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Chapter 1 Introduction

Vi1-ATPase is a rotary molecular motor, which hydrolyzes ATP while its shaft, composed of D and F subunits,
rotates in counterclockwise direction. However, physiological role of Vi-ATPase is to synthesize ATP, where the
shaft rotates in clockwise direction. So, rotation direction of the shaft changes with the chemical reaction being
held. This phenomenon is called as mechanochemical coupling. This coupling is also observed in Fi-ATPase,
which is evolutionarily-related homolog of Vi-ATPase. In both proteins, chemical reactions are regulated by
rotation of the shaft: If the shaft rotates in clockwise direction, equilibrium between ATP hydrolysis and
synthesis shifts towards synthesis, and if rotates in counterclockwise direction, then vice versa.

Studying the angular modulation of chemical reactions will reveal insights about the coupling mechanisms of
both Vi- and F1-ATPases. However, F1-ATPase has been studied extensively and its mechanochemical coupling
mechanism was almost deduced. At this point, focusing on Vi-ATPase will help us to understand how similar or
different these proteins are as rotary ATPases. So, this study started with analysis of angular modulation of ATP
binding affinity in Vi-ATPase.

Chapter 2 Two Pauses of V1-ATPase and Mechanical Modulation of long pause state

The biochemical ATPase assay of Vi suggested that all active Vi molecules, after a while, completely lose their
activities. To prevent the interference from this inactive state to the modulation experiment, characterization of
this pausing state was necessary. Therefore, before continuing with angular modulation of ATP binding affinity,

first, these pauses were studied. During the rotation assay of single Vi molecules, the existence of this

irreversible final pause was confirmed and called as ‘long pause’ hereafter. In addition, a new pause was
discovered, which frequently interrupted Vi’s rotation. This pause was reversible and second-scale therefore was
called as ‘short pause’. Short pause was not predicted from biochemical assay, so it is a new finding of this
study.

Later, the angular positions and kinetic constants of these pauses were characterized. Angular positions of
pauses were determined to be same as that of ATP binding and hydrolysis, which makes the rotation scheme of
V1-ATPase more complicated than that of Fi-ATPase. Finally, the long pause state of Vi-ATPase was
mechanically modulated to see whether Vi will resume rotation or not with external energy input. With
magnetic field, the magnetic bead which was attached to shaft of Vi-ATPase was modulated. The bead was
rotated to a certain angle, and stalled there for a specific period of time, and then released. Upon this type of
stall-and-release experiment, two general behaviors were observed: V1 either went back to original angle and
continued to stay in long pause state, which was called as ‘Failure in Reactivation’ or resumed rotation, which
was called as ‘Reactivation’. The probability of ‘Reactivation’ was calculated and, its stall angle dependency was
determined. Reactivation was observed starting from +70°, reaching its maximum value at +110°. Including ADP
in the chamber buffer suppressed the reactivation probability drastically, implying that long pause state is the
ADP-inhibited state of Vi. This part of my study showed that chemical reactions of Vi can be efficiently
modulated by rotation of the shaft.

Chapter 3 Mechanical Modulation of ATP-binding Affinity of Vi-ATPase

After characterization of pauses of Vi-ATpase, I continued with the main objective, which is to study the angular
modulation of ATP binding of Vi-ATPase. Stall-and-release experiments were performed at non-saturating [ATP]
where we observed clear ATP binding dwells. Upon release from the magnetic field, two behaviors were
observed: One is going back to original binding angle, called as ‘off event, and the other is stepping to next
binding angle, called as ‘on’ event. ‘off event implies that at the time of release from the magnetic field, Vi was
not bound ATP therefore could not generate torque needed for stepping to the next angle. After many trials, the
probability of ‘on’ event (Pon) among whole number of trials was calculated. Pon increased depending on stall
angle and stall time. From the stall time vs Pon graph, rate constants of ATP binding and release were
determined, both of which exponentially increased with stall angle. Torque generated by ATP binding was
estimated from the slope of koff as 4 pN.nm, which is almost 1/6t® of the whole torque. ATP binding generated
larger torque in Fi1-ATPase, almost 11 pNnm, which implies that ATP binding, is not the primary torque
generating step in Vi-ATPase. ATP binding affinity was successfully modulated, and torque by ATP binding was
calculated in this chapter.

Chapter 4 General Conclusion and Future Work

This study showed, for the first time, the mechanical modulation of chemical reactions in Vi-ATPase. The
chemical reactions that were analyzed were long pause state and ATP binding of Vi-ATPase.

Meanwhile a sec-scale, reversible ‘short pause’ was discovered during Vi rotation. Even though its angular
position and kinetic constant were determined, these findings did not give a clue about the physiological role of
short pause. So, further research is necessary for this pause as discussed in ‘Future Work’ section.

Modulation experiment suggested that long pause represents the ADP-inhibited state of Vi, which is an
inhibitory state caused by not releasing the hydrolysis product, ADP.

Finally, I think that this study will pave way for new ideas in both science and applied technology.
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WERHREZEDRIES TE—F —TH 0. ATP OIKAETHLENBEFEIRINF— 2 EEREHE NI B THEL
FVF—ICEENICERT 5 2 ENTEERENVEEZ /KD, £ OMENMHRIEN 5. V-ATPase 13 F BI-ATP S AREE
FHEFBOEEET. TRNF—FTHEZToTNBEZEZILNTWEN, SO 1 HFFHINCE> T, TOEEMHE
HWRAE RRDZEMNALNCRDDDH S, AR T, | HFREFHANC L > T, Z OEBHEHEOFM/EN D
FREAICEIDIAATN S,

FE—ETIE. V1-ATPase IZBEY 5 —BARHAZBMAL TS,

BRENTIE, 1) VI-ATPase DARNTOMAER JOEM2ZHREEM, 2) VI-ATPase DOILFHiE. 3) BESTFE—2
—& L TD VI-ATPase DEEREMEICBET 2 HDTH 2, ’

BETETIE, FECRERINE 2 BEORNEE AN =X L (BESES OF HIREE) 287 L TW5,

FITRR I NIz V-ATPase © 2 BEEORIEME(LIREEI.F B ATP SREBER O AP HERELEFAZEODDTH D EEX
5B, MEHECIREEICHE S B U < BAREHLRIED STEMCT 2 AN AL F BATP GRBRERE RS
ZERREINTNVS,

EZETIE AP OMEBETHAINDIEE NV OREI 2 | HFRIEEICI > TEENICEHEIL TV 5,

ATP OHIKRAMEVE. ATP DFER. SR, W TH S ADP BLOER) B OMBED 4 DO RISFRBREN MR I N,
F BI-ATP SREEETIE. TNETNORBHEBETHHINSEE NV ORZSIMFHEINTWS, ZOEHEITIE.
ATP OfEABRETH I T NS EiE NV 7 2 EER MLV O¥4HLLEE ED T, DEDILF B ATP A BRSO RRE
BIRIC AT OFERICE > THEISN TN Z EMHLNITINT W, —F. FRXOFHAITIE. VI-ATPase &, ATP
DFEEBET 4pﬁnm DEE MV UDHALRNZ EASREN. ZOMEIE. F BI-ATP &EER E BT 2 ST/
NI ERbMof, Tiab B, Vi-ATPase TId ATP OFEE LS ORIGRIBENE L2 BEREENREH SN TND D
Thb., UL, EEHASLNTI N VI-ATPase OIEHEEEIC LR RTHREDESENENDHRTH
5,

HEWE T, T ATP SEEESR & O HLleh 5 VI-ATPase O EERHEMEIC DWW Tilim L T\ 5.,

Bover DEEEAIEF Tl EHE DA B K OERY OMBEEIC X > TRERER MV BNFEEL, BEEENERE S
BEEZBNTWE, ZOFIET B ATP A 5EBER TIIEFT I N/2A%, VI-ATPase X Z OFOR D TR Z AR L
7o DEDIE. FRXITE D T, VI-ATPase 13 F B ATP S kEER L 132< BERZEBHFEEICE DV THEELTWAZ &
MNEHINEDTH S, 5% MORSEBROHNTEEE NI OREI BEHIT S I ENTENUL. mEOE
WETTRSEBLTWS S bBBICRD THS D, TIN5 OHRNT 35 2BEd. ATP Ok EEREIh &2
DTE—F—OEBRREBFREZ2EE T LAFEEICRD EEZ NS,
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