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@-8Y!;719J>;<IR,<>49!,?101\c!+-L-8,7-7MP-L4}85,7!8,!+-5:>A8!8Y9!4-8,BY, 7+:-,<!,>89:1494K:;79"!
?,<<,@9+!'KV!A>:-?-B;8-,7!,?14-88541HY9!4-8,A<;58! A9<<98! @5H9I39+!-7!;!5,857!B,78;-7-7L!
/00'4D!Ei sEmmO;"!/0!4D!DLE<\"l/c!PCP!;7+!010%c!C-98YV<AV:,B;:K,7;89!MCU"EN!;7+1Y9;89+!
;8!1/00!'KE! ?,:1/14-711HOZ! @;5! 9°8:;B89+! ;8! %0H&=7L! @;89:! 5;8>:;8B-H-B! AY97,<1! HOZ! @;5!
A:9B-A-8;89+! @-8Y! 98Y,7,<P;B8-,7,89+! KV! N\c! "ZFU! B78;-7-7L! S! D! >:9;"l ?,<<,@9+! KV!
J>;78-?-B;8-, 7! KV [VAY,, 7'[:-,' 5B779:! >5-7L164;L9! s>;78'[,,<5! 528@;:9!' MFU!i9;<8YB;:9N1! [Y9!
;4,>78!,?1-4A,:89+HOZ! @;5!+989:4-79+!KV!B,445;7!,?!18Y9!K;7+!+975-8V!,?1 A:,89B89+! ?><<'5-e9+
HOZ!-5,<;89+1?:,418Y9!4-8,A<;585!;789:18Y9L8B M @-8Y!;7!;<-J>,8IM\cf%cCN!,?!18YIIHOZ!-7A>81!

C$CP%?0(#1,"%/),P"D1"#Q%'()1+9)80RYA N IE) 1 +#0( A¥ER¥I 894 %K 8)+9)8#,("%

P9J>97B95! @9:9!,K8;-79+1>5-7LIKABBA<-L 79+ KVIB=®!g\#h!: 7+1R-59«!e5-7LIBY-49::1g$0h1!
[YO! 8Y:99'+-4975-,7;<! 4,<9B><;:! 4,+9<! \ZI\Al @;5! K8;-79+! KV! ;>8,4;8-B! Y,4,<,L V! 4,+9<-7L!
>5-7L18Y9!Pn6PP'DMCUj! A-A9<-8811)! [ Y9! KO58! 894A<;89! @;55%H! ?:,418Y9! A:,89-71+;8;K;7]1!
U<9B8:,58;8-BIA,8978-:<!5>:7:B95! @9:9!:9A: 95@IBRg$BN!>5-7LINCX\\ZSH!g$&h!; 7+ ZAXPlg$%h!
A<>L-7511[Y9,:98-B;<IA6!@9:91+989:4-79+1>5-7LIUAZPV!8, <5!g$(h1!

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

DX! @;5! 5>AA,:89+! KV! ;I \YC! 29<<, @5Y-A! BILPGYHZEIUD! 798@,:]1! [Y-5! @,:]! Y;5! K997!
A>K<-5Y9+! >7+9:! 8Y9! 2:;49@,:]! ,?! 8Y9! jZXXMH'//jZXu'00%)vDE[MEHMPP1! [Y-5! @,:]!!
@;5! 5>AA,:89+! KV! 8Y9! H>55-;7! D-7-584-9B;8-,7! ;7+! PB-97B9! MZL:994978! /&1(0&1\J10//$

HTDUT6(0&/&u000S!?,:!D,5B,@!'P8;89!G7-R9:5-8VN1!
[ -



I"H$0%&$%%' () SYBHS $HD6 UV6$-

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

O-7;'U789<-5"16R;7![;:;55,R"1"-,8:1d;4975]-1;7%97,w8!D;5J>-+;1+95-L 79+!:959;:BY*| Z<-IF,@Y9:"!
D;:-; ! X;<9R;"1 O-7;1 U789<-5! ;7+! X97,w8! D;5J>A0Q1?,:49+! :959;:BY*! Z<-l F,@Y9:" D;:-;! X;<9R;"!l
O-7;1U789<-5"16R;7![;:;55,R"*-,8:1d;4975]-1 ; 7+ XW8! D;5J>-+;!;7;<Ve9+! +;8;*1 O-7;1 U789<-5! ; 7+!
X97,w8!D;5J>-+;!@:,89!18Y9!A;A9:1!

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

[Y9!;>8Y,:5!+9B<;:9!7,!B,7?<-B8!,?!-789:9581!
C(B(.(0)(1-

/1! T:9BY-7"ID1*U7]<9:"j1*1[98;>+#1A1:89" I C1*IPO7L:"IX1*IX<; HRE1¥1i;44: 77" AL*IX;+9:"IF1*!
E<;>+9:'Dx7589:"IP1*P89-7498e" [LEBEBYHA:955- 7,21 7>Bx!; 7+14-8 BY,7+:-;<!L9795!97B +-7L!
:8AI5V78Y:59!-515V7BY:,7-e9+! KV! +-5:5594K<V! 211 4><8-5V78Y 98 BT KA "I<. "!

)($h)) (1!

\1! U789<-5"101P1*d,<957-],R;"Im1Z1* D;:8- 7t HAZR"1 6121 HOZ! +99:R!-78,14-8,BY, 7+:-;1!
143$%R09P%R1), 359621 3$S/##1\/%1 !

$1 P-9K9:"I T1* C>BYy79"! Z1'D1* D;:IBY;<'C#+4j1! EY;A89:! ?,>:QD-8,BY,7+:-;<! HOZ! -4A,:8.!
T:,41+-R9:5-8V!,217:8>::<1 49BY:7-545! 8,1 A,8978-:<! :AA<-B: 8L FETIGH, ("8)% 213,1T% (J% K1))%
8"4% '()1+9)80% U,()(B:d@;7L" n1=1"! U+1* ZB:+94-B559 09@! I,:]"! OI'l GPZ"I \0//*!!
z,<>49\S)"IAALY/&%f/#01!

&1 U4K<94"1Z1*1d;:<597"IX1m1* UBR9I8%*!=,Y;7597"IP1C1!D-8,L9794971 94978!-718Y9!B,<+@;89:!
5B<9:;B8-7-;7! B,:;<! <,AY9<-;bBABIB7-+;:-"1 ;78Y,e,;N! -7RISR ! <, 7L'89:4! 9R,<R-7L! L:,>A! 6!
-78:,710)$%7?B:) (P1"1#$%EIYE.- "1&#%f%0$1!

0l =;BJ5,7"1d1UL*i;KK"IP1* T:>L-9:" I DBT IHI*Y; 7" IP1XAY 4" =Py >A<; 7;"jIH1C1*H,V, "ID1*!
P:78,5"1D1Z1P1*PY;:4;"1 Z1#%68)$89-7!8::75<;8-,7!- 71 A<;54, +->4! A;::5-8 9" 4A% 2808A  #()$%
"4 "IBWI()F&) (1!

(I D:8-7"IH1M*IPBY79<<9:"I=1D1* P8;Y<"IZHOIMIELI8BA, 8! 21 7>BxB-9, V:-K,7>B<9-B! ;B-+!
B,+0+! <V/5-79"BBIAS8-7L! 8::7579:! :-K,7>B<g-Bl;7B-B,+,7! EGGNB;7V9;58! 4-8,BY,7+:-;1!
U,(+B1D,A#@H -7 "1&(00f&(0%1!

) d;:4975]-"1 A1%1 d,<957-],R;"l m1* =>K97,8" z1'BQZ5" O1* d:;5Y97-77-],R" 61Z1* D;:8-7"1 H1A1*!
[;::55,R"1611UR-+97B9!?,:1: 7tA8:8-,7149BY; 7-54!,214-8,BY,7+:<!8:;75<;8-,7!R-;|8HOZ!-4A,:8!

2: A18Y9IBVS,5 XJ$%6K1))67 6. "I(\%f($)1!

S1 U789<-5"101P1*d,<957-],R;"! m1Z1*/C,L;7" BT 1711 [;::55,R" 61211 %! P! :HOZ!; 7+! 8HOZ!
-4A,:81-78,1Y>4:714-8 BY, 7+:- 11E,4A;:-5,7!, 2%, "%3 #0(>-:94978588$%U, ()$% K BTSB!
8%6(8&\F&Y6(%$1!

#1 d,<957-],R;"Im1Z1*U7&HO1P1*=;BI>-7'X9BL* F,<8e979" TI* EY:e F@LY8,@<9:5"{1D1*!
j-LY8,@<9:5"! H1O1*! D;:8-7"1 H1 1*! [;::55 ROMB<9;:! COZ'97B,+9+! 8HOZ5! 8;:L989+! -78,!
4-8,BY,7+:-;1B;7:95B>9!:14-8 BY, 7+:-;<ICOZ!4>8;7!;55,B-,89+! @-8Y!8Y9IDUHHT!5V7+:,49!-7!
B><8>:9+!Y>4;7!BIXBH%'()$%Y 1" 1#8%-N"\%/#1\%$& 1!



I"#$%8&$%' () SHsHB, S0/ UV66-

/01 E,489"IE1*[,7-7"111*i9B]9<'D;L9:"1Z1D1%1X,>BYQY;4"1Z1*PZ, R"1Z1*1Z>:9"1d14j, 4K95"1 Z1*!
D::8-7"IH1/1*1 U789<-5"1 O1* [REB1! D-8,BY, 7+:-:<!8;:L98-7L:9B,4K-7:78! HOZ5! 4,+><;895!
8Y9!<9RI<!,?1:1Y989: A<:548B84;7!-71Y>4;714-8,BY,7+:-;<| COZE5,B-;89+ @-8Y!]9;:75!5;V:9!
BV7+:,491G9+)1,+%/+, AA%EXSD-"1&/SFE$S1!

/111 [,7-7"1 11 i9B]9<"! Z1D1* C,RV+97],"! 61*I D95BY;7-7,R;"! D1*! E,489"l E1*! z97V;4-7,R;"l Z1*!
AVBY7V-"I C1*[;:;55,R" 61 U789<-5" O1! EY;§BBY26BY94-B;<<V4-2-9+! <-L,7>B<9,8-+95!
8::L98-7L1:1A;8Y,L97-Bl4>87871Y>4:714-8,BY,7+:-;<ICOZLY,(+B,D, 1084 "L "I#\f/##1!

ALY [,7-7"11141i9B]9<"1Z1D1*zV5,Y"ID1*IC,RV+97],"16 DO5BY:7-7,R;" D1*H B4 Z1* D>77-BY "1 Z1*!
297V:4-7,R:" Z1*! [;::55,R" 61* U789<-5"1 O1! D,+9<-7L! ,?!;78-L97,4-B! 8YQ::AV! 7! 4-8,BY,7+:-:<!
+-59;595!KV14-8,BY, 7+:-;<<V!;++:9550+IHOBFILIGA;8Y,L97-BIA,-788t8-,7!-714-8 BY, 7+:-:<!
COZ1B$%U,()$%KBED BT S!/SH\SF/SSSE 1!

I$1 F,@Y9:"1Z1*1P4-:7,R"Z1¥[;::55,RE1*U789<-5"1 0116 7+>BO-+BMBETS, | Y>4:714-8,BY, 7+:-:.!
64A<-B;8-,7!,?1Y,581:4-7,:BV<'8HOZ'5V78Y 98 HSHB[GEYHV "I7"19((\S 1!

J&1 X:;7+-7:" 61* F:;Y;4" =1*1j04:-8:9'F>-<<-9:" E1*| U789<-5"1 O1*1 d:;5Y97-77-],R" 61* P@998<,RY!
[;:;55,R"l 61* D;:8-7"1 H1~1! U7,<;59! 8:]95! AT8!! 4;B:,4,<9B><;! B,4A<9’! ;55 B-;89+! 8!
4-8,BY,7+:-1-71V9;581)(+B,D$%U, (> B: ASU/GL8YHV <) A\S 1!

/%1 U789<-5"1 O1* X:;7+-7;"1 61* d;4975]-"l A1* di:5YY,R" 61Z1* D;:8-7"! H1 ! [;:;55,R"! 611!
ZIL<VB,<V8-B!97eV49"197,<;50H:5!89+!:5!;1B,?;B8§2!18HOZ!8::L98-7L!8,@;:+4-8,BY, 7+:-;-7!
*8++B80(D:+1A%+1013XB1A%R1BE6"6; "I/(0#/(\01!

/(1! d;4975]-"1A1* P4-:7,R;" U1* d,<957-],R;"l m1* d:;5Y97-77-],R" 61Z1* D;:8-7"I H1 1* U789<-5"1 O
[;:;55,R"16118HOZ!4-8,BY,7+:-;<!-4A81-71V9;58.1D:AA-7L!, ?218Y9!- 4 8B9:4-7;785!-718Y9! B; :-0:!
A:,89-7"18YQIA:9B>:5,:1, 21BY, 7+:- <I<V5V<'SHOZI5V78YIZEBLUO, ("%6!"#" " "NS&AH#S1!

/1! U789<-5"101P1*1d-9279:"IP1*1d,<957-], R;" m&ZIMIL 1*I[;::55,R" 16 IZ8:>B8>:;<1:9]>-:949785!
218HO2512,:1-851-4A,:81-78/10;5814-8,BY, 7+:-720(+$% G 8#)$%/+ 84$%* #| JUASLH SSSNS&$1 !

/ST d,<957-],R;"Im1*d;e;],R;"i1* E,489" E1*|P89-7TKOP1*1d;4975]-"IA 1 DB-7"IH1 N [;::55,R "6 1*]
U789<-5"l01!P9<9B8-,7!, 2 HOZ!: ASMB:BO+!-78,1VO:58!: 7+1Y>4;714-8 BY, 7+:2B/94"#" "I
-, "HA(FH&/1!

J#1! A:7BY,<-"1211D><8-?>7B8-,797!<;59.1685!:,<01-71+-50; 5A5)$%' ()$%6Z, J 1 ¥*# SR 1#O0\F#AO 1!

\01! d,<957-],R;"Im1*1U789<-5"101*Id;e;],R;"li1* X: 746 1*1 D;:8-7"1 H11*1[;:;55,R"161![;:L98-7L!,?!
8HOZ! -78,1VO:58! ; 7+ Y>4;71 4-8,BY,7++[YO! :,<9! |71 :78-B, +,7! 7>B<9,8-+95{+ B("40,("%

"' "I6"1#96f/0)1!

V1! s-7"I=1XEY;-"IF14X:9@9:"1=1D1*!j,R9<;BO" jI{E 91! P8:>B8>:95! ?!;5V4498:-B! B,4A<9 95!
21Y>4:7179>:,715A9B-7-B197,<;59! @-8Y!:95%RE8!;89!: 7+IA: +>B8!:7+1:7!;7;<,L,>5!B,4A<9"!
@-8Y!8@,! -7Y-K-8,:5! -7+-B:89! 5>1897:B8-77! ; 7+! -7Y-K-8,:1 B,,A9::8-R-8% I"(OP$% U, (+B1D$%
T R

W1! C-e'H;4,5" Z1% H,-L'X,:9<<;5" Z1* F;:B-'D9<9:"l Z1* jA9e'Z<9fV"l H1! U7,<;59" ;!
4><8-7>7B8-,7;<! A:,89-7.1 685! :, <91 Y/INY5-,<,L-B:<! 5-8>:8-, &5 U,(D14$% U, (#1+4B2()$%

6;-6 "IN1!

\$1 P9+,:-5"Id1EL*![Y,4;5"P1C1*/D-<<9:"IC1D1!B'DVBIA:,4,89:1K-7+-7LIA:,89-7!:9L><;895!8Y9! BO<:

:95A,759!8,1;71;<89:9+!L.<>B,59!B, 7B978LB(A1D,A#T'YB "IC."IS(%#S((S1!



I"#$%&$%' () $Y6H8, S8/ uve7-

\&1 n-58,@"F1=1*1j-984;7"1[1*In-<<-;AR Z1*IP8;A9<"IP1m1*I+9!= HIh1@-8e"!=1*"-;8-L,:5]V"I=1!
[(>'B:V58;<<-787,<;59.] m79! L979! 97B,+95! K,8Y! ;7! @Beyr+! ;! <975! 58B8>:;<! A:,89-71!!
&$%K1))% B e W I\)\#\)$(1!

\%1 d;4-75];"!D1*IC97-e-;]"1D1*1d9:3;7"1"1*IX;:B-5e 8@ =1*!D-:;7+9"1D1!Z2!:9B>::978!L979:;<!HOZ!
K-7+-7L!+,4;-71;AA97+9+! 8,l A<;78BX3,7V<'8HOZ! 5V78Y98;59! ;B85,5B8-7L! B,?;B8,:! ?,:!
:4-7,,BV<;8-,71E'U[%&$%" "LS"I(#0ST(#/)1!

\(1! P4-:7,R"1Z1*1U789<-5"101*!D;:8-7"IH1N1*![;:1B3 X", <,L-B;<!5-L7-?-B;7B9!,?1%! P! :HOZ!-4A,:8!
-78,1Y>4;714-8, BY,7+:-;.1H,<9!,?!:-K,5,4;<!A:,89-7IDHNj/S1¥ 1"1A%R 138%0"' 16 <" \S#{/$0%1!

\)1!i97-5"11161*'j9R-8e]-"1Z1!Z7!;7;<V5-5!,718Y9!5<,A9!,?!5B;8BY ;. EPDSBEI$% U, (+#BRITBHN-!
%\#%P\1!

\S1 Z<85BY><"IP1T1*ID;++97"[1j1*IPBY|??79:"1 Z1ZEN{Y ;7L "{1*ID-<<9:"In1*!j-A4; 7" C1=1!F;AA9+!
K<;58!;7+! A5-'K<;58.1 Z! 79@! L979:;8-AL8B-7! +;8;K;59! 59;:BY! A:,L:;4539+)1,+% /+,4A% 21A$%
#UUTG<"1$SSHI$&O\1!

\#1 j;:]-7"1 D1Z1* X<;B]5Y-9<+5" F1*I X:,@7" O1"1* EY977;" H1*! DBF988-L;7"! "1Z1* DBn-<<-;4"!i]
z;<978-7"1 T1*I n;<<;B9" 61D1*! n-<4"l Z1*!j,A9e 14 B >58;<! n! ;7+! B<>58;<! u! R9:5-,7!\101!
U,(,"J(OD8#,+A% "BN\#&)\#&S1!

$01 79889:597"ULT1*F +H1€1*i>; 7" E1E1*E,>BY"FFIIIF:997K<;88"IC1D1*!D97L"IU1E1*IT9::- 7"[1UL1
GEPT!BY-49:;QZ!R-5>;<-e;8-,715V5894IP A<,:;8,:V!:959;:BY!;7+!;7;<V5-&3% K (D>9#$% KB1D$%
"4 "16<"1/(0%f/(/\1!

$/1 X-;5-7-"I D1*! X-979:8"! P1*! n;89:Y,>59"! Z1*! Z:7,<+"l d1*! P8>+9:"! F1*! PBY4-+8"! [1*! d-9?9:"!
E;55;:-7," [IF1*! X9:8,7-"I D1*! X,:+,<-"! |1¥#% Bf¥®-55'4,+9<.! D,+9<<-7L! A:,89-7! 89:8-;:V! ;7+!
J>;89:7;:V158:>B8>:9!1>50R,&>8-,7;:V!-7?,:4;8-, 7H9+)1,+%/+,4 A%PEASTG 'n\%\fn\%S 1!

S\ P-45"1"171*1D979?99"1Z1j1*1j;:597"[1D1*ID;75,,;#"P1m1*!H99+"IF1i1!P8:>B8>:9!;7+!B;8;<V8-B!
A:,A9:8-95! 1?2171 971L-799:9+! YO989:,+-49:1 72« H9! B,4A,59+! ,?! 79! :B8-R9! ;7+! ,79! -7;B8-R9!
5>K>7-818%'()$%U J) BN <LI&\f&$/1!

$$1 VB1%7?:D()%'()1+9)80%Y08>B,+AYRAALD!/1$:/*IPB¥-7L9:"ljIE.1O9@!I, :]"!OI"'GPZ"\0/01!

$&LC,<-75]V"l [1=1*! Ee,+:,@5]-"! M1*! j-"1 i1*!1 O-9<597"! =1U1*! =97597"! =1i1*! d<9K9"! F1*! X;]9:"! C
ACXV\sH.! UTA;7+-7L! ;74! SAL:;+-7L! ;>8,4;89+! A9A;:;8-,7! ,?! K-,4,<9B><;:! 58:>B8>:95! ?,:!
4,<9B><;:15-4><;8-, 7849+) 1, +%/+,4A%2 TASH<L IN%\fn%\% 1!

$ULX;]19:"1O1Z1* POA8"I C1*I=,59AY" P1*!i <58DBRAX7"1=171! U<9B8:,58;8-B5!,?! 7;7,5V58945.!
ZAA<-B;8-,7!8,!4-B:,8>K><95!;7+!8Y9!:-K,2AGH% G 8#)$%/+843$%*+,$20\87d/00$)f/00&/1!

$(1 F;589-L9:" U1*! F;88-]9:"l Z1*!i,,L<;7+" E1*! 6R;7V-"1 61*! ZAA9<"I H1C1*! X;-:,BY"1 Z1! U A;5V.! |
A:,89,4-B5! 59:R9:! ?,:! -7'+9A8Y! A:,89-7! |7, @<9+L9! ;7+! ; 7, QR %% /+,4A% Z1TXSYN-"!
$)S&f$)SS1!

H\O/%! KV! 8Y9! ;>8Y,:5* <-B9759MBCX;59<"! P@-8e9:<;7+1! [Y-BKB-5! ;7! ,A97! ;BB955! ;:8-B<9!
+-58:-K>89+! >7+9:! 8Y9! 89:45! ;7+! B,7+-8-178Y9P E:9;8-R9! E,44,75! Z88:-K>8-,7! <-B9759!
MY88A.22B:9;8-R9B,44,[8<-B975952KV2&102N1!



,&+T%"+!

;OL-"  %9"/9-'%*/$%&YON>&Y " #/"*&*+/ ™" R 109-(#/"*+/%"*"/(*-__%HES6*
L#(/3UM"+&%#H- 9*HL>I&M"#S! Y&

SCIFCIC/?C9B/9!BES8/;!C;<?/ACAID<AACAAIOBC!/H:?:9>BIPI9EI;A=F:DIX!2<FC<ICFW!
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The study demonstratehat Eno2mloesnot interactwith tRK1 transcriptsn vitro.
Moreover interactions between some Ene@gprived protein fractions and tRK1 could be
observed irEMSA. Nevertheless, the presenceeoi2pis required foimport of tRK into
mitochondria SinceEno2p alone desnot capable to diredh vitro import of tRK1,cellular

unknown factors adding to Eno2p are thus necessary to direct import
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Abstract

In yeast, the import of tRNA® 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 ordetitecte
it towards the mitochondria. Once in the vicinity of the mitochondrial outer membrane, the
precursor of the mitochondrial lys§RNA synthetase (preBK1p) takes over enolase to carry the
tRNA within the mitochondrial matrix where it is supposed to participatenslation 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 ag 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; tRN&nolase 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 fammported into mitochondria. In
plasmodia, the mitochondrial DNA encodes no tRNA nor rRNA, but three proteins necessary to the
oxidative phosphorylatiofi]. In trypanosomatids, the mitochondrial DNA also does not encode
any tRNA[2] and tRNAs are massivelgnported. Moreover, in some species of cnidarians like the
Lophelia pertusaoral, 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
organismsalthough their RNA import mechanism has been less studied than in[plants

Our laboratory has demonstrated that tRNA mitochondrial import occurs naturally if6yeast
7] and that yeast cytosolic tRNA derivatives can be imported in mitochondria wfexliuman
cells[8], even though their mitochondrial DNA encedemplete sets of tRNA. In addition, the
human 5S ribosomal RNA is also imported into human mitochofirie0] although its function
once imported remains elusive. In yeast, the impoREfLt (tRNA™® with anticodon CUU) rescues
mitochondrial translation at nemermissive temperature when the mitochondrial tRRIGRK3) is
hypo-modified and becomes inefficient at decoding rare AAG coflitls Moreover, yeast tRNA
derivatives can fortuitaly suppress mutations leading to MELA2] or MERRF[13] syndromes,
functionally replacing host mitochondrial tRNA or tRNA™®, respectively. These studies suggest
participation of imported cytosolic type molecules in the mitochondrial translatioags.oc

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 hijerkly 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 fdatiing the translocation to the mitochondrial matrix. Although
this late stage is believed to rely on the VDAC and/or TOM/TIM charnjbé]sno undisputed
molecular mechanism was proposed for yeast or human mitochondria. The glycolytic enzyme
enolase is fst involved as a carrier of tRK1, and the precursor of the-iR\A synthetase
(preMSK1p) takes it in charge during the second stagure 1). In the case of the 5S rRNA, the
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precursor of the mitochondrial ribosomal protein L18 (MRPL18) firstly hijalckbS RNA, then

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

Our recent studies have shown that the three human endases)( promote
mitochondrial import of tRK1 as does enolase 2 in yg&gt 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 evideywhich 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 upfrom additional proteins that need to be further identified.
Material and Methods

In vitro transcription of tRNAs

Plasmid DNA templa®were typically obtained from XL1blue cells using the QIAGEN
Plasmid Maxi Kit, and linearized with Mval (BstNI) (Fermast Thermo Fisher Scientific). The
construct of tRK1 and tRK2 are preceded by a hammerhead ribozyme preserving4dbepoop
tertiary interaction between stems | and Il in order to prothacecriptawith wild type 50 and 30
sequences following design peiples reported ifl6]. Transcription reactions of BstNihearized
hammerhead ribozyra®®NA constructs (tRK15*-
TAATACGACTCACTATAGGGCGCCACCAAGGCCTGACGAGTCTCTGAGATGAGACGAA
ACTCTTCGCAAGAAGAGTCCCTTGTTGGCGCAATCGGTAGCGCGTATGACTCTTAATC
ATAAGGTTAGGGGTTCGAGCCCCTACAGGGCTCCAZ' tRK2:
TAATACGACTCACTATAGGGTGAGCATACCAAGGACTGACGAGTCTCTGAGATGAGAC
GAAACTCTTCGCAAGAAGAGTOCCTTGTTAGCTCAGTTGGTAGAGCGTTCGGCTTTTA
ACCGAAATGTCAGGGGTTCGAGCCCCCTATGAGGAGCCAwhere the Shucleotide of each
tRNA is in small case) were incubated ahgri4 h at 37;C in 40 mM TrsICl (pH 8.0), 5 mM DTT,
0.01% Triton X100, 1 mM spermidine, 5 mM ATP, 5 mM CTP, 5 mM UTP, 5 mM GTP, 22 mM
MgCl,, 60! g/mL purified recombinant T7 RNAP (homemade), 1 unitsnlcoliinorganic
pyrophosphatase, and 5@/mL linearized plasmid DNA template. The hammerhead ribozyme was

I %!
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optimized for cleavage tRK1 as ih5). RNA transcripts were purified byB)% denaturing PAGE
[17].

Recombinant enolase 2 expression and purification

Native wildtype yeast enolase 2 (Eno2p) watiG-terminal His-tag was expressed from a
plasmid pET3a derivative transformedEacherichia colstrain BL21. The bacteria were grown at
37iC in LB media containing 0.1 mg/mL ampicilline until the feaded 0.6. Protein
expression was induced by 0.5 mM IPTG fe8 B at 30;C. Cells were harvested by centrifugation
and resuspended in NP buffer (50 mM Ngi#04, 300 mM NaCl pH 8.0) supplemented with
Complete EDTAfree protease inhibitor tablets (Roche). €&lkere incubated in the presence of
lysozyme (1 mg/mL), 30 min on ice and lysed by sonication. Cell debris were collected by
centrifugation at 20,009 for 1 h at 4;C. The supernatant was incubated overnight at 4;C in the
presence of 1 mL of NNTA slurry (Qiagen) per 4 mL of cleared lysate supernatant and 10 mM
imidazole. The resin was then washed withiNFfer containing 10, 20 or 30 mM imidazole. The
bound Eno2p was eluted from the resin with fBtfer containing imidazole concentrations
increasing fron 100 mM to 200 mM. The protein sample was then dialyzed at 4;C against a buffer
containing 50 mM HEPE&OH pH 7.5, 100 mM KCI, 1 mM MgCl The concentration of protein
was determined by measuring absorbance at 280 nm (E196)= 8he purity of the proteiwas
estimated from Coomassstained SDSPAGE.Molecular weights of proteins were estimated using

PageRuler Prestained Protein Ladder (Fermentas)

Purification of yeast enolase 2

Yeast Eno2p was purified under native conditions ffdaNOL yeast cells at the end of the
exponential phas&eNOlgene was deleted in W303 yeast strairKbpMX4cassette replacemént
Yeast cells were grown in liquid YPD medium (1% yeast extract, 2% peptone, 2%
glucose/dextrose) supplemented with 0.2 mg/mL of&&130;C in a shaking incubator (Infors HT
Multitron, 250 rpm) for 1&. The cells were harvested by centrifugation and washed with pre

chilled milliQ water.

Disruption of cells was performed usingrastPref24? Homogenizer (MP Biomedical)
after additiorof glass beads to the breakage buffes (@ Sorbitol, 10 mM TrisHCI, pH 7.5, 1 mM

EDTA and protease inhibitor cocktail) used to resuspend the gediigtdebris were collected by

! %,
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centrifugation at 40009 for 30min at 4;C. The supernatant was transferred to a fresh tube and
then67% saturated with ammonium sulfate by addition of solid ammonium sulfate. After
centrifugation at 400049 at 4;C for 30 min, the supernatant was then 100% saturated and
centrifuged again at 40009 at 4;C for 30 min. The supernatant was discarded and the gellet
suspendeth 20 mM Tri€HCI buffer, pH 8.3, containing 5 mM MgSQOL mM EDTA,; dialyzed
overnight against the same buffer and applied to a moolumn (HiTrap Q XLGE Healthcare)
equilibrated with 10 mM Tri8HCI buffer, pH 8.3, containing 5 mM MgS0OL mM EDTA.
Proteins were fractionated with a linear NaCl gradieftt [@). Eno2penriched fractions were
applied to a Superde200 Increase 10/300 GL column (GE Healtegaquilibrated with 50 mM
HEPESKOH, pH 7.5, 150 mM kI, 5 mM MgSQand 1 mM EDTA. A final step of
hydroxyapatite chromatography (CHI=®BioRad) was used to eliminate nucleases. At each
purification step, proteicontaining fractions were probed by didt 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 same2tuffe HEPES
KOH (pH 7.5) 100 mM KCI 1 mM MgCh, 0.1 mM EDTA). Data treatment was performed with
the software Origin 7.0. Typical experiments according to the manufacturer guidelines were
conducted using 300L of a solution of Eno2p at 30M in the mainadiabatic cell, while the
syringe was loaded with a solution containing BBORNA refolded under the same conditions as
for EMSA experiments. Injections of 1L% of tRK1 solution were performed until complete

titration was achieved.
Electrophoretic Mobility Shift Assay (EMSA)

T7 transcripts of tRK1 were 50 datleled with%?P-ATP using T4 polynucleotide kinase
(Promega). The labeled RNA was denatured at 92jC and then slowly cooled down to room
temperature ithepresence of 4 mM EDTA. EMSAasconducte as described ir24).

Appropriate amounts of proteins and labeled tRK1 transcripts were mixeduindfGx buffer
containing 25 mM HEPE&OH (pH 7.5); 100 mM KCI; 1 mM MgG| 0.1 mM EDTA and
incubated for 20 min at 30;C. RNprotein complexes were septed 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 eftdr A standard 100 pL in vitro
mitochondrial import reactionontained 50,000 cpm &f-**P-labeledtRK1, 60 nM recombinant preMSK1p,
0.1 mg of mitochondria and 10 g of the assayed protein fractions as determined by Bradforthassay
importassays were carried out at 30;C during 15 min in imipoffer (0.6 M sobitol, 20 mM HEPESKOH
(pH 6.8), 20 mM KCI, 5 mM MgClL, 1 mM ATP, 5 mM DTT, (& mM phosphoenol pyruvate and 4 units
of pyruvate kinase)lhereafter, 50 pg/mL of RNase A (Sigmaas addedn order to degrade nemported
RNAs and thesamples weréurtherincubated for 10 min on icéfter washng three timeshe samplesvith
a buffer containing 0.6 M sorbitol, 10 mM HEPE®H (pH 6.7) and 4 mM EDTA, mitochondria were
pelleted by centrifugatiaRNAs wereextracted usind 00 pl of TRIzol reagent (iermoFisher Scientific)
precipitated with ethanol and furthegparatethy 8% denaturing PAGE (8 M ureddands of RNA were
quantitaedusing a TyphootTrio scanneaendthe Image Quarntools software (GE Healthcare). The
amount of imported RNA was determineg dbmparhg the band density of the protected fsize RNA

isolated from the mitochondria after the import assik an aliquot representing@% of the RNA input.

Western blot

For immunoblotting, proteins were separated on-HASE and transferred to a
nitrocellulose membrane. Goat antibodies directed against enolase were used (Molecular Probes, C
19: se7455, Santa Cruz Biotechnology). Westbtots were conducted as described eafliét.

S100 protein extract and its fractionation by heparinchromatography

The initial protein sample represents an extract of-tyiiee cells. An overnight IL culture of
yeast W303 was centrifuged, washed twice with ice cold watsyseended in 10 mM HEPES
KOH (pH 6.8), 50 mM KCI, 1 mM EDTA, 5 mM DTT, 10% glgml, Complete protease inhibitor
cocktail (Roche). Cells were lyzed by shaking in the presence of glass baatixr¢f242
HomogenizerMP Biomedicals). Cell debris were pelleted by low (20DP8peed centrifugation.
The supernatant was centrifuged a®,000g for 30 min at 4;C. The S100 fraction was dialyzed
against 20 mM HEPE&OH (pH 6.8), 10 mM NaCl; & mM PMSF, 1 mM DTT and 10%
glycerol, and applied to a hepasepharose column (Hi Trap Heparin HRL, GE Healthcare)
equilibrated with the same ther. Proteins were eluted by a step gradient of sodium chloritle (O

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 againsn®@ HEPES, pH5.8, 1mM DTT, 10mM KCI and
50%glycerol including protease inhibitor cocktail, and store€@iC.

Results

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

The Histagged recombinant enolases (wiyghe, H373F) used in our biochemical assays
werepurified by affinity chromatography using NITA resin. Resulting samples contained fairly
pure Eno2p, although some contaminants were still detected bYPBBE& Figure 2A). Ni-NTA
samples proved to be active in eleptroreticmobility shift assays (EM&) (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 presencgrofein contaminants known to generally preclude
successful crystallization. We decided to further improve purification by addition of
chromatographic stepgigure 2C, D).

Hydroxyapatite chromatography under native conditions of the overexpressediresnam
Eno2p indeed led to a highly pure protein sample. Yet, the propensity of the pure recombinant
protein to interact with and to retard tRK1 vagnificantly reducedFigure 2B). The results of
these experiments suggest that some contaminants magueed to promote the interaction
between tRK1 and Eno2p. Since enolases from yeadt.acali present ~42% of identity)20] and
are both very abundant in both organisins also likely that some proteins frd& colimay be
efficient in binding theecombinant 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 pET3 plasmid) prepared under the same conditions as for thiadgtied
Eno2p(Figure 3A) could also bind tRK1 in EMSA yielding@mplex of same size as with Eno2p
samples. This observation indicates that proteins towgolicapable of interacting with tRK1 may
form a complex mimickinghe complex formed between tRK1 and the recombinant Efogpré
3B). Yet, we did not investiga whethelE. colienolase 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 tadetermine whether molecules interact in solution in an unbiased experimental setup and
do not requirdabeledmolecules. Since ITC requires much larger amounts of material than EMSA,
the contribution of contaminanting proteins to the signal can be netjext@pposed 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 miseaches 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 indnzdting
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 edogenous yeast Eno2p direct in vitro import
and form a detectable RNAprotein complex

The inability of recombinant Eno2p to interact even transiently with tRK1 transcripts in vitro
suggested that additional factors might favor tRNA mitochondrial impodrder to investigate
this hypothesis and to confirm the role of Eno2p, the ability to promote tRK1 mitochondrial import
of Eno2penriched protein samples obtained from yeast extracts was evaluatedyilEno2p
enriched samples were obtained by paaifion from yeast strainENOL to avoid interference of
Enolp with tRK1. Enolases 1 and 2 abundance in yeast represents 3.6% and 6.2% of the total
protein mass, respectivel®1]. SDSPAGE patterns of individual fractions were assayed by
western bloto assess the presence and amounts of Efo@mré 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 préMSKLp alone Figure 5).
The fraction ofE. coliproteins yielded background level signal comparabjaeé®SKLp,
indicating that the unspecific interactions detected in EMSA bet&eeali proteins and tRK1 do

not promote in vitro mitochondrial import.

Furthemore we wanted to check whether changing the relative protein composition of
Eno2penriched fractions could affect RNA mitochondrial import. Two strategies were undertaken
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to fractionate yeast cell extracihe first oneconsisted in serial fractionahmf yeast extracts

using increasing ammonium sulfate concentratj@@} (Figure 6A)and the second one consisted in
performing affinity chromatography on heparin magfigure 7) Relative amounts of Eno2p in
ammonium sulfate fractionated samples wezrnined by western bldEigure 6B) and further
assayed for their ability to direct mitochondrial import in vitro. Only fractions containing Eno2p
showed import directing capabilitieBigure 6C). These findings were confirmed by tests on
samples obtairteby heparin chromatographiheflow-through fraction (HFO), which contains

the majority of the Eno2p podFigure 7) wasmainly active in both EMSA and mitochondrial in
vitro import assaysHigure 8). As for the recombinant Eno2p sample, we noted thasty
endogenou&no2penriched samples underwent gradual loss of import directing capabilities after
hydroxyapatite chromatographlyigure 5).

The Eno2penriched fractionsbtained directly fronyeast are supposed to discriminate better
between tRK1 andRK2 (the second cytosolic lysine tRNA isoacceptor with UUU anticodon)
transcripts than recombinant Eno2p accompanied by bacterial contamiinamtier to check if
this wasthe caseén our experiments, the capabilities of the EnePpiched fractions tanport
tRK2 transcriptsvere evaluatedr{gure 6D). These data show that the hydroxyapatite fractionation
step also affects tRK2 mitochondrial import capabibtysamples processed as indicated in figure
4A. These results indicate that protein partneenalase 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 (Rig2re 6E) indicating a
slight bu significant discrimination between the two transcripts. Theseltsarein agreement
with those on recombinant Eno2p, hesaeporting the conclusiahat the mitochondrial import
processequires thearticipation of factors othé¢han 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 identifiedexessary factor for the initial step of
tRK1 mitochondrial import in yea§2?]. Recombinant Eno2p samples obtained through nickel
affinity chromatography successfully retardated tRK1 transcripts in gicireticmobility shift
assays (EMSA). Neverthalg an additionapurification step using hydroxyapatite chromatography

! &4
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significantly reducedRK1 retardation. Further thermodynamic studies performed by isothermal
titration microcalorimetry led to the conclusion that, indeed recombinant Eno2p wagablecaf
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 heaviggatively 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 tqpromote 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 ndtecbgn
Eno2penriched 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 vivi23].

Our study indicags that fractions enriched either with recombinant or yaastied Eno2p
are able to direct mitochondrial import in agreement with previously published @2tk all
cases, it appears that contaminants favor this phenomenon, whether they drmimé&tecoli or
yeast proteins. Enolases from these organisms share a high level of identity2dR%hich may
partially rationalize why recombinant Eno2p may benefit fEangoli factor(s) to carry out
mitochondrial import. Since Eno2p is a very atbant cytosolic protein and that only ~5% of the
tRK1 pool follows the mitochondrial import route in vivo, proteins that are not stonetric with
enolase or in other words much less abundant may be involved in this mechanism. Consequently, it
is possibleéo 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 coli contaminants participating in tipeocess should be fairly
rare molecules, hence difficult to characterize. These arguments explain why an interaction betweel
a picomolar amount débeledtRK1 can be detected by EMSA, while ITC, which requires
micromolar amounts is less perturbed by trespnce of contaminants. In spite of these evidence,
we cannot completely rule out that tRK1 transcripts may be retardated byotiwrproteins. A
recent example describes an interaction artefact between bacter@ding RNAs and Hfq,
which was eriched by NiNTA purification due to the presence of several histidine residues in the
Hfq hexamere, further leading to spurious mobility shift of the targecnding RNAS[24].
NeverthelesdE. coliproteins obtained following the recombinant Eno2pfpation 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 pi8KiLp.

The present study demonstrates that Eno2p alone is not capable of interactiRiKwith
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 som@kteprived 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 thaare necessary to the action of yeast Eno2p. Their identification will rely on further
studies based on masgectrometry and sequence homology analysis betweé&n todi 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 wheter#cts 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 108DSPAGE of NENTA-purified recombinant yeast
Eno2p (MW& 49 kDa). Thdane on the left side presents the pattern oPeéngeRuler Prestained
Protein Ladder (Fermentas) with the corresponding molecular weight lsaake 1 corresponds to
the flowrthrough. 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 amtho2p (wild type (WT) or H373F mutani)he results
show how tRK1 binding is altered followiritydroxyapatite chromatography of Eno2p. The
previously characterized H373F mutation in Eno2p (21) prevents enzymatic activity while
preserving the efficiency af vitro import direction. The concentrations of Eno2p in each reaction
are indicated on the top of each lane.ift)icates samples subjected to an additional step of
hydroxyapatitechromatography. Free and complex forms of tRK1 are explicitely indicatéue
right side of the gel.

($) Hydroxyapatite chromatograph@€T5-1 BioRad) of NiNTA purified recombinant
yeast Eno2pThe trace of the optical density monitored at 280 nm presents a single peak
corresponding to Eno2fractions between 29 and 34 mdrresponding to the peak of retention
volume (indicated with droplet) were analyzed by Coomestsimed 10% SDPYAGE (D);Lane 1
- fraction corresponding to 29 mL retention volume, lan&@ 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% SIPAGE of NiNTA purified E.coli proteins and
recombinant Eno2p. Proteins frdfn coliBL21 not expressing Eno2p were purified under the same
conditions as Eno2p overexpresse&ircoliBL21. The patterns of migration & .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 theMIT'A resin. Lanes 6 to 9 represent the patterns of

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

(B) A comparison between EMSA obtained using\NiA-purified Eno2p and different
fractions of NiNTA-purified E. coliproteins reveals comparable patterns. The interaction betwee
tRK1 and NiNTA-purified E. coliproteins 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 presieatelution buffer. TehL
samples contained!l of each protein fraction mixed with 3000 cpm o£8d labeled tRK1 in
EMSA buffer (See Material & Methods section)

Figure 4: (A) Strategy of endogenous Eno2p purification from yeast extracts. The
supenatant of an S100 fraction was obtained from total yéd9N(Q1) extract. The S100
supernatant was successively subjected to 67% and 100% ammonium sulfate precipitation. The
resuspended resulting pellet was fractionated by monoQ chromatography. Thatamifivas
polished by gefiltration followed by hydroxyapatite chromatography.

(B) Representative UV traces obtained byfgehtion (left side of panel B) followed by
hydroxyapatite (right side of panel B) chromatography (UV traces monitored atr&8ferscaled

in milli absorbance units, mAU).

Coomassiestained 10% SD®AGE of geffiltration-collected fractions (C) and western blot
(D) using SC7455 antibodies allow to identify Eno2mriched fractiond?ageRuler Prestained
Protein Ladder (Fermenfasorresponds to the left laneanes 18 present patterns of the 0.5 mL
fractions collected at retention volumes (rV) between 12 to 16 mL. The w&steof the
corresponding fractions is shown in panel D.
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Figure 5: Results ofn vitro import assay. Recombinant Eno2p, yeast endogenous Eno2p and
fractions ofE.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 tah@&fraction that
was used in mitochondria 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 splcifractions (all reactions were performed in the presence aM6preMSK1p):
E. coliproteins eluted at 80 mM imidazole (lane 5); recombinani-tdigged Eno2p (lane 6); Eno2p
enriched fractions after purification from yeast cells prior to (lane 7iter @ane 8) hydroxyapatite
chromatography. The histogram reports the quantitation of gel lanes (in % from tH&tamiints taken for

each reaction).

Figure 6: (A) Coomassisstained 10¥8DSPAGE of samples resulting from ammonium
sulfate fractionatiomf yeast lysates. THeageRuler Prestained Protein Ladder (Fermentas) is
represented on the leftane 1- proteins precipitated at80% ammonium sulfate (AS) saturation,
lane 2D30-40%, lane 3d40-50%, lane H50-60%, lane D60-70%, lane ®70-80%, lane 7D
80-90%, lane 890-100% and lane 9fraction collected by gel filtration chromatography at rv 14
mL and further subjected to hydroxyapatite chromatography

(B) Western blot of Eno2pllows identifying fractions enriched with Eno2p using shene antibody

as in figure 4D

(C) Fractions were tested in vitro import assay in the presence of recombinant preMSK1p. tRK1
input (lane 1) corresponds to 2% of labeled tRNA that was used inregitto import assay. Two control
experiments were penfmed, without adding any protein (lane 2) or without mitochondria (lane 3). Other
tests were all done in the presence of preMSK1p: laheréMSK1p alone, lane Bfraction 3040% AS
saturation, @©40-50%, 7D50-60%, 8D60-70%, 9D70-80%, 10080-90%, 11D90-100% and lane 12
endogenous yeast Ence2priched prior to hydroxyapatite fractionation. The histogram below the gel shows
the quantitation of gel lanes (in % from the t3t® counts taken for each reaction). Only fractions 6 to 8

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

(D) In vitro import of tRK2 transcript (tRNA® with anticodon UUU) was also assayed to evaluate the
specificity of thein vitro import test. Lanes-4 are the same as in panel Gnke 5bfraction of proteins
precipitated at 50% and lane ®90-100% AS saturation. The ability to direct tRKRvitro import were
tested for 67%100% ASsaturated Eno2pnriched fractions prior to and after hydroxyapatite

chromatography (lanes 7 aBdrespectively), recombinant Eno2p fractions eluted at 80 and 200 mM
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imidazole concentrations (lanes 9 and 10) Brabli proteins fraction eluted at 200 mM imidazole

concentration (lane 11; See Figure 3A).

(E) Comparison of tRK1 and tRK2 in vitro mitomidrial import for two samplesfraction 96100%
saturation of ammonium sulfate and yeast protein fractions containing significant amounts of Eno2p prior to

hydroxyapatite chromatography.

Figure 7: (A) Coomassiestained 10% SD®AGE of of yeast protein &act fractions (S100)
fractionated by heparin chromatography. Tigrof protein (as determined by Bradford assay) were
loaded per land.ane 1Bbrecombinant Eno2pane 2- PageRuler Prestained Protein Ladder
(Fermentas)lane 3DHP-500 (500 mM NacCl irelution buffer), lane £HHP-200 (200 mM NacCl),
lane 5DHP-100 (100 mM NacCl), lane BHP-0 (no NaCl), lane S100.

(B) The western blot analysis of fractions obtained by heparin chromatography using the
same antibodies as in figure 4D indicates thastnEno2p remains in the flethrough (HPO, lane
6). Recombinant yeast Eno2p was used as a control (lane 1). No significant signal could be detecte
for other fractions.

Figure 8: Analysis of tRK1protein interaction®P-5' end labeled tRK1 was incubatiedhe
presence of protein fractions after heparin chromatographg ¢(6 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). Lanesi2P-0, lanes3 BHP-100, lanes £HP-200 and
lanes 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 evaluatad by
vitro import asay of*?P-5' end labeled tRK1 transcripts into yeast mitochondria. Lad&% of
tRK1 input, lane 2 control without any protein, lane-3reMSK1p alone, lane 4S100. All other
reactions were performed in the presence of preMSK1p: l[ak#PH), lane6 - HP-100, lane 7
HP-200, lane 8 HP-500, lane 9 human KARS2 and alpha enolase, and laneHB-900.
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Figure 1.
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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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Figure 6.
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Figure 7.
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Figure 8
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example describes an interaction artifact between bacteriadating RNAs and Hfgwhich was
co-purifiedin Ni-NTA-protein samples certainly due to the preseridestidine residuds
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recombnant Eno2p purification protoctd 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. Afterspassronetry analysis of
the protein content of one of the samples containing the recombinant Eno2p, we foohd biB,
which was not characterized by sequence specificityshmwecdhigh affinity to nucleic acids
(Schneider et al, 20)5Nevertheless, weamotrule outthe participation oE. colienolase in tRK1
retardationHowever, it must be noted thiat coli proteinspresentedffinity to tRK1 transcripts
did not show significant ability to promote mitochondrial importitro in the presence of
preMSK1p
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In yeasttRK1 only is imported into mitochont while the second isoaccept®K2 is
retained in cytosol. The same is true for T7 transcriptsase tRNAgEntelis et al, 1996
Moreovere, the aminoacylattl/NAs T7 transcriptsappeared to be better substrate for
mitochondrial import than modified tRNAs. The SELEX experiments and FRET analysis gave rise
to the hypothesisaboutanalternative Form tRNA which woulddetermire mitochondrial import
(Kolesnikova et al, 2020In other words, only tRNA molecules able to foarstable Fstem follow
the mitochondrial import pathway. But synthetic molesulwhich were built onlfrom F-stem
wereimported with low efficiencywhile a fusion between the-8rm and the fstemincreass its
ownimport5 fold greater thatRK1 import(Kolesnikova et al, 209)0The synthetic transigat of
yeast nitochondrial tRNVA"® wasimported into mitochondia two fold more efficienly than tRK1
although the presence of thestem could nobe assesselly means ofecondary structure
prediction program@Mfold ,*#!G<?4:;J!G<F8!CFX!OXa!C;CFrHO¥ever in human cells,
several distinct pathways of mitochondrial impggem to exist. Thus, short molecules containing
either Darm or Fstem as import determinants exploit the import mechanism that differ from
preKARS2dependent used by longer RNAs\aining both (D and F) determinari@Gowher et al,
2013. All this indicates that the mechanism of determination of substrate import is cdimgtiex
raises a lot of questions.&\ested the conformation of tRK1 and tRK2 transcripts in solution by
RNases T1 and V1 and-lme probing. Both transcripts exist in various conformations, which are
hard to decipher in probing assays. In general, tRK2 pestesse OopenO regions thaK1, but
in both cases the contribution of two sets of conformations with free anticodon or with anticodon
involved in stem structure is observathe signatures of seveldely conformations can be
distinguishedThus we detected a tRK1 rtile conformation presenting an aminoacceptor stem
similar to the conformation predicted for synthetic tRK3. It is possible to suggest that the ratio
between different conformatioms vitro as well asn vivocould serve as an additional factor that

determines the @tiency of imporK
="/4>* '(&03(0&9%
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