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List of Abbreviations

GFP — Green Fluorescent Protein

Hsp — Heat Shock Protein

IM — Inner Membrane

IMS — Intermembrane Space

MPP — Mitochondrial Processing Peptidase
MTS — Mitochondrial Targeting Sequence
OM — Outer Membrane

PAM - Presequence Translocase—Associated Motor
PK — Proteinase K

SA — Streptavidin

SAM — Sorting and Assembly Machinery
TOM — Translocase of the Outer Membrane
TIM — Translocase of the Inner Membrane

yEGFP — yeast Enhanced Green Fluorescent Protein
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Coxba pGEM 47
Coxba_ybbR pET 43.1a
BirA pET 43.1a
BirA p426GPD
Mcrl1_Avi p424GPD HA
YtalO FL—yEGFP pRS314
YtalO (1-11)—yEGFP pRS314
YtalO (1-31)—yEGFP pRS314
YtalO (1-63) —yEGFP pRS314
YtalO (1-72)—yEGFP pRS314
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gt oz F ouE MY A F7hA] e uEEZ o] FQ

O::,

o

the Outer Membrane) ¥ W2te] TIM (Translocase of the Inner
Membrane) ©|th. T2 2] wEZEg ol Gl A Z oA /g = o
T3 ¢z Ad T2 BIAE T v|EZTol WHE FEET
= ATE rEZEgo @A) AFA el FES osfstr] S8 F

P @A a5 Ads At s, s

skalol ©el 38 A (Optical tweezer) 7]%2 o] &3to] nEZE
g8 A= Aoz, WA 1] A3 (biotinylation
of mitochondria 9} in vitro import competentdt @z A A|) S 43
sttt FHlAlE, EZ =gl @l YtalO ofv|wy] whek F29 1
EFZ=go} #3213 (Mitochondrial Targeting Sequence, MTS) Zo]
of M3tE Fof mEFZ=g ol XFAS Holst Wl F=FHF &2 B
= th BEEgstAel FEAA Vs 485t vEZE
glo} @A o]l F=EHS S5ty T3t rA nEF ol whuly
°J T 7 A= 7hsAol dved & 9urh ol B

L=

Zrgol A gz dojo that FaaAE W

FAol: n|gE ol gdild AG T2 B, 3837, Biotinylation,
YtalO, n|EEZE o} XFANS MTS), 9¥d 458
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II. A&

nEZEgols AEZUAM T5& &3 ATPE Aitele ovx 3%
oty wEZEZole] Fx= dl R AR Gl g (outer
membrane), "+ 7t (intermembrane space), W (inner membrane),
714 (matrix) & o702 Itk (1). AHAEoAA tfF-22] nEZEE
of A2 Alxd (cytoplasm) oA AT (2). AlEHAA A
nEZ=glol @i z-2 TOM (Translocase of the Outer Membrane) 2}
TIM(Translocase of the Inner Membrane) @93 A T2 HTA=
A ur e Yo R AYEHAY TRt B VAR FEET
nEZCg ol gmd A7 E= g7 4|7FA: presequence pathway,
carrier protein pathway, redox—regulated pathway, A —barrel

pathwayo|t} (2).

2 AT AR A dTE BEe 54 EE presequence
pathwayo|tl. o] 4 HARA vEZTg o} gmAe xzAor] 3t
el TOM3} TIM23E F3dto] vEZE=gol Wiz F&en. nE
F =g oF #x8413E (Mitochondrial Targeting Sequence, MTS) & v &
Zrgof dd pFe] Fast Agolt it MTSE ofv| 7]
ek (N—terminus) ol $1X]3] Qli1, Aol HE 15614 15070<] ofn
w4k otk (3). MEAe EA8E Hsp70(Heat Shock Protein 70)7}F

MESEelol g $5e ZANACGT deiA At @), 1 F vE
Zrg o} Btdre AA TIM23Z 974 522 PAM (Presequence

translocase Associated Motor) |l 2]$F ATP hydrolysisE &3 #H%
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A Biogenesis of mitochondrial proteins

-

Functions of
mitochondrial proteins

Energy metabolism

Metabolism of amino acids,
lipids, heme, iron

Transporters for metabolites
Protein transport and folding
Protein degradation
Signaling processes

Membrane remodeling,
fusion, fission

Involvement in programmed

99% Cytosolic

ribosomes E‘% i
Precursor \\,
protein i

P~
W=

Precursor-chaperone

1% Mitochondrial
(ribosomes
~

complex cell death
B Mitochondrial protein sorting
l\[m/\ "N~ Precursor
/ proteins Translocase of outer
Targeting CYTOSOL membrane (TOM)

'ihndoodon TO

(10
MEﬁBBRANE

INTERMEMBRANE

SPACE

MATRIX

Sorting

Binding chain Translocation
in loop formation

Mltochondnal ribosome

(Chacinska et al., 2009)

Introduction Figure 1. W]|EZEg|o} gald ¢ Q9 A=

(A WiFEe mEZE=gol wMide AxAHoA  mEod F
MEZEol iR FEEn. dg 1245 d@udo] nEZEgo}
Welld €. (B) vEZ=eor e w57 A=, TOM, the
translocase of the outer membrane; SAM, sorting and assembly
machinery; MIA, mitochondrial intermembrane space assembly;
TIMZ22 complex, carrier translocase of the inner membrane; TIMZ23
complex, presequence translocase of the inner membrane; OXA,

insertase/ export machinery of the inner membrane (2).
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Biotin

Substrate

3 kbp dsDNA
CoA— :

Dig

ClpP,,-ClpXg

(Maillard et al., 2011)

Introduction Figure 2. ClipX(P) 53A¢} GFP2] 333 A A3 A%

&5 T Effel] nl=rt xEH Qe @A EFAFEY FEAA
Ad A, ClpX(P) E3A+=  streptavidin®® FHEHE H| =0
biotinylation®.Z A EFo] Qlt}. I HIHLS GFP titin fusion
@Ay}t 3kbp dsDNAC] /A% Holls HHAE antibody=
FH 3 polystyreneB] =7} Dig tagell & &1 Ut} 7|4 GFPeol
ybbR tagZ7} ©#1303l CoA7F GFP_ybbR tag®l 3kbp dsDNAE <14
AAET o] Aol FeHA A AP+ A7 AE

FH ol A] Fargk Fatolth (15).



1. A5 2 9

B #F
W303-lo 75 (MATa, ade2, canl, his3, leu2, trpl, ura3)

ytal04 5 (MATa, ade2-1, his3-11,15, ytalOA::HIS3MXG6, trpl-1,
leu2,112, ura3-52)

A0 E Az

54 Az FiEel gk 57 Zgjolnel 37 xZefo|wE o] §sto] A
DNA Y Ecoli 9 ZF2ZY9 #FHAE PCR 2 FIZAY. FHE
PCR A#ES AFa4 Smal ©F AE pd24GPDHA WE T
p426GPD #WlH o s AxzgdE ol &3l ¥ol =k Z2¢] construct 9
7t2 8 A17] wete] HA tag T+ ybbR tag =+ Avi tag £ site

directed mutagenesis & ©¢]&3l gol=t} (Toyobo, Japan).
Stitch PCRS %3} YtalO®} yEGFPE A %3 A7t} PCRE FZ ¥

AWNEL Agtaiel Smal®Z AE pRS314 HEo| AsAxss o
g o] Ftr}. ttE Zolo MTSZE 7Fd YtalO—yEGFP @&z

_

_4

o
construct< site directed mutagenesis® ©|&&d WEo Fo}

(Toyobo, Japan).

In vitro®| X1 8] AAF 4l HY

EFY2vEGn vitro AAF 9 Wl pGEM4z WE]) el SP¢l rabbit
reticulolysate (Promega)< YolF1 30TelA 1A13F 30252t vk
Al 71t



E.colPlX FEAAZ S92 A A

ZotAu|= (pET43.1a =PRSS Rosetta competent celle]
transformationA]# 37 CollA HlFAIZIt}. Transformation® BFE|2]of
MEZZE 37C LB/Amp/ChloramphenicolelA] &% 4 =t 7]t} 1

e AEZE ODgoo 0.2% 32 A1A log phase?l ODgoo 0.87+4] 7]-&T}.

AEfeF mlrjoje] IPTG(ImM)E ¥l FHAstd 29k Aghe] whet
71 &tk AEE 3600rpmellA 1025 ATV E T3l 95
o} dojzl A 3] binding buffer (5mM imidazole) 2+ PIC, PMSFE&
o] #t}. French Press& o]§3to] MxE Fovh 1 $ d4w87]
=3l 18,000rpmell M 403t E8Fo] AEe] debrisE A7 .
A2 2 HisBind resine washd}il chargedt ¥ equilibrate A|#A <t}
AEGeNES YRR charge® 27l ¥olFi 143 3085 4T
4] binding AlAFh Bindinge] 1% ¥, ZA¥ binding™ ¥ (5mM
imidazole) 2} washing® ¥ (1M imidazole) & Aojdit}, wixjeto g 7
Ho] H=e &2 @A S elutionH (1M imidazole) & elution 3,

32

M dg

(~f

In vivooll 41 9] biotinylation

Mcrl_Avi¢l BirAE sAlel Tddt= AXE -W vjgoje] 30TelA
SHF HF FoF 71t thd biotin (250nM) 3} &7 M3EE ODgoo 0.2
2 34 A#A log phase?l ODgoo 0.87F4] 712tk 1 & AMELS TCA
precipitation® membrane fractionationg &3 +H|st1l SDS—PAGE
2}  Western blottingS %3]  Streptavidin—HRP(SA—HRP) &

biotinylation= 2l & 4 Qlt}.

In vitro®l A €] biotinylation
Mcrl_Avies 23 sl= A ¥4 Herrmann® protocold wabs wE

o} B8 & S8ttt} (16). Biotin¥ BirAE #2]¥ Mcrl_Avi "]
9



EFsdote] WolFa 4087 30TeA wieketh 1 F AE
SDS—PAGES®} Avi tag®@ A2 Western blotting 533} biotinylation

2 3 @ 5 vk

rlo

Streptavidin beadE ©]43} binding assay

Biotinylation® v]EZEZg o= SEM (250mM sucrose, ImM EDTA,
10mM MOPS—KOH pH 7.2) ¥ #¢] ¥o] & ¥ streptavidin sepharose
H] = (Sigma, S1638) 2} binding Al ZIth. 3FF WF F<QF 4TolA ZE
Al bindingAl71¥ PBS® AYS 59 HojF=t}. 71 ¥ 6M guanidine©]
S0z PBS (pH 1.5)5 ¥ 90TeA #o59] elutiondttl. Bound
FH|ske] SDS—-PAGE$S} Avi

tagAl 2 Western blotting 53 3Fo] biotinylationS =<1 & 4= it}

|
o

fraction®} free fraction Z}Z+e] A=

u|EEZE=g o} £33 9} Proteinase K protection assay

AREAEE glucose®+E semi—synthetic "] T]o]olA ODeoo”F 2.0
=28 w7bx 30CelA 7]tk I ¥ AlEE 3,000g0A] 5# EoF

S,
ARG 7NA Z¢ 94& Z 100 mM Tris—H2SO4. pH 9.4, and 10 mM
dithiothreitol (DTT)& H&l&l 30CNA 2023+ wjekstel. thA] Al
= A7l ¥ 3,000gE 5437 =1t 183 Zymolyase 20T
(3mg/g of cells) 7} Eo]zF 1.2 M sorbitol?} 20mM potassium
phosphate, pH 7.4°4] 30-&%F 30TCelA wjeFsitt, thA] MEs A
7] ¥ 3,000gE 583t =9y AlXe] 2712 homogenization
W3 (10 mM Tri—HCl, pH 7.4, 1 mM EDTA, 1 mM PMSF, 0.6 M
sorbitol, 0.2% BSA)E Y1 homogenizers ©| &3 15WHAE MEE
4t} Homogenizatin®] t} €49 homogenization H¥HZ 279 12
SN A Fok AES] lysate> 1500g94] 533 AAEE] 75 o] &4
AE debriss AR vIEZEFo}l  fraction @A 7]elA

10



12,000g= 15%3F =e+vh. 1 % vEFZE=gol= SEM (250 mM

Sucrose, 1 mM EDTA, 10 mM MOPS/KOH pH 7.2) # o] %o} —80T

of| /] B3I} Proteinase K protection assay+ W|EZ=2ol &2 &
proteinase K (Img/mDE Yol + ¥ 303 deol WA s
Proteolyticdt activityS ¢lel 7] 98l 0.2M PMSFE Yol&
25,000g0A  10%3F dAEer|z EeEdh. 1 & &S SDS-—
PAGE$} Western blottings 53] ¢l & 4 ith

-

40

flo

Sucrose?] gradientE ©]€3 A

CrudedtA #8l¥ mEZ =g ol sucrose gradient 92 E2H S =3
nEFZTgols o 7Sl ZAE 4 Stk Sucrosed gradientT
60%, 32%, 23%, 1)1 15%2] sucrose’} EM(10 mM MOPS/KOH,
pH 7.2, 1 mM EDTA) ¥y 53t} Crudedt/ 23t ==y
ol+= SEM (250 mM Sucrose, 1 mM EDTA, 10 mM MOPS/KOH pH
7.2) Mol Zoi=a W 29 T2l 15% sucrosed] ol €ojEth 11 &
SW32Ti swinging bucket rotorg ©]g3te] 32,000rpm °% 1AIZF &
ek A4RE 7)o EF . Gradientts 60%9F 23%Ato]elAl dojx|a
Al SEM HHE Y1 447794 32,000rpme. 2 30&3F =S},
O % HAFAOR FEE vEZE=ot pellet> SEM HIE Yil 5o
Fo] =80T d#th

3 dvA

GRAZS YPD vigole] 30Ce] 87 W 7]tk AES ODesoo 0.2%
3| XA A log phase?l ODgoo 0.87FA] SC(Synthetic Complete) || t] oo
71th. 71 MAEZE 96 wells microplated] ¥l A A3t & 930
FFAn P& Faf HES

11



IV. 94+23
1. 38A A8 44

s FerA(9) A AAC ois) Aveld FEE (optical trap) ©ll
mdl Gael CoxbaZt A4¥ Hl=gE wijxsta, T 14 Holgle
gloto] @l do] FFE = £1F v =T AR o]t A E
TFEYEE 54T 5 Advk (15). FEA APE shrlfEA =
streptavidin®. 2 FHE cover slipol 2248 biotinylation¥ "EZE
o}t o3t} (Figure 1A). 3t EcolelA #Ed A7l &

A9l Coxba_ybbR& A5t DNA linker} &7 H|=of AZA A7k
gt (Figure 1A). & AFelMe vEZEdol dlde] F58S =5
Fat7] st AES Fulskla AdAow dmd FEHEYS S48 @

= A2 ko w o] AFelA AAF Feldt,

MI
“ﬂ
=
r\

AR ARAZAA FEE vEZEgort 4l FEAP AEES
go1st7] Sleld= in vitroold SPE  labeling® w®A  Coxb5a%)
W303—1a JEAMXAA FIgt vEZTolE o vitro protein
import assay® T3t (16). 2 A3 F7FA F=H ] Coxbadl
Coxba Pre(Precursor) ¢ Cox5a M(Mature) & & 4= Adth (Figure
1B). Coxba M opn|i7] wke]] 9]x]gt Coxball MEZE o} A|&F
215 7F MPP (Mitochondrial Processing Peptidase) ¢ &3l 23 3] g 9
@uldo]l 1 Coxba Prev zHe]7] o] e @uldo|tt, =, Coxba’t
nEF=gote] VAR FEH 7 YRl EA dh= MPP7F MR

tojol AFANS Fio] Y FEe Coxba M 714 WH=E FF0
303 Cox5a Pre= FEHA Xsota Alxde] EAst= o] o

12



Aot} Control 28O 2 valinomycing A g3k n|EFZE=golo] in

vitroo| A @ilE FEARe FAslt. dere] mEIZ=glol yut

= Edeted wASATE EAEor sy el wHAAE flel=

ionophore?! valinomycing A 23l & ¥ Coxbags YWolTHW HEFZE

ol Y2 ¢ o] E3stA F&| Coxba Prewt #zHT} (Figure

1B). In vitro®l X Coxba @A FFAHPS &3] W303—-1a EEAX
P

AA R MEZSHob} wMde Fhel APt AR U

> stk

13



Fixed Mitochondria Optical Trap
(Biotinylated Mitochondria)

C
DNA linker

Cover Slide

Cox5a  Cox5a  |mport & . Valinomycin
kDa Marker p M (1mg/ml)

20—

A
15— e 2 IS

Figure 1. 3834 43 AA < nEZEg ol dld $F54H

(A) FIAA A= 71 I8iA cover slipel 1A E wEZE=golg)
129 18 Coxba HI7F Boshal, wejddo] nEZrtg]
of Rz FFd o H=9] w43 AdE S48t F54S Akt
(B) In vitroolAl S¥E labeling® Coxa©@®MA 1 W303—1a &FAZ
oA ¥ mEIZEgotr WA £HAY. mEIZEgor R
o] MPPe &l MTS7F &4 FEfe] Coxba mature (M) form¥}
F 52 kol MTS7F &e]A] &2 Precursor (Pre) form &2 EA],

o
b
o
(it
o

hvA
s
2~
5

14
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A) WEZ=Eet 173

In vivo biotinylation

FAAA

=

e
o

5} 3171 Q= mEEE=dolE  streptavidin OF
FYHE cover slip o 1A Aok sk}, Streptavidin ¥} biotin = A=
et AsFRES F7] wiEof streptavidin &2 FEFE  wvlgof
nE =g okE % A17171 2l = nEFZEg o}l
biotinylation(17)¢] ¥ 23}c} (Figure 2A). Mcrl & m|EZE=go} 9ut
iz glEEA7] gd FiEo] AEzde x=F  Hoqlt (18).
nEZ T go} Qule o g EASF= Mcrl °l biotinylation site 9

A

Avi tag & Yol Mcrl_Avi & Avi tag specific biotinylation enzyme
gene Q1 BirA plasmid & &5 A¥] transform s} biotin (250nM) &
g umtjojo A wjekstitt (19). In vivo biotinylation 2 o=
F7HA wes gl silt. WA WS biotinylation ¥
nEZEgol EE  w@Wa AlEE Western  blot  ollA]
SA (Streptavidin) ol HRP (Horse Radish Peroxidase)”7} ZA3¥ SA-
HRP 2 &l 4 tt (Figure 2B). SA = biotin ¥} Z3t A&
sto] ¥kl mEFZ=g]o}7} biotinlylation©] =t SA T ZsHAl &7
w2 SA=HRP €] HRP 7} ECL A|°F¢] luminol & AFgHAIA W& ==
95 ZHAste]  biotinylation & ofF-E &1 £ QIqlHh. o7]A
biotin & YolFA ¥dF%E EF3FIL biotinylation ¥ WE=7F Hol=
ol 719 wHojd %= ©o]u] biotinylation & AlZ 4 Q& WO
biotin ©] EA|3t7] wjZolth £ o &Rl WHOE = streptavidin ©|
FH ¥ H]=ef biotinylation ¥ WEZEg|olE Yol & H streptavidin

H|=o] £ bound fraction < Avi tag AZ <l2& Western

_

15
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Mitochondria | |Merl_HA_Avi b

17

mitochondria Protein Crude membrane fractionation
Morl_Avi & BirA W303-1a MBP_Avi Mecrl_Avi & BirA Meri_ Avi
+ - - - + o+ - - B
* = = + - + - + - Biotin
50kDa:
, 4 ———
& pe—] - —
35'(0 . N
SA-HRP
C
BirA (+), Biotin (+) BirA (+), Biotin (-)
Total Free Wash Bound Total Free Wash Bound
- -
- O — p— ‘ Mcrl_Avi



Figure 2. in vivo biotinylation®} biotinylation®] &J% &<l

(A) in vivo biotinylationg %213} 3to] YEeERATH vEZ=go} 9yt
il zlel Mcrlel biotinylation site?l Avi tagE &9 biotin¥} A3}
o] biotinylation®tF. (B) Mcrl_HA_AviE 23 3= W303-1e¢ &%
M EZZE biotin (250nM)S Y3l /n vivo biotinylationA]| 71 & E&]3F n|&E
HZEgol = dwz e SA-HRPeISY Ag ofFo] uwlg} biotinylation
o] A=A Feld 4 Q) x> EH Y i=o]11 42 biotinylation
¥ Mcerl_HA_AviZ} SA-HRP% 938t yeh= M=ot (C) SEM
(250mM Sucrose, 1mM EDTA10mM, MOPS—KOH pH 7.2) H ¢l in
vivo biotinylation® PIESTE|olE 9] streptavidin® = FHEHE H|
=9l sepharose® 84 ZHo] @2 & 4Co|A st&® F<oF binding
Al AT, 71 & PBSHYZE AYS tAH AL HolF=1 6M guanidine
o] o8l PBSH T | 90TCelA 57t #9 elutionth. 1 A3} in
vivo biotinylation® Mcrl_HA_AviZ7} BirA(+), Biotin(+) bound
fractionell YEF}FE= Z1& Western blotoll Al Avi tag &A= gl & 4
e
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In vitro biotinylation ¢ 223t BirA A A

=

<Al in wvivo biotinylation®] A ¢S ASE dv|st in vitro
biotinylation®] &3 BirA(biotin ligase)E E.colielA PTG
induction A|A® 0% Ity F A Ak (Figure 3A, 3B). BirA %
°l Nus tag® 2ol olfre AA #4 T @94 FHddAYE 7]
$gt g xolt} (20). Nus tagi % thrombin protease®l 2] Nus
tag_6x His tag ¥+%°] 2 HisTrap column®o] 2+ Ni—NTA¢ge] 4
gl 2s BirAv A = dth (Figure 30). FAE BirAQl activity s

=]
3tel3l7] Y8l A in vitrobiotinylation assay S 33ttt (Figure 3D).

Biotinylation®] ¥ #] &2 MBP_Avi ¢ 87 biotin¥} A A3t BirAE
st Mol &= ¥ Western blotollA biotin &AZ biotinylation® H&
el kY. o] AdE F AAE BirA 7} biotinylationolA A 7]
TS S QeA #Ql s & QY. In vivo biotinylation®] A ¢

< ¥ invitro biotinylation®. 2 thA] & 4 Qlt},
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Nus_6xHis BirA pET43.1a purification scheme

+ Size Exclusion Chromatography to get high purity BirA protein

+ Thromb

in protease digestion to remove Nus tag

Thrombin protease

V
Nus tag 6x His BirA

+ After Thrombin protease digestion, the reaction mixture can be eluted with HisTrap
HP column.

I N TN

* FEluted fraction is BirA, and the rest part (Nus tag and 6x His) will remain in the

column.

HP column

Nus_BirA Elution

-IPTG  +IPTG 1 2 3

<« Nus_BirA
95kDa
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Thrombin digestion HisTrap HP column
-Thrombin +Thrombin  BjrA BirA
Nus-_BirA  Nus _BirA Before After Meslne
conc. conc.

Nus_ BirA 95kD.

Nus tag 60kD:
BirA 35kD:
D
Unbiotinylated MBP_Avi ﬁ;‘:‘m‘“
BirA kit Nus-BirA BirA BirA kit
BirA + + %x Ix e %x  Ix = +
Biotin - + + + + + + + +
100kDa — -—
70kDa —} . “
50kDa —|
35KDa — - — ——— -.q,
” 4

Figure 3. BirA (biotin ligase) AA] 9 BirA &4 &<l

(A) Nus tagZ7} €3 BirA ZAAES =243}sto] Vet WA Nus tags}

6x His tag7} €% BirAE IPTG induction A|AES E& E.colilA

ke AJ71 & Nus tag®} 6x His tag¥ ol 2+ thrombin protease site
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HS thrombin protease® Nus tag_6x His tag %3 BirA &2

H o

ZH fractione HisTrap columnel] ¥¢{3 binding AAFAT 1
¥ elution° A<= BirAw €& 4 33tk (B) BirAE® 1mM IPTG ¥t
18TCeAl 224138t inductions E3l ZEdE AZ$ Ni—-NTA
affinity chromatography® Nus tag_6x His tag_BirAS 92 4 3ich
(20). (C) Thrombin protease@® 23TColA 16A]7FE2l digestionA] 715
Nus tag_6x His tag F&°] #& Z& &<l & & QAU Nus tags:
A2 F HisTrap columne %3) elutiond] A BirA%F g4 32 3
21 & 4 99t HisTrap columnelA W& BirA7F 345 o]
centrifugal filter & %3 2 %9 BirAE 495 & Jdd. (D)
e s Fall FAE BirA @445 &RIs7] 98l unbiotinylated
MBP_AvVi® in vitro biotinylation assayS S339ct. In vitro
biotinylation assay+ unbiotinylated MBP_AviE biotin®} & A3t
BirAE 3 49

biotinylation®] o4

% Western blots &3 biotin A=

__'Z_
2 =91 seieh
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B) 2d 4wz Coxba_ybbR A A|

FAA APE FYst7] fldlA & biotinylation® 1FH H|E
ol WHZ FFE= dMde] JArE dasith of7jx 2wy
nEZ=glol Yut &l A Coxba= E.colielAl IPTG induction AJZ~E]
S E3] #EaE & Ni—NTA affinity chromatography2 ©]-&3&] %A
sttt (Figure 4B). AA® Coxbat 7F25A17] Wde] ybbR tags
7}A ™ o] tagx CoA acceptor®]t}d. CoA_DNA+= Coxba_ybbR¥} Sfp
of o&] E+th (21). 50kb Zo]°] DNA linker 5 digoxigenin<
CoA_DNA®| H3tea, H3te FAF=E<l DNA linker_Coxbav anti—

it (Figure 4A).
Coxba$t dd¥ H|=&= #olA Ho xxa, Wi FFHo] dojd

i
[

o

=

digoxigenin® = FH®HE polysterene H| =9

W3 vEREot ke Aeld] 9440 Cox5art #& HEe)
FAYOR WM £EARe 53T F Yk B AFE Bd 9wy

Ql Coxba_ybbR®e] AA 2} o] @A F n vitro protein import assay =
35ttt (Figure 4C). Cox5a_ybbRe] CoA modificationS ¢k 7 9]
TollA W = ooy,

2 —l>
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o digoxigenin

!

digoxigenin
DNA linker
ligase By Sfp (CoA-ybbR tag)

ybbR-tag Presequence

Cox5a

Cox5a ybbR Elution

-IPTG  +IPTG 1 2 3

Cox5a ybbR tag
18pmol 36pmol

PK

pre (17kDa)— ‘

m (14.4kDa) —




Figure 4. Cox5a ybbR @¥3& AA| W i vitroo]A 2 Coxba ybbR

i 5549

(A) FHAA 239 Coxba_ybbR modifications E213} 3Fo] e
t}. Coxba?l 7F25A]7] ¥etef 2= ybbR tage CoA2l acceptore|™
SfpEs ¥ ¥olF1d Coxba_ybbR¥} CoAZF A3t 15 50kb 2o
°] DNA linker 5 digoxigenine CoA_DNA®| & x o] Coxba_DNA
linker7} 944 ¥td. 18311 Coxba_DNA linkery digoxigenin A=
FHE polystyreneH] =9 o] nHET. (B) Coxba_ybbR< ImM
IPTG ¥il 37TCelA 3A1F &Y inductiong &d ZEd A7l £
Ni—NTA affinity chromatography® AAstdct. (©) AA=
Coxba_ybbR®Z in vitro protein import assays T3 F571s oI5
= gl & 4 AUt} PK (Proteinase K) protection assay S E3l4] m]
EZrgol 71d YFE FF5HA X3 Coxba Prex= PKE BolF3U=

u digestion® o] ol RS &eld 4= gl
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C) Biotinlyation ¥ vV|EZE3Z o}l in vitro protein

import assay

nEFZgols  uAAIZ] SElME in vivo Wi in vitro
biotinylation & <383joF stt}. o|w| /n vitro protein import assay &
3l biotinylation ® WEIZEZEolz @l o] JhEdhA|
gRlEvkd FeA Aol @A FFy 540 7bs & Zoln
WA /n vivo biotinylation ® W|EZ =g ol E.coli oA IFEd AlA

A3t Coxba_ybbR & FEA7]= 23S Xdqg Ay nEZ=g o}
1a)

==

Yz $49 & MPP o 98] MTS 7} 29 &89 Coxba_ybbRM <
kg = QY. AEA S F n vivo biotinylation ¥ v EFZ =g o7}

in vitro ¥8A FF A AFstve= HAES WE & UG
(Figure 5A). 3} jn vitro biotinylation ¥ wEZEgole] S &
labeling ¥ Coxba Z FFAHS AP FF71s 55 ASATh 1
Ay mEZEgol WHE Sol7FA X3 FEje] wEel Coxba
Pre ¢ MTS 7} #9 FJejo] @Al Coxba M o] #HZ=o] jn vitro
biotinylation ¥ wWEZE=gloprl duld FEAe] Afsitts A2

TE8 ¥ 4 AT (Figure 5B).
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Mitochondria - 0 min 30 min

kDa

Pre (17 S I R ¢ Precursor Cox5a_ybbR

m (14.4)— e |4 Mature Cox5a_ybbR
B
in vitro
biotinylated mitochondria Mcr1_HA_ Avi mitochondria
Cox5 A
S W BiAkt i - + e
pre (17kDa)—] I — mm
m (14.4kDa)— m vy “ m

Figure 5. In vivo ¥ in vitro bioinylation® "|EZEg|o}e] gulz 4=

715 o3 Fal

(A) In vivo biotinylation® v|EZE=glo}e}t IPTG induction AlZ~F ]
& E.colellA & AlA AASH Coxba_ybbRZE in vitro protein
import assay® 8ot} YA Aol AddS A 1 4

nEZ=glol YHz 58 deH9 Coxba_ybbR MES #z 3 &
ATt AE24 S % in vivo biotinylation® wEIZEg|ol= Wz 3
Aol sttt AES ¥ 4 vk (B) In vitro biotinylation® W E
E2lobe} SPE labelingdt CoxbaZ FHAES APt Ay vES
Eot iz F5e due Al Coxba M
In vitro biotinylation® W EZE g olr} whmzl SEA3 o) A gttt

A2 g+ 99t

Mo 32 %

s
i
(Y
s
ald
32
32
5
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71E AFolM = in vitroolq @A FF A S S H|EZ =g ot
of Wz sy vERZ=gol XA sl 2l dhalE o] kvl A EZ A
of Holr A A G 7} 2R ok Tl o] kS AlZtef whe} vl w o
2 iR F2EgES 4 7 3
e sl vE
n vitroollAq @A FEg eSS BASAUT. B A= i vivool A
PN
T

mEZ=gol AFAz o] dojo wEhA FEago] AEUCA ofw

2
o
©
o
\)
«®
c
8
1o
9
1
S
>
-
=,
r

Fago] ou FFor wget=A dot E Aoltt (Figure 6A). ©]
e F U g mEA B 28 Ytal0] AFATe a5 =
A &3} A (yeast Enhanced Green Fluorescent Protein, yEGFP)

S xS AlAY. FFHvu|AGoA AFE nEZ=gol Yo yEGFP

= Aol BT (Figure 7A, B). ¥ n|EZE=gjo} X gAIF 7
oA Az FE FE o mEFZEYol ATt FrtskE
2 4 At (Figure 7C, D, E). A&st A=F4 245 falA=
YtalO(1—11)—-yEGFP,  Ytal0(1-31)—yEGFP,  YtalO(1-63)—
28

_,d
i,

x2

PN
tlo ﬁi
¥
BI g
—_>‘:9
ke
=

2



YtalO¥ &2 m—AAA protease®] 2J&] MrplL32 processing®| ¥+

AL nEZTgol YHeo gl #REFS A3ty 42 <Ql respiratory

chain®] Aw@9=2 o Q79T (24). Wk YtalOo] AlZ oA

A4 #JAvd mEFZ =g o}l respiratory complex?} ATPase complex

7F o o) A EA ol v EA] whAdelA A XSt 2 ATt
ez

A& YtalOFL—-yEGFP7} v & o= Az FEH] A )5S

=338 2= O]

sk = gleA dolr 7] 98 complementation assay S 43 8F ).

YtalOo] AA%E AlEo] Ytal OFL-yEGFPE transformations
A} vEdgA BAhHU ZFEAEA A AS #F T 4+ A
(Figure 6C). ©] A3+ YtalOFL—-yEGFP7} nlEEZEgolg +45]

71°6 2191 m—AAA protease complexZ ©| FthE 79SS o Fr),

Ayt

29



Ytal0
Ytal0 Full length
MTS
| TM1 — ™2 c
60-70 a.a.

Ytal0 Mitochondrial Targeting Sequence (MTS)

- MTS- 60-70 amino acids

- MPP cleavage site- 30th amino acid

Ytal0o MTS

N—] yEGFP_Jc 1-1laa.

N ——yEerPJc 13laa
N——] yEGFP |c 1-62aa.
N[ VEGFP_|Jc 1-72:aa.

Y¥ta10-yEGFP

Marker 8 1 31 63
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1 1/10 1/100 1/1000

ytalOA+Empty Vector

ytal0A+Ytal0 WT 0 @ ,@5

ytal0A+Ytal0 FL-yEGFP |88 o

Glycerol 30°C

Figure 6. n|EEZXg|o} X FA5 9 dolo] W YtalO—yEGFP A=
Gl S5

(A) YtalO—yEGFPe] 47}x]€] mEZEgoel A&rss 7 nd o
wael  adolth,. (B)  a@XAMEANAY YtalO(1-11) —yEGFP,
YtalO(1-31)—yEGFP,  YtalO0(1—-63)—yEGFP, YtalO(1-72)—
yEGFP 3 A& &<l st (C) YtalOo] A4¥ Alzel Empty
Vector pRS314, Ytal0 WT, YtalO0 FL—-yEGFP<% complementation
assay. YtalOo] ZAA% Ao Empty Vector pRS314, YtalO0 WT,

YtalO FL—yEGFP transformantE v|&raA &4 H9S X33k YPG 30T

AM 39 &<+ 715
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Figure 7. 3% dv|Adec=s E &% AIXUY Ytal0(1-11)-yEGFP,
Ytal0(1-31) —yEGFP, Ytal0(1—-63) —yEGFP, Ytal0(1-72) —yEGFP,
Ytal0 FL—-yEGFP 58334 A3,

(A) YtalO(1—-11)—yEGFP. =433y dwdo]l ff Axde
9lo] =MEFP AF7 #x HAth (B) Ytal0(1-31)—yEGFP.
=g gwlgo]l YialO(1-11)—yEGFP o] H]8|A] AL A oA 2

G A57 Folga vEZZEohdelA Aol A7 w4YF

A5 7} e Al 2FEHT) © YtalO(1-63) —yEGFP.
nEZ=gollZ2 E97F YtalO0(1-63)—-yEGFP 2] 2zo] A7

o)

k4,
ARG A7 A3 geolA7) AFsa AEAY] 547 A5t o

=3t (D) Ytal0(1-72)—yEGFP. &3] uwEZ=gohf9
AP A7t Aatd Bol: AL #Ee 4 9t (B) YtalO FL—
vyEGFP. Control 2 #A¥FA 02 nEZTglo} Ho} Ao =835
As7h dehtbs 2e B @ o,

r
30
32
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V. 48 4 =9

1. FPA A3

nd
o
4o
of
i)
e
N
R

FolAANE ko ® X3P A9 Tnkg widsh Ao & ou]E Fo
sk 4 gy Aok mEFE TP olE streptavidin 02 FHE  cover
slip ol 24 3st7] YallAl in vivo =+ in vitro biotinylation < A| 3] &}o]
streptavidin bead binding assay ¢} Western blot o|A SA—-HRP &
&3 biotinylation °©] HFS <l slvh EI 2d @A
FH]3t= B o A= Coxba_ybbR ©] E.coli IPTG induction Al ~ES
Eoto] GAHEIL EZEoL YRE FFo] Jlsdtthe A in vitro
protein import assay & &3 &<l & £ ATt dow Holdle=
A4 += in vivo biotinylation ¥ R EZE=¢]o}= streptavidin &2 FHEH
cover slip o 1AA7|= Ay} 74 iAol Coxba_ybbR 2 50kb
DNA linker &} 37 A4dsl Fx2 & 5 Sl vlte] A4 A7l o
ol AT

do BRAA APow nEmrelelr WMol FiE @ AL
Qe 7Mel TEAYY nE2seol gulde] wuld AY Fw
BPAE 5% 9 u dvkwde] Fol Bastm wmd Fgo] AgH
W7l o= Az Alzte] Wed AT selw 4 s @ otk
Golrh gl $e7h 94X BYR wwd FEhw

1=
shb ol B 5 Qg olth fHE AN rER
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VII. Abstract

Mitochondria are crucial organelles which are involved in energy
production, protein synthesis, and apoptosis. Mitochondrial main
translocases are known as TOM (Translocase of Outer Membrane)
and TIM (Translocase of Inner Membrane). Most mitochondrial
proteins are synthesized within the cytoplasm and translocated into
the matrix. This research uses two experiment methods to measure
protein import efficiency and advance our understanding towards the
dynamics of mitochondrial protein imports. First, biophysical tool
optical tweezer was used to quantify mitochondrial protein import
force. Biotinylation of mitochondria and in vitro import competent
protein purification were performed prior to main experiment. Second,
various lengths of YtalO mitochondrial targeting sequence (MTS) at
N—terminus were tested to determine the relationship between the
length of MTS to mitochondrial protein import efficiency. The
quantified values of mitochondrial protein import force makes it
possible to observe the dynamics of mitochondrial protein imports.
Furthermore, we can understand the effect of length of a
mitochondrial targeting sequence on protein import efficiency by

differing the lengths of mitochondrial targeting sequences.

Keywords: Mitochondria, Optical tweezer, Translocon, Biotinylation,
YtalO, Mitochondrial Targeting Sequence (MTS), Protein import

efficiency,
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