COZ'97B,+9+! 8HOZ5! 8;:L989+! -78,!
4-8,BY,7+:-;!B;7!:95B>9!;!4-8,BY,7+:-;<!COZ!4>8;8-,7!;55,B-;89+!@-8Y!8Y9!DUHHT!5V7+:,49!-7!
B><8>:9+!Y>4;7!B9<<51!X9D$%'()$%Y1"1#$%!""4 "!-N"!\%/#f\%$&1!
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/01! E,489"!E1*![,7-7"!l1*!i9B]9<'D;L9:"!Z1D1*!X,>BY9Y;4"!Z1*!P4-:7,R"!Z1*!Z>:9"!d1*!j,4K95"!Z1*!
D;:8-7"!H1^1*!U789<-5"!O1*! [;:;55,R"!61!D-8,BY,7+:-;<!8;:L98-7L! ,?! :9B,4K-7;78!HOZ5!4,+><;895!
8Y9!<9R9<!,?!;!Y989:,A<;54-B!4>8;8-,7!-7!Y>4;7!4-8,BY,7+:-;<!COZ!;55,B-;89+!@-8Y!]9;:75!5;V:9!
5V7+:,491!G9+)1,+%/+,4A%21A$%!"#V "!C-"!&/Sf&$$1!

//1 ! [,7-7"! l1*! i9B]9<"! Z1D1*! C,RV+97],"! 61*! D95BY;7-7,R;"! D1*! E,489"! E1*! z97V;4-7,R;"! Z1*!
^V5Y7V-"! C1*! [;:;55,R"! 61*! U789<-5"! O1! EY;:;B89:-e;8-,7! ,?! BY94-B;<<V! 4,+-?-9+! ,<-L,7>B<9,8-+95!
8;:L98-7L!;!A;8Y,L97-B!4>8;8-,7!-7!Y>4;7!4-8,BY,7+:-;<!COZ1!U,(+B,D,1%!"#4 "!-;; "!/#\f/##1!

/\1 ! [,7-7"!l1*!i9B]9<"!Z1D1*!zV5,]-]Y"!D1*!C,RV+97],"!61*!D95BY;7-7,R;"!D1*!H,8-L"!Z1*!D>77-BY"!Z1*!
z97V;4-7,R;"! Z1*! [;:;55,R"! 61*! U789<-5"! O1! D,+9<-7L! ,?! ;78-L97,4-B! 8Y9:;AV! ,?! 4-8,BY,7+:-;<!
+-59;595!KV!4-8,BY,7+:-;<<V!;++:9559+!HOZ!8;:L98-7L!;!A;8Y,L97-B!A,-78!4>8;8-,7!-7!4-8,BY,7+:-;<!
COZ1!&$%U,()$%KB1D$%!"#4 "!67S"!/$$\$f/$$$&1!

/$1! F,@Y9:"!Z1*!P4-:7,R"!Z1*![;:;55,R"!61*!U789<-5"!O1!67+>B9+!8HOZ!-4A,:8!-78,!Y>4;7!4-8,BY,7+:-;.!
64A<-B;8-,7!,?!;!Y,58!;4-7,;BV<'8HOZ'5V78Y98;591!?Z(*%[GE%!"#V "!7"!9((\\S1!

/&1! X:;7+-7;"! 61*! F:;Y;4"! =1*! j94;-8:9'F>-<<-9:"! E1*! U789<-5"! O1*! d:;5Y97-77-],R"! 61*! P@998<,R9"! j1*!
[;:;55,R"! 61*! D;:8-7"! H1^1! U7,<;59! 8;]95! A;:8!-7! ;! 4;B:,4,<9B><;:! B,4A<9`! ;55,B-;89+! 8,!
4-8,BY,7+:-;!-7!V9;581!U,(+B,D$%U,(>B:A$%/+#8%!""6 "!-W<W"!/\/)f/\\S1!

/%1! U789<-5"! O1*! X:;7+-7;"! 61*! d;4975]-"! ^1*! d:;5Y97-77-],R"! 61Z1*! D;:8-7"! H1^1*! [;:;55,R"! 61!!
Z!L<VB,<V8-B!97eV49"!97,<;59"!-5!:9B:>-89+!;5!;!B,?;B8,:!,?!8HOZ!8;:L98-7L!8,@;:+!4-8,BY,7+:-;!-7!
*8++B80(D:+1A%+1013,A,811!Y1"1A%R13$%!""6 "!6; "!/(0#f/(\01!

/(1! d;4975]-"! ^1*! P4-:7,R;"! U1*! d,<957-],R;"! m1*! d:;5Y97-77-],R"! 61Z1*! D;:8-7"! H1^1*! U789<-5"! O1*!
[;:;55,R"!61!8HOZ!4-8,BY,7+:-;<!-4A,:8!-7!V9;58.!D;AA-7L!,?!8Y9!-4A,:8!+989:4-7;785!-7!8Y9!B;::-9:!
A:,89-7"!8Y9!A:9B>:5,:!,?!4-8,BY,7+:-;<!<V5V<'8HOZ!5V78Y98;591!',#(+B("40,("%!"#" "!-; "!\S&f\#$1!

/)1! U789<-5"!O1P1*!d-9??9:"!P1*!d,<957-],R;"!m1Z1*!D;:8-7"!H1^1*![;:;55,R"!61Z1!P8:>B8>:;<!:9J>-:949785!
,?!8HOZjV5!?,:!-85!-4A,:8!-78,!V9;58!4-8,BY,7+:-;1!?0(+$%G8#)$%/+84$%*+,$%\*/%#UUZ"!S<"!\S$Sf\S&$1!

/S1! d,<957-],R;"!m1*!d;e;],R;"!i1*!E,489"!E1*!P89-7K9:L"!P1*!d;4975]-"!^1*!D;:8-7"!H1^1*![;:;55,R"!61*!
U789<-5"!O1!P9<9B8-,7!,?!HOZ!;A8;49:5!-4A,:89+!-78,!V9;58!;7+!Y>4;7!4-8,BY,7+:-;1!2G/%!"#" "!
-. "!#\(f#&/1!

/#1! ^;7BY,<-"!z1!D><8-?>7B8-,7;<!�.'97,<;59.!685!:,<9!-7!+-59;5951!K1))$%'()$%Z,J1%*+,$%!""# "!<7"!#0\f#\01!
\01! d,<957-],R;"!m1*!U789<-5"!O1*!d;e;],R;"!i1*!X:;7+-7;"!61*!D;:8-7"!H1^1*![;:;55,R"!61![;:L98-7L!,?!

8HOZ! -78,! V9;58! ;7+! Y>4;7! 4-8,BY,7+:-;.! [Y9! :,<9! ,?! ;78-B,+,7! 7>B<9,8-+951!',#(+B("40,("%
!""! "!6"!#%f/0)1!

\/1 ! s-7"!=1*!EY;-"!F1*!X:9@9:"!=1D1*!j,R9<;B9"!j1j1*!j9K-,+;"!j1!P8:>B8>:95!,?!;5V4498:-B!B,4A<9`95!
,?!Y>4;7!79>:,7!5A9B-?-B!97,<;59!@-8Y!:95,<R9+!5>K58:;89!;7+!A:,+>B8!;7+!;7!;7;<,L,>5!B,4A<9`!
@-8Y! 8@,! -7Y-K-8,:5! -7+-B;89! 5>K>7-8! -789:;B8-,7! ;7+! -7Y-K-8,:! B,,A9:;8-R-8V1!&$% !"(0P$% U,(+B1D$%
!"#! "!--- "!/S)f/#&1!

\\1 ! C-;e'H;4,5"! Z1*! H,-L'X,::9<<;5"! Z1*! F;:B-;'D9<9:,"! Z1*! j,A9e'Z<94;7V"! H1! U7,<;59"! ;!
4><8-?>7B8-,7;<! A:,89-7.! 685! :,<9! ,7! A;8Y,AYV5-,<,L-B;<! 5-8>;8-,751!&$% U,(D14$% U,(#1+B"()$%!"#! "!
6;-6 "!/\1!

\$1! P9+,:-5"!d1E1*![Y,4;5"!P1C1*!D-<<9:"!C1D1!B'DVB!A:,4,89:!K-7+-7L!A:,89-7!:9L><;895!8Y9!B9<<><;:!
:95A,759!8,!;7!;<89:9+!L<>B,59!B,7B978:;8-,71!U,(+B1D,A#0:%!""7 "!C."!S(%#fS((S1!
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\&1! n-58,@"!F1=1*!j-984;7"![1*!n-<<-;45"!j1Z1*!P8;A9<"!P1m1*!+9!=,7L"!n1n1*!i,:@-8e"!=1*!^-;8-L,:5]V"!=1!
[;>'B:V58;<<-72�.'97,<;59.! m79! L979! 97B,+95! K,8Y! ;7! 97eV49! ;7+! ;! <975! 58:>B8>:;<! A:,89-71!!
&$%K1))%U,()$%#UZZ"!-;W"!\)\#f\)$(1!

\%1! d;4-75];"!D1*!C97-e-;]"!D1*!d9:3;7"!^1*!X;:B-5e9@5]-"!=1*!D-:;7+9"!D1!Z!:9B>::978!L979:;<!HOZ!
K-7+-7L! +,4;-7! ;AA97+9+! 8,! A<;78! 498Y-,7V<'8HOZ!5V78Y98;59! ;B85! ;5! ;!+,A';B8-7L! B,?;B8,:! ?,:!
;4-7,;BV<;8-,71!E'U[%&$%!""" "!-S"!(#0Sf(#/)1!

\(1! P4-:7,R"!Z1*!U789<-5"!O1*!D;:8-7"!H1^1*![;:;55,R"!61!X-,<,L-B;<!5-L7-?-B;7B9!,?!%!P!:HOZ!-4A,:8!
-78,!Y>4;7!4-8,BY,7+:-;.!H,<9!,?!:-K,5,4;<!A:,89-7!DH^'j/S1!Y1"1A%R13$%!"## "!6<"!/\S#f/$0%1!

\)1! i97-5"!l161*!j9R-8e]-"!Z1!Z7!;7;<V5-5!,7!8Y9!5<,A9!,?!5B;8BY;:+!A<,851!E90$%&$%U,(+B1D$%#U76"!W-"!
%\#f%$\1!

\S1! Z<85BY><"!P1T1*!D;++97"![1j1*!PBY|??9:"!Z1Z1*!{Y;7L"!=1*!{Y;7L"!{1*!D-<<9:"!n1*!j-A4;7"!C1=1!F;AA9+!
K<;58! ;7+! A5-'K<;58.! Z! 79@! L979:;8-,7! ,?! A:,89-7! +;8;K;59! 59;:BY! A:,L:;451!G9+)1,+% /+,4A% 21A$%
#UU7"!6<"!$$S#f$&0\1!

\#1! j;:]-7"! D1Z1*! X<;B]5Y-9<+5"! F1*! X:,@7"! O1^1*! EY977;"! H1*! DBF988-L;7"! ^1Z1*! DBn-<<-;4"! i1*!
z;<978-7"! T1*! n;<<;B9"! 61D1*! n-<4"! Z1*! j,A9e"! H1*!1#% 8)$! E<>58;<! n! ;7+! B<>58;<! u! R9:5-,7! \101!
U,(,"J(0D8#,+A%!""7 "!6N"!\#&)f\#&S1!

$01! ^9889:597"!U1T1*!F,++;:+"![1C1*!i>;7L"!E1E1*!E,>BY"!F1P1*!F:997K<;88"!C1D1*!D97L"!U1E1*!T9::-7"![1U1!
GEPT!BY-49:;QZ!R-5>;<-e;8-,7!5V5894!?,:!9`A<,:;8,:V!:959;:BY!;7+!;7;<V5-51!&$%K(D>9#$%KB1D$%
!""4 "!6<"!/(0%f/(/\1!

$/1! X-;5-7-"! D1*! X-979:8"! P1*! n;89:Y,>59"! Z1*! Z:7,<+"! d1*! P8>+9:"! F1*! PBY4-+8"! [1*! d-9?9:"! T1*!
E;55;:-7,"! [1F1*! X9:8,7-"! D1*! X,:+,<-"! j1*!1#% 8)$! P@-55'4,+9<.! D,+9<<-7L! A:,89-7! 89:8-;:V! ;7+!
J>;89:7;:V!58:>B8>:9!>5-7L!9R,<>8-,7;:V!-7?,:4;8-,71!G9+)1,+%/+,4A%21A$%!"#4 "!C6"!n\%\fn\%S1!

$\1! P-45"!^1Z1*!D979?99"!Z1j1*!j;:597"![1D1*!D;75,,:;K;+-"!P1m1*!H99+"!F1i1!P8:>B8>:9!;7+!B;8;<V8-B!
A:,A9:8-95! ,?! ;7! 97L-799:9+! Y989:,+-49:! ,?! 97,<;59! B,4A,59+! ,?! ,79! ;B8-R9! ;7+! ,79! -7;B8-R9!
5>K>7-81!&$%'()$%U,()$%!""6 "!N<<"!&\\f&$/1!

$$1! VB1%?:D()%'()1+9)80%Y08>B,+A%*:A#1D"!R9:5-,7!/1$:/*!PBY:,+-7L9:"!jjE.!O9@!l, :]"!Ol"!GPZ"!\0/01!
$&1! C,<-75]V"! [1=1*! Ee,+:,@5]-"! ^1*! j-"! i1*! O-9<597"! =1U1*! =97597"! =1i1*! d<9K9"! F1*! X;]9:"! O1Z1!

^CX\^sH.! U`A;7+-7L! ;7+! >AL:;+-7L! ;>8,4;89+! A:9A;:;8-,7! ,?! K-,4,<9B><;:! 58:>B8>:95! ?,:!
4,<9B><;:!5-4><;8-,751!G9+)1,+%/+,4A%21A$%!""7 "!N<"!n%\\fn%\%1!

$%1! X;]9:"!O1Z1*!P9A8"!C1*!=,59AY"!P1*! i,<58"!D1=1*!DBE;44,7"!=1Z1!U<9B8:,58;8-B5! ,?!7;7,5V58945.!
ZAA<-B;8-,7!8,!4-B:,8>K><95!;7+!8Y9!:-K,5,491!?0(+$%G8#)$%/+84$%*+,$%\*/%!""# "!S7"!/00$)f/00&/1!

$(1! F;589-L9:"! U1*! F;88-]9:"! Z1*! i,,L<;7+"! E1*! 6R;7V-"! 61*! ZAA9<"! H1C1*! X;-:,BY"! Z1! U`A;5V.! [Y9!
A:,89,4-B5! 59:R9:! ?,:! -7'+9A8Y! A:,89-7! ]7,@<9+L9! ;7+! ;7;<V5-51!G9+)1,+% /+,4A% 21A$%!""V "!N-"!
$)S&f$)SS1!

}! \0/%! KV! 8Y9! ;>8Y,:5*! <-B97599! DC^6"! X;59<"! P@-8e9:<;7+1! [Y-5! ;:8-B<9! -5! ;7! ,A97! ;BB955! ;:8-B<9!
+-58:-K>89+! >7+9:! 8Y9! 89:45! ;7+! B,7+-8-,75! ,?! 8Y9! E:9;8-R9! E,44,75! Z88:-K>8-,7! <-B9759!
MY88A.22B:9;8-R9B,44,751,:L2<-B975952KV2&102N1!
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! $% 

;0L-" *%"/9-'%*/$%&%N>&%''#/"*/&*+/`"R&%109-(#/"*+/%'*"/(*-__%3(*(CS6*

L#(/3U/"+&#- 9*#L>/&(*!"#$!$%&#

SC!FCIC/?C4!9B/9!BE8/;!C;<?/ACA!D<AACAA!9BC!/H:?:9>!9<!H:;4!9,7Q!9F/;A=F:D9X!2<FC<ICFW!

9BC>!:;=FC/AC!9BC!CGG:=:C;=>!<G!9,7Q@DFC7#,+O!=<8D?CL!G<F8/9:<;!/;4 !4:FC=9!9,7Q!:8D<F9!:;9<!

:A<?/9C4!8:9<=B<;4F:/!:;!9BC!DFCAC;=C!<G!FC=<8H:;/;9!DFC7#,+OX!"<!ICF:G>!/ !F<?C!<G!BE8/;!

C;<?/ACA!:; !$)1@$@-!8:9<=B<;4F:/?!:8D<F9W!VC!9CA9C4!9BC!CGGC=9!<G!C;<?/AC!4<V;@FCJE?/9:<;!<F!

<ICFCLDFCAA:<;!<;!9BC!CGG:=:C;=>!<G!9,7Q!8:9<=B<;4F:/?!!:8D<F9!:; !BE8/;!=C??AX!

"BC!CLDFCAA:<;!<G!C;<?/ACA!V/A!FCDFCAAC4!H>!9F/;A:C;9!9F/;AGC=9:<;!<G!=E?9EFC4!BE8/;!

3CD5O!=C??A!<G!/!8:L9EFC!<G!A:,*#A!ADC=:G:=/??>!4CA:J;C4!/J/:;A9!/??!BE8/;!C;<?/ACAX!#G9CF!Mj!B!

/ !8<FC!9B/;!b\d!4C=FC/AC!<G!C;<?/AC!?CIC?!V/A!<HACFIC4!H>!SCA9CF;!H?<9!N(:JEFC!QO#PX!"BC!

=<;9F<?!=C??A!VCFC!9F/;AGC=9C4!=<;9F<?!A:,*#AX!"BCFC/G9CFW!=C??A!VCFC!9F/;AGC=9C4!V:9B!9BC!"b!

9F/;A=F:D9!<G!9,7QX!"<9/?!,*#A!/;4!8:9<=B<;4F:/?!,*#A!:A<?/9C4!GF<8!=<;9F<?!/;4!4<V;@

FCJE?/9C4!=C??A!VCFC!/;/?>AC4!H>!; <F9BCF;!H?<9!N(:JEFC!QO$PX!.;!D/F/??C?W!VC!9CA9C4!9,7Q!

:8D<F9!:;!9BC!A/8C!=C??!?:;C!<ICFCLDFCAA:;J!&@C;<?/ACX!)C??A!VCFC!9F/;A:C;9?>!9F/;AGC=9C4!V:9B!

9BC!D?/A8:4!CLDFCAA:;J!9B:A!:A<G<F8X!#G9CF!MjB!/!O@G<?4!:;=FC/AC!<G!C;<?/AC!/8<E;9!V/A!

4C9C=9C4!H>!VCA9CF;!H?<9!N(:JEFC!QO)P!/;4!=C??A!VCFC!9F/;AGC=9C4!V:9B!9BC!"b!9F/;A=F:D9!<G!
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The study demonstrated that Eno2p does not interact with tRK1 transcripts in vitro. 

Moreover, interactions between some Eno2p-deprived protein fractions and tRK1 could be 

observed in EMSA. Nevertheless, the presence of Eno2p is required for import of tRK into 

mitochondria. Since Eno2p alone does not capable to direct in vitro import of tRK1, cellular 

unknown factors adding to Eno2p are thus necessary to direct import. 
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Factors beyond enolase 2 and mitochondrial lysyl-tRNA synthetase 

precursor are required for tRNA import in yeast mitochondria 
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Abstract 

In yeast, the import of tRNALys with CUU anticodon (tRK1) relies on a complex mechanism 

where interaction with enolase2 (Eno2p) dictates a deep conformational change of the tRNA. This 

event is believed to mask the tRNA from the cytosolic translational machinery in order to re-direct 

it towards the mitochondria. Once in the vicinity of the mitochondrial outer membrane, the 

precursor of the mitochondrial lysyl-tRNA synthetase (preMSK1p) takes over enolase to carry the 

tRNA within the mitochondrial matrix where it is supposed to participate in translation following 

correct refolding. Biochemical data presented in this manuscript focus on the role of enolase. They 

show that despite the inability of Eno2p alone to form a complex with tRK1, mitochondrial import 

can be recapitulated in vitro using fractions of yeast extracts sharing either recombinant or 

endogenous yeast Eno2p as one of the main components. Taken together, our data suggest the 

existence of a protein complex containing Eno2p, which involved in RNA mitochondrial import. 

Keywords: RNA mitochondrial import; RNA chaperone; tRNA-enolase interaction; enolase; 

moonlighting protein 
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Introduction  

Occurrences of mitochondrial RNA import have been characterized throughout the eukaryotic 

tree of life. Genetic analysis of the mitochondrial DNA organization of highly divergent eukaryotes 

point to tRNAs as potentially representing the largest RNA family imported into mitochondria. In 

plasmodia, the mitochondrial DNA encodes no tRNA nor rRNA, but three proteins necessary to the 

oxidative phosphorylation [1]. In trypanosomatids, the mitochondrial DNA also does not encode 

any tRNA [2] and tRNAs are massively imported. Moreover, in some species of cnidarians like the 

Lophelia pertusa coral, the mitochondrial DNA encodes only two tRNA genes, and seven proteins 

[3, 4]. Massive tRNA import is thus expected to support mitochondrial translation in these 

organisms, although their RNA import mechanism has been less studied than in plants [5].  

Our laboratory has demonstrated that tRNA mitochondrial import occurs naturally in yeast [6, 

7] and that yeast cytosolic tRNA derivatives can be imported in mitochondria of cultured human 

cells [8], even though their mitochondrial DNA encodes complete sets of tRNA. In addition, the 

human 5S ribosomal RNA is also imported into human mitochondria [9, 10] although its function 

once imported remains elusive. In yeast, the import of tRK1 (tRNALys with anticodon CUU) rescues 

mitochondrial translation at non-permissive temperature when the mitochondrial tRNALys (tRK3) is 

hypo-modified and becomes inefficient at decoding rare AAG codons [11]. Moreover, yeast tRNA 

derivatives can fortuitously suppress mutations leading to MELAS [12] or MERRF [13] syndromes, 

functionally replacing host mitochondrial tRNALeu or tRNALys, respectively. These studies suggest 

participation of imported cytosolic type molecules in the mitochondrial translation process. 

The mechanisms of RNA mitochondrial import appear to rely importantly on RNA refolding 

by means of proteins acting as molecular chaperones. Mitochondrial import of either tRK1 or of 5S 

rRNA casts very much alike mechanisms. A first step of RNA hijacking by a cytosolic protein 

triggers RNA refolding and further escape from cytosolic pathways of a small fraction of the RNA 

pool (~5%). The first protein carries its RNA freight to the mitochondrial surface where it is 

transferred to a second carrier facilitating the translocation to the mitochondrial matrix. Although 

this late stage is believed to rely on the VDAC and/or TOM/TIM channels [14], no undisputed 

molecular mechanism was proposed for yeast or human mitochondria. The glycolytic enzyme 

enolase is first involved as a carrier of tRK1, and the precursor of the lysyl-tRNA synthetase 

(preMSK1p) takes it in charge during the second step (Figure 1). In the case of the 5S rRNA, the 
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precursor of the mitochondrial ribosomal protein L18 (MRPL18) firstly hijacks the 5S RNA, then 

followed by rhodanese, an enzyme apparently involved in cyanide detoxication.  

Our recent studies have shown that the three human enolases (&, ! , ' ) promote 

mitochondrial import of tRK1 as does enolase 2 in yeast [15]. However, in our efforts to 

characterize the complex between tRK1 and enolase 2 in order to conduct structural studies, we 

have realized that additional factors seem to be required. The present study summarizes original, 

nevertheless preliminary, biochemical evidence, which show that enolase alone is not competent to 

interact with tRK1, and present experimental conditions under which it was possible to produce a 

tRK1-enolase molecular complex, competent in mitochondrial in vitro import. Yet, this complex is 

built up from additional proteins that need to be further identified. 

Material and Methods 

In vitro transcription of tRNAs  

Plasmid DNA templates were typically obtained from XL1blue cells using the QIAGEN 

Plasmid Maxi Kit, and linearized with MvaI (BstNI) (Fermentas, Thermo Fisher Scientific). The 

construct of tRK1 and tRK2 are preceded by a hammerhead ribozyme preserving the loop-loop 

tertiary interaction between stems I and II in order to produce transcripts with wild type 5Õ and 3Õ 

sequences following design principles reported in [16]. Transcription reactions of BstN1-linearized 

hammerhead ribozyme-tRNA constructs (tRK1: 5'-

TAATACGACTCACTATAGGGCGCCACCAAGGCCTGACGAGTCTCTGAGATGAGACGAA

ACTCTTCGCAAGAAGAGTCgCCTTGTTGGCGCAATCGGTAGCGCGTATGACTCTTAATC

ATAAGGTTAGGGGTTCGAGCCCCCTACAGGGCTCCA-3', tRK2: 

TAATACGACTCACTATAGGGTGAGCATACCAAGGACTGACGAGTCTCTGAGATGAGAC

GAAACTCTTCGCAAGAAGAGTCtCCTTGTTAGCTCAGTTGGTAGAGCGTTCGGCTTTTA

ACCGAAATGTCAGGGGTTCGAGCCCCCTATGAGGAGCCA, where the 5' nucleotide of each 

tRNA is in small case) were incubated during 4 h at 37¡C in 40 mM Tris-HCl (pH 8.0), 5 mM DTT, 

0.01% Triton X-100, 1 mM spermidine, 5 mM ATP, 5 mM CTP, 5 mM UTP, 5 mM GTP, 22 mM 

MgCl2, 60 ! g/mL purified recombinant T7 RNAP (homemade), 1 units/mL E. coli inorganic 

pyrophosphatase, and 50 ! g/mL linearized plasmid DNA template. The hammerhead ribozyme was 
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optimized for cleavage tRK1 as in (15). RNA transcripts were purified by 8-10% denaturing PAGE 

[17].  

Recombinant enolase 2 expression and purification 

Native wild-type yeast enolase 2 (Eno2p) with a C-terminal His6-tag was expressed from a 

plasmid pET3a derivative transformed in Escherichia coli strain BL21. The bacteria were grown at 

37¡C in LB media containing 0.1 mg/mL ampicilline until the OD600 reached 0.6. Protein 

expression was induced by 0.5 mM IPTG for 2-3 h at 30¡C. Cells were harvested by centrifugation 

and re-suspended in NP buffer (50 mM NaH2PO4, 300 mM NaCl pH 8.0) supplemented with 

Complete EDTA-free protease inhibitor tablets (Roche). Cells were incubated in the presence of 

lysozyme (1 mg/mL), 30 min on ice and lysed by sonication. Cell debris were collected by 

centrifugation at 20,000 g for 1 h at 4¡C. The supernatant was incubated overnight at 4¡C in the 

presence of 1 mL of Ni-NTA slurry (Qiagen) per 4 mL of cleared lysate supernatant and 10 mM 

imidazole. The resin was then washed with NP-buffer containing 10, 20 or 30 mM imidazole. The 

bound Eno2p was eluted from the resin with NPI-buffer containing imidazole concentrations 

increasing from 100 mM to 200 mM. The protein sample was then dialyzed at 4¡C against a buffer 

containing 50 mM HEPES-KOH pH 7.5, 100 mM KCl, 1 mM MgCl2. The concentration of protein 

was determined by measuring absorbance at 280 nm (E1% = 8.95). The purity of the protein was 

estimated from Coomassie-stained SDS-PAGE. Molecular weights of proteins were estimated using 

PageRuler Prestained Protein Ladder (Fermentas). 

Purification of yeast enolase 2 

Yeast Eno2p was purified under native conditions from " ENO1 yeast cells at the end of the 

exponential phase (ENO1 gene was deleted in W303 yeast strain by KanMX4 cassette replacement). 

Yeast cells were grown in liquid YPD medium (1% yeast extract, 2% peptone, 2% 

glucose/dextrose) supplemented with 0.2 mg/mL of G418 at 30¡C in a shaking incubator (Infors HT 

Multitron, 250 rpm) for 18 h. The cells were harvested by centrifugation and washed with pre-

chilled milliQ water. 

Disruption of cells was performed using a FastPrep-24ª Homogenizer (MP Biomedical) 

after addition of glass beads to the breakage buffer (0.6 M Sorbitol, 10 mM Tris-HCl, pH 7.5, 1 mM 

EDTA and protease inhibitor cocktail) used to resuspend the pellet. Cell debris were collected by 
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centrifugation at 40 000 g for 30 min at 4 ¡C. The supernatant was transferred to a fresh tube and 

then 67% saturated with ammonium sulfate by addition of solid ammonium sulfate. After 

centrifugation at 40 000 g at 4¡C for 30 min, the supernatant was then 100% saturated and 

centrifuged again at 40#000 g at 4¡C for 30 min. The supernatant was discarded and the pellet re-

suspended in 20 mM TrisÐHCl buffer, pH 8.3, containing 5 mM MgSO4, 1 mM EDTA; dialyzed 

overnight against the same buffer and applied to a mono-Q column (HiTrap Q XL, GE Healthcare) 

equilibrated with 10 mM TrisÐHCl buffer, pH 8.3, containing 5 mM MgSO4, 1 mM EDTA. 

Proteins were fractionated with a linear NaCl gradient (0-1 M). Eno2p-enriched fractions were 

applied to a Superdex-200 Increase 10/300 GL column (GE Healthcare) equilibrated with 50 mM 

HEPES-KOH, pH 7.5, 150 mM K$l, 5 mM MgSO4 and 1 mM EDTA. A final step of 

hydroxyapatite chromatography (CHT5-1 BioRad) was used to eliminate nucleases. At each 

purification step, protein-containing fractions were probed by dot-blot analysis using an anti-

enolase antibody.  

Isothermal titration microcalorimetry (ITC)  

ITC experiments were conducted on a MicroCal ITC200 (GE Healthcare). Prior to the 

experiment, the protein and RNA samples were dialyzed against the same buffer (25 mM HEPES-

KOH (pH 7.5), 100 mM KCl, 1 mM MgCl2, 0.1 mM EDTA). Data treatment was performed with 

the software Origin 7.0. Typical experiments according to the manufacturer guidelines were 

conducted using 300 ! L of a solution of Eno2p at 30 ! M in the main adiabatic cell, while the 

syringe was loaded with a solution containing 300 ! M RNA refolded under the same conditions as 

for EMSA experiments. Injections of 1.5 ! L of tRK1 solution were performed until complete 

titration was achieved. 

Electrophoretic Mobil ity Shift Assay (EMSA) 

T7 transcripts of tRK1 were 5Õ end-labeled with %-32P-ATP using T4 polynucleotide kinase 

(Promega). The labeled RNA was denatured at 92¡C and then slowly cooled down to room 

temperature in the presence of 4 mM EDTA. EMSA was conducted as described in (24). 

Appropriate amounts of proteins and labeled tRK1 transcripts were mixed in 10 µL of a buffer 

containing 25 mM HEPES-KOH (pH 7.5); 100 mM KCl; 1 mM MgCl2, 0.1 mM EDTA and 

incubated for 20 min at 30¡C. RNA-protein complexes were separated from free RNA by native 8% 

PAGE containing 5% glycerol in 0.5x TBE buffer (pH 8.3).  
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In vitro mitochondrial import assay 

Mitochondria were purified from yeast YPH499 as described earlier [18]. A standard 100 µL in vitro 

mitochondrial import reaction contained 50,000 cpm of 5'-32P-labeled tRK1, 60 nM recombinant preMSK1p, 

0.1 mg of mitochondria and 10 µg of the assayed protein fractions as determined by Bradford assay. The 

import assays were carried out at 30¡C during 15 min in import buffer (0.6 M sorbitol, 20 mM HEPES-KOH 

(pH 6.8), 20 mM KCl, 2.5 mM MgCl2, 1 mM ATP, 5 mM DTT, 0.5 mM phosphoenol pyruvate and 4 units 

of pyruvate kinase). Thereafter, 50 µg/mL of RNase A (Sigma) was added in order to degrade non-imported 

RNAs and the samples were further incubated for 10 min on ice. After washing three times the samples with 

a buffer containing 0.6 M sorbitol, 10 mM HEPES-KOH (pH 6.7) and 4 mM EDTA, mitochondria were 

pelleted by centrifugation. RNAs were extracted using 100 µl of TRIzol reagent (Thermo Fisher Scientific), 

precipitated with ethanol and further separated by 8% denaturing PAGE (8 M urea). Bands of RNA were 

quantitated using a Typhoon-Trio scanner and the Image Quant-Tools software (GE Healthcare). The 

amount of imported RNA was determined by comparing the band density of the protected full-size RNA 

isolated from the mitochondria after the import assay with an aliquot representing 2-6% of the RNA input. 

Western blot 

For immunoblotting, proteins were separated on SDS-PAGE and transferred to a 

nitrocellulose membrane. Goat antibodies directed against enolase were used (Molecular Probes, C-

19: sc-7455, Santa Cruz Biotechnology). Western-blots were conducted as described earlier [19]. 

S100 protein extract and its fractionation by heparin chromatography 

The initial protein sample represents an extract of wild-type cells. An overnight 1 L culture of 

yeast W303 was centrifuged, washed twice with ice cold water, re-suspended in 10 mM HEPES-

KOH (pH 6.8), 50 mM KCl, 1 mM EDTA, 5 mM DTT, 10% glycerol, Complete protease inhibitor 

cocktail (Roche). Cells were lyzed by shaking in the presence of glass beads (FastPrep-24ª 

Homogenizer, MP Biomedicals). Cell debris were pelleted by low (2000 g) speed centrifugation. 

The supernatant was centrifuged at 100,000 g for 30 min at 4¡C. The S100 fraction was dialyzed 

against 20 mM HEPES-KOH (pH 6.8), 10 mM NaCl; 0.5 mM PMSF, 1 mM DTT and 10% 

glycerol, and applied to a heparin-sepharose column (Hi Trap Heparin HP 1 mL, GE Healthcare) 

equilibrated with the same buffer. Proteins were eluted by a step gradient of sodium chloride (0.1, 

0.2, 0.5 and 1 M). Fractions containing high level of Eno2p as deduced by western blot analysis 
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were pooled and further dialyzed against 20 mM HEPES, pH 6.8, 1 mM DTT, 10 mM KCl and 

50% glycerol including protease inhibitor cocktail, and stored at -20¡C. 

Results 

Improving the purity of recombinant enolase 2 reduces interaction with tRK1 transcripts 

The His-tagged recombinant enolases (wild-type, H373F) used in our biochemical assays 

were purified by affinity chromatography using Ni-NTA resin. Resulting samples contained fairly 

pure Eno2p, although some contaminants were still detected by SDS-PAGE (Figure 2A). Ni-NTA 

samples proved to be active in electrophoretic mobility shift assays (EMSA) (Figure 2B), 

suggesting that tRK1 could form a complex with recombinant Eno2p. Since our original goal was to 

solve the crystal structure of the cytosolic import complex of tRK1, we decided to purify further the 

recombinant Eno2p, since the presence of protein contaminants is known to generally preclude 

successful crystallization. We decided to further improve purification by addition of 

chromatographic steps (Figure 2C, D). 

Hydroxyapatite chromatography under native conditions of the overexpressed recombinant 

Eno2p indeed led to a highly pure protein sample. Yet, the propensity of the pure recombinant 

protein to interact with and to retard tRK1 was significantly reduced (Figure 2B). The results of 

these experiments suggest that some contaminants may be required to promote the interaction 

between tRK1 and Eno2p. Since enolases from yeast and E. coli present ~42% of identity [20] and 

are both very abundant in both organisms, it is also likely that some proteins from E. coli may be 

efficient in binding the recombinant Eno2p, and furthermore tRK1. This possibility is strengthened 

by the fact that very tiny amounts of RNA are used in EMSA, thus requiring small amounts of 

putative interacting proteins. Moreover, EMSA performed on larger amounts of unlabeled RNA 

failed to detect a visible mobility shift of tRK1. Nevertheless, we could observe that proteins from 

E. coli (BL21 with empty pET-3 plasmid) prepared under the same conditions as for the His-tagged 

Eno2p (Figure 3A) could also bind tRK1 in EMSA yielding a complex of same size as with Eno2p 

samples. This observation indicates that proteins from E. coli capable of interacting with tRK1 may 

form a complex mimicking the complex formed between tRK1 and the recombinant Eno2p (Figure 

3B). Yet, we did not investigate whether E. coli enolase could replace Eno2p on this occasion. 
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We turned towards isothermal titration microcalorimetry (ITC) to determine whether pure 

recombinant Eno2p could interact with tRK1 transcripts. ITC is a very sensitive and suitable 

method to determine whether molecules interact in solution in an unbiased experimental setup and 

do not require labeled molecules. Since ITC requires much larger amounts of material than EMSA, 

the contribution of contaminanting proteins to the signal can be neglected as opposed to EMSA. In 

a classical ITC experiment, a concentrated sample containing the ligand is added step by step to a 

large volume of a solution containing the receptor. At each step, the solution under continuous 

stirring is incubated untill the mix reaches equilibrium as monitored by the stabilization of the heat 

transfer. In our case, a concentrated solution of tRK1 was added step by step to a concentrated 

solution of Eno2p. Strikingly, no release or absorption of heat could be measured indicating that 

tRK1 transcripts and Eno2p do not interact (data not shown). These results confirmed abolition of 

complex formation with a pure recombinant Eno2p sample, corroborating results obtained by 

EMSA (Figure 2). 

Samples enriched with either recombinant or endogenous yeast Eno2p direct in vitro import 

and form a detectable RNA-protein complex  

The inability of recombinant Eno2p to interact even transiently with tRK1 transcripts in vitro 

suggested that additional factors might favor tRNA mitochondrial import. In order to investigate 

this hypothesis and to confirm the role of Eno2p, the ability to promote tRK1 mitochondrial import 

of Eno2p-enriched protein samples obtained from yeast extracts was evaluated. Wild-type Eno2p-

enriched samples were obtained by purification from yeast strain " ENO1 to avoid interference of 

Eno1p with tRK1. Enolases 1 and 2 abundance in yeast represents 3.6% and 6.2% of the total 

protein mass, respectively [21]. SDS-PAGE patterns of individual fractions were assayed by 

western blot to assess the presence and amounts of Eno2p (Figure 4). Results of in vitro import 

experiments of tRK1 into isolated yeast mitochondria confirmed that Eno2p significantly increases 

import efficiency as compared to the very low level observed with preMSK1p alone (Figure 5). 

The fraction of E. coli proteins yielded background level signal comparable to preMSK1p, 

indicating that the unspecific interactions detected in EMSA between E. coli proteins and tRK1 do 

not promote in vitro mitochondrial import.  

Furthermore, we wanted to check whether changing the relative protein composition of 

Eno2p-enriched fractions could affect RNA mitochondrial import. Two strategies were undertaken 



,&+T%"+!

! &$ 

to fractionate yeast cell extracts. The first one consisted in serial fractionation of yeast extracts 

using increasing ammonium sulfate concentrations [22] (Figure 6A) and the second one consisted in 

performing affinity chromatography on heparin matrix (Figure 7). Relative amounts of Eno2p in 

ammonium sulfate fractionated samples were determined by western blot (Figure 6B) and further 

assayed for their ability to direct mitochondrial import in vitro. Only fractions containing Eno2p 

showed import directing capabilities (Figure 6C). These findings were confirmed by tests on 

samples obtained by heparin chromatography. The flow-through fraction (HP-0), which contains 

the majority of the Eno2p pool (Figure 7) was mainly active in both EMSA and mitochondrial in 

vitro import assays (Figure 8). As for the recombinant Eno2p sample, we noted that yeast 

endogenous Eno2p-enriched samples underwent gradual loss of import directing capabilities after 

hydroxyapatite chromatography (Figure 5).  

The Eno2p-enriched fractions obtained directly from yeast are supposed to discriminate better 

between tRK1 and tRK2 (the second cytosolic lysine tRNA isoacceptor with UUU anticodon) 

transcripts than recombinant Eno2p accompanied by bacterial contaminants. In order to check if 

this was the case in our experiments, the capabilities of the Eno2p-enriched fractions to import 

tRK2 transcripts were evaluated (Figure 6D). These data show that the hydroxyapatite fractionation 

step also affects tRK2 mitochondrial import capability of samples processed as indicated in figure 

4A. These results indicate that protein partners of enolase likely to be critical to the import process 

are partly removed by this treatment. The results from the mitochondrial import assays also show 

that transcripts of tRK1 are slightly better imported than those of tRK2 (Figure 6E) indicating a 

slight but significant discrimination between the two transcripts. These results are in agreement 

with those on recombinant Eno2p, hence supporting the conclusion that the mitochondrial import 

process requires the participation of factors other than enolase. 

Discussion 

The motivation of the present study was to characterize the interaction between Eno2p and 

tRK1 transcripts in order to conduct crystallographic studies of the complex supposedly formed 

between these two molecules. Eno2p has been identified as a necessary factor for the initial step of 

tRK1 mitochondrial import in yeast [22]. Recombinant Eno2p samples obtained through nickel 

affinity chromatography successfully retardated tRK1 transcripts in electrophoretic mobility shift 

assays (EMSA). Nevertheless, an additional purification step using hydroxyapatite chromatography 
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significantly reduced tRK1 retardation. Further thermodynamic studies performed by isothermal 

titration microcalorimetry led to the conclusion that, indeed recombinant Eno2p was not capable of 

interacting with tRK1 transcript without the help of other cellular factors, which remain to be 

identified. This observation is supported by the fact that Eno2p, with a fairly low isoelectric point of 

~5.7, is not adapted to interact with heavily negatively charged molecules such as RNAs at 

physiological pH. Most RNA binding proteins present large positively charged electrostatic 

surfaces and isoelectric point usually beyond 8.0. Eno2p thus appears as a necessary, but not as a 

sufficient factor to promote tRK1 mitochondrial import. It could be argued that the absence of 

chemical modifications of tRK1 in vitro transcripts may prevent the two molecules to interact, 

although the observation that the transcripts can be sucessfully imported into mitochondria by 

Eno2p-enriched fractions contradicts this hypothesis. Nevertheless, the absence of chemical 

modifications could in principle affect import specificity, since tRK2 transcripts can also be 

imported in vitro, albeit not in vivo [23]. 

Our study indicates that fractions enriched either with recombinant or yeast-purified Eno2p 

are able to direct mitochondrial import in agreement with previously published results [22]. In all 

cases, it appears that contaminants favor this phenomenon, whether they originate from E. coli or 

yeast proteins. Enolases from these organisms share a high level of identity (42%) [20], which may 

partially rationalize why recombinant Eno2p may benefit from E. coli factor(s) to carry out 

mitochondrial import. Since Eno2p is a very abundant cytosolic protein and that only ~5% of the 

tRK1 pool follows the mitochondrial import route in vivo, proteins that are not stoichiometric with 

enolase or in other words much less abundant may be involved in this mechanism. Consequently, it 

is possible to hypothesize that the amount of tRK1 import complex could be controlled by a 

limiting protein cofactor, which may also serve to regulate the process under stress conditions. It 

results from this assumption that E. coli contaminants participating in the process should be fairly 

rare molecules, hence difficult to characterize. These arguments explain why an interaction between 

a picomolar amount of labeled tRK1 can be detected by EMSA, while ITC, which requires 

micromolar amounts is less perturbed by the presence of contaminants. In spite of these evidence, 

we cannot completely rule out that tRK1 transcripts may be retardated by other E. coli proteins. A 

recent example describes an interaction artefact between bacterial non-coding RNAs and Hfq, 

which was enriched by Ni-NTA purification due to the presence of several histidine residues in the 

Hfq hexamere, further leading to spurious mobility shift of the target non-coding RNAs [24]. 

Nevertheless, E. coli proteins obtained following the recombinant Eno2p purification protocol were 
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able to retardate tRK1 transcripts (EMSA), but did not show significant ability to promote 

mitochondrial import in vitro in the presence of preMSK1p.  

The present study demonstrates that Eno2p alone is not capable of interacting with tRK1 

transcripts in vitro, or to direct in vitro mitochondrial import. The data are not in contradiction with 

previously published ones since fractions not containing Eno2p could not direct import, and vice-

versa. Nonetheless, interactions between some Eno2p-deprived protein fractions and tRK1 could be 

detected by EMSA. Cellular unknown factors adding to Eno2p are thus necessary to direct import. 

The involved unidentified bacterial factors may also share high sequence identities with the yeast 

proteins that are necessary to the action of yeast Eno2p. Their identification will rely on further 

studies based on mass-spectrometry and sequence homology analysis between the E. coli and yeast 

proteins. 
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Figure legends 

Figure 1: Scheme of the mechanism of mitochondrial import of the yeast lysine isoacceptor 

tRNA with a CUU anticodon (tRK1). tRK1 undertakes refolding through interaction with proteins 

including Eno2p. This complex shuttles tRK1 to the mitochondrial surface where it interacts with 

preMSK1p, which proceeds to import properly in a process that is neither fully understood nor 

characterized in yeast or human cells. 

Figure 2: (A) Coomassie stained 10% SDS-PAGE of Ni-NTA-purified recombinant yeast 

Eno2p (MW & 49 kDa). The lane on the left side presents the pattern of the PageRuler Prestained 

Protein Ladder (Fermentas) with the corresponding molecular weight scale. Lane 1 corresponds to 

the flow-through. For lane 2, loaded proteins were washed using a buffer containing 20 mM 

imidazole. Lanes 3 to 5 correspond to elutions at increasing imidazole concentrations 40, 80 and 

150 mM, respectively. Fractions corresponding to lanes 4 and 5 were combined and underwent 

hydroxyapatite chromatography.  

(B). EMSA between labeled tRK1 and Eno2p (wild type (WT) or H373F mutant). The results 

show how tRK1 binding is altered following hydroxyapatite chromatography of Eno2p. The 

previously characterized H373F mutation in Eno2p (21) prevents enzymatic activity while 

preserving the efficiency of in vitro import direction. The concentrations of Eno2p in each reaction 

are indicated on the top of each lane. (*) indicates samples subjected to an additional step of 

hydroxyapatite chromatography. Free and complex forms of tRK1 are explicitely indicated on the 

right side of the gel.  

($) Hydroxyapatite chromatography (CHT5-1 BioRad) of Ni-NTA purified recombinant 

yeast Eno2p. The trace of the optical density monitored at 280 nm presents a single peak 

corresponding to Eno2p. Fractions between 29 and 34 mL corresponding to the peak of retention 

volume (indicated with droplet) were analyzed by Coomassie-stained 10% SDS-PAGE (D); Lane 1 

- fraction corresponding to 29 mL retention volume, lane 2 - 30 mL, lane 3 - 31 mL, lane 4 - 32 mL, 

lane 5 - 33 mL, lane 6 - 34 mL. 
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Figure 3: (A) Coomassie stained 10% SDS-PAGE of Ni-NTA purified E.coli proteins and 

recombinant Eno2p. Proteins from E. coli BL21 not expressing Eno2p were purified under the same 

conditions as Eno2p overexpressed in E. coli BL21. The patterns of migration of E.coli proteins 

eluted at imidazole concentrations of 20, 40, 60, 100 and 200 mM (lanes 1 to 5) show that some 

proteins possess strong affinity for the Ni-NTA resin. Lanes 6 to 9 represent the patterns of 

migration of recombinant Eno2p eluted at imidazole concentrations of 20, 40, 100 and 200 mM. 

(B) A comparison between EMSA obtained using Ni-NTA-purified Eno2p and different 

fractions of Ni-NTA-purified E. coli proteins reveals comparable patterns. The interaction between 

tRK1 and Ni-NTA-purified E. coli proteins yields a band indicating a complex of about the same 

size as with the recombinant Eno2p. tRK1 alone in the EMSA buffer was used as a control. 

Fractions are labeled according to the imidazole concentration present in the elution buffer. Ten ! L 

samples contained 1 ! L of each protein fraction mixed with 3000 cpm of 5'-end labeled tRK1 in 

EMSA buffer (See Material & Methods section). 

Figure 4: (A) Strategy of endogenous Eno2p purification from yeast extracts. The 

supernatant of an S100 fraction was obtained from total yeast (" ENO1) extract. The S100 

supernatant was successively subjected to 67% and 100% ammonium sulfate precipitation. The 

resuspended resulting pellet was fractionated by monoQ chromatography. The purification was 

polished by gel-filtration followed by hydroxyapatite chromatography.  

(B) Representative UV traces obtained by gel-filtration (left side of panel B) followed by 

hydroxyapatite (right side of panel B) chromatography (UV traces monitored at 280 nm are scaled 

in milli absorbance units, mAU).  

Coomassie-stained 10% SDS-PAGE of gel-filtration-collected fractions (C) and western blot 

(D) using SC-7455 antibodies allow to identify Eno2p-enriched fractions. PageRuler Prestained 

Protein Ladder (Fermentas) corresponds to the left lane. Lanes 1-8 present patterns of the 0.5 mL 

fractions collected at retention volumes (rV) between 12 to 16 mL. The western-blot of the 

corresponding fractions is shown in panel D. 
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Figure 5: Results of in vitro import assay. Recombinant Eno2p, yeast endogenous Eno2p and 

fractions of E.coli proteins active in EMSA were assayed for directing import of labeled tRK1 into isolated 

yeast mitochondria in the presence of preMSK1p. tRK1 input (lane 1) corresponds to 6% of the fraction that 

was used in mitochondrial in vitro import assay. Three control experiments were performed, without 

mitochondria (lane 2), or without adding any protein (lane 3), or using preMSK1p alone (lane 4). Other lanes 

correspond to tests of specific fractions (all reactions were performed in the presence of 60 nM preMSK1p): 

E. coli proteins eluted at 80 mM imidazole (lane 5); recombinant His6-tagged Eno2p (lane 6); Eno2p-

enriched fractions after purification from yeast cells prior to (lane 7) or after (lane 8) hydroxyapatite 

chromatography. The histogram reports the quantitation of gel lanes (in % from the total 32P counts taken for 

each reaction). 

Figure 6: (A) Coomassie-stained 10% SDS-PAGE of samples resulting from ammonium 

sulfate fractionation of yeast lysates. The PageRuler Prestained Protein Ladder (Fermentas) is 

represented on the left. Lane 1 - proteins precipitated at 0-30% ammonium sulfate (AS) saturation, 

lane 2 Ð 30-40%, lane 3 Ð 40-50%, lane 4 Ð 50-60%, lane 5 Ð 60-70%, lane 6 Ð 70-80%, lane 7 Ð 

80-90%, lane 8 Ð 90-100% and lane 9 - fraction collected by gel filtration chromatography at rV 14 

mL and further subjected to hydroxyapatite chromatography.  

(B) Western blot of Eno2p allows identifying fractions enriched with Eno2p using the same antibody 

as in figure 4D.  

(C) Fractions were tested in in vitro import assay in the presence of recombinant preMSK1p. tRK1 

input (lane 1) corresponds to 2% of labeled tRNA that was used in each in vitro import assay. Two control 

experiments were performed, without adding any protein (lane 2) or without mitochondria (lane 3). Other 

tests were all done in the presence of preMSK1p: lane 4 -  preMSK1p alone, lane 5 Ð fraction 30-40% AS 

saturation, 6 Ð 40-50%, 7 Ð 50-60%, 8 Ð 60-70%, 9 Ð 70-80%, 10 Ð 80-90%, 11 Ð 90-100% and lane 12 - 

endogenous yeast Eno2p-enriched prior to hydroxyapatite fractionation. The histogram below the gel shows 

the quantitation of gel lanes (in % from the total 32P counts taken for each reaction). Only fractions 6 to 8 

from panel A could direct import of tRK1 (corresponding to lanes 9 to 11 in panel C). 

(D) In vitro import of tRK2 transcript (tRNALys with anticodon UUU) was also assayed to evaluate the 

specificity of the in vitro import test. Lanes 1-4 are the same as in panel C. Lane 5 Ð fraction of proteins 

precipitated at 50-60% and lane 6 Ð 90-100% AS saturation. The ability to direct tRK2 in vitro import were 

tested for 67%-100% AS-saturated Eno2p-enriched fractions prior to and after hydroxyapatite 

chromatography (lanes 7 and 8, respectively), recombinant Eno2p fractions eluted at 80 and 200 mM 
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imidazole concentrations (lanes 9 and 10) and E.coli proteins fraction eluted at 200 mM imidazole 

concentration (lane 11; See Figure 3A).  

(E) Comparison of tRK1 and tRK2 in vitro mitochondrial import for two samples - fraction 90-100% 

saturation of ammonium sulfate and yeast protein fractions containing significant amounts of Eno2p prior to 

hydroxyapatite chromatography. 

Figure 7: (A) Coomassie-stained 10% SDS-PAGE of of yeast protein extract fractions (S100) 

fractionated by heparin chromatography. Ten µg of protein (as determined by Bradford assay) were 

loaded per lane. Lane 1 Ð recombinant Eno2p, lane 2 - PageRuler Prestained Protein Ladder 

(Fermentas), lane 3 Ð HP-500 (500 mM NaCl in elution buffer), lane 4 Ð HP-200 (200 mM NaCl), 

lane 5 Ð HP-100 (100 mM NaCl), lane 6 Ð HP-0 (no NaCl), lane 7 Ð S100.  

(B) The western blot analysis of fractions obtained by heparin chromatography using the 

same antibodies as in figure 4D indicates that most Eno2p remains in the flow-through (HP-0, lane 

6). Recombinant yeast Eno2p was used as a control (lane 1). No significant signal could be detected 

for other fractions. 

Figure 8: Analysis of tRK1-protein interaction. 32P-5' end labeled tRK1 was incubated in the 

presence of protein fractions after heparin chromatography (5 µg of total protein per reaction as 

determined by Bradford assay). Each reaction was fractionated both by EMSA on native 8% PAGE 

(A) and by denaturing 8% PAGE (B). Lanes 2 - HP-0, lanes 3 Ð HP-100, lanes 4 Ð HP-200 and 

lanes 5 Ð HP-500. The sample containing tRK1 in the reaction buffer without proteins was used as a 

control (lanes 1).  

(C) The tRK1 import ability of the protein fractions assayed in EMSA was evaluated by in 

vitro import assay of 32P-5' end labeled tRK1 transcripts into yeast mitochondria. Lane 1 Ð 1% of 

tRK1 input, lane 2 - control without any protein, lane 3 - preMSK1p alone, lane 4 - S100. All other 

reactions were performed in the presence of preMSK1p: lane 5 - HP-0, lane 6 - HP-100, lane 7 - 

HP-200, lane 8 - HP-500, lane 9 - human KARS2 and alpha enolase, and lane 10 - HP-900. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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:;!&2+# X!"B:A!<HACFI/9:<;!V/A!=<;G:F8C4!H>!9BCF8<4>;/8:=!A9E4:CA!DCFG<F8C4!H>!

:A<9BCF8/?!9:9F/9:<;!8:=F<=/?<F:8C9F>X!.9!:A!AEJJCA9C4!9B/9!&;<OD!:A!:8D?:=/9C4!:;!9BC!

8:9<=B<;4F:/?!:8D<F9!/A!,*#@H:;4:;J!DF<9C:;X!3<VCICFW!=?/AA:=/?!,*#!H:;4:;J!DF<9C:;A!

DFCAC;9!?/FJC!D<A:9:IC?>!=B/FJC4!C?C=9F<A9/9:=!AEFG/=CA!/;4!:A<C?C=9F:=!D<:;9!ND.P!EAE/??>!
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HC><;4!jX\X!&;<OD!:A!F/9BCF!/=:4:=!DF<9C:;!V:9B!D.!$!YXjjW!=CF9/:;?>!;<9!G/I<F/H?C!G<F!

:;9CF/=9:;J !V:9B!;CJ/9:IC?>!=B/FJC4!;E=?C:=!/=:4AX!.9!V/A!FCD<F9C4!/H<E9!9BC!=/D/H:?:9>!<G!

&;<QD!9<!H:;4!C:9BCF!0*#!<F!,*#!8<?C=E?CA!E;4CF!ADC=:G:=!=<;4:9:<;A!<G!D3!‹YXY!/;4!?<V!

:<;:=!A9FC;J9B!N#?@5:CF>!/;4!$FCVCFW!QccOPX!*CICF9BC?CAAW!AE=B!:;9CF/=9:<;!:A!=<;4:9:<;/?!/;4!

ACC8A!9<!HC!F/9BCF!E;?:6C?>!:;!=C??!/ 9!DB>A:<?<J:=/?!D3!/A!9BC!;<F8/?!9:AAEC!B/A!/!D3!$!̂ Xc@bXMX!

"BCFC!:A!;<9!/!?<9!<G!CI:4C;=C!AEDD<F9:;J!C;<?/AC!,*#@H:;4:;J!=/D/H:?:9:CA!$)1@$@-X!"BC!

DF<4E=9!<G!9BC!/?9CF;/9:IC!9F/;A?/9:<;!<G!9BC!BE8/;! &@C;<?/AC!?/=6:;J !9BC!* @9CF8:;EA!c^!

/8:;</=:4AW!V/A!G<E;4!/A!/!FCDFCAA<F!<G!9BC!=@8>=!DF<8<9CF!9F/;A=F:D9:<;/?!/=9:I:9>!N(C<!C9!/?W!

O\\\ PX!"B:A!DF<9C:;!DF<4E=9!DFCAC;9A!/GG:;:9>!9<!#I.:# !1O@DF<8<9CF!:;!&2+#!/;4!=/;!4<V; @

FCJE?/9C!:9A!/=9:I:9>X!"BC!GE??@?C;JB9!&@C;<?/AC!V/A!/?A<!DF<D<AC4!9<!HC!/!0*#@H:;4:;J!DF<9C:;!

4EC!9<!:9A!DFCAC;=C!:;! / !=<8D?CL!V:9B!/GG:;:9>!G<F!/!ADC=:G:=!4<EH?C@A9F/;4C4!<?:J<;E=?C<9:4C!

NS/;JW!O\\Y PX!$E9!:;!9B:A!A:9E/9:<;!C;<?/AC!8:JB9!HC!/!A9FE=9EF/?!=<8D<;C;9!/;4!;<9!0*#@

H:;4:;J !?:6C!<G1#-,$!C;<?/AC!:;!9BC!,*#!4CJF/4<A<8C!N*EF8<B/8C4!C9!/?W!O\Q\PX!&;<?/AC!

:;9CF/=9A!8/:;?>!V:9B!)@9CF8:;EA!<G!,*/AC!&!/;4!8:JB9!D?/>!/;!:8D<F9/;9!GE;=9:<;/?!F<?C!:;!

4CJF/4<A<8C!/AAC8H?>!ACFI:;J!/A!/!?:;6!HC9VCC;!=C??!8C9/H<?:A8!/;4!FCJE?/9:<;!/9!9BC!D<A9@

9F/;A=F:D9:<;/?!?CIC?X!!

%/=6!<G!:;9CF/=9:<;!HC9VCC;!&;<OD!/;4!9,7Q!$)1@$&'-!=<E?4!HC!/99F:HE9C4!9<!9BC!/HAC;=C!

<G!=BC8:=/?!8<4:G:=/9:<;A!<G!9,7Q!"b!9F/;A=F:D9A!<F!D<A9@9F/;A?/9:<;/?!8<4:G:=/9:<;A!<G!&;<ODX!

*CICF9BC?CAAW!:9!V/A!<HACFIC4!:;!DFCI:<EA!A9E4>!N&;9C?:A!C9!/?W!Qcc^P!/;4!=<;G:F8C4!H>!FC=C;9!

4/9/! 9B/9!9F/;A=F:D9A!=/;!HC!AE==CAAGE??>!:8D<F9C4!:;9<!8:9<=B<;4F:/X!(EF9BCF8<FCW!A/8D?CA!<G!

FC=<8H:;/;9!&;<OD!4<!;<9!DFCAC;9!CE6/F><9:=@ADC=:G:=!8<4:G:=/9:<;A!VB:?C!9BC>!=/;!4:FC=9!9BC!

8:9<=B<;4F:/?!:8D<F9!<G!9,7Q!$)1@$&'-X!"BEAW!VC!=<;=?E4C!9B/9!VB:?C!C;<?/AC!:A!;C=CAA/F>!9<!

DF<8<9C!9,7Q!8:9<=B<;4F:/?!:8D<F9!:9A!F<?C!:;!9B:A!DF<=CAA!;CC4A!9<!HC!4CG:;C4!8<FC!

/==EF/9C?>X!

SC!AEDD<AC4!9B/9!&;<OD!FCUE:FCA!BC?D!GF<8!/44:9:<;/?!G/=9<FNAP!9<!:;9CF/=9!V:9B!9,7Q!

9F/;A=F:D9AX!'EF!A9E4>!:;4:=/9CA!9B/9!GF/=9:<;A!C;F:=BC4!C:9BCF!V:9B!FC=<8H:;/;9!&;<OD!<ICF@

CLDFCAAC4!:;!<G1#-,$!<F!&;<OD!4:FC=9?>!DEF:G:C4!GF<8!>C/A9!/FC!/H?C!9<!4:FC=9!8:9<=B<;4F:/?!

:8D<F9W!:;!/JFCC8C;9!V:9B!DFCI:<EA?>!DEH?:ABC4!FCAE?9AX!I9!AEJJCA9A!9B/9!=<;9/8:;/;9A !

=<;9/:;C4!:;!&;<OD@C;F:=BC4!A/8D?CA!G/I<F!9BC!8:9<=B<;4F:/?!:8D<F9W!VBC9BCF!9BC>!<F:J:;/9C!
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GF<8!<G1#-,$!<F!>C/A9!DF<9C:;AX!&;<?/ACA!GF<8!9BCAC!<FJ/;:A8A!AB/FC!M^d!<G!:4C;9:9>!N1/;=B<?:W!

O\\QPW!VB:=B!8/>!D/F9:/??>!F/9:<;/?:RC!VB>!<G1#-,$!G/=9<FNAP!8:JB9!/GGC=9!9BC!:8D<F9!=/D/H:?:9:CA!

<G!FC=<8H:;/;9!&;<OD!/A!V<E?4!4<!9B<AC!:;!&;<OD@C;F:=BC4!GF/=9:<;A!4:FC=9?>!<H9/:;C4!GF<8!

>C/A9X!

"BC!CL:A9C;=C!<G!/!?:8:9:;J!DF<9C:;!=<@G/=9<F!G<F!9BC!FCJE?/9:<;!<G!9B:A!DF<=CAA!:A!:;4CC4!

ICF>!?:6C?>X!&;<OD!:A!/ ;! /HE;4/;9!=>9<A<?:=!DF<9C:;!VB:?C!;<!8<FC!9B/;!Yd!<G!9BC!9,7Q!D<<?!

G<??<VA!9BC!8:9<=B<;4F:/?!:8D<F9!D/9BV/>!$)1@$@-!N&;9C?:A!C9!/?W!O\\^]!"/F/AA<I!/;4!&;9C?:AW!

QccOPX!SC!/AAE8C!9B/9!/!?:8:9:;J!DF<9C:;!=<@G/=9<F!8:JB9!B/IC!/;!:8D<F9/;9!F<?C!:;!

8/:;9/:;:;J!9BC!CA=/DC!F/9C!:;!9BC!Yd!F/;JC!9<!6CCD!ED!9BC!?CIC?!<G!=>9<A<?:=!9F/;A?/9:<;X!"BC!

EH:UE:9:;nO^+!DF<9C/A<8C!A>A9C8!NT1+P!4C8<;A9F/9C4!9BC!=/D/H:?:9>!9<!FCJE?/9C!9BC!

CGG:=:C;=>!<G!:8D<F9!D<AA:H?>!H>!4CJF/4/9:<;!<G!=CF9/:;!G/=9<FA!:;I<?IC4!:;!C:9BCF!9F/;A?/9:<;!<F!

8:9<=B<;4F:/?!:8D<F9!N$F/;4:;/!C9!/?W!O\\bPX!"BC!FCJE?/9:<;!<G!/HE;4/;9!DF<9C:;A!V<E?4!B/IC!

8:;<F!CGGC=9A!/A!=<8D/FC4!9<!F/9BCF!F/FC!DF<9C:;AX!#?A<!C;<?/AC!/=9:I:9>!:A!=<ED?C4!9<!8/;>!

8C=B/;:A8A!N4CJF/4<A<8CW!J?>=<?>A:AW!:8D<F9PX!3C;=C!:9!:A!4:GG:=E?9!9<!A9E4>!<;C!DF<=CAA!

V:9B<E9!/GGC=9:;J!9BC!<9BCFAX!"BC!4/9/!/FC!;C=CAA/F:?>!ICF>!=<8D?CL!9<!:;9CFDFC9!A:;=C!9BC>!

FCG?C=9!9BC!D<9C;9:/?!DCF9EFH/9:<;A!:;9F<4E=C4!H>!<EF!CLDCF:8C;9/?!AC9@EDAX!

A$%&%N>&%''#/"*/&*+/`"R&%109-(#/"*/_*U0L-"*%"/9-'%'*+/%'*"/(*3U-"1%*

(U%*%__#3#%"3a*/_*(CS6*#L>/&(*#"(/*L#(/3U/"+&#-*/_*U0L-"*3%99'*

"B:A!B>D<9BCA:A!8/>!CLD?/:;!9BC!CLDCF:8C;9/?!FCAE?9A!<G!<ICF@CLDFCAA:<;!/;4!4<V;@

FCJE?/9:<;!<G!BE8/;!C;<?/ACAX!SC!AEJJCA9C4!9B/9!=F>D9:=!8C=B/;:A8A!<G!9,7Q!9/FJC9:;J!:;!

BE8/;!=C??A!/FC!A:8:?/F!9<!9B/9!8C=B/;:A8!:;!>C/A9!=C??AX!"BEAW!9B:A!DF<=CAA!:;!BE8/;!=C??A!

:;I<?ICA!9BC!DFC=EFA<F!<G!8:9<=B<;4F:/?!?>A>?@9,*#!A>;9BC9/AC!NDFC7#,+ODP!N5<VBCF!C9!/?W!

O\QaPW!9BC!B<8<?<JEC!<G!>C/A9!DFC2+7QDX!*CICF9BC?CAAW!$)1@$&'-!:8D<F9!:;9<!:A<?/9C4!BE8/;!

8:9<=B<;4F:/!=/;;<9!HC!:;4E=C4!V:9B<E9!>C/A9!C;<?/AC!<F!F/HH:9!8EA=?C!C;<?/AC!CIC;!:;!

DFCAC;=C!<G!DFC7#,+OD!N5<VBCF!C9!/?W!O\QaPX!.9!:A!9BEA!FC/A<;/H?C!9<!CLDC=9!9B/9!BE8/;!

C;<?/AC!:A!:;I<?IC4!:;!8:9<=B<;4F:/?!:8D<F9!8C=B/;:A8X!"BCFC!/FC!9BFCC!:A<G<F8A!<G!9B:A!

DF<9C:;!:;!BE8/;!=C??A!:;=?E4:;J!&@C;<?/AC!/A!9BC!8/:;!G<F8!/;4!9V<!9:AAEC@ADC=:G:=!G<F8A!N! !

/;4! ' @C;<?/ACPX!+CUEC;=C!=<8D/F:A<;A!AB<V!9B/9!BE8/;!C;<?/ACA!DFCAC;9!GF<8!̂Od !9<!jad!

:4C;9:9>!V:9B!>C/A9!&;<ODX!
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"BC!FCAE?9A!<G!$)1@$&'-!,*#!8:9<=B<;4F:/?!:8D<F9!CLDCF:8C;9A!4C8<;A9F/9C4!9B/9!/??!

BE8/;!C;<?/ACA!4:FC=9!9,7Q!8:9<=B<;4F:/?!:8D<F9!:;!DFCAC;=C!<G!DFC7#,+ODX!+:8:?/F!9<!>C/A9!

&;<ODW!BE8/;!C;<?/ACA!G/=:?:9/9C!9BC!G<F8/9:<;!<G!9,7Q@DFC7#,+OD!=<8D?CL!H>!4C=FC/A:;J!

_Q\!G<?4!9BC!/DD/FC;9!! " !GF<8!a\\!;2!9<!Q\ @O\!;2W!BC;=C!=<;9F:HE9:;J!9<!9BC!:8D<F9!DF<=CAAX!

"B:A!AEJJCA9:<;!V/A!H/AC4!<;!&2+#!4/9/X!3<VCICFW!9BC!4<V;@FCJE?/9:<;!<G!C;<?/AC!:;!BE8/;!

=C??A!4C8<;A9F/9C4!A?:JB9!4C=FC/AC!<G!a\d!:;!/8<E;9!<G!9,7Q!FC=<ICFC4!:;!8:9<=B<;4F:/W!

VB:?C!9BC!<ICFCLDFCAA:<;!<G!9V<!:A<G<F8A!<G!BE8/;!C;<?/AC!B/4!;<!CGGC=9!<;!9BC!/8<E;9A!<G!

9,7Q!/AA<=:/9C4!V:9B!8:9<=B<;4F:/X!.G!VC!/AAE8C!9BC!:8D?:=/9:<;!<G!/;! /44:9:<;/?!?:8:9C4!

G/=9<F!:;!9BC!8:9<=B<;4F:/?!:8D<F9!DF<=CAAW!9BCAC!FCAE?9A!/FC!;<9!AEFDF:A:;JX!"BC!/8<E;9!<G!

DF<9C:;!FC8/:;:;J!:;!4<V; @FCJE?/9:;J!=C??A!8:JB9!HC!C;<EJB!9<!=<<DCF/9C!V:9B!8:;<F!G/=9<FA!

/;4!9<!GE?G:??!:8D<F9X!.;!9BC!=/AC!<G!C;<?/AC!<ICFCLDFCAA:<;W!/;!/44:9:<;/?!G/=9<F!=<E?4!A9:??!HC!

?:8:9:;JW!:8D?>:;J!E;=B/;JC4!:8D<F9!CGG:=:C;=>X!!

"BC!V<F6!V:9B!9BC!A/8D?CA!<G!FC=<8H:;/;9!DF<9C:;!HF:;JA!;E8CF<EA!D:9G/??AX!) CF9/:;!

8<4:G:=/9:<;A!=<E?4!=B/;JC!9BC!DF<9C:;!DF<DCF9:CA!/;4!AV:9=B!HC9VCC;!8<<;?:JB9:;J!

GE;=9:<;A!NzCGGCF>W!O\Q^PX!"BC!A:8:?/F!=/D/=:9:CA!<G!FC=<8H:;/;9!&;<OD!/;4!&;<OD!DEF:G:C4!

GF<8!>C/A9!9<!4:FC=9!9,7Q!8:9<=B<;4F:/?!:8D<F9!DFCAC;9!CI:4C;=C!/J/:;A9!9B:A!=/ACX!<G1#-,$!

=<;9/8:;/9C4!DF<9C:;A!/?A<!8:JB9!HC!FCAD<;A:H?C!G<F!9BC!G/?AC!D<A:9:IC!FCAE?9A!<G!&2+#X!#n 

example describes an interaction artifact between bacterial non-coding RNAs and Hfq, which was 

co-purified in Ni-NTA-protein samples certainly due to the presence of histidine residues!

N2:?<iCI:=!C9!/?W!O\QaPX!SC!G<E;4!9B/9!*:@*"#!DEF:G:C4!FC=<8H:;/;9!&;<OD!DFCAC;9A!/!D/99CF;!

<G!9,7Q!FC9/F4/9:<;!:;!&2+#!A:8:?/F!9<!9B/9!GF<8!E. coli proteins obtained by applying the 

recombinant Eno2p purification protocol to BL21 cells, containing a plasmid without the ENO2 

insert. This mean that EMSA with contaminated recombinant Eno2p sample can lead to a wrong 

picture concerning the interaction between Eno2p and tRK1. After mass-spectrometry analysis of 

the protein content of one of the samples containing the recombinant Eno2p, we found E. coli YbiB, 

which was not characterized by sequence specificity, but showed high affinity to nucleic acids 

(Schneider et al, 2015). Nevertheless, we cannot rule out the participation of E. coli enolase in tRK1 

retardation. However, it must be noted that E. coli proteins presented affinity to tRK1 transcripts 

did not show significant ability to promote mitochondrial import in vitro in the presence of 

preMSK1p. 
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In yeast, tRK1 only is imported into mitochondria while the second isoacceptor tRK2 is 

retained in cytosol. The same is true for T7 transcripts of those tRNAs (Entelis et al, 1996). 

Moreovere, the aminoacylated tRNAs T7 transcripts appeared to be better substrate for 

mitochondrial import than modified tRNAs. The SELEX experiments and FRET analysis gave rise 

to the hypothesis about an alternative F-form tRNA which would determine mitochondrial import 

(Kolesnikova et al, 2010). In other words, only tRNA molecules able to form a stable F-stem follow 

the mitochondrial import pathway. But synthetic molecules, which were built only from F-stem 

were imported with low efficiency while a fusion between the D-arm and the F-stem increases its 

own import 5 fold greater that tRK1 import (Kolesnikova et al, 2010). The synthetic transcript of 

yeast mitochondrial tRNALys was imported into mitochondria two fold more efficiently than tRK1 

although the presence of the F-stem could not be assessed by means of secondary structure 

prediction programs (Mfold ,*#!G<?4:;J!G<F8!ICFX!OXa!C;CFJ:CA). However, in human cells, 

several distinct pathways of mitochondrial import seem to exist. Thus, short molecules containing 

either D-arm or F-stem as import determinants exploit the import mechanism that differ from 

preKARS2-dependent used by longer RNAs containing both (D and F) determinants (Gowher et al, 

2013). All this indicates that the mechanism of determination of substrate import is complex that 

raises a lot of questions. We tested the conformation of tRK1 and tRK2 transcripts in solution by 

RNases T1 and V1 and In-line probing. Both transcripts exist in various conformations, which are 

hard to decipher in probing assays. In general, tRK2 possessed more ÒopenÓ regions than tRK1, but 

in both cases the contribution of two sets of conformations with free anticodon or with anticodon 

involved in stem structure is observed. The signatures of several likely conformations can be 

distinguished. Thus we detected a tRK1 rod-like conformation presenting an aminoacceptor stem 

similar to the conformation predicted for synthetic tRK3. It is possible to suggest that the ratio 

between different conformations in vitro as well as in vivo could serve as an additional factor that 

determines the efficiency of importX!

="/4>* '(&03(0&%*

&;<?/AC!:A!FCAD<;A:H?C!G<F!9BC!FCICFA:H?C!=<;ICFA:<;!<G!O@DB<ADB<J?>=CF/9C!:; 9<!

DB<ADB<C;<?D>FEI/9C!9B/9!:A!<;C!<G!9BC!=<88<;!FC/=9:<; A!<G!J?>=<?>A:A!/;4!J?E=<;C<JC;CA:AX!

lC/A9!D<AACAACA!9V<!:A<G<F8A!<G!9BC!J?>=<?>9:=!C;R>8C!C;<?/AC![ !&;<QD!/;4!&;<ODX!$<9B!
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DF<9C:;A!/FC!A9F<;J?>!FCJE?/9C4!H>!9BC!/I/:?/H:?:9>!<G!=/FH<;!A<EF=CX!SB:?C!&;<QD!:A!/!

=<;A9/;9?>!CLDFCAAC4!DF<9C:;!9BC!DFCAC;=C!<G!&;<OD!:;=FC/ACA!O\@G<?4!<;!J?E=<AC!/A!/!=/FH<;!

A<EF=C!N2=/?:A9CF!/;4!3<??/;4W!QcjOPX!

"BCFC!:A!/!AEJJCA9:<;!9B/9!C;<?/AC!8/>!;<9!<;?>!?:;6!J?>=<?>A:A!/;4!J?E=<;C<JC;CA:A!HE9!

8/>!ACD/F/9C!9BC8!through specialization of functions of isozymesX!SB:?C!&;<QD!:A!:;B:H:9C4!H>!

9BC!J?>=<?>9:=!AEHA9F/9C!O@DB<ADB<J?>=CF/9CW!DB<ADB<C;<?D>FEI/9C!/DDC/FA!9<!:;B:H:9!&;<ODW!

CIC;!9B<EJB!9BC!4:GGCFC;=CA!<G!9BC:F!6:;C9:=!DF<DCF9:CA!/FC!F/9BCF!A8/??!/;4!=/;;<9!GE??>!

CLD?/:;!9BC!FC/A<;!G<F!9BC!:A<C;R>8C!=/FH<;!A<EF=C@4CDC;4C;9!FCJE?/9:<;!N&;9:/;!C9!/?W!

Qcjb PX!

"BC!&;<QD!=F>A9/?!A9FE=9EFC!DFCAC;9A!/ ;! &O!4:8CF:=!<FJ/;:R/9:<;!N%CH:<4/!C9!/?W!QcjcPX!

"B:A!V/A!=<;G:F8C4!H>!JC?!G:?9F/9:<;!N(<?9/@+9<J;:CV!/;4!S:??:/8AW!QcccPX!"BC!A9FE=9EFC!<G!

&;<OD!B/A!;<9!HCC;!A9E4:C4!E;9:?!;<VX!*CICF9BC?CAAW!&;<OD!V/A!AEJJCA9C4!9<!CL:A9!/A!/!4:8CF!

:;!A<?E9:<;!/A!&;<QDX!

SC!A9E4:C4!9BC!A9FE=9EFC!<G!&;<OD!H>!+#{+!/;4!{ @F/>!=F>A9/??<JF/DB>X!"BC!=F>A9/?!

A9FE=9EFC!<G!&;<OD!:A!A:8:?/F!9<!9BC!<;CA!<H9/:;C4!G<F!&;<QDX!#?9B<EJB!H<9B!DF<9C:;A!G<F8!
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