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F,-ATPase hydrolyzes ATP into ADP and Pi and converts chemical energy into mechanical rotation
with exceptionally high efficiency. This energy-transducing molecular motor increasingly attracts
interest for its unique cellular functions and promising application in nanobiotechnology. To better
understand the chemomechanics of rotation and loading dynamicg-AfFase, we propose a
computational model based on enzyme kinetics and Langevin dynamics. We show that the torsional
energy and stepwise rotation can be regulated by a series of near-equilibrium reactions when
nucleotides bind or unbind, as well as characterized by an effective “ratchet” drag coefficient and
a fitting chemomechanic coefficient. For the case of driving an actin filament, the theoretical
load-rotation profile is analyzed and comparison with experimental data indicates reasonable
agreement. The chemomechanics described in this work is of fundamental importance to all
ATP-fueled motor proteins. €003 American Institute of Physic§DOI: 10.1063/1.1568083

I. INTRODUCTION lyzed. Recently, FATPase was explored as a possible
) ) means of propulsion for a nanomachine that is driven totally
Molecular motors is a generic term for a group of pro-y piglogical power and has an exceptionally high chemo-
teins that generate cellular forces and motion by transducing,echanical coefficierif18-2%
chemical synthesis or hydrolysis energy into mechanical en- 14 petter understand the operating mechanism and rotary
ergy. In recent years, various motor proteins have been di%iynamics of FF,-ATPase, various theoretical approaches

cove_red qnd harnessed_for the purpose of single mo'@“ﬁave been used, such as microscopic modelling of the cou-
manipulation and nanobiotechnolob$There are mechani- pling of two driving-force€2-25and atomistic simulation us-

catlly two tbroadL_types oftmotor prqte:n(sj: Imear@r:otors andi o “molecular dynamics methods?’ For example, the
rotary motors. Linear molors may include myostnagoing e of wang and Ost&?3 provides a physically based

. '4 . . . _
and rowing to contract musglg* kinesin (walking hand answer to the rotational dynamics of-RTPase. It is a con-

- i 5
over hand alo_ng mlcrotubql)‘% and RNA7 polymerase or tinuous model based on a system of coupled Fokker—Planck
helicase(crawling to transcript gene codes’ etc. Examples . . o
equations with an artificial energy landscape for the motor

of rotary motors are flagelldpropelling bacteria through the system. Their work gave arguably the best physical under-

R 8,9
viscous cell*” and the enzyme ATP synthase, B ATPase, . ) ;
I y y oL standing of the dynamic mechanism of-BTPase to date.

rotating while transducing energy from hydrolysis/synthesis . : . :
of ATP molecules 17 All molecular motors are powered However, they ignored the biochemical details related to the

; ; 24
either by the hydrolysis or synthesis of nucleotifesy., ad- ATP hydrolysis reactions. On the other hand, Paakal:

enosine triphosphatéTP)], or by an electrochemical poten- determined a set of enzyme Kkinetic rates _for ATPasQ, but
tial difference across the cytoplasmic membrane. gave only very rough results for the dynamical behavior of
The RF,-ATPase molecular motor possesses both typed® motor system. In contrast to Wang and Gitérand
of driving forces. It synthesizes ATP from adenosine diphosPanke etal,™ this work aims to establish a link from
phate(ADP) and inorganic phosphat®i) at the § domain molecular-scale chemical hydrolysis reactions to microscale
at the expense of protons from thg domain. Alternatively, ~Mechanical motion of the FATPase molecular motor, and
when operating in the reverse, it hydrolyzes ATP into ADPdesign a general simulation approach for the chemomechan-
and Pi at if and releases energy. Coupling with the conver-ics of such motor proteins. We propose a computational
sion of chemical energy, rotary mechanical torque is promodel based on enzyme kinetics and rotary Langevin dy-
duced at f domains in both casé&151t is believed that namics, and regulate the energy transduction and stepwise
proton transport and the synthesis of ATP by the holoenzyméotation of F-ATPase by a series of near-equilibrium reac-
are mechanically cooperativé!” The energy conversion tions when nucleotides bind or unbind. To validate the
mechanism in [F,-ATPase represents a delicate blend ofmodel, we investigate the case of the ATPase motor driv-
electrical-to-mechanical-to-chemical energy operations. Isoing an actin filament, and analyze the theoretical load-
lated F is able to catalyze ATP hydrolysis but not net ATP rotation profile against some existing experimental results.
synthesis. Thus individual ;FATPase can also work inde- The kinetics and chemomechanics described in this work is
pendently as a motor, rotating the central “shaft” protein useful in furthering our understanding of ATP-fueled motor
against surrounding subdomain proteins when ATP is hydroproteins.
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FIG. 2. Asymmetrical binding change mechanism of the hydrolysis in
F,-ATPase proposed by BoyéRefs. 10, 11, 3D (courtesy of The Nobel
Foundation, 199 Following counterclockwise, ABC represents a full cycle
of F;-ATPase hydrolyzing ATP into ADP and Pi, meanwhile producing en-
ergy. Sections denotedx37), (afB.), and (@Bp) refer to the conforma-

] ~ tional tight-binding, loose-binding, and open states(@B) pairs, respec-
FIG. 1. Atop-view of structures of the;FATPase molecular motor. The six  tjyely.

large subunits ¢B); form a hexamer that holds a spinning central shaft,
subunits ofy (¢S are not marked Inset is a side-view of fi/,- ATP synthase
of yeast mitochondridref: Protein Data Bank 1QQ1

resting positions ofy relative to @p)3. All these experi-
ments, plus the structures revealed by Wakkeal,*>?8 fur-

ther verified the hydrolysis/synthesis mechanism proposed
by Boyer!®39 Currently the commonly accepted

Il. THEORY OF THE KINETICS AND
CHEMOMECHANICS OF THE F,-ATPase MOTOR

A. The mechanism of rotation of F ;F,-ATPase mechanisnf11187of F,F - ATPase features:

Walkeret al*>'"?revealed the stoichiometric structures (1) The catalytic nucleotide binding sites at thiees) pairs
of FF,-ATPase, as shown in Fig. 1a top-view of work in a cooperative way: while one site binds, the next
F1-ATPase): threey, threes, and oney, 6,  chain of pro- one hydrolyzes ATP, and the third one intakes/releases
teins comprise the,/domain; onea, two b, 9 or 12¢ chains the hydrolysis/synthesis products;
of proteins form the f-domain. The F and i domains are  (2) The sequential conformational changes in3); induce
linked by a central stalk composed ¢f 6, € protein chains. the rotary torque between the hexamer); and the
Atomic-resolution structure studies suggest that algeand stalk v-g, and therefore makes the motor rotate Step-
B3 subunits form a hexamer and th&e subunits act as a wisely;
shaft of rotation against the hexamer. For a typical(3) The R-portion of FF,-ATPase probably also functions
F,F,-ATPase molecular motgsuch as yeast mitochondial as a stepper motor when ion flow is pumped up the chan-
the dimensions are about 12 nm wide and 22 nm Kiigé / nel and the electrochemical energy is transferred from
domain has a height of about 14 hf It is found that three the F, portion into the F portion, or vice versa.

alternative sites on the hexagon formed by subunitg)g
are catalytic-active and responsible for the ATPIn addition, the motor motions are bathed in constant Brown-
hydrolysis/synthesi® 11" Amongst the six subdomains ian fluctuations. Some works revealed that a structural
(threea and threeB subunits in F;, three nucleotide sites of “ratchet” mechanism(that can rectify Brownian motigroc-
B subunits take the main responsibility for the nucleotidecurs at the central “shaft”(yde) subunits when rotating
catalysis. These three sites either bind or unbind with ATPagainst surrounding subdomain protefhs.
ADP or inorganic P molecules or are empty, depending on  The mechanism, as illustrated in Fig. 2, suggests that
their respective positions relative to the concave, neutral, othree catalytic sites ofd8)5 exist in different conformation
convex sides of the shaft subunit. states at any given moment. Each possible conformation has
The rotation of FF,-ATPase was first reported by Dun- a different bound nucleotide, thus the motor subunits are
canet al?® and Sabberet al,'?*3and the most compelling inherently asymmetric. On average, one site is bound with
evidence was provided by the experiments of Nojall®=2°  ATP, the second with ADP or ADP.Pi, and the third is enzy-
With a physiologically-cloned FATPase motor, Noji matically inactive, i.e., empty. The third site works for the
et al® visibly demonstrated the ATP-driven rotary mecha-exchange of substrates, i.e., ATP or ADP and Pi, with the
nism with an actin filamenttypically 1-2 um) attached as a environment. There is a cooperative coupling between the
fluorescent tag on one end of thesubunit. They revealed subunits via an indirect coupling mechanism that drives se-
that the rotation is three-stepped, with stepwise (120° pequential structural conformations. This turns out to be a ro-
step transitions between three symmetrically spaced angulaation of the y subunit, which caused the further catalytic
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binding changes at«B) 5 subunits. This requires interaction (1) At a given moment, each paired subunit is in an

of three (@B); sites with high cooperativity. alternating conformational state, being noted as O, LB,
and TB sites. In cycles of hydrolysis, thréeg) pairs

B. Kinetic modeling of hydrolysis reactions synchronize to undergo conformational changes in a

in Fy-APTase highly cooperative way.

The rotation of subunityde relative to the ¢B); hex-
amer, via cooperative interactions among the catalytic
sites, drives each binding site to repeat frora-0OB

To model the kinetics and chemomechanics of the(z)
F1-ATPase molecular motor, we have two major tasks: one is
to solve the enzyme kinetics of ATP hydrolysis and the other ) - X
is to link this hydrolysis kinetics with chemomechanical ~ —LB—0- Coupled with the TB- LB transition, ATP is
transduction and mechanical rotation. hydrolyzed into ADP and Pi, or reversibly for synthesis.

We assume that the multisite hydrolysis at thregg) Simult.aneously with ATI?gse completi_ng its catalytic
catalytic binding subunits are biochemically equal, and the CYCl€ in a threefold repetitionyde subunits rotate step-
ATP hydrolysis reaction is under steady-state conditions, WiSely- - _ , o
Therefore, the cycles of hydrolysis reactions ip ATPase There is a competition of chemical reaction equilibrium

could be regarded as a threefold near-equilibrium process Petween ATP hydrolysis and ATP  synthesis. For
with the reaction sequence F,-ATPase under stand-alone conditions, the overall re-

) action should favor ATP hydrolysis.
MM O+ ATP:l MM .ADP.Pi (1a) (4) Chemomechanically, ;FATPase converts the chemical
K, ' Y energy from hydrolysis into continuous rotational energy

with a certain efficiency.
k

2
MM.ADP.Pi== MM ®+ ATP+ Pi, (1b) To take into account that the unbinding and release of
k-2 ADP and Pi are in the sequence of Pi first followed by ADP,

where MMP refers to the bound-free state of the ATPase® COMPplete enzymatic cycle Galt7ea@&)8) pair in F,-ATPase
molecular motork, , k_;, andks, k_, refer to the forward Would follow the pathway of*
and backward reaction rate constants, respectively.

It is essential to consider the binding change mechanisny©
and multisite cooperativity for ATP hydrolysis in FATPase.

Based on the Boyer mechanigth'*°Fig. 2 presents a sche- Kear L Mwe ro
matic diagram of the binding changes of-KTPase in a +ATPK:TPMM 'ATPI‘(_nMM 'ADP'PL:iMM -ADP
hydrolysis cycle of ATP. The catalysis multisites are noted as ) >
i —ADP
aBrg, aBig, and afqpen, Where the operfO) site has a +Pi = MMO-+ADP+ Pi, )

very low affinity for substrates of ATP, ADP or Pi and is
catalytically inactive; a loosely bound.B) site has loosely
bound substrates and is catalytically inactive; and a tightlykxp, k_srp refer to the rate constants of association and
bound(TB) site has tightly bound substrates and is catalyti-dissociation of ATP molecules to the mot@r namely, the
cally active. Thredap) sites interact in a cooperative man- rate of binding to or unbinding from enzymatic-active sites
ner in each hydrolysis cycle as the central stallisubunit  of the motor proteipn The same definition applies féppp,
rotates relative to them sequentially. While one site bindsk_ spp andKp;, K_p;. Knyg, Ksyn refers to the binding change
the next one hydrolyzes ATP, and the third one releases thete constants of ATP hydrolysis and synthesis.

K+ aDP

hydrolysis products. Under the steady-state assumption, we interpret the
Accordingly, the following criteria are set up to model whole cycle of Eq.(2) by a series of fast equilibrium reac-
the catalytic hydrolysis in FATPase: tions,

Po+ Patpt Papp.pit Papp=1,

Katp:[ATP]- Po+Ksyn Papp. pi= (Knyat K- atp) - Patp=0,

Knya: Patpt Kpi: [Pi]- Papp— (Ksynt K_pi) - Papp pi= 0, (€©))
K_pi* Papp.pit Kapp: [ADP] - Popern= (Kpis [Pi]+ K- app) - Papp=0,

K_atp* PatptK_app' Papp— (Katp: [ATP]+Kapp: [ADP]) - Po=0,

where[ATP], [ADP], and[Pi] are the concentrations of ATP, respectively(as illustrated in Fig. 2 and described in the
ADP, and Pi, respectivelfPq, Parp, Papp.pi, aNdPpp are  above criterig Here we assume that the-BRTPase motor is
the probability of the states when different pairs afd); are  bathed in water and ATP, ADP, and Pi molecules are fully
either empty or occupied by ATP, ADP.Pi or ADP molecules,dissolved in solution. EquatiofB) is a translation of Eq(2)
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in steady-state cycles, which is justified by the fact that the A master equation of Langevin dynamics of a rotating
rotational motion and the chemical reaction steps are repeak- ATPase motor can be written &332
edly coupled.

From Eg.(2), the overall reaction rate of catalytic hy- w= %‘,
drolysis can be calculated by dt
dL
R=KpnydP arp— KsynP aop. pi - (4) gt~ Tt Tex— {0+ (1), (7)

Substituting Eq(3) into Eq. (4) gives the overall hydrolysis

. where w is the angular velocity and the mechanical posi-
reaction rate of FATPase as, “ g y P

tion (with rotation only occurring in the x-y plapelL

R=(—k_arpKsyrkappl ADP]Kp{ Pi] =l-w is the angular momentum of the system, anid the
moment of inertia tensory,, is the torque generated di-
+K_ appK— piknydkarrl ATP])/(K_ appK - pKpyg rectly from the hydrolysis reactions at corresponding func-
tional subunits of the Fmotor, 7,,=—[dU(6)/d60], and
+ (KpyaK— pi K arpK_ pit K arpKeynt (K_ arpt+k mm
(Knyck—prt K—prpk—pirt-k—arpksynt (K—arp ks U(#) is the corresponding chemical potential energy at po-
+ Kapp)Kpl Pil)Kappl ADP]+ Kpyd(K— appt K_pi sition # of the molecular motor. It is expected that the mo-

. lecular motor will switch between a series d{ 6) when it
+ kel PIDKarel ATP]+ (K- appk—pit K- appksyn rotates and undergoes continuous conformational changes;
+Keyrkpl Pi]) (K— rp+ Karpl ATP])). (5) Text IS the torque on a load applied by an external fofie
any); {w is the torque via frictional drag in a viscous me-
Given a physiological condition, such as the concentrationgjjym, with ¢ the drag coefficient of the load against the me-
of ATP, ADP, and Pi, the steady kinetics of-ATPase will  dia; 7; is the Brownian motion term due to thermal

obey the above equations and the overall hydrolysis rate igyctuation-dissipation of the acting subunits of-ATPase
computable via Eq(5). It should be noted that the same rate and its loading.
constants are used for the differ¢@TP], [ADP], and[Pi] Given that the very fast Langevin relaxation tinh&; , is
conditions. approximately X 102 s for the case of Fdriving an actin

In the limit of small product concentration, synthesis canfilament, a steady state approximation implies that the mo-
be neglected and the overall reaction rate of Bgbecomes,  ment of inertia is constant and the angular momentum should

be conserved, i.e.,
R=k_ appK- piKnhydKarpl ATP]/(K— appK - pKhyd
dL dL
+ K- arpK— appK— pit K- arpK— appKsynt (KnydK— app <a> E0,< a> =/ o,
t 0
+ KnydK - pit K- appK— pit K- appKsyn) Karp ATP]). (7)) =04 7a(0) 7 (1)) = 2kg TZA(L), @®
(6)

whered(t) is the Diracé-function and the fluctuating torque

This is the format of so-called Michaelis—Menten kinefits, s represented by Gaussian white noise. To account for the
R=R{ATP]/(Kn+[ATP]), with now a Michaelis con- “ratchet” mechanism occurring at central stalk subunits
stant of when they rotate against surrounding subdomains, we as-
sume that the average angular momentum at any given time
= is in effect a constant drag torqué,w. Here a fitting con-

(KnydK - appt KnydK - pit K- appK - pit K- appKsyn) Karp stant,, , is introduced as the effective “ratchet” drag coef-

moles per liter. ficient._ This “ratchet” Brt_)wnian r_necr_lan_ism at_ the rptating
subunits of the motor will keep it spinning unidirectionally
(for detailed discussions, see Sec. I)IC

If the chemical potential energy landscdpéd) and the
binding sites occupation vs the position are precisely known,

How is the chemical energy from ATP hydrolysis con- the rotary dynamics of the;FATPase motofwhen driving a
verted into rotational motion in the;FATPase motor? The load) can be precisely described by E¢%) and(8). How-
ultimate answer to this question depends on whether thever, an approximation has to be made to implement the
chemical potential energy landscape is precisely knownLangevin dynamics, given that no such landscape has been
While this is not known to date, a good approximation isdetermined for any motor proteins to date. For example,
important. To reveal the chemomechanics and rotary dyWang and Ostéf?®adopted a hypothetical potential and sta-
namic behavior of FATPase, a system of the;fATPase tistically averaged a collection of probability densities via
motor driving a load could be treated as an ensemble ofthe equations of continuity. For simplicity we assume that all
polymeric proteins rotating while floating in a solvent bath.the chemical energy of hydrolysis is convertible into me-
The energetics of such a system basically consists of cat@hanical energy (via conformational changes of the
lytic hydrolysis, mechanical rotation, external forces, anda;B5yde complex, and finally turned into workable torque
constant Brownian fluctuation of the whole system in a therbetween theyde and (@8)5 subunits.
mal bath. In such a case, one could model it by rotary Lange- When an k-ATPase motor works steadilguch as when
vin dynamics. it drives an actin filament it was demonstrated that a 3

 k_ appK—piKnyat K- arpK— appK— pit K— arpK— appKsyn

C. Chemomechanics of the rotary motion
of F,-APTase
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TABLE I. The kinetic parameters for simulation of the-ATPase molecular motor.

Rate constantof substrate Karp=2.08x10° M~1s7? K_prp=2.70< 1% s ¢
association and dissociation Kapp=8.90x10° M~ 1st K_app=4.90x 107 s~ !
(indicated by—): Kpi=8.10x10° M 1s?! k_p=2.03x10° s71

Rate constantsof binding Kpya=4.5X10° s~ *
changes of ATP hydrolysis Keyn=1.15x107% s7*
and synthesis

Effective “ratchet” drag ~1.07pNnms
coefficient

#From Panke and Rumberg, Ref. 24.

X120° stepwise rotation is accomplished with the hydrolysis 1 {<(9U(0)> .
B | (11)

of ATP molecules®1%2! Therefore we have, on average, o=gr |\ e
AU(6)=RAGy4At, which leads to '

where the time-averaged Brownian torqug, can be de-
<(9U(0)> _ 7RAGpyq rived from \/(75)~ \2kg TZ/3At with At the perturbing time

20 = 9 of the Brownian fluctuatiod® ¢, is the fitting parameter.

Physically it is the effective “ratchet” drag exerted by the
Here we introducey as the chemomechanical coefficient, @3B3yde subunits, which we introduced in E) and will
which indicates the efficiency of the,#ATPase motor in discuss later. In the case of-fATPase driving a load of an
converting ATP hydrolysis energy into rotary torque. Theactin filament, the drag coefficient may be expressél as
perfect motor would possesgof 100%. For a practical mo- A
lecular motor, 7 is less than 100% due to the fact that the (= ?§0I3/
motor is not a steady chemomechanical equilibrium system
and it will have some energy dissipation, such as heat dissHere, {,~1x10"3 Nm™?2s is the viscosity of the media,
pation. As discussed previouslR is the overall ATP hy- andr (~5 nm) are the length and the radius of the filament,
drolysis rate of [-ATPase[see Egs(5) and(6)]. In Eq.(9),  respectively®-2°
the chemical energy released from ATP hydrolysis reactions  Substituting Eqs(5), (9), (10), and (12) into Eqg. (11

|
In5- —0.44%. (12)

is 3t allows us to determine the chemomechanical properties of
the F-ATPase molecular motor when it drives an actin fila-
[ADP][ Pi] ment. For example, the rotational rate of thgrRotor as a
AGpyg=Go+kgT Inw, (20" fynction of nucleotide concentrations and actin length can be
determined.
with G,~ —50.74 pN nm for the free energy released from
the hydrolysis of a single ATP molecule pHH=7 at 25°C. |||. RESULTS AND DISCUSSIONS

Equation(9) actually reveals the energy transduction na-
ture in the F-ATPase motor, which indicates how the en-
zyme Kkinetic entities are exerted into mechanical torques. From Egs(4) and(5), we determine the overall hydroly-
Together, Egqs(7)—(9) provide a full description of the ch- sis reaction rate of #ATPase at certain given kinetic condi-
emomechanical properties of the-RTPase motor. tions, e.g., the concentrations of binding nucleotides ATP,
ADP or Pi. The rate constants of association/dissociation and
the reaction rate constants of hydrolysis/synthesis can be ob-
tained by conventional enzyme kinetics experiments. How-
ever, it should be noted these rate constants are far from

F,-ATPase has been developed as a unique nanomachibeing consistent and they change from experiment to experi-
to drive a load, most successfully to drive an actin filamentment for different kF,- ATPase enzymes.
with an exceptionally high thermodynamic Table | gives a full set of rate constants of chloroplasts
coefficient!*18-21To validate the model developed through F,F,-ATPase enzyme measured by Paekel>* Assuming
Secs. IlA to IIC, we now consider the case of a rotatingthe rate constants of,FATPase from Table I, Fig. 3 shows
F,-ATPase motor driving an actin filament. For the sake ofan overall hydrolysis reaction rate changing verfA§P]
simplicity, we coarse-grain the mechanical difference wherwithout inhibition of ADP or Pi. The calculatiotsolid line in
the motor switches between various chemical states duringig. 3) is compared with experimental data of tBacillus
rotation (in particular when ATP, ADP molecules bind or PS3F;-ATPase motd’?° (diamonds in Fig. B The overall
unbind to the motgr and assume FATPase is a steady agreement between calculation and experiment is reasonable.
motor and there is no external torque. The actual inertia ternThe difference can be partly attributed to the fact that the
of the load, such as an actin filament, can be omitted as it imotor experiments used different enzyme protéBacillus
much smaller than the drag torque. Therefore using E)s. PS3 from our computationchloroplasty as the complete
and(8) in conjunction with the average of E¢7), we have enzyme kinetic data oBacillus PS3is not currently avail-

A. Overall hydrolysis reaction rate

D. When F;-ATPase drives an actin filament
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FIG. 3. Overall hydrolysis reaction rate offATPase vs ATP concentration, actin length  (um)
[ATP]. The diamonds refer to experimental data from Yasetal. (Refs.
19 and 20. FIG. 4. The rotational rate of,FATPase as it drives an actin filamdimset

diagram shows such a scenaridhe crosses are from experimental mea-

surements(Ref. 19 and the two solid lines indicate thaj-ATPase works

at different chemomechanic coefficients with an effective “ratchet” drag
able. The slower rate for lowdATP] is due to the lower coefficient of 1.07 pN nm §ATP], [ADP], and[Pi] are set as 2 mM, 10

turnover of ATP binding and hydrolysis. With highgkTP], ~ #M, and 10 mM, respectively.
the steady-state overall hydrolysis reaction rakg, of

F.-ATPase increases rapidly and becomes saturated with . L . .
ATP above~300s ! (for comparisonR at saturation will concentration 1 xM), when primarily the high affinity

be only about 108! if taking the set of rate constants of site was occupied, the ratio of enzyme-bound ADP to ATP
Crosset al3® which measured a unisite hydrolysis of mito- V&S about 0.5which reflects the reaction equilibrium con-

chondria F-ATPase). Fitting our theoretical results with the stant in unisite catalysis At high ATP concentration

Michaelis—Menten equatiorR= Ry ATP]/(K,+[ATP]), E?dl MIMz eg., ir? the rangz O(fnlor?“'v"m'\f)]z itis a trisite
we determined the Michaelis constant to hﬁ,’\’ 181,LLM ydrolysis mechanism anad al three cata YySIS sSites are occu-

for chloroplasts FF,-ATPase. This theoretica{,, value is pied and filled with ATP or ADP, and the probability of an

comparable to the experimental vaitieof mitochondrial empty site is rare.

F,-ATPase K,,~ 130 M) but is larger than the experimen- In F,-ATPase, the effect of the binding sites of either
tal valud®20 oranaciIIus PS3F,-ATPase K, ~15uM). We unisite, bisite or trisite occupation on the hydrolysis reaction
m .

also found that the overall hydrolysis reaction r&eould is not fully understood. This certainly affects the configura-
approach zero when choosing certain sets of valupaT],  ton of our model. As discussed elsewhéfé%there s still

[ADP], [Pi] and rate constants. In those casesAFPase no disagreement about the binding change mechanism and path-
longer undergoes hydrolysis ways of hydrolysis reactions. The disagreement will hope-

We developed our kinetics model on the basis of Boyer,Sfully be resolved when more comprehensive experimental
bisite catalysis mechanism, with thréeg) sites involved in measurements are made. In our present work, we follow the
a cooperative manner. However, the binding change conce;?fs'te hydrolysis model and simply take the rate constants as
and catalytic cooperativity are still unclear. Nakamoto ixed.
et al*’ reviewed the catalysis of,F,-ATPase and found that
biochemically it can undergo both unisite catalysis and mul
tisite catalysis. WhepATP] is in substoichiometric quantity,
it binds to the first site with very high affinity. As this ATP is By substitution of Eqs(8), (9), and(12) into Eq. (11),
hydrolyzed to ADP-Pi, the products are released slowly we could determine the chemomechanical properties of the
(with the rate constank<10"3s™1). Instead, reversible F,;-ATPase molecular motor when it drives an actin filament.
hydrolysis/synthesis occurs with an equilibrium constantThe dependence of rotation rate upon the length of loading
close to 1, which leads to unisite catalysis. Multisite catalysisactin is plotted in Fig. 4solid lineg. The rotation rate is in
occurs wherfATP] is high enough to bind to the next site. the units of radians per second (radk In order to com-
The positive cooperative interactions between the bindingare with experiment®=2*we used ATP], [ADP], and[PIi]
sites is manifest by lower affinity binding, which promotes of 2 mM, 10 uM, and 10 mM, respectively. The crosses in
the competitive chase of ATP and ABPi bound in the first  Fig. 4 are from experimental measuremefitand the two
site3” Senioret al®¥~*also investigated the catalysis of iso- solid lines indicate that the FATPase motor works at ch-
lated R-ATPase ofE. Coli. The catalysis-related rotation of emomechanic coefficients within the range 165%
the yde subunits relative to threeg subunits of the isolated =45.2%. The effective “ratchet” drag coefficient, which is
F, takes place as in {F,, and identical conformation 1.07 pNnms in this case, is calculated to ensure the rota-
changes ofy ande occurred in ff and in RF,. At low ATP  tional rates’ convergence at zero length and to comprise the

B. The rotary motion under kinetic and loading
conditions
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system. Using the rate constants @f ATPase given in Table
I, Fig. 5 and Fig. 6a) show the rotational rates of an ideal
F,-ATPase motofwithout external perturbationsgainst the
length of actin filament at different ATP concentration, where
[ADP] and[Pi] are set to meet physiological experimental
conditions'®=2° The slower rate of rotation is expected for
longer actin filaments due to higher friction at fixp&lTP].
Figure 3 indicates that the saturation rate of ATP hydrolysis
reaction in the absence of load can reach about 360Ehis
actin. (um) implies that the maximal rotational rate of a load-free and
inhibition-free motor could be about 600 rad's Our simu-
[ATP]  (uM) lations show that the saturation rotation rate gf A Pase,
1000 without actin load but with ADP and Pi inhibitions, will be
i _ about 180 rads!. It becomes about 150 rads with actin
FIG. 5. The'rot_atlonal rate oleATRase vs ATP concentration and the length of 1m or about 30 rad sl with actin of 4 um with
length of actin filament. The rate is in units of radians per secphDP] K . . K
and[Pi] are set to 1QuM and 0.1 mM, respectively. [ATP] saturation. In this case, the torque exerted by the
F.-ATPase motor on an actin filament ofgdm is calculated
to be about~150 pN nm. The chemomechanical properties
top and bottom range of scattered experimental data. Thighe rotation-actin length profilgsdepicted here are both
value is found to be close to the drag coefficient of driving agualitatively and quantitatively consistent with experimental
1-um actin filament at one end. observatiort8-2°
Yasudaet al1%18-2% claimed that the FATPase-actin
motor system would have a thermodynamic coefficient of

about 100%. Soongetal®® also report that a };(I:Qc-[S;tilc‘)rr?tChet” mechanism and Brownian

200

150
rotational rate (r.p.s) 100

F,-ATPase-nanopropeller system may have a thermod
namic coefficient oF~80%. However, as seen in Fig. 4, the A ratchet, in biophysics, is a mechanism that can utilize
fit of our model to the experimental data indicates that thisandom thermal fluctuations to generate a unidirectional
may not be the case. The experimental data are widely scadiive in cellular processes. In thg-ATPase motor, constant
tered, and our theoretical rotational rates show that the motdBrownian motion of protein chains, as well as the Idadch
system works with chemomechanic coefficients in the rangas an actin filament will affect its enzymatic reactions and
of »=16.5% ton=45.2%. Even considering the possibility conformal dynamics, and therefore induce a mechanical con-
of inhibitions of ADP or Pi, given the overall hydrolysis tribution to the force of the whole system. Brownian fluctua-
reaction rate as shown in Fig. ®oth experimentally and tion may play significant roles at very short time intervals
theoretically, we could not reproduce the rotational rate and highly localized spaces, in particular within the nonequi-
(shown as the crosses in Fig.with a coefficient of 100% or librium areas where the ATP hydrolysis reaction occurs and
80%. However, as recently proposed by Wang and Jster, there is strong interaction between the binding molecules and
the thermodynamic energy conversion efficiency and the chsurrounding protein. In molecular motors, such Brownian
emomechanical energy transduction efficiency for moleculamotion is no longer simply the universal random walk but
motors may need clarification. In addition, the extent torather a biased motion—the so-called “ratchet” Brownian
which the temperature variation and particularly the constanmotion?33342-44The Brownian force from such a “ratchet”
Brownian fluctuations contribute to the motions of the motormechanism will produce a kind of driving diffusion on acting
system is unknown either at molecular or micro scales. = domains of the motor proteins and make them move unidi-
To avoid the above difficulty, and for the purpose of rectionally at large time and space scales. For th&\FPase
understanding the mechanism, we now assume a 100% chiolecular motor, it has been argd@that torque applied to
emomechanical coefficient for the ideal-BTPase motor the central shaft rotates its convex surface toward the site

250 250
@ ®)

200
& & FIG. 6. The rotational rate of
= < 150 uM F,-ATPase vs the length of the actin
£ g I'4 filament when the average effect of
E g 100 200 pM external Brownian fluctuation is not
'g g considered(a) or consideredb). Ar-
5] ] M rows indicate different ATP concentra-

50 tions ((ADP] and [Pi] are set consis-

M tently as 10uM and 0.1 mM.
0 1 2 3 4
actin length (um) actin length (um)
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filled with ATP and pushes the lower level of the respecfive V. CONCLUSIONS
subunit outwards. This conformational change opens the
ATP-binding site to expel the newly synthesized but firmly
bound ATP into the bulk and is the major energy-requiring

We have successfully built a model describing the ch-

emomechanics in the;FATPase molecular motor. Based on

step of ATP synthesi¥:2® It was initially believed that a =) ¢ kinetics and rotary Langevin dynamics, a link is es-
tablished between molecular-scale chemical hydrolysis reac-

“ratchet” mechanism exists at the central “shaftyde) sub- . . . ;
. . . . . ._tions and microscale mechanical motion of the A Pase
units when rotating against surrounding subdomain proteins

. rhotor. In m ional roach of h a link, we regu-
It has now been demonstrated experimentallyat the large otor. In a computational approach of such a link, we regu
i o . late the energy transduction and stepwise rotation by a series
conformational changes of subunig, in particulare, do

id “ratchet” hanism t late th idirecti Iof near-equilibrium reactions when nucleotides bind or un-
provide a ratchet mechanism to reguiate the unidirectionalyyin g - For the case of the, FATPase motor driving an actin
rotation of R F,-ATPase.

in th ATP tor. B ian fluctuati filament, our theoretical load-rotation profile reproduces the
'h the R- ase motor, brownian fluctuations are so experimental results with reasonable accuracy. The kinetics
rapid that they can be considered to be approximately

o . nd chemomechanics described here will hopefully lead to
equilibrium on the time scale of measurement. Nevertheles

. . ) N€1€S3nore fundamental understanding of ATP-fueled motor pro-
it remains unknown what the effect of Brownian motion is ., .

. ) ) > teins
on the catalysis reactions, or how the fluctuation of loading
molecules is transduced interactively to the fluctuation of the
acting subdomains. It is known that thg-ATPase motor ACKNOWLEDGMENTS
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