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A unified model is presented for rectified Brownian movement as the mechanism for a variety of putatively
chemomechanical energy conversions in molecular and cell biology. The model is established by a detailed
analysis of ubiquinone transport in electron transport chains and of allosteric conformation changes in proteins.
It is applied toP-type ATPase ion transporters and to a variety of rotary arm enzyme complexes. It provides
a basis for the dynamics of actin-myosin cross-bridges in muscle fibers. In this model, metabolic free energy
does no work directly, but instead biases boundary conditions for thermal diffusion. All work is done by
thermal energy, which is harnessed at the expense of metabolic free energy through the establishment of the
asymmetric boundary conditionsS1063-651X98)13502-X]

PACS numbdrs): 87.22~q, 87.10+€, 05.40:+j

[. INTRODUCTION complex cross-bridge dynamics of complexes of actin and
myosin[myosin complex molecular weights are in the hun-
“Brownian movement” was described for the first time in dred millions of daltons for a complex of 500 or so myosin
1828 by the botanist Browfl]. He investigated the irregular units (each unit is a complex of six polypeptides with a total
“swarming” motion of all kinds of organic substances, in- molecular weight of 540 Kkd.
cluding pollen, dispersed in water. He believed he had found Our perspective is evolutionary. We begin with the early
in these particles the “primitive molecule” of living matter. products of evolution associated with the core pathways of
Subsequently finding that all sorts of inorganic substancesnergy metabolism and with ion transport and then move
exhibited the same phenomenon, he concluded that all mattéswards more recent developments such as in the case of
was built up of “primitive molecules” and that the motion muscle proteins and tubulin proteins. Our objective is to
he observed had an inanimate cause. Not quite a centushow that evolution has continued to use, in these more com-
later, the work of Einstein and Perrj@] clinched this atom- plex and recent systems, the basic theme of rectified Brown-
istic, or molecular, view of the structure of matter. ian movement it established with the earliest systems. While
During the twentieth century, tremendous advances havthe case for rectified Brownian movement can be made for
been made in the determination of the molecular structurethe simpler cases, there remains debate regarding its applica-
of the consitutents of living matter. It is now clear that bility to muscle proteins.
Brown’s observations can be extended down to the nanom- The paper is organized as follows. Section Il contains an
eter scale where the Brownian movement of proteins andnalysis of the role of ubiquinon@r plastoquinongin the
other molecules can be visualized by light scattering techelectron transport chains that are responsible for the trans-
niques[3]. In fact, it has become clear that the thermal fluc-duction of reduction-oxidatiorfredoX energy into the mo-
tuations in conformation and in translational and rotationabile energy currency of adenosine triphosph@dP) [5].
motion of macromolecules are the basis for their “vitality” Each of these transport chains contains an intermediate step,
after all[4]. about a third of the way down the chain, that involves a
In this paper, we will argue that a great many cellularredox-energy-rectified transmembrane diffusive transport
dynamical functions are carried out by proteins undergoingycle of a quinone species. The quinone cycle produces a
rectified Brownian movementThe processes described in- coupling of electron flux and proton flux. This is a funda-
volve the expenditure of metabolic Gibbs free energy. Oftenmental example of rectified Brownian movement and pro-
an image of some sort of direct chemomechanical conversiovides the foundation for our subsequent analysis. Section I
is mechanistically invoked. Instead, we will argue that eactcontains an extention of the analysis of the ubiquinone pro-
instance of mass motion is exclusively powered by thermatess to the description of protein conformation changes and
fluctuations, i.e., Brownian movement, but under conditionsallostery, fundamental mechanisms of protein function gen-
in which specific boundary conditions have been asymmetrierally. It is shown that such processes can be described as
cally established at the expense of metabolic energy. Thuctified Brownian movement in an abstract conformation
metabolic energy does not directly cause concerted motionstate space in which a conformation state potential energy
through some sort of direct chemomechanical energy convernfluences the results. This enables us to abstract the funda-
sion, but insteadrectifies an otherwise purely random mental process for application to a wider range of processes.
Brownian movement by modifying boundary conditions. OurlIn Sec. IV, this abstract treatment developed for conforma-
case is made for a variety of specific phenomena rangingjon changes is applied to a class of ATPase ion transport
from the simple translational diffusion of a relatively small mechanisms. These systems provide an especially sharp
molecule[ubiquinone, of molecular weight 862 daltofd) separation of Brownian movement from the harnessing of
where 1d=1amd to ion transporters and rotary enzyme metabolic energy to bias boundary conditions. From this per-
complexes. Ultimately, we plan to examine in this way thespective, we conclude that the published role of phosphate in
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P-type ATPases is incorrect, in that it cannot be transportedron transport chain is the participation of ubiquindiui-
across the membrane as part of a chemomechanical convédor ubiquitous, a freely diffusing essential component of the
sion, as is often implied. Section V contains an application otchain. No more will be said here about the photosynthetic
this thinking to rotary enzyme complexes. Complexes thatase.

incorporate lipoamide, biocytin, and/or phosphopantetheine Oxidation reactions take three formsi) pure one-
are described. These examples constitute true cellular rotagjectron transfers as in the oxidation of iron,2Fe-Fe*
nanomotors. In Sec. VI, an analysis of the cross-bridge; o= (i) two-electron and one-proton transfers as in the
mechanism of muscle contraction is presented that invokegyidation of nicotinamide adenine dinucleotid®AD)

the rectified Brownian movement paradigm established i\ aApH_.NAD "+ 2e~ +H*: and((iii) two-electron and two-

the earlier examples. This analysis is in conflict with theproton transfergor one electron and one protoas in the

power stroke” model. Nevertheless, the objective here is tooxidation of ubiquinone (UQY, UQH,—-UQ+2e"

demonstrate that a consistent model is possible using recti- A ;
fied Brownian movement. We highlight the success of thisjL2H - Whenever these oxidations occur, there is always a

model with isotonic and auxotonic load-velocity profiles. In con::oanant redu?tlor} of some applroprlate la_cceﬁ tor mol-
Sec. VII, we summarize our findings. ecule. For example, iron is never elemental in these pro-

While these examples are sufficient to make the case, sever/gfSSes but instead is associated with organic components
other cases of evolutionarily advanced level systems also exUch &s in iron-sulfur proteins or heme-containing proteins
ist and have been treated by other authors. These include th@9- Ccytochromegs The organic molecular environment

E. coli flagella motor[6], the kinesin-microtubule system (i.€., the protein componentunes the redox potential of the
and the dynein-microtubule systdm], and protein translo- iron such that its redox potential ranges from O(#¥ el-
cation across membranEg|. Indeed, the concept of rectified emental iron to —0.43 (in ferredoxin. Thus, organically
Brownian movement goes back to Huxley's 1957 model forbound iron can be the acceptor for a different organically
actin-myosin cross-bridge dynamif8] and similar mecha- bound iron oxidation simply by having a higher redox poten-
nisms have been invoked in several other pap@fsWhat tial than the donor iron. A sequence of appropriately tuned
we attempt to do here is to present an abstracted distillate dfon-sulfur proteins and cytochromes constitutes the electron
the evolutionarily simple mechanisms, which then becomes gansport chaingiron “wires” for electric curreny. High-
unifying framework for the analysis of any of the more ad- free-energy electrons are fed into the chains by reduced
vanced and complex cases. Neverthelees, the reader is @QADH (redox potential-0.32 atpH 7), a product of energy
couraged to read these other references in which a number gfetapolism, mostly from the citric acid cycle. They are
elegant and stimulating spec_lallzed re_sults are presented. .drawn off at the end of the chain by molecular oxyges O
The reSL_JIts presented here increase in algebraic complexityhich has a redox potential of 0.8BH 7). A third of the

as the dlfferen_t cases are anal_yzed. Even though the fundg‘,—ay down this iron-protein chain is a step involving the cy-
mental model is easy to describe and understand, the algeyic reduction and oxidation of UQHand UQ.

braic analysis can be long, even tedious. Nevertheless, each thq quinone step is of interest for several reasons. As far
successive case follows from the previous ones as far as g energy metabolism is concerned, it is of interest because it

algebraic structure of the results is concerned. Thus there is;g,qjves both electrons and protons, whereas the iron pro-
common basis to the presentation of the different cases S@ins inyvolve just electrons. The reduction of the quinone

that we do not have to perform lengthy algebraic calculationgy.,rs at the inside surface of the membrénside the inner
over and over again. If the reader keeps this in mind, then thg,it,chondrial membrane or inside a bacterial membrane
later results will not appear as complicated as they would ityg the oxidation occurs on the outside surface of the same
viewed in isolation. membrane. The reduction is driven by electrons supplied by
particular iron proteins and the necessary protons are taken
up from the interior space enclosed by the membrane. The
oxidation is driven by particular iron protein electron accep-
Energy metabolism in all organisms involves the trans-+ors and the protons are freed into the space external to the
duction of redox energy into polyphosphdigsually ATB  membrane enclosure. Thus the electron “current” has been
energy[5,10,11. Generally, this transduction can take threecoupled to a proton current and, moreover, this coupling is
forms: glycolysis, electron transport, and primary photosyn-‘vectorial” in that it transports protons from inside to out-
thesis. In glycolysis, a substrate level oxidative phosphorylaside the enclosed membrane space. This is the essence of
tion occurs that will be of no further interest to us in this chemiosmosig5,10—-13. This current-current coupling of
paper. In primary photosynthesis, both a photoreduction andlectrons and protons energizes the membrane by creating a
a photophosphorylation occur. The products of these twdransmembrane electrochemical potential made up of a com-
processes are used in secondary photosynthesis to generhtgation of pure electric potential difference angld differ-
sugars from C@and HO, a process that also will be of no ence. One of the uses of this energized membrane state is to
further interest to us in this paper. The primary photosynthedrive ATP regeneration from degradation products adenosine
sis steps involve photosystems | and Il, which are coupled bgiphosphaté ADP) and inorganic phosphatd() at ATPase
a redox, electron transport chain that includes plastoquinongorotein complexes that are integral parts of the membrane
This is very closely related to the case we will consider hereand are driven by the reentry of protons through the ATPase
which is the case of aerobic electron transport as it occurs inomplex into the membrane enclosed space. We will now
bacterial membranes or in eucaryotic mitochondria inneteave this fascinating part of the energy metabolism story
membranes. In these latter two cases, a key step in the elegnd focus on the step that is of central interest in this paper,

II. UBIQUINONE DIFFUSION
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the diffusive shuttling of the quinone back and forth acrossThis implies that the diffusion timég, for ubiquinone to
the membrane. traverse the membrane a distancef aboutd=80 A is
Ubiquinone is a unique participant in energy metabolism
in that it is not bound to a protein. Once reduced on one side .
of the membrane, UQHdiffuses in accord with Brownian tD_ﬁ
movement to the other side where it is oxidized to U
mitochondrion there are several complicatidd€] to this  Thusty is much greatefnine orders of magnitudehan r,
simple picture, simply referred to as the Mitchell cycle, confirming the validity of the diffusion limit for the Lange-
which we will ignore herg UQ then diffuses back to the vin description.
other side, completing the cycle. In the following, we show The original stochastic process in Ef) can be recast as
that this process is paradigmatic for rectified Browniana stochastic process equivalent to diffusion by dropping the

2
=2.8x10"° s. (7

movement. inertial term, which we have just shown is completely neg-
Brownian movement is described by the Langevin equaligible in this case. Writingy as the time derivative of posi-
tion [13] tion x yields
d = d F
m-—v=—\v+F (1) — X=—
dt T X N (8

in which m is the mass of the Brownian particieoleculd,  Thys we can view this equation, also called a Langevin equa-
v is its velocity, \ is the damping parameter, afdis the  tion in a generic sense, as describing the stochastic process
fluctuating force caused by the interaction of the fluid mol-of the Brownian movement of an ubiquinone molecule
ecules with the Brownian particle. The fluctuating force sat-through the lipid membrane. Equivalenflie., writing the

isfies the fluctuation-dissipation equation Fokker-Planck equation equivalent to the stochastic equation
_~ o~ (8)], we can describe a ubiquinone density as a function of
(F(OF(t"))=2kgTAS(t—t") (2)  ubiquinone positiorf(x,t) that satisfies a diffusion equation

in which kg is Boltzmann’s constant and is the tempera- 9 2

ture. For a spherical particle, we have the Stokes formula o =D =3 f(x,0). ©)

A=6m7R © In this paper, both perspectives will be invoked.

in which 7 is the viscosity of the surrounding fluid amlis In physiological steady state, a transmembrane electro-
the particle’s radius. For ubiquinone in the membrane, th&hemical potential is established by energy metabolism. The
viscosity is that of the lipid hydrocarbon side chains of theProton-motive potentialp is given by[10,12

membrane interior. We will model this environment by lipids RT

with oleate side chains that have a viscosity-25 cP at Ap=Ay—2.3— ApH, (10)

30 °C. Oleate has one unsaturated carbon-carbon bond, ren- F

dering the lipid fluid at this temperature. Ubiquinofen- . . . o

taining ten isoprene unités a molecule of molecular weight " which A denotes the outside value minus the inside value,
862 d. It has an aromatic ring head where the redox changeiS the electric potential, anBl is the Faraday constant. A
occur and a long isoprenoid tail. In reality, this moleculetypical value forAp is of order 200 mV[10]. Thus the
“reptates” through the lipid as it undergoes Brownian Outward transport of a proton by thglgblqumone cycle is
movement since its isoprenoid tail is lipophilic, but we will €nergetically uphill by about 3:210"""ergs, or about
approximate it by a spher@ve are physicists after alin 8kgT at room temperature. The central issue of 'thIS paper is
order to get an order of magnitude feel for its Brownianthe following question: Is redox free energy directly con-
movement. As a sphere, its radius is abBst 7.5 A. The verted into proton kinetic energy in order to get the protons

Stokes damping parameter is up this transmembrane energy hill, i.e., does it drive them
across the membrane? We will argue that the answer to this
A=3.5x10"" gmis. (4) guestion is no. Redox free energy is used to asymmetrically
bias a diffusion procesby creating asymmetric boundary
The Langevin relaxation time is conditionsat the two membrane surfaces. The diffusion pro-

cess is simply low Reynolds number Brownian movement
and as such is a purely thermal process. Thus thermal energy
moves the protons across the membrane, not the redox free
energy. Redox free energy provides the means by which
This very short relaxation time suggests that the Langevinhermal energy is harnessed, i.e., rectified, to perform this
process is really in the diffusion limit, which we suspect function.

since we are at very low Reynolds number 10~ 3). The Our model, the paradigm for all of our models, is a one-
Einstein formula for the diffusion constab is dimensional model for transport across the membr@ee

Fig. 1. The transmembrane axis is tkeaxis and the mem-
brane has a thickness[of order (80+20) A]. At x=0 and

L there are boundary layers of thickness dis the order of

m
r==39x107" s. (5)

ke T
D= %=1.14>< 107 cnls. (6)
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Nominally, it must be true that the standard state redox
8 UQ 8 2 potential for the donoEd must be less thak, and the

2Dy,
™ . ,
. /_(_\ standard state redox potential for the accef®#@r must be
> 2H*

greater tharE%. However, at a physiological steady state,
none of the participating molecular species will be present in
w N standard state concentrations o1 Their molarities are
UQH, 280 millimolar or less in general. Thus the Gibbs free-energy
change associated with EA.1) is

2D4%1

x=0 x=L

_ o’ o' [DO]Z[UQHZ])
- | AG 2F(EUQ Ep)+RT In( [DR]Z[UQ] ,

FIG. 1. The membrane thickness extends from0 to L with (13
boundary layers of thicknes® The reduced donddy and protons
H* combine with ubiquinone(UQ), producing the reduced where the factor of 2 results from the participation of two
ubiquinone (UQH). This molecule diffuses across the membraneelectrons in this process and the minus sign reflects their
where it is reoxidized by an acceptdg and releases the protons. negative charge. Spontaneity of this process requities
The oxidized ubiquinone diffuses back across the membrane, consecond law of thermodynamics at constant temperature and
pleting the cycle. pressurg that AG<0. EQ <E, certainly contributes in
this direction, but so dodDg]|>[Dg]. Steady-state energy

a few anggtroms. At thex=.0 boundary Iaygr an electron metabolism generatdDg]>[Dy] and as we will see be-
donor (an iron-sulfur protein, sayDg supplies electrons

. . . 1 H < .
while protons are taken up from the interior space. The resulltow’ the diffusion process mayorresuolt’ WQI<[UQH,] in
i i idati the x=0 boundary layer. ThugEp <E),5 and[Dg]>[Dg]
is the reduction of UQ to UQHand the oxidation oDy to D uQ R o

Do This reaction takes the form must dominate the possible increase in Gibbs free energy
associated withUQ]<[UQH,]. A parallel analysis at th&
Bo =L boundary leads to
2Dg+2H* +UQ< 2D o+ UQH,, (12) ,
ag ’ " [AR] [UQ]
AG=—2F(E —EJ +RTIn(— , (14
(Ba ~Fuo [AorTuQH;] " Y

in which the forward rate constant is depicted above the ar-

rows and the backward rate constant is depicted below. At . . Q" o'
< > .
thex=L boundary layer an electron acceptarcytochrome, with the inequalitiesE ,o<E, and[Ao]>[Ag] each sup

say) Ag accepts electrons while protons are given off into theﬁ:rrrt]mgeﬁgztg ng ]sgo[ll‘ta? 2%‘ ifwg_ﬁﬁti::?g% \?qu;[ﬁgo_
exterior space. The result is the oxidation of UQid UQ 9 © R ’

and the reduction ol to Ag. This reaction takes the form diffusion process may r?ﬁult '@,JQHZK[UQ] in the x=L
boundary layer. ThusEyo<E, and [Ag]>[Agr] must
ap dominate the possible increase in Gibbs free energy associ-
2A0+UQH,—2Ag+2H"+UQ. (120  ated with[UQH,]<[UQ]. Notice in addition that because
A Edq is EJo+ Ap, the more positive\ p is, the more difficult

. - it is for reaction(12) to proceed to the right. For sufficiently
The standard stateat pH 7) redox potential for ubiquinone positive Ap, the spontaneous direction for reactid) will

EB’Q is 0.10 V. However, at th&=L side of the membrane, pe to the left.

the pH will be less than 7 because metabolizing bacteria are cgonsider a small cross-sectional area of the membrane.
able to buffer their interngbH, thereby maintaining it essen- | gt X, and Y, denote the number of UQHand UQ mol-
lowers the externabH, making it more acidi¢10]. Proton  cross-sectional area and bt andY, denote the number of
transport also raises the electrical potential, further |nh|b|tlngv|Q|_|2 and UQ molecules, respectively, in the boundary layer
transport. Therefore, we should not LE:%’Q for the external atx=L with the same cross-sectional area. fft,t) denote
redox potential, but instead should ug%’é, which must be the density(per unit length for the given cross-sectional area

. N . of UQH, betweenx=0 andL and letg(x,t) denote the

e o s 217 conesponing censty fr UQ. We have  ttal unpe
o . o R . conservation equation

Eug is EggtAp, whereAp is given by Eq.(10). Thus, if
the externalpH is 6 andA =0, say, therEl is 0.16 V. fL fL _
This means that reactioii2) will tend more toche left with Xot Xt 0 dx f O+ Yot YL+ 0 dx gx.H=Q.
increasingAp. No such corrections are necessary for the (15
redox potentials for the iron proteins because iron-dependent
redox reactions are independentmfi since they are pure Forxe[OL], the densities satisfy the diffusion equations
electron transfers, not involving protons. Note that, in prin-
ciple, the width of the membrane influences the results
throughAg.

d P
7t f(x,t)=D v f(x,t1), (16)
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9 52 the effect of which is also absorbed into the standard state
21 96D =D =3 g(x,1), (170 redox potentials. Thus the rate constants in Hd4) and

(23) are related by
in which we have assumed that the diffusion constant is es- _ 2 _ 2
sentially the same for the oxidized and reduced forms of @0=a0[Dol”  Bo=bo[Drl" (26)
ubiquinone. Within the layers, we have the mass action equ

tions qf AGY <0, thenbg=a,, and if energy metabolism main-

tains[Dgr]>[Dg] in the steady state, theBy>ay. A par-
d 9 allel analysis at the<=L boundary leads to the inequality
gt Ko~ ~@oXot BoYo+ D — f(O1), (18 o, >p, if energy metabolism maintaif#\qo]>[Ag] in the
steady state andp is not too positive. These inequalities
P manifest the manner by which redox energy affects the
Yo=—BoYo+ agXg+D x g(0y), (199  boundary conditions for the quinone diffusion.

dt It is easy to guess the steady-state solution to Eds-—
3 (22). Using a subscrip§ to denote the steady state, we find
aXL:_aLXL"‘BLYL_D&f(L,t), (20 X
fs(X)=fo= 1 (fo—fu), (27)
d d
&YL:_IBLYL"_QLXL_D 59('-,0, (21 X
gs(X)=0o— L (90— 9u), (28

where the suffixes denote which layer is involved. The third

term of the right-hand side of each of these equations is thg, which the constants,, f, , g, andg, satisfy
diffusive flux of the relevant species into or out of the bound-

ary layer from the membrane side. In E¢E8) and(19) this Xos Yos Xis Y. s

flux is on the right k=0) of the boundary layer and in Egs. fo=—%5 Q=75 fi=— 9=—5. (29
(20) and(22) it is on the left k<L) of the boundary layer,

which accounts for the difference in signs. The boundaryand

conditions that connect Eqél6)—(21) are
L L
Xost Xist 5 (fo+fL)+Yost Y st > (9ot 90)=Q.

£(01) Xo (01) Yo
l = o g il = o
S S
22) (30
L L Substituting Eqs(27) and (28) into Egs.(18)—(21) and per-
flL=—, 9l.h=—. forming a bit of algebra produces the unique steady-state
solutions

These boundary conditions equate the boundary layer densi-
ties with the membrane densities at the boundaries. X oo Qo Bolar+ B +1(Bo+ BL)

The rate constants in Eq4.8)—(21), « and B, include the ST L+26 r(ag+ a + Bo+ BL)+ (ag+ Bo)(aL+BL)’
influence of the electron donors and acceptors. For example, (3D
consider the reaction in the=0 boundary layer given in Eq.

(1D). If we leave out the flux term, then this reaction would ,, _ Qo ao(a +B)+r(apgta)
I’ead 0S L+2§r(a0+aL+,80+,BL)+(ao+,30)(a|_+,8|_)'
g (32
— — 2 2
gt Yo7 Dol XobdlDalNo, 29 s Bulaot o) +T(Bot BL)
LSTL+26 r(agt a + B+ BL) + (ap+ +B)’
with the rate constant ratio related to the equilibrium con- (@ot et Bot B+ (et Bodlen 'BL()33)
stantK by
, Qo a(agt Bo) +r(aptar)
AGO bo YLS: ’
K=exg — = (24) L+25 r(agta L+ Bot+ BL)+(apt+ Bo)(aL+BL)
RT ao (39
where in which r is an effective diffusive rate defined by
0 _ _ o' _ =0 D
AG 2F(Eyo—Ep ). (25 = (35)

We have left out the explicit contribution of 'Hin Eq. (23)

because its effect is absorbed into the standard &iageH From Eg.(6) and the magnitudes df and 6, it follows that

7) redox potentials in Eq25) (this is the significance of the r is of order 13 s™%. Generally this is greater than either the
primes. Moreover, in Eq.(11), H" is really HO™ and the «'s or the 8's by several orders of magnitude. This justifies
right-hand, product side should then contain the term@H the use of the steady-state solutions. The crucial quantities in
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Egs. (27) and (28), via Eq. (29), are the differenceXpg Bo ay

—X_sandYos— Y, s, in which numerator factors af drop =@ B (39

out: 0L

~ (Yos— Y, This means that the differences in E86) and the fluxes in
0s LS Egs.(37) and(39) all vanish. The quinone densities become
=Xos— XLs flat constants for alke[O,L].

While energy metabolism is maintained, however, protons

Q¢ a Bo— aofBL are transported across the membrane, uphill energetically,
T L+28r(agtaL+ Bot BL)+ (agt Bo) (e +BL) i.e., work is done. The energy of transport is purely thermal

and the overcoming of the free-energy barrier for the protons
is accomplished by the expenditure of redox energy to bias
the boundary conditions for diffusion, by creating strong
enough rate constant inequalities in the boundary layers. It
should be noted that protons must have some means of reen-
tering the interior space in order to permit a steady state to be
maintained. Reentry can be through the ATPase’s or through
Yther H' transporters. The necessity for this consideration is
highlighted if we contemplate a bacterium with a volume of
one cubic micron. Such a cell has a volume of 0. This
means that apH 7, it contains 107X 6x 107*x 10 % un-

(36)

The rate inequalities just below E(R6) make it patent that
the right-hand side of E(36) is positive. Thus the steady-
state profile for UQH given by Eq.(27) shows a linear de-
crease from thex=0 side to thex=L side and the steady-
state profile for UQ shows the reverse profile, decreasin
linearly from x=L to 0. The diffusive fluxes for allx
e[0,L] are given by

-D a_i fo(X)= LR& (Xos—XL8)>0, (37) bound protons, which 'is eql_JaI to GQ unbound protons. Obvi-
ously, proton reentry is obligatory if a steady state is to be
maintained.

The quantityAp may be viewed as the “load” against

—D —~ 950 =75 (Yos~Y19)<0 (38)  which the quinone cycle must work in order to transport

protons across the membrane. The flux given by @&Qq)
: may be viewed as proportional to the velocity of the process.
for#}(g?; ﬁﬂgeg(gé:fessp%(ﬁgil)yé mass flow cvele of red CeThus it is possible to obtain a “load-velocity” cury&,9(d)]

P w ey u guch as have been exhibited for other examples of rectified

quinone fromx=0 to L and of oxidized quinone back from Brownian movement models. The flux given in EG7) is

x=L to 0. An important aspect of this process is the chang : P
in identity of the quinone from reduced to oxidized and back%/?)?[/i Ovr\]/ecl)lf ?ﬁgrg)ém?;?gag ): ;\tlaelgl?r? g&%)tgiggﬁzgdiesm

again. The boundary layer reactions result in a buildup of th uch larger than the’s and8's, as was noted above. Using

rgduced Species at=0 and a bundup of _the oxidized spe- Eqg. (35 to eliminate ther yields the load-velocity profile
cies atx=L, so that the separate diffusions create Steadyformula
state fluxes as described above. From an individual molecule

point of view, it is better to use the stochastic perspective

given by Eq. (8). This perspective implies that once a _ Qs
quinone molecule is reduced st 0, it undergoes Brownian L+206
movement until it per chance reaches tke L boundary
layer. Once there, there is some chance for it to react, which

is another stochastic process, a chemical reaction governed

bL['A‘R]2 2 o' o’
Bo— o alAol CART (Eyg—Ea +Ap)

by the rate constantg_ andf, . Having changed identity by ay Bo b[AR)? 2F o’ '
being oxidized, it undergoes Brownian movement again until 1+ —+—+ _———= exg 57 (Eyg—Ea +Ap)

; : a. ar a[Ao] RT
per chance it arrives at the=0 boundary layer where the

reduction reaction occurs. The reduction too is a stochastic (40
process a chemical reaction governed by the rate constants
ay andBy. As long as energy metabolism maintains the ratdf we assume conditions in which all rate constants and con-
constant inequalities, this Brownian movement process resentrations are fixed, except farp, then it is clear that as
mains rectified and a net, cyclic flux of quinone mass fromAp increases, the fluf decreases until it vanishes when the
x=0 to L and back again is maintained. If we €@t=1 in  numerator vanishes. Sincé&ZRT equals 0.0771 mol/mV at
Egs. (15 and(30), then we can interpret the densititsnd 300 K, the contribution of thel p-dependent exponential
g as probability densities for the stochastic process we havactor varies from 0 to % 10° asAp varies from 0.0 to 200
just described for a single quinone molecule. The diffusionmV. In this case, a plot of load versus velocity, i.Ap
picture provides the steady-state probability density profilesersus flux, will have a negative first derivative and a posi-
for the stochastic Brownian movement process. tive second derivative, typical of the load-velocity curves for
If we turn off energy metabolism, the redox reactions goisotonic models of myosin functiof9(d)]. In Sec. VI, we
to equilibrium. This means that the left-hand sides of bothshow that for muscle we get both isotonic and auxotonic
Egs.(13) and(14) vanish. Adding the right-hand sides, ex- profiles from our model. By scaling both the load and the
ponentiating the sunwhich is zer9, and using Eqs(24)—  velocity, these profiles can be compared to universal profiles.
(26) and their parallels at=L, yields The scaling is achieved by dividingp by the value it has
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when it is sufficient to just make the flux vanish and by
dividing the flux by the value it has fakp=0. V(L) Vo (0) E—_é,
In the remainder of this paper, we will attempt to show

that the mechanism and analysis just presented for
ubiquinone can be tailored to a variety of other processes. In
each case, we will consider diffusion between boundary lay-

ers in which mass action reactions take place.
V() VP(L)

Ill. CONFORMATION CHANGES AND ALLOSTERY

FIG. 2. Shown on the left are the enzyme stéigandE, in the

Catalytic proteins, i.e., enzymes, not only recognize theifabsence of the bound effecter The stateE; corresponds to
substrates, bind them selectively, catalyze their conversion te 0 and the lower potential valug(0). ThestateE, corresponds
products, and release the products, but also interact witto x=L and the higher potential valdgL). Shown on the right are
various effectors that control protein functionalif$,11].  the enzyme statesE, and eE, created by the bound effecter
These effectors are specific molecules recognized by the eMow the lower potential value is given BY’(L), while the higher
zyme and bound to effector sites different from and oftenpotential value is given by°(0).
remote from the catalytic sitegs much as 20 A Effector
binding triggers conformation changes in the protein second- In the absence of an effecter an enzymee will fluctu-
ary, tertiary, and quarternary structUe5]. In some cases, ate around its lowest Gibbs free-energy state For defi-
portions of the protein can move up to as much as 18 4. niteness, let us imagine that this state is catalyically inactive
The binding of substrate can also cause such conformatioand that a higher-energy steg is catalytically active. We
changes and can be responsible for inducing the catalytiay abstract this picture by introducing a one-dimensional
activity. Catalysis, in turn, produces bound product that mayconformation space coordinatevith x=0 corresponding to
induce additional conformation changes that then promotéhe E; state andk=L corresponding to th&, state. Unlike
product release, after which the enzyme conformation mayhe ubiquinone model in which there was no difference in
relax back into the conformation that is poised for selectiveenergy between the=0 andL positions, in this case we
binding of substrate once again. All of these interactions aneissociate a conformation potenti(x) with this enzyme
induced conformation changes are examplesalidstery ~ and conformation coordinate such tR{0)<V(L) (see Fig.
which literally means “other shape.” Nevertheless, the term2). Typically, V(L) —V(0) is at least several timdgT.
usually is restricted to the cases in which binding at one site The thermal fluctuations of the enzyme, in the absence of
induces a functional change at a different site. Induction othe effector, will visit thex=L conformation some of the
catalytic activity by substrate binding at the catalytic site istime. In reaction rate theorj17,1§, this is expressed by
called “induced fit” instead 14]. In the treatment presented saying that the ratio of the tim&t the enzyme spends within
here, each of these different cases will be given a unifiedix of x to some appropriately long timeis given by the
description. Boltzmann formula

Whereas the primary and secondary structures of proteins
is determined by the covalently bonded amino acid sequence F{ V(X)

(which includes cystine disulfide bondsthe tertiary and At ex

quarternary structures are determined by weaker bonds in- T . (41
cluding hydrogen bonds, van der Waals bonds, hydrophilic j dx ex;{—

and hydrophobic interactions, and ionic bonds. These weaker

bonds are subject to thermal perturbations since their indi-

vidual strengths are of the order of only sevekgl. Thus | will refer to this asthe ergodic interpretation of the canoni-
they fluctuate between being open and closed. Only becaus@l Boltzmann distributionit has been invoked in reaction
several such weak bonds can reinforce each other do the@gpte theory and is the quasi-equilibrium component of acti-
confer any sort of stability to the higher-order structure of thevation state theory17,18. Its applicability is valid only if
protein. Thus, when one such bond fluctuates open while ituctuations that bring the enzyme to the conformation
neighboring weak bonds remain closed, it is likely that the=L result in a reaction of substrate rarely. Thus, in the
bond will reclose before all the neighbors also open and alpresent case, the enzyme can get to the active conformation
low a large-scale denaturation of the protein. Of course, raishy a random thermal fluctuation but not for a sufficiently
ing the temperature sufficiently will promote successivelong enough time for the substrate reaction step to occur with
openings of several weak bonds and subsequent denat@ny frequency. What the effector does is stabilize this active
ation. This fact has been put to good use in the related phesonformation so that reaction of substrate does take place
nomenon of polynucleotide denaturation, wherein it is thewith much higher probability. We model this process as fol-
first step in the polymerase chain reaction used to clonéows.

DNA. The point here is that proteins are dynamic structures Let the effector bound enzyme stelg be denoted by
constantly exhibiting some degree of thermal fluctuation ineE;, both corresponding te=0, and let the effector bound
their tertiary and quarternary structufds15,16. Under spe- enzyme statd&, be denoted by E,, both corresponding to
cific conditions, these fluctuations occur around the lowesk=L. While the conformation potential foE; and E, is
Gibbs free-energy conformation corresponding to those conV(x), that foreE; andeE, will be denoted byv®(x). The
ditions. crucial point here is that the binding of the effector alters the
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conformation potential andeverses the stabilityso that  with the potentialV®(x). This Langevin equation is equiva-
VP(L)<VP(0) (see Fig. 2 A two-step process is envisaged lent to a Fokker-Planck equation, which in this case is also a
in which the effector binds to th&; state and then this diffusion equation with a potential-dependent flux. Let
bound state stochastically and rapidly relaxes into thef(x,t) denote a probability density for the effector bound
lowest-free-energy stateE,. It is this state that is the active conformation state. It satisfies the equation

state of the enzyme. Various possibilities exist for the sub-

sequent steps. The substrate can bind and react as the effec- P 9 1
tor maintains the active state. Substrate binding can occur —f(x,t)=— (D _— =
with the release of the effector, or the substrate can bind, the Jt X ax A
product can form, and then the effector is released. Examples

of almost every variation one can think of are found in cells.we denote the densities efE, in the x=L boundary layer
We will eXplore some of them in Sec. IV. When the effector andeEl inthex=0 boundary |ayer, respective|y, byL/(‘)‘
does get released, the enzyme is momentarily irfhetate  andX,/5. Now the boundary conditions for both Eqg.7)

and then rapidly relaxes back into titg state, in accord and(49) can be written exactly as in ER2). Steady-state
with V(x). These steps are represented by the system @olutions to this system of equations can be expressed in
reaction equations terms off,, f_, go, andg, , which satisfy Eq(29). How-
ever, in this case we no longer have the simple solut{@ms

d \b
ax (x)

)f(x,t). (49)

E1+e<B—0>eEl (42) and(28), but obtain instead the solutions
@g
VP(0) - VP(x)
eE, e, (43 fsx)=fo exp——5——
ar VE(L) VP(0)
eEZZE2+e’ (44 X fLex D —fy ex D
f g VP(x)
E,Ey. (45) o XEHD
We may view reaction$42) and(44) as typical mass action y 3 VP(x) Xd , VP(x') 50
binding and release reactions. Reacti¢f® and(45), how- ex AD |Jo X AD |’
ever, will be viewed as stochastic processes in conformation
coordinate space. For reaction relaxation prodd$s, the
stochastic process is the analog of Eg), V(0)—V(x)
9s(X)=Go &X—— 5
d, F 1d V(X) (46) V(L) V(0)
— X=———— V(X
dt N A dx ' —~— =
a. exp{ D | % ex;{ D }

d
d_X V(X)

in which the fluctuating force satisfies E@), but wherex * L V(Xx)
now denotes an effective damping parameter in conforma- f
overdamped limit in the presence of a potential. This Lange- VX)) | [x V(x")
vin equation is equivalent to a Fokker-Planck equation, X F{—)\—D} Jodx eXF{)\—D}- (53)
which in this case is a diffusion equation with a potential-
dependent flux. Leg(x,t) denote a probability density for
and (28) if the potentialsV andV° are constants. Note also
d d 1 that the Einstein relatiof6) implies that each of the expo-
o1 I =— (D =% )Q(X,t)- (47)  nential factors is a Boltzmann factor becadd®=kgT. In
the boundary layers, we have the mass action equations par-
in the ubiquinone case. First, we introduce boundary layer§oted. (i) The diffusive fluxes are now more complicated
in the conformation coordinate space with thicknesat x ~ Pecause of the potentials, as can be seen from @gsand
=0 andL. Second, we denote the densitiestofin thex ~ (49- (i) We must interpret the rate constanis, Bo, .,
=L boundary layer ané, in the x=0 boundary layer, re- and g, differently from in the ubiquinone case. The result is

tion coordinate space. This is Brownian movement in the

the effector free conformation state. It satisfies the equatioNote that these solutions reduce to the solutions in E28.
The boundary conditions for this equation parallel those use@!€ing Egs.(18—(21). Two important differences must be
spectively, byY,/é and Y,/4. Similarly, for the reaction

relaxation procesgl3), the stochastic process is also the ana- d J
log of Eq.(8), gt Xo= ~@0Xot BoYo+ D - 1(O1)
d—E 1OIvb 48 +1dVbOfOt 52
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d Yo+ agXe+D — e I= de YOOI e bJLd Y20,
gt Yo= ~BoYot+ agXe+D —= g(01) =eo | dxexg -, 1°=eg| dxexp—— 5ol
+ 1)d V(O)} (0t) (53 ©0
A [dx IE _de V(x) f"d Vi)
g ) —OXGX _ﬁ Oxex D |’
_XL:_CZLXLJFELYL_D_f(L,t) (61)
dt ox L b
1 Vv (x)
17 d JP= de ex dx ex
il Y
X [dxv (L)}f(L,t), (54)
D b D 62
J r=== IN=gpa-
gt Y= ALY+ a X =D —g(L.t) N2 N"o
d With these definitions, the steady-state versions of Egs.
T V(L)}g(L,t). (55  (50—(55) and(57) become

. — agXost BoYost (X sl — Xosed) = 6
In the present case, bofy, and B, are proportional tge], agXost BoYost (X sel —Xos€p) =0, (63

the effector concentration, whereag and «; are not. This
is to be contrasted with Eq26). Denote the standard state
Gibbs free-energy change for reacti@?®) by AG{ and that b b b
for reaction (44) by AGY. The equilibrium constants for ~a X5t BLY s (X 8l ~Xose) =0, (69
these reactiond(; andK,, respectively, satisfy

—BoYost agXost (Y seL— Yos€0) =0, (64)

—BLY st a X s— (Y seL — Yos€0) =0, (66)

K —ex;{ AG? _ o Ko=ex AGS A b b
1= CkeT | ag 2 CkeT| B ' J
B %0 B AL (56) Xost XLst Xos 5 NS (X seP = Xos€0) + Yos+ Yis

Stabilization of the activated state is causedM§J<0 and

AGY>0 for sufficiently large e]. The first inequality favors TYos 5 5 (YiseL ™ Yos€o) =E. (67)
binding of the effectoe to theE; state of the enzyme, while

the second inequality favors maintenance of &g state. The solutions to these equations are

We see from Eq(56) that these inequalities implgy> a

andB, >« . Generally, the absolute rate of effector binding (o€of + Boelr®) ey + (gl + a eD)egrr®
Bo Wwill be greater than the absolute rate of releage LS™ (el + BaelrP) B, + (Boe, + B e.)elrr P LS
Equations(47) and (49) may be used to show that Egs. (@080l + BoSol )AL+ (Bou+ BLeo)e (68)

(52)—(55) are consistent with the total enzyme conservation

law [cf. Eq. (19)] (arer+pBLelr®) ag+ (agel+ a ed)e rrP

0S™ LS»

L L ageof + Boebr®) BL+ (BoeL + BLeo)edrr®
x0+xL+f dx f(x,t)+Yo+YL+f dx g(x,t)=E, (ool + Bokol )AL+ (BoeLt BLeo)ey 69
0 0
(57)
A ] A I f | e X (Bo+eor) BLelrP+ (a, +elrP) Boe r
whereE denotes the total amount of enzyme in all possible  os= == BB 5 1 3 o 1 3 e )elrrP LS’
states. The probability interpretation of the densities corre- (ool + Bolol )ALt (BolLT Bieo)eo 70

sponds to settinge=1.

The presence of the potential terms makes the algebra for
the steady-state solution more complicated than it was in the
ubiquinone section. In order to facilitate matters, we intro-

E=[ (oo + Boetr®) BL+ (BoeL+ BLeg)edrr P

duce a shorthand notation X1 [aoBL(eor +€PrP) + ay Bo(elrP+er)
e eXF{\;\(S), = 4\;(_;)} +(aga + agelr®+a edrP) (eg+e)r
(58) +(BoBL+ BoeLr + BLeor ) (e§+eD)rP]
eb_e Vb(o) eb_e Vb(L) . Ib
o=\ p |© TR D | +E[(,80-1-eor),B,_eErb-F(aL+eErb),Boe,_r]

[ 28], o [ 22

|—|

|
; (59 +(—s [(a0+e8rb)a,_e|_r+(B,_+e|_r)aoe'ﬁrb]
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J-J D b b generally a few orders of magnitude larger than &= and
5 NN (@oBLeotL— @ Boe ) [ Xis. B's, we have, using the inequalities beneath &),
(7D X Boed
. . L = ——p—p>1. (76)
GivenE, we invert Eq.(71) to getX, s and then substitute it Yos age t+a €

into Egs.(68)—(70) to obtain explicit solutions. _ _ _ _

The significance of these results is that they show how th&omparison with Eq(74) confirms that the active state of
binding of effectore leads to an increased steady-state valudhe enzyme is much more likely if sufficient effector is
of the reactive enzyme state, whichHs in the absence of Present. A parallel argument could be made wherein the
effector andeE, in its presence. In the absence of effector,Pinding of the effector inactivated an active enzyme instead.
only reaction equation4s) is operative. In equilibrium, the ~Other variations are possible. In the next section, we focus
proportion of enzyme molecules withitx of x=0 is given ~ ©N @ mechanism in which effector binding transforms the

by (dx of order § corresponds to the boundary layers enzyme to the active state, but subsequent substrate binding
promotes release of effector. This will lead to a cyclic pro-
ax V(x')
dx’ exg —

cess akin to the ubiquinone cycle.

0 kgT
P(E;)dx= L V()B() IV. P-TYPE ION CHANNEL ATPASES

J 0 dx exr{—kB—T ATP-driven active transport is prevalent in organisms.

Transport of potassium, sodium, calcium, and protons
V(0) against concentration gradients is mediated by this class of

dx exr{— KeT dx transporters that contain ATPase activity. They utilize the

= Vool 1 (72)  Gibbs free energy of ATP to perform their function. As we

f dx exp{— — shall see, the energy of ATP is not directly converted into
0 kT ion energy and does not drive the ions across the membrane.

) . o Instead, this energy is used to promote allosteric conforma-
and the proportion withiix of x=L is given by tion changes that amount to a biasing of boundary conditions
, for Brownian movement in conformation state spé&see the
L V(x") . . . . .
dx’ exd — preceding section In this paper, we restrict attention to
L—dx kgT P-type ATPases that are usually found in the plasma mem-
L V(X) brane. These ATPases are modeled as having two conforma-
L dxex;{ T RT tion statesE; andE,, between which allosterically induced
B
q V(L)
B X ex kB_T
Tt V(x)
f dx exp — , o
0 kgT state value ofAG® =—13 kcal/mol [20]. This is nearly
twice the value for ATP hydrolysis at a standard state

shifts are caused by phosphorylation and dephosphorylation
BecauseV(L)—V(0) is typically several timekgT, the  (—7.3 kcal/mol), so that a favorable degree of phosphoryla-

P( Ez)dX:

of a particular aspartate resid{f&19].
dx The B-carboxyl side chain of an essential aspartate is
= eb_ (73) phosphorylated. This aspartyl phosphate is a very-high-
I e energy phosphate, with a free energy of hydrolysis standard

fraction of enzyme in the active state satisfies tion requires a high ratio fATP] to [ADP] and[P;], i.e.,
an active physiological ATP state. More importantly, it is
P(E2) _%o <1 (74 clear that the free energy of ATP has not gone into the en-
P(E)) e ergy of the ions since it has been conserved by the high-

energy aspartyl phosphate. What is going on here is a phos-
In the presence of effectog, however, all four reaction phorylation designed to cause a conformation change. Upon
equationg42)—(45) are operative. The reactive enzyme statedephosphorylation, the conformation will shift back to its
is eE, and the ratio of the amount of this to the amount of original state. While hydrolysis of the aspartyl phosphate

unreactive enzyme in stat, is given by does release considerable free energy, this energy is not di-

bob b b rectly converted into ion energy but instead renders the de-

Xis (ool +Bo€ol ") BLt (BofL+ BLEo) ol phosphorylation step nearly irreversible, thereby consider-
Yos (aier+pB.elrP)ag+ (el +a ederr?’ ably biasing the boundary conditions for Brownian

(75) movement. In the case of the calcium ATPase, this is espe-
cially apparent since the calcium ion transport across the
as follows directly from Eq(69). Since the@'s are propor- membrane is over before the aspartyl phosphate is hydro-
tional to [e] and thea’s are not, it is clear that this ratio lyzed. In the case of the sodium-potassium antiporter, the
vanishes wherje]=0 and increases with increasifg]. sodium transport is finished before the aspartyl phosphate is
Note that the right-hand side of E(f4) is reproduced by the hydrolyzed, and while hydrolysis is concomitant with the
ratio Y s/Yos given by Egs.(68) and (69 when[e]=0 potassium transport, it is the conformation change in the AT-
(take the ratio before settifg]=0). For sufficiently large  Pase that translocates the potassium, not the energy released
[e] and because the effective diffusive ratesindr® are by phosphate hydrolysis. Very similar considerations of con-
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FIG. 3. The calcium ATPase in stalfg binds calcium from the cytosol side of the membrahe ATP is subsequently boun@) and
a phosphorylation of an aspartate residue oc€3irsThis induces a conformation change that everts the calcium binding site to the opposite
side of the membrané4), creating enzyme staté,. Calcium is release@b), dephosphorylation ensué§ and 7, and eversion of the
calcium binding site back to the cytolsol si® completes the cycle.

servation of high-free-energy phosphate bonds and confor- ap .
mation change upon phosphorylation or dephosphorylation CeE,~ P—E,—P+2C&", (80)
as opposed to direct chemomechanical conversion have been AL
broached in the context of ATP myosin interactions in
muscle fiberg21], to which we will return later. -
’ - . . E,— P—E,+P; 1
We model the calcium ATPase fir&tee Fig. 3. TheE; 2 : 20 (81)

state of the enzyme has a calcium binding site open to the
cytosol side of the membrane, i.e., the space enclosed by the E.oE 82)
plasma membrane. There is alsoEnstate with the calcium 2

bind?ng site open to t_he exterior. In the absence of phosphagyq may view reaction€77), (78), (80), and(81) as typical
rylation, theE, state is the lowest-free-energy state and themass action reactions. Reactiai§) and(82), however, will

E, state is a higher-free-energy state, fluctuations to whiclpg jewed as stochastic processes in conformation coordinate
are rare. Th&, binding state binds two divalent €aions.

; \ e.
The ion boundE, state C&, then binds ATP. Aspartate  The parallel with Sec. Il is only partial. Equatiot42)—

phosphor_ylgition ensues, cr_gating theE_Cj;el3 s_tate. This (45) are now Egs(78), (79), (81), and(82) and there is an
state exhibits reversed stability and is higher in free energyqgitional pair of equation&’7) and (80) that involves cal-
than the state (&-P, to which it relaxes rapidly. This re- jym binding and release. The variab¥g, X, , Yo, andY,
laxation includes an eversion of the Cabinding site from  of sec. 11 are now associated with EaP, CaE,-P, E;,

inside to outside, as well as a decrease in binding affinity for,,q E,, respectively. In addition, we associate the new vari-
C&". Thus release of calcium ion is to the outside and MeMahlesZ, and Z, with CaE; and E,-P, respectively. Once
brane transport is completed. The E;aP state releases aqgain, we introduce boundary layers in the conformation co-
bound C&", becomingE,-P, and is readily dephosphory- grginate space. Thus much of the analysis in Sec. Il can be
lated to theE, state, which then rapidly relaxes to thg carried over into this section.

state, completing the enzyme state cycle. The allosteric na- The diffusion equation$47) and (49) and their steady-

ture of this cycle is underscored by the necessity for the sitgiate solutiong50) and (51) take precisely the same form
of the calcium eversion to be distinct from the aspartate sitepere. However, Eq€52)—(55) become

so that phosphate always remains on the cytosol side of the
membrane and is not also transported.

As in Sec. Ill, we may describe the relative stabilities of
CéaE,; and C&, in terms of a potentiaV/(x) and the relative
stabilities of C&,-P and C&,-P in terms of a potential
VP(x), each with respect to a conformation state space vari- + N
ablex. Clearly, C&,-P and C&,-P are the analogs &fE;
and eE,, respectively. The analogs to Eqg2)—(45) be-

d d
a XOZ - a0X0+ Bozo+ D (7_X f(O,t)

OIvbo
ax (0)

f(Ot), (83

d 1(d
come — = — R — | —
at Yo=—umoYo+ voZo+D X giobH+ N | dx V(O)}g(o,t),
(84)
©o
2C§++ EchaE]_, (77) d
"o at Zo= puoYo— oo~ Bolot @Xo, (85
Bo d P
ATP+CéaE — CeE;— P+ADP, (78 Tt X =—a X +B.Z,—D ~ f(L,t)
ag
114 VP(L) (L 86
CeéE,—P—CaE,—P, (79 _K d_X (L) [f(L,1), (86)
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a LN L
at Yi=—p Y +vZ -D X g(L,t) Xost Yost Zost Xos 5 NPs (Xisel — Xoseh) + Xis
1(d | J
SN d—XV(L) g(L,t), (87) Yt Zist Yos 5+ 5 (YiseL— Yos€o) =E.
d (97
qr T AYLT I Bzt ek, (88 Equations(93) and (96) have simple solutions given by
The rate constants here have different interpretations than _ aoXost toYos
they did in Sec. Ill. Herex is proportional tg ADP], B, is Zos= Bo+ o (98)
proportional to[ATP], o is proportional to[C&*]* at x
=0, B, is proportional tgCa"] atx=L, andu, is propor- a X st Yis
tional to[P;]. In general, each of these concentrations will ZLS:W- (99

also change with time as a result of their involvement in Egs.

(83)—(88). However, they will also change in accord with When these are substituted into Eq81), (92), (94), and
other physiological processes independent of the transpog9s), we obtain Eqs(63)—(66) with the o’s and 8's of Eqgs.
process we are describing. Thus we will assume that each @§3)—(66) replaced bya’s and 8’s defined by

these concentrations is maintained at some physiological

steady-state value by these other processes and focus our _ v _ 128
. : . _ Qo= Qp, q = a,
fil(t)tre]n;;onna;?iuswely on the Ca-ATPase enzyme conforma 07 B+ v, O LB oy, Mt o
From Egs.(50) and (51), the steady-state fluxes for all _ o _ m
oL found to be gi bicf. Egs.(3 d(38 =—-—"— Po. =—-—7—PBL.
xe[0,L] are found to be given bjcf. Egs.(37) and (38)] Bo Bot 7o Bo, BL Bt BL
-D 7 fo(X)— E [i VP(x) [f5(X) = —rP(X, se”— XoseD), This means that the S(_)Iutions in E¢68)—(70) also provide _
IX A [dx ] 89 the steady-state solutions we seek here by simple substitu-
tions
J 1/d _ (ool + Bolr®) aL + (agel + a el eyrr®
D =2 90— | gx V(X |9s(X¥) =~ T (Y1 seL ~ Yoseo). Y gmmo o 200 L O LU s
’ (90) (ageof + Boedr®) BL+ (BoeLt BLeo)eprr® (109
101

The steady-state equatio(®3)—(67) become o — o
_(arer+Brer®)agt (agel + ared)err”

ST = T e o b Ls
(a0l + Boegr®) BL+ (BoeL + BLeg)egrr®

— apXos+ BoZos+ (X seP —Xosed) =0, (91

— poYost voZost (Y g8 — Yos€) =0, (92 (102
moYos— YoZos~ BoZost @oXos=0, (93 __ (Boteon)preir®+ (at+elr®) foert
= — — Ls-
(ool + Boedr®) BL+ (BoeL + BLeg)egrr®
—a Xis+ BLZis— (X el — Xoseh) =0, (94 (103
—u Yist v Zs— (Y seL— Yos€o) =0, (950  Equation(71), however, does not go over so simply because
of the extra,Z-dependent terms in E497). Instead, we ob-
mLY s nZis— BLlist a X s=0, (96)  tain
|
e bbb\ 2 4 ae 4 e \abrrby—1 XL — 2 eb b2 4 Ae 1A e Db
E=[(ag€or + Boegr ) BL+ (BoeL+ BLEo) €T "] 1+ Bt [(@oeor + Bo€ol°) BL+ (BoeL+ BLEo) €T ]
@o - — — - Mo — - — — —
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FIG. 4. The sodium-potassium ATPase in stBtebinds sodium from the insidél), which facilitates the binding of ATR1) and
phosphorylation of an aspartate resid@. Eversion to enzyme staté, ensues(3). Here we show the standard model in which the
phosphorylation site also everts but to which we raise objections in the text. Sodium is réassdipotassium is bouridb) and(6)], both
on the outside of the membrane. Dephosphorylation oc€rgollowed by eversion of the potassium binding si® and release of
potassium to the insid@). StateE, relaxes to stat&, (10), completing the cycle.
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If we solve Eq.(104) for X, s and substitute it into Eqgs. order 500[5] will provide a favorable direction to the reac-
(101)—(103), then we obtain explicit solutions for all quan- tion. Under these conditions we may have
tities in terms of the total amount of enzyme in all forris,

Of particular interest are the fluxes given by the right- Bo~ayq. (110
hand sides of Eq$89) and(90). These determine the nature _ . .
of the cycling of the enzyme between phosphorylated andinally, even thoughu, depends oriP;], the physiologi-

dephosphorylated states. Using E¢E01)—(103, we find cally low value of[ P;] and the great release in free energy
the numerator;\/ attendant to aspartyl phosphate hydrolysis implies

N[—rb(XLseE—Xoseg)]“rrb(a_LEeLeg—a_oEeer), VL L (113
(109 Putting inequalities(107)—(111) together with Eq.(100
M —r(Y_ seL— Yos€o) ] —rr b(a_LEeLeg—a_OEeer)_ ) yields
(106 — 5 . b b
o e e 14 e e
LBoeL 0_ LMoL 0>1' (112

From Eq.(58) and the properties given earlier regarding the a—OEeOeE
conformation potentials, i.eV(0)<V(L), V®(L)<V®(0),
and bothV(L)—V(0) andV®(0)—V®(L) of order several Thus the flux in Eq(105) is strongly positive and that in Eq.

b
VoM €08

timeskgT, it follows that (106) is strongly negative. This means there is a robust cy-
be b cling of enzyme between the two states that results in a net
€ >€y, €p>e . (107) transport of calcium against a calcium gradient. If the physi-

ologically high[ATP][ADP] P;] ratio is allowed to degen-
erate, then these fluxes will fall until they vanish. Clearly,
metabolic free energy is being utilized to drive this process.
Nevertheless, it has been used to bias the boundary condi-
>y (108 tions for two diffusions, one for phosphorylated enzyme and
#o~Vo- one for dephosphorylated enzyme. The energy for the con-

A similar argument holds fo,, which depends on the formation changes represented by these diffusions is the ther-
outside value of [C&" whi(’:h is typically around mal energy of Brownian movement in the diffusion limit.

105 mM. Even though this is a higher calcium concentra- Another biologically importantP-type ATPase is the
tion than inside, the affinity for calcium of €a-P is rela- sodium-potassium ATPase that mediates the counterex-

tively weak. Thus, at physiological calcium concentrationsChange of three Naions for two K" ions (see Fig. 4 The
we have sodium ions go from inside to outside and the potassium ions
do the reverse. Such an “antiporter” mechanism is respon-
a > B (109 sible for the resting potential of neurons.
The mechanism for this ATPase has striking similarities
These last two inequalities are generally weaker than those iio that of the calcium ATPase just analyzed. Binding of three
Eq. (107). Sincea, depends odADP] and 8, depends on Na' ions to theE, state of the enzyme facilitates the binding
[ATP] and aspartate phosphorylation by ATP is energeticallyof ATP and the subsequent phosphorylation of a particular
uphill at standard state 5.7 kcal/mol), a physiological aspartate residue, yielding HaP. This is followed by a
phosphate state with a ratiguch ratios with apparent di- conformation change that results in the eversion of the so-
mensions are referred to as molar quantities by conventiodium binding site, yielding NB,-P. This conformation has
and are taken as dimensionlgs$ [ATP] to [ADP] [P;] of  a weaker affinity for sodium that is released to the outside.

Moreover, even though, depends ofiC&*]? on the inside,
at typical phyisiological values around 10mM, the strong
affinity of E4 for calcium implies
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So far, these steps precisely parallel the initial steps in the V. ROTARY ENZYME COMPLEXES
calcium ATPase mechanism given by E(&7)—(80). Now

something different happens. Before dephosphorylation oc- Three classes of rptary enzyme complexes will be dis_—
curs, two K* ions bind instead, yielding E,-P. This state cussed here. Each involves one of the three prosthetic

dephosphorylates and then everts, releasing the potassium3g°UPS: lipoamide, biocytin, or phosphopantethetisee Fig.
the inside. That is, E,-P becomes IE,, which conforma- ) Several instances of the occurrence of each exist in me-

tionally relaxes to K, , which releases potassium becoming tabolism[5,19].

E, all over again. This means that the analogs to E8%) Lipoamide is a component of a large multisubunit enzyme
and (82) are instead four steps: complex both for pyruvate dehydrogend68 subunits irE.
coli and 72 subunits in eukaryotic yeasand for a-
E,— P+2K*—KE,— P, (113  ketoglutarate dehydrogend$e19]. The former occurs in the

pathway connecting glycolysis to the citric acid cycle by
conversion of pyruvate into acetyl-Co @oenzyme A. The

KE;=P—KE+Pi, (1149 latter occurs in the citric acid cycle. Both enzyme complexes
share many similarities. Indeed, the subunit responsible for
KEz—KE,, (119 reoxidation of lipoamide during its functional cycle is iden-
tical in the two complexes. Lipoamide is a 14-A long flexible
KE;—E;+2K". (116 attachment arm made from an amide linkage of the carboxyl

group of lipoic acid with thes-amino acid group of lysine,

Equations(113), (114), and(116) are mass action reactions, an integral amino acid of the dihydrolipoyl transacetylase
whereas Eq(115) is the conformation relaxation, the analog subunit of the complex. Two sulfur atoms make up the active
of Eq. (82), and is modeled as a diffusion process like thathead portion of the lipoamide arm. These are separated from
given by Eq.(47). Without presenting all of the details, it the carboxyl group in lipoic acid by a-(CH,),— hydro-
should be clear that the outcome will be parallel to that forcarbon stretch that is very flexible since each carbon-carbon
the calcium ATPase, with the simple difference that here théond is a single bond with ease of rotati@). Similarly, the
inward flux[cf. Eq.(90)] carries potassium inward as well as amino group of lysine is attached to thecarbon of lysine
changing the enzyme conformation back to its initial state. by an identical—(CH,),— stretch. This makes lipoamide

One technical point needs to be added here. In all pubvery flexible as an attachment arm for the intermediate acetyl
lished treatments of the (NaK*) ATPase mechanism that group in the case of pyruvate dehydrogenasecinyl group
we have seer4,5,19,21,22 diagrams are presented that in the case ofa-ketoglutarate dehydrogenasé®uring the
show the aspartyl phosphate closely associated with the seourse of the five reactions required for conversion of pyru-
dium and potassium binding sites so that dephosphorylatiodate into acetyl-CA, lipoamide is responsible for three. Its
is depicted as occurring on the outside of the membfaee  oxidized form receives the acetyl group from thiamine pyro-
Fig. 4). This amounts to a transport of phosphate in additiorphosphate(TPP) and gives it up to reduced coenzynde
to the antiporting of sodium and potassium. Since phosphat€CoA-SH), becoming reduced itself in the process. To return
carries a double negative chargepa 7, this would seri- to its acetyl acceptor state, it must be reoxidized by oxidized
ously affect the overall energetics. We have not found anylavin adenine dinucleotidéFAD), which gets reduced, to
experimental evidence for such concomitant phosphate tran§ADH,. These three steps occur at three different sites of the
port in this system and strongly suspect that the situation ienzyme complexthe complex is highly redundant with 24
really parallel with that for the calcium ATPase mechanismlipolyl groups per complex it. coli and 30 in eukaryot@s
described above, i.e., phosphate acts allosterically and ré-e flexibility of the lipoamide arm enables it to visit these
mains on the inside surface of the membrane throughout thgites by Brownian movement. Rather than think of the lipoa-
ion binding site eversion cycle. Even the story for calciummide arm as a rotating rigid arm of 14 A length, it is much
ATPase is confused in the textbooks, with dis@ having closer to reality to view the active sulfur containing head as
phosphate remain on the inside, as we have modeled it herengaging in a tethered random walk. Thus these complexes
and anothe[19] having it transported across the membrane.are effectively rotary without actually being rigid rotors.
In our view, the close coupling of the aspartyl phosphate Biocytin is a component of enzyme complexes that in-
hydrolysis with the potassium transport in the (N&*)  volve the incorporation of CQnto organic molecules. Itis a
ATPase case is an artifact of the perspective in which th€€O, carrier. It is present in the conversion of pyruvate into
free energy released is somehow directly coupled to energizzxaloacetate, a citric acid cycle intermediate, and it is present
ing the ion transport. Since our perspective is that of rectifiedn the initial activation steps in fatty acid synthesis when
Brownian movement, the energy of ion transport is purelymalonyl-CA is formed[5,19]. Biocytin is also a 14-A-long
thermal and the free energy of phosphate hydrolysis merelftexible attachment arm made from an amide linkage of the
affects the boundary conditions for the associated conformazarboxyl group of biotin with the-amino group of lysine, an
tion state diffusion processes. Thus one very clear conclusioimtegral amino acid of the enzyme complex. The active por-
of the rectified Brownian movement perspective for ATPasdion of biotin is a heterocyclic ring containing carbon, nitro-
ion transporters is that aspartyl phosphorylation and dephosyen, and sulfur. This time, it is a particular nitrogen atom of
phorylation is an allosteric control with the aspartate residughe ring that is the site for CQattachment that yields car-
always on the same side of the membrane, the inside in thieoxyl biotin. Biotin’s active head is separated from its car-
two cases discussed here. This will keep the phosphate dyoxyl group by a—(CH,) ,— hydrocarbon stretch, just as in
the inside, a clearly testable hypothesis. lipoic acid. Thus biocytin contains two such stretches and is
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FIG. 5. The structures of lipoic acid, lipoamide, biocytin, and phosphopanthetheine attached to acyl carrie(4A@Reimnd attached
to adenosin monophosphate as coenzyrege shown.

very flexible just like lipoamide. In pyruvate carboxylase, reactive site to reactive site. Phosphopantetheine contains
CQO, is attached at one site of the complex and is transferretivo stretches of—(CH,),— rather than of—(CH,) ,— as
to pyruvate, forming oxaloacetate, at another site. A tethereth lipoamide and biocytin. It also has two amide linkages, as
Brownian movement or random walk is again the mechacompared to only one for lipoamide and biocytin, and since
nism of this active arm’s shuttling between reactive sites ofamides are quite rigid, the net effect is that phosphopanteth-
the complex. eine is relatively less flexible than lipoamide and biocytin
Phosphopantetheine is a component of enzyme complexesd is more like a rigid rod. Thus its tethered Brownian
involved in fatty acid synthesis and in the synthesis of pepmovement may be viewed as more like random rotation
tide antibiotics such as gramicidin and tyrocidine. It is aaround the serine attachment site of the complex. This is the
20-A-long attachment arm with a thi¢o—SH) sulfur at one  evolutionary beginning of a truly rotary enzyme.
end. It may be thought of structurally as an amide linkage of Each of these systems may be modeled in a similar fash-
the amino group of3-mercaptoethylamine with the carboxyl ion. Explicit details are given for biocytin and lipoamide,
group of phosphopantothenate, which is itself an amide linkwhich are, respectively, two-site and three-site cases. The
age of two parts. Various acyl groups can form thioesterphosphopantetheine, fatty acid synthetase case, with nine
with the sulfur end, whereas the phosphate end forms a desites will be left to the reader as a straightforward generali-
hydration linkage with the hydroxyl group of serine, an in- zation. In general, label the sites with consecutive integers,
tegral amino acid of the acyl carrier enzyme comigx 9. 1,2,...n. When the enzyme complex arm is at sitat is
Phosphopantetheine can also link up with adenosine monalenoted byE; . We may associate a conformation coordinate
phosphate to form G® SH. Thus, when attached to serine in with these states just as we did for tietype ATPases.
the enzyme complex, we may think of this structure as aHowever, here such a coordinate is connected with the true
giant form of CAA-SH. Indeed, in fatty acid synthesis, it is spatial position of the flexible, movable arm of the complex.
the enzyme complex that is required, but in fatty acid degraAlthough this is really a three-dimensional coordinate, we
dation only C@\-SH is needed. In fatty acid synthesis, nine continue to use the one-dimensional variabl® capture its
reaction steps take place per cycle with phosphopantetheirgignificance. For example, in the two-site case of biocytin,
involved in eight. It carries the various intermediates fromsite 1 would correspond to=0 and site 2 would correspond
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to x=L, as before. For three sites, as in the case of lipoamthe diffusion processe€l18 and (120, which amount to
ide, site 1 would correspond to=0, site 2 tox=L/2, and rectified Brownian movement, as was seen in each of the
site 3 tox=L. This amounts to a nonlinear mapping of earlier discussions. In fact, the parallel with the ubiquinone
three-dimensional space onto a one-dimensional space. If tlanalysis is even stronger if we do not assume any sort of
attachment arm were truly a rigid rod then the natural choicgotentialV(x) or V°(x) acting during the diffusions in Egs.
for the one-dimensional parameter would be the rotatior{118 and(120). The flux results in Eq937) and(38) would
angle. Because the attachment arms are flexible, howeveapply and would mean here that there would be a nonzero
their active heads engage in a random walk that is repreflux from left to right from diffusion(118 and a nonzero
sented by the coordinate. Since motion in this space is flux also from left to right from diffusion(120), both at
Brownian movement and one parameter, the diffusion consteady state. In this case, however, it would be natural to use
stant, determines all of its properties, this phenomenologicalifferent diffusion constants for the two cases because the
treatment will give only order of magnitude results. Numeri- heads of biocytin and carboxy biocytin are somewhat differ-
cal molecular-dynamics simulations of the actual three-ent, although not by muct847 d for carboxy biocytin versus
dimensional motions of a flexible attachment arm would be303 d for biocytin.
required for a more quantitatively realistic treatment. A special sort of potential, however, is not unreasonable.
Let CarbP denote carboxy phosphate, Rtdenote inor- WhenE is near site 1, there should be some attraction be-
ganic phosphate, let Catb; denote carboxy biocytin at site tween theE; state and the CarB- binding site. This is a
1, let CarbE, denote carboxy biocytin at site 2, let Pyr de- result of complementary weak interactions that produce the
note pyruvate, and let Oxa denote oxaloacetate. The biocytiselective recognition of the Cam-bound enzyme site for
two site system is described by the equations E,. Similarly, when CarlE is near site 2, there should be
some attraction between the Cdth-state and the Pyr bound
enzyme. This too is a result of complementary weak interac-
tions. With the former, we associat€x) and with the latter
we associat&/°(x). These potentials are essentially flat, ex-
Carb-E,;<Carb-E,, (119  cept for a small region near the binding sites. This region is
determined by the Debye length, which is of ar@A at

Bo
E,+ Carb-P—Carb-E;+P;, (117

@0

a physiological ionic strengti4], because the weak interac-
Carb-E,+Pyr—E;+Oxa, (119  tions are essentially electrostatic except at very short range
L where van der Waals forces and hydrophobic or hydrophilic

effects also contribute. This creates an attraction over a dis-
tance somewhat larger than the size of the boundary layer
associated with the binding site itself. Thus the type of
potential-dependent analysis we used for Bhgype ATPase
é's more appropriate and again nonzero fluxes of the sort just
(%]escribed are obtained. The net result of this analysis is that
tt e enzyme arm endlessly cycles between Eieand E,
states in a steady state.

Let HE-TPP denotea-hydroxyethyl-TPP,AE; denote

The parallels with Egs.(42—-(45), (77)-(82), and the
ubiquinone dynamics of Eqsll), (12), (16), and (17)
should be obvious when one thinks of the binding sites her
i.e., the loci of the mass action reactions, as corresponding
the boundary layers in these other cases. Equafitia and
(119 represent mass action reactions, whereas Edsd

and (120 represent diffusion processes in thecoordinate. . . . ) .
The concentrations of CaB; P;, Pyr, and Oxa are main- a_cetylllpoamlde at site 1, amiE, dgnote _acetyll|poam|de at
Y ite 2. Let HE, denote reduced lipoamide at site 2 and let

tained fixed by the steady-state metabolism in which thesg‘ £ d duced li % e 3. Finall q
substances participate in many other reactions than in just2-3 e_npte reduced lipoamide atsite 3. Finally, E%t. e
note oxidized lipoamide at site 3 arifl, denote oxidized

this single CQ transfer. In fact, Carl? is synthesized at site i d ite 1. Th dehvd i id
1 of the biocytin enzyme complex from ATP and bicarbonate!Peamide at site 1. The pyruvate dehydrogenase lipoamide

(HCO;"), the dissolved form of CQ This step releases three-site system is described by the equations

ADP, which with theP; released in reactiofil17) is con- Bo
verted back into ATP by energy metabolism. Tas and E,+HE-TPR-AE,+ TPP, (122
B's here are of course different from those in E@)—(45), ag
(77)—(82), or the ubiquinone dynamics because of the differ-
ent chemical species involved. Thus is proportional to AE,;—AE,, (123
[P;], By is proportional to[Carb-H, «, is proportional to
[Pyr], and 8, is proportional tg Oxal. Ongoing energy me- ap
tabolism keeps bothCarb-A and [Pyr] relatively high and AE,+C0oA—SH« H,E,+acety-CoA, (1249
both[ P;] and[Oxa] relatively low. In addition, the standard BLi
state Gibbs free-energy change associated with the combina-
tion of reactiong117) and (119 is negative. Thus we have HoEz— HaE3, (129
the physiological steady-state inequalities
ap
Bo>ag, a >PL. (122 H,E;+ FAD« E3+ FADH,, (126
BL

These inequalities are the same as those given just below Eq.
(26). These inequalities create the boundary conditions for Ez—E;. (227
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We have here three mass action equatid®?), (124), and the consumption of products by metabolism must be suffi-
(126 that may be thought of as occurring within boundarycient to overcome the positive standard state Gibbs free-
layers associated with the binding sites and three diffusiomnergy change in order to achieve the inequalities). For
processes123), (125, and (127). As in the biocytin case, example, the Gibbs free-energy change for reactidry) is

the diffusion constants will be slightly different because the
carrier head has groups of different masses on it between the
different pairs of sites. Moreover, th&s and 8's are pro-
portional to their respective cofactors: TPP, HE-TPP,
CoA-SH, acetyl-Cé, FAD, and FADH. Three of these, |t s the combination of both terms on the right-hand side of
HE-TPP, CA-SH, and FAD, are regenerated by active en-this equation that must makeG<0.

ergy metabolism and another three TPP, acetyxCand
FADH,, are consumed by active energy metabolism.
HE-TPP in particular is produced from pyruvate, the end
product of active glycolysis. In addition, the standard state Muscle fibers in skeletal muscle are long bundles of myo-
Gibbs free-energy change associated with the combination @fprils [4,5,11,19,28 Each myofibril is a cylinder shaped,
reactions(122), (124), and (126) is negative. These facts hexagonal array of myofilaments. In the blowfly flight

[Carb—E{][P;]

AG=AG? +RTIn [El][CTP]) (129

VI. MUSCLE FIBER DYNAMICS

produce inequalities analogous to E#j21), muscle[23], there may be about 700 myofilaments per myo-
fibril with a myofibril cylinder diameter of about 1.mm.
Bo>ag, ap>Blp, al>BL. (128 When viewed from the side, the myofibrils show a striated

pattern that repeats every 2un in relaxed muscle, more or

Once again, these inequalities create the boundary conditiof@ss. The ends of these repeating segments are called the
for the diffusions that amount to rectified Brownian move- lines (actually disks viewed on edgend are produced by
ment. The result is nonzero fluxes from left to right in eachtransverse meshworks af-actinin, desmin, and vimentin
of Egs. (123, (125, and(127). Thus, in a steady state, the proteins[11,19. Many long fibrous protein strands of actin,
average behavior is a sustained cycling through sites 1, 2he most abundant protein in many animal cells, are longitu-
and 3 as if the lipoamide attachment arm were rotatinginally attached to these meshworks. These actin molecules
around its lysine connection to the enzyme complex, i.e., likeare the so-called thin filaments and are typically about 1.0
a rotary motor. pm long with a diameter of 7 nm and are complexes of many

We may also invoke the Langevin equivalents of the dif-identical globular actin protein subunit§,11]. They are at-
fusion processes, as was discussed earlier, and reinterpteched to the line meshwork in both longitudinal directions
this process for a single lipoamide arm. In this interpretationwith a cross-sectional rectangular arrpyl]. Interspersed
the arm undergoes Brownian movement from site to site witlemong the actin filaments are the so-called thick filaments
net flux appearing only as an averaged consequence. Forade of myosin. Myosin is a protein compléypically of
example, whenAE arrives at site 3 where FAD is bound, several hundred single myosin molecules, each of which is
two additional stochastic events occur. First there is soméself a complex of six polypeptide chaingypically about
chance thatAE; will actually bind the enzyme, which is 1.5uminlength(there are cases where the length is over 5.0
governed by the particular potenti&P(x) appropriate for —um, for which the corresponding line spacing is corre-
site 3, and second there is some chance that the reacti@pondingly longerwith a core diameter of about 15 nm. A
(126) will actually take place, which is governed by the rate central stretch of length 0.am is devoid of cross-bridges,
constantse, and 8. . We have invoked potentials such as but both ends possess cross-bridges helically arrayed, as
were discussed for the biocytin case. These provide the s@airs of cross-bridges 180° apart, around the myosin com-
lective binding of the different modified lipoamides to the plex core with a longitudinal spacing of 14.3 nm and a rela-
different sites. tive rotation around the myosin complex axis by 120°. The

We emphasize that in both cases, the motion of the attactgross-bridges contain a8, domain and a pair of5; do-
ment arm is entirely the result of thermal agitation, i.e.,mains. One end of th&, domain is attached to the main
Brownian movement, and that metabolic energy has beepomplex core by a “hinge,” allowing freely articulated mo-
used to bias the boundary conditions by providing reactantgon, and theS; domains are attached to the other end of the
on one side of the diffusion and taking away products on thés, domains by freely articulating hingésometimes called
other. For a two-site system, this results in an apparentswivels”) as well [24]. The myosins are attached to the
switching back and forth between sites, whereas in a threeactins by these cross-bridges, with the contact being made
or greater-site system, it results in apparent rotary action. Wevith the actin by a binding site of th8; domain. Together
say “apparent” because it is only the statistically averagedhe myosins and actins form a regular, hexagonal array with
behavior that is a simple rotary motion, while the actual mo-each myosin surrounded by six actins and each actin sur-
tion for any single molecular arm is randomly rotating bothrounded by three myosins. Thus, near thdines, the ar-
clockwise and counterclockwise with a net bias in one of therangement of the actins changes from hexagonal to rectan-
two directions. gular [11]. One segment of myofilaments between two

At any particular site, the standard state Gibbs free-energgdjacent lines is the fundamental unit of muscle tissue and
change of the reactive species may be negative or reactarits called a sarcomergb,11,23. (Reference[19] has espe-
are supplied by metabolism while products are consumed bgially nice illustrations of all the muscle fiber featunes.
metabolism, or both. If the standard state Gibbs free-energy If we view a horizontally lying sarcomere from the side,
change is not negative, then the production of reactants arattin filaments extend to the right from the |&ftline and
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FIG. 6. The upper line denotes a segment of an actin filament FIG. 7. The ATPM, state of myosin is shown detached from
featuring thenth binding site left of & line attachment. The lower the actin.
line with the articulated arm is a myosin cross-bridge in the rigor
stateAM; . An ATP molecule is shown waiting to bind the globular

myosin head attached to the actin filament. phates(ATP, ADP, andP;) “in which chemical energy is

transformed into work[24]. Others[8,9] clearly favor the
rectified Brownian movement mechanism. In the following,
we attempt to clearly differentiate these competing views.
e complete cycle of myosin detachment from actin and
reattachment to actin involves seven distinct sigiis num-

ber is a bit arbitrary since each of these steps involves a set
of conformation statgs We begin with the state known as

actin filaments extend to the left from the rightline. The
myosin filaments are symmetrically located midway betwee
the twoZ lines such that their ends do not touch thdéines
(the Z line spacing is 2.5um and the myosin complex is
only 1.5 um long and such that the ends of the actin fila-
ments do not touch each oth@ghe actins are each only 1.0 .. . o .
pm long). Thus the only connections holding the t&dines rigor. In th_e_ ab_sence of ATP, myosin _blnds tlghtly tq
together are those made by the cross-bridges between myggtm at specific sites on the globular actin sub_unlts, which
sin filaments and actin filamentéhe recently discovered &' Spaced about every 5.5 firl]. We denote this state by
protein titin [19], the largest polypeptide known, connects AM1 (Fig. 6). The binding between myosin and actin is ap-
the myosin complexes elastically to t@elines, but so far ~Parently between several myosh lysine residuegpositive
only appears to center the myosin relative to Zhiines and ~ @mino groupsand several actin aspartate and glutamate resi-
does not facilitate contraction otherwjseictin fibers are  dues(negative carboxyl groupsbolstered by patches of ste-
polar and myosins are bipolar. This means that the two end&ospecific hydrophobic amino acid residues of both actin
of the myosins point in opposite directions as do the two setand myosin[19]. S; also has an ATP binding site to which
of actin filaments emanating from the left and rightines,  ATP binds with an attendant detachment of the mydsin
respectively. The presently accepted theory for muscle actiohead from the actin binding sité=ig. 7). This state is de-

is that these thin and thick filaments retain their individualnoted by ATPM,. The ATP is actually bound to a deep
lengths at all times, but that by virtue of cross-bridge detacheleft in the myosinS, head[25], opposite but connected to
ment and reattachment they move past each other, contrache actin binding site. The binding of ATP allosterically in-
ing the Z line spacing during exertioto even somewhat duces destabilization of the myos® head actin binding
less than 2.0um) and dilating theZ line spacing during site, which detaches. Hydrolysis of bound ATP yieldsSan
relaxation. Generally, the muscle tissue is macroscopicallyread with bound ADP and bourfé (since ATP hydrolysis
under some tension against which contraction must work, bug really ATP*™+H,0—ADP® + P?~ +H", this step imme-
which is also responsible for the dilation that occurs whendiately releases a proton, "M This state is denoted by
muscle is in the relaxed state. This is the “sliding filament” ADP-M;-P; (Fig. 8). This change in the bound phosphates
model. “Sliding” is a bad adjective for contraction since the (ADP and P, instead of ATP leads to a readjustment of
myosinS; heads must actively “walk” along the actins, but conformation in theS, head. By a conformation state diffu-
during dilation, sliding seems rather apt. The energy requiredion proces¢Brownian movementof the type discussed in
for the contraction phase is supplied by ATP, which is conthe ATPase ion transport section, a state denoted by
sumed in vast quantities. ATP binding and hydrolysis occurs\DP-M ,-P; is visited by the fluctuatings, head(Fig. 9).

on theS; domains, which therefore contain both the ATPaseThis state has a weak binding affinity for an actin binding
activity and the actin binding sife,11,19,2%. One kilowatt  sjte, but not for the site from which release was stimulated

of mechanical power per kilogram of dry weight can bepy ATP binding. Instead, this weak affinity is for the next
switched on in a few millisecondsl1]. The nature of this

putative chemomechanical conversion is the focus of our in-

terest in this section. x=0 <=L
The fundamental question is, Is there direct chemomechani-
cal conversion of ATP free energy into the work done by n+l n n-1 n-2

muscle or are we once again dealing with rectified Brownian
movemen{4,5,9,21? Many accounts of this process clearly

invoke a direct chemomechanical conversion mechanism by @
regarding the ADP and; bound state of myosin as “high 2
energy”[19] or by referring to the ADP releasing step as the

“power stroke” [5,11,19. The power stroke is defined as the
set of transitions of the complex of actin, myosin, and phos- FIG. 8. ATP hydrolysis produces the ADR,-P; state.
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x=0 x=L x=0 x=L
n+1 n n-1 n-2 n+1 n n-1 n-2

FIG. 9. Conformational relaxation produces the ADB-P;
state. We have suppressed explicit illustration of ADP Bnd

L 1 Il !

+P

FIG. 11. Release d?; strengthens the binding and produces the
ADP-AM, state.

actin binding site of the actin fibeactually some disagree- OPPOSed to the turnover number of only about 0.05fer

ment exists as to whether it is the very next site or whether jtS0lated myosir{5,19,23. This activation of ATP turnover
skips a site, resulting in a step size of either 5.5 or 11 nmnumber gives actin its name. The allosteric conformation ad-

]

respectively[9,24]). If we denote the original binding site as Justment of theS, head(or more distal portionalso poises it

siten, wheren counts how many sites away from tAdine
we are, then the reattachment is to either sitel or site

in a strained conformation, from which it relaxes to a lower-
energy state, denoted by ADRM; (Fig. 12. This is all

n—2. One rationale for this bias is as follows. Reattachmenf€Mminiscent of the ATPase ion transporter eversion relax-

to siten is highly unfavorable because of the binding desta-

ations discussed earlier. The final step is release of ADP,

bilization caused by the bound phosphates and reattachme@fce again yielding the stafeM, (Fig. 13. The phosphate

to then+1 site is extremely unfavorable because the con-
formation of theS; that would potentially permit such bind-

ing fails to expose the necessary lysine residues to thlo
complementary aspartate and glutamate residues of the actity

binding site. Binding to sitan—1 (or site n—2) is weakly
favorable, even though binding to sitehas been destabi-
lized because the conformation of state ADR-P; is com-

Po

release steps are rate limitind4]. Since the myosin is at-

tached to the actin during the relaxation of the conforma-
nal strain, there is a relative translation of position of the
osin complex and the actin filament that amounts to a
contraction of the sarcomere. This cycle is represented by the
system of equations

patible with weak binding. Thus the bias in one direction AM;+ATP+—ATP— M, +actin, (130
results from the asymmetry of the binding characteristics of vo

the different molecular conformations of the fluctuatig 5

head. Another rationalg24] is based on evidence fr_om sev- ATP— M +H,0—ADP—M,— P, , (131)
eral sources(e.g., fluorescence and paramagnetic probes, ap

electron micrographs, x-ray diffraction, and sulfhydryl modi-

ficationg, suggesting that the orientation of tBg head with ADP—M,—P;«~ADP—M,—P;, (132
respect to the actin binding site remains constant throughout

the power stroke and that the repositioning that occurs results Lo

from a large-scale change in conformation more distal from ADP—M,—Pj+actinoADP—AM,—P;, (133
the actin instead. In this view, the distal segment perhaps P

undergoes am-helix, random coil transition. Such a transi- "

tion permits elongation to positiom—1 orn—2, but it does ADP—AM,—P;«—~ADP—AM,+P;, (139
not permit compression to positiom+1. The new, weakly “L

bound myosin and actin state is denoted by ABRL,-P;

(Fig. 10. Upon release oP; from the S, cleft, the binding ADP—AM;—ADP—AM,, (139
becomes much stronger, yielding a state we denote by o

ADP-AM, (Fig. 11). This is again an allosteric effect. Actin ADP—AM,—AM+ADP. (136)

actually stimulates release 8, and subsequently of ADP,

oo
which results in an ATP turnover number of about 16, sas
x=0 x=L
x=0 x=L
n n-1 n-2 n-3
n+1 n n-1 n-2 * : ! )

FIG. 12. Conformation relaxation shortens the distance between
FIG. 10. Tight binding to actin occurs, producing the ADP- the myosin cross-bridge attachment site on myosin to the actin
AM,-P; state. binding site. This produces the AD®M, state.
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x=0 x=L the free energy of ATP hydrolysis has somehow been con-
served.” As evidence for this view, the fact that ADP-P;
n n-1 n-2 n-3 cannot be formed by simply mixing myosin, ADP, afg

has been invoked. We believe that this is evidence support-
ing the fact that myosin in thAM, state binds ATP, which
+ADP subsequently hydrolyzes and induces a conformation change
in the myosinS,; head, resulting in ADR-P; . Free myosin
S, heads are in the wrong conformation for direct binding of
ADP andP;. Moreover, the decrease in Gibbs free energy

FIG. 13. ADP is released, completing the cycle and regeneratingttending the release &% in the previous step is inconsistent
the stateAM; that is depicted in Fig. 6. However, the net effect haswith an additional decrease in Gibbs free energy during step
been to translate the actin filament to the left relative to the myosir{135). In the former case, an asymmetric boundary condition
filament. for Brownian movement is created, whereas, in the latter

case, ATP free energy is directly converted into mechanical

Steps(132) and (135 are the conformation relaxation steps Work. This is a clear differentiation of the two points of
that we model as diffusions in conformation state space, diew.
manifestation of Brownian movement. The other steps are The explicit differential equations that follow from Egs.
mass action reactions at specific sites that can be viewed 4530—(136) parallel those given in Sec. IV by Eq&/7)—
boundary layers, much as was done in the rotary arm enzym@9) for calcium ATPases if we identifi, with ATP-M,
complex analysis. The concentrations of ATP, ADP, &d Xo with ADP-M;-P;, X, with ADP-M,-P;, Z, with ADP-
are maintained fixed by steady-state energy metabolism. Th&AM,-P;, Y, with ADP-AM,, andY, with ADP-AM,. We
metabolism creates a largeATP]/[ADP][P;] ratio of  Wwill use AM; to denote the amount of the tightly bound
roughly 10 [23,26], much larger than was discussed in Sec.myosin on actin, also denoted above AM,. The mass
IV for the general metabolic levelin muscle, [ATP] action equations are
~10 3, [ADP]~10"°, and[P;]~10 3.

The conformation relaxation modeled in E¢s30—(132)
is a key sequence of steps that differentiates the two funda- gt 20~ PoAM1=v0Zo= BoZo+ agXo, (137)
mentally different models of muscle fiber dynamics. In the
chemomechanical conversion models, it is said that the hy- q J
drolysis of the ATP bound to myosin “cocks tif#y head” _
[19] or “resets it for the next interaction[5]. In the rectified gt 0= ~aoXot BoZo+ D 20 (00
Brownian movement model presented here, ATP binding
and hydrolysis do two things. First, binding of ATP allosteri-
cally promotes detachment of myosin from actin, and sec-
ond, hydrolysis of ATP renders the first act potentially irre-
versible. The shifting o5, conformation is solely the result
of thermal fluctuations and in no way utilizes the free energy
of the ATP. Reactior{134) is another important step. Two
effects result. The myosin binding to actin strengthens. This d
is an allosteric effect of the release®f. This step is nearly X {& Vb(L)}f(L,t), (139
irreversible because of the release Rf. While it is not
known yet how theP; is bound to the myosin cleft, our d
earlier experience with ATPase ion transport systems sug-
gests that it is covalently bound. If it is bound as a carboxyl qrlmmYiem - Bl taXy, (140
phosphate ester such as an aspartyl phosphate, then the hy-
drolysis sted131) is reversible, but the eventuB| release is

f(01), (138

OIv'f’o
ax (0)

1
+_
A

d J
a XL: —aLXL+,3LZL—D 5 f(L,t)

a hydrolysis attended by a big decrease in Gibbs free energy, i Y. =—um Y +1Z -D 7 g(L,t)

which would indeed make stef34) highly irreversible. We dt X

strongly suspect that this is the case, although we have found 17 d

no evidence for it to date. Finally, the conformation relax- S V(L)}g(L,t), (141
ation modeled in Eq(135 is the other key step that differ- A [dx

entiates the two fundamentally different models of muscle

fiber dynamics. This step is often referred to as the power d d

stroke by those implicitly favoring the chemomechanical gt Yo= ~#oYot ooAM+D — g(0)
conversion mod€]5,19,24. Because hydrolysis of ATP has

occurred some steps earlier, the energy for this power stroke 1|d

is said to be the energy that was conserved by §i&Q2) + N d_XV(O) a(0), (142

when the ATP hydrolysis energy was used to cock $he

head, which in steg135 finally releases this energy by q

shifting conformation, i.e., by “uncocking.” It has been said e _

[19], “this complex is a ‘high-energy’ intermediate in which dt Ra= T PoAMiF oZot soYo— 0oAMy. (143
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Equationg137)—(142) parallel Eqs(83)—(88) and Eq.(143 —a X st IBLZLS_rb(XLSeE_XOSeg):Ou (149

has no parallel in the earlier case. The potentiisand V

refer to theP; bound state of the myosif, head and thé;

free, actin attached state of ti%& head, respectively. The

conformation coordinate in this case is directly associated — LY st vZis— I (YiseL—Yos€0) =0. (150

with the position of the myosi®; head along the actin fiber

with x=0 referring to the siten position andx=L referring

to the siten—1 (or n—2) position. Thusv®(L)<V°(0) re-  Conservation equatior(67) and (97) must also be modified
flects the attraction for the new, actin binding site by thefor the present case. Here we need the total myosin conser-
ADP-M,-P; state of theS; head compared with the lack of vation equation that parallels Eq&7), (67), and(97) and is
attraction of the ADPM-P; state for the original, actin

binding site. SimilarlyV(0)<V(L) reflects the relaxation of

strain in the myosirs; attachment to the new, actin binding b3

site and the induced relative repositioning of the myosin an L b_ b

actin fibers. In addition to these mass action equations, the(rj?a\lvllsJr Xos* YosT Zos* Xos ) * NPs (XLser ™ Xoseo)

are two diffusion equations given by the parallels to Egs.
(47) and(49) whereing(x,t) now refers to the concentration

of ADP-AM andf(x,t) refers to the concentration of ADP-
M-P;. We may think of the sites of the mass action equa-
tions as the boundary layers for these two diffusion pro-
cesses. As in the ubiquinone analysis, these diffusions are the
result of very low Reynolds number Brownian movement in
which the inertial terms may be neglected. The rate constants
in Egs.(137)—(143 are different from those for the calcium
ATPases that they parallel. Hepg is proportional tfATP],  whereM denotes the total amount of myosin in all possible
Bo is proportional tof H,O], «, is proportional to the activ- states:AM;, ATP-M,;, ADP-M;-P;, ADP-M,-P;, ADP-

ity of actin, w, is proportional to[ P;], and oq is propor-  M,-P;, ADP-AM,-P;, ADP-AM,, ADP-AM,, and ADP-
tional to [ADP]. These concentrations are maintained atAM;. The two expressions ADR},-P; and ADPAM, re-

| J
+ Xt YistZ st Yos 3 + N (YiseL—Yos€o) =M,

(152)

steady-state values by active metaboli@®ee above fer to the quantities represented by the densifie§ and
The steady-state solutions to E¢837), (140, and(143,  g(x), respectively. By substituting Eq$144—(146) into
after some algebra, are Egs. (147)—(150, we obtain precisely Eqg91), (92), (94),
and(95) if ug andy, of Eq. (92) are replaced by, and v
defined by
voZost oY
AM o= 040S™ Mo os, (144)
pot oo —  PoMo —  OgYg (152
= , Vo= .
Ho™ po+ g % potog
7 L Yista Xis 14
Ls™ v+ BL ' (145 This means that the steady-state solutions given by Egs.

(102)—(103 work here also, provided in the definitions of
Eq. (100, o and v, are replaced by, andv,. With these
changes, the flux numerators in E¢E05 and(106) are still
s ag(pot og) N Polto v applicable. Only Eq(104) becqmes signifipantly more com-
% (votBo)gotpoBo " °° (ot Bo)ootpoBo O plicated because of the relatively complicated change from
146) Eq.(98) to Eq.(146) and because of the presencedfl; 5 in
Eqg.(151). Nevertheless, after an algebraic excursion, we find

The steady-state fluxes for Eq438), (139, (141) and(142

are deduced from Eq§47), (49—(51), (89), and(90). When AM o+ Zos= ao(pot vot o) os
these are substituted, we obtain the parallels to EBR)— (Botvo)oot poPo
(66), (91), (92), (94), and(95). These are

to(pot vo+ Bo)
(Bot vo)aot poBo

Yos. (153
— apXos+ BoZos+IP(X el —Xosed) =0,  (147)

This enables us to convert E(L51) into the parallel of Eq.
- MOY05+ UoAM15+ r(YLSeL_ Yoseo) = 0, (148) (104), which is
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aL
Bty

M =[ (ageor +%e8r by B, + (BqeL +Ee0)e3rr -1 [ (ao€or +%e8r by 8, + (BoeL +Eeo)e8rr 5]

1+

ag(potvotog) | — — b — b
+| 1+ +eor) BLelrP+ (a +ePrP) Boe r]+
(Botvo) oot poBo L(Bo eor) Breur™+ (a +eir™) Boeur]

to(pot vo+ Bo)
(Botvo) oot poBo

1+

X[(a_LeLr+ﬁLe‘arb>a—o+(a_er+a_Le8>eerb]+(1+ [ (ool + Bo€lr®) ar + (aoel + o ed)egrr ]

ML
BLt v
b
'__ a2 abeby T abeby g '_— b by~ a — b.b
+ 5 [(Boteor)BLecr’+ (aL+er?)Boe r]+ 5[(010+eor Ja e r+(BLt+er)ager’]

-3 b _— =
+Tm(ao,3LeoeL_aLﬁoeLeo) Xis- (154

We remind the reader that thes and Be’s here are given step in Eq(132), it must extend in length, thereby increasing

by Eq.(100), in which the replacements gf, and v, by the ~ the spring’s potential energy, whereas in the step in Eq.
1o and v, of Eq. (152 have been made. As before, this (139 it contracts, releasing this potential energy as work.
equation must be solved fof s in terms of M and then The first step requires a thermal fluctuation that provides the

substituted into Eqs(10)—(103) to obtain all quantities in €Nergy of extention in the rectified Brownian movement
terms of M. model (in the chemomechanical conversion model, this en-

Definitive kinetic studies for the reactions in Eq¢$30)— ergy is supplied by ATP hydrolysis, i.e., ATP “cocks” the

e . . spring. In our model, the step in Eg139) is very similar to
t(it?;le)ai:jehc?gffgr:izfgs?gﬁsclzc;kdéig]tgati;i\éllfcgz\iggthvealstjteusaforthe Huxley-CEO model step, but the first step in Etp2) is
the rate constants appearing in Eq§30—(136. In Eq. distinctly different. In our model, this step is also a relax-

. - : - ation. It is a relaxation of the ADRM {-P; conformation to
(130, we have combined ATP binding with the myosin de- the ADP-M ,-P; conformation. The allosteric change and re-

T S . X 10 CISSQ7arseq stability in the myosin head conformation triggered
ciation Is rate limiting. The comblned_ process is quite |rre-by ATP binding and hydrolysis creates this posture for re-
\égr5|blg t.because 0]; .the A'll'P bmd'.glg elveg though thqaxation by Brownian movement as opposed to creating po-

fﬁouilggosg%mﬁ? 'ﬁ r(;ealr Y, re_veIrES| 1%’ ca k')n?’ﬁg IVO tential energy instead. Nevertheless, we will estimate the en-
WITH po s~ The hydrolysis in Eq(131) is both slow ergies involved in both relaxations as if bofR andV were

and nearly reversible, with an equilibrium constalt, | oke's | ; f the Huxlev-CEO variety. For E
around 1-10. Thugy~ a, and B,~50 s *. The actin reat- (1%()5) ?hse ggisgr&%gngal ise ey variety. For £g.

tachment step of Eq134) is kinetically similar to the revers-
ible dissociation segment of EGL30), yielding o ~ B, with

a ~500s 1 P; and ADP release are rate limiting for the
entire cycle. They are also quite irreversible steps. Thus we o _ )

have v >u, and po>o, with v ~1-10s! and u, Since t_he>_<=0 site is attractive, and for E¢132) the spring
~1-10sL. Spectroscopic probes used to study the Brownotential is

ian movement about the hinges connecting the my&in

fragment to theS, fragment and connecting tt® fragment VP(x)=3k(L—x)?, (156)

to the myosin core yield time scales for these processes of

order microseconds. Referring back to the definitions in Secsince thex=L site is attractive is this case. Such springs are
I, this means that® andr are both of the order of £0s™2. given [9(d)] a Hooke’s constanfelastic modulus k of k
Thus we see four distinct time scales during the detachment- 0.5 g/2. If we assume an extension or contraction of order
reattachment cycle: order 1—10'sfor P; and ADP release, two binding sites, then the distance involved is about 10 nm.
order 16 s * for ATP hydrolysis, order 10s ! for myosin-  This leads to an energy difference between positioad
actin dissociation and binding, and order®®0! for the  and L in our conformation coordinate notation of 25

V(X) = 1kx?, (159

Brownian movement of the swiveling cross-bridges. X 10" * ergs, or about 6.25[ . It follows that
In order to deduce a quantitative relationship betwiken
and X, g from Eqg. (154), it is also necessary to estimate the &b e
potentiaIsVb andV that are used in the definitions in Eqs. —gmexq6_25J=518, —Lwexp[6.25J=518, (157
(58)—(62). To do this, we draw on the Cordova-Ermentrout- e €o

Oster (CEO) model [9(d)], which invokes a harmonic-

oscillator potential as was originally suggested by Huxleywith both denominators of order unity.

[8]. This model is different from our model in an important ~ We are now in a position to estimate all of the parameters
way. In the Huxley-CEO model, the cross-bridge made hyin the algebraic expressions characterizing the contraction
the S;-S, connection is for a Hooke’s law spring. For the cycle. We obtain
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Po>vo, po~500 st »y~50 s SinceM denotes the amount of myosin present in the sense
of the number of molecules, this result means that the myo-
Bo~ag, Bo~50 s, apy~10 s, sin cycle requires slightly less than one second per cycle, a
guantity invoked in Ref[24]. Since we have used kinetic
a ~B., a ~500 st b~500 st parameters given in Reff24], this shows the consistency of
our model with that of Ref[24] even though several details
nw>u, vn~5-st u~05st are different. Nevertheless, this value for the myosin cycle
time is inconsistent with other models, such as in R&fd),
wo>0ag, Mo~5 st 0p~05 st where the cycle time is given as 37 ms. However, it is diffi-
cult to reconcile such faster cycle times with the ATP turn-
rorb~10° s4 over number of~10 s ! that is obtained for actin activated
myosin ATPase activity measured in vitro. How can the
—  PoMo 1 cycle time be much less than the ATP turnover time if ATP
M0=p0+ o0 ~Mo~S S is an obligatory component of each cycle, as it must be in our

rectified Brownian movement model?
Our results once again demonstrate how rectified Brown-

Vo= Jofo %0 v0=i=0.05 st ian movement results in a sustained cycle in a steady state.
Pot o Po 1000 The analysis shows how metabolic free energy is used to
— — bias boundary conditions for diffusions so that nonzero
Wm0 o~ 2 =20 _001 51, (158  Steady-state fluxes are produced.
Botvo Bo 1000 This model also yields load-velocity profiles for the actin-
_ _ myosin dynamics. Two distinct types have been observed
— Mo Mo — 1 [9(d)] depending on the nature of the load attached to the
Bo= g g Po g, Po= Mo~ K05 ST actin fiber. In the isotonic case, the load force is constant; its
potential is—Fx. In the auxotonic case, the load force is
_ VL a, » linear, such as for a Hooke’s law spring; its potential is
M=, T 100 2 S 1K(D—x)%2—3KD?, whereD is the length of the full exten-
sion of the Hooke spring, a length generally much larger than
- M M the step length.. Both forces oppose the motion of the actin
BL= BL~— BL=p ~05 st fiber caused by the action of the myosin attachment-
Bt B detachment cycle. In the second case, we have subtracted a

constant in order that the load potential vanishes=a0.

The presence of a load is incorporated into our model
through modification of the potenti&l(x). SinceV(x) gov-
N=NP~270 nm, 1=3.75 nm, 1°=1900 nm, erns the relaxation of the ADRM, state to the ADPAM;

state, we simply add the load potential to this potential. Re-
(159 turning to Eqs(58)—(62), it becomes clear which parameters
are load dependent. For exampdg,remains unchanged, but

Using these estimates, we can evaluate each of the cog: decreases as a result. In our derivation of @62 from
tributions to Eq.(154). Notice that there is one denominator Egs.(154), (160), and(161), we observed that the andr®
factor and seven summands on the right-hand side of Ederms are largest by far. Of the seven summands in the nu-

Using Egs.(155 and(156) in Egs.(58)—(62), we obtain the
following quantities by numerical integration:

J=16.1 nnf, J’=981 nnf, 6~0.5 nm.

(154). For them we obtain merator of Eq(154), we keep only the first, third, fifth, and
sixth and only theirr® dependence at that, for a very good
M =[1.25x 10'%]~1{2.5x 10"+ 3x 10"+ 1.4x 10'® approximation. Substituting this into E(L61) yields
+2.5X 10"+ 9.5x 10184 9.4x 1018— 4.5x 103 X, ¢
=18.24s. (160 F=(ai BoeLeg— @oBLeoe}) | 2(BoeL + BLeo)€g
From Egs.(19)-(90), we have the fluxes associated with the |b
Brownian diffusions. In a steady state, they are equal in mag- + 1.1 agel + aLeo)eL+ (eO,BLeL+ eLﬂOeL)

nitude and opposite in direction, as is manifest in E485
and (106). The magnitude is given by -1

M, (163

—— o — 3 (egar e +e age))
a Bo€L€y— aoBLeoeL
(@ool + Boelr®) BL+ (BoeL+ BLeo)elrr® Xis
FoFol T Pool IPLTAPORLT PLE0)B0 (161  Wherein we have used the numerical values of the rate con-
stants given in Eq(158. Using these same constants, it is
Since the denominator here is the same as in(E5d), re-  seen that in each pair of the four terms in the denominator

placing X, s by M results in a cancellation and we get above, one is always about three orders of magnitude bigger
than the other, as is the case for the first term in the numera-

F=13M s L (162 tor compared to the second. In each case, this larger term

F=rrP
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include ion transport byP-type ATPases, rotary enzyme
complexes of three varieties, and even the cross-bridge dy-
1 namics of striated muscle. These examples are drawn from
an evolutionary continuum of cases suggesting that this fun-
damental mechanism was established early in evolution and
P then repeatedly refined for additional purposes.

Several other examples of this basic idea have appeared in
the literature. An especially appealing example is the trans-
0 location of some proteins through membran&s27]. For

0 1 example, mitochondrial preproteins must cross two mem-
Flux branes to reach the mitochondrial matrix. Specific receptors
exist in the membrane for this purpose. The preprotein has a

FIG. 14. Isotonic load-velocity profile foP=F and auxotonic leader sequence of positively charged basic residues. The
load-velocity profile forP=K. The flux is the dimensionless scaled membrane electrical potential drives the leader through the
flux, which means it has been divided by its value Ro= 0. TheP membrane translocation complex. Then the leader is cleaved.
is also scaled by division by the value that causes the flux to The rest of the process is essentially rectified Brownian
vanish. The lower curve is fdf and the upper curve is fét. Both  movement. The protein could diffuse either way under the
are qualitative and exhibit the difference between a positive and thfluence of thermal fluctuations. However, on the matrix
negative second derivative profile. side of the inner membrane, there await a number of pro-

teins, mHsp 70 proteins, that can bind ATP. When they do
containse_ , which consequently cancels out of the expres-hind ATP, they allosterically associate with a protein
sion if we only retain these larger terms. Thus we get MIM44, which is on the inside of the inner membrane and is
associated with the membrane translocation complex, and
then they also bind the protein being translocated as it comes
through the membrane. This keeps the translocating protein
(164  from diffusing backward because the globular mHsp70 com-
plex with the translocating protein is too big to go backward
Only the parameter is dependent on the load. This consid- through the membrane translocation complex. The ATP is
erably simplifies the remaining analysis, which nevertheles$iydrolyzed, allosterically causing the mHsp70 protein to re-
remains rather involved algebraically. lease its hold on MIM44, thereby allowing it and the trans-

The load-velocity profiles correspond Ee.F or K-F pro-  locating protein, to which mHsp70 is still attached, to diffuse
files for the two cases being considered. What is of interesward so that another ATP-bound mHsp70 can attach to
qualitatively is the shape of the curves. This can be deterMIM44 and to the translocating protein and continue biasing
mined by analysis of the first and second derivatives of théhe process. It is sai®7] that “this cycle uses the energy of
flux with respect td= or with respect tK. In the Appendix, ATP binding and hydrolysis to drive preprotein movement
we show that for the isotonic case, the first derivativeFof into the matrix.” Clearly, it is more precise to say that the
with respect toF is negative, while the second derivative is ATP cycle simply effectuates a biasing of an otherwise bidi-
positive. This yields a load-velocity profile such as we gotrectional Brownian movement so that it is one-way instead.
for ubiquinone in Eq(40). We also show that for the auxo- The movement of the preprotein is entirely caused by ther-
tonic case, the first derivative of the flux with respecktgs ~ mal agitation and not by the energy released upon ATP hy-
negative as is the second derivative. This is consistent witdrolysis.
other auxotonic models and experimef#éd)]. These pro- Another beautiful system is the bacterial flagella. This
files are shown qualitatively in Fig. 14. system has recently been analyzed in detail afiglwThe
mechanism, which is quite incredible, involves a flagellar
rotor, made of proteins, embedded in the bacterial mem-
brane. This rotor actually rotates and is powered by the trans-

In this paper, we have presented support for the idea thanembrane proton potential that drives protons through stator
many diverse biological processes at the macromolecular artoteins tightly associated with the rotf#,10,19. This re-
cellular levels of function exhibit rectified Brownian move- cent model involves protons that execute thermally induced
ment. Rectification of the Brownian movement is achieved ajumps between sites on the stator. Electrostatic forces be-
the expense of metabolic Gibbs free energy, often supplietiveen charges on the stator and on the rotor play a role in the
by ATP. The actual physical motion, transport of a moleculegeneration of torque. The model is essentially a rectified
or ion, rotation of a molecular arm, or the contraction of aBrownian movement in the presence of an electrostatic po-
sarcomere, is solely the result of thermal energy. This energiential. An immediate goal for us is to see if this model can
is harnessed to do work by asymmetric boundary conditionbe readily put into the general framework presented in this
for the diffusive process driven by thermal energy. Thesepaper.
boundary conditions are created at the expense of metabolic To facilitate the analysis of the compatibility of the fla-
energy. We have shown that the paradigmatic model for thigella rotor model with the general setting established in this
mechanism, which is established by a detailed analysis afaper, a simpler rotor system may be easier to analyze first.
ubiguinone diffusion in membranes, works in several othefThis simpler system is thE-type ATPasd28]. The F-type
contexts as well. Specifically, we have extended the model tATPase is responsible for the synthesis of ATP in mitochon-

b -1

[ — o0 —
F=a Boedl 2805+ 1.120, )+ > e By+ 5 egaLj M.

VIl. DISCUSSION
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drial membranes. While complex, it is structurally much literature, e.g., tubulin dynamics in chromosome movement

simpler than the bacterial flagella system. The Boyer modetluring mitosis [30], underscore the notion that rectified

[29] for its function involves a central protein complex that Brownian movement is functioning at many levels in mo-

functions as a rotor. Proton flux through the ATPase drivedecular and cell biology, from enzymes to organelles to the

the rotation of this rotor. The mechanism for this system mayentire mitotic spindle and to muscle. If and when these many

prove to be an evolutionary precursor to the flagellar systenxamples acquire detailed quantitative analysis consistent
The key question for both rotor models is whether theWith experiments, it will be safe to say that rectified Brown-

actual process of rotation is just rotational Brownian move-@n movement does indeed give life its vitality.

ment, whereas the energy released by passage of protons

through the membrane is solely for the purpose of biasing ACKNOWLEDGMENT

the Brownian movement in one direction. In the flagella

model [7] it seems that the protons do a bit of both since This work was supported by NSF Grant No. PHY-

their positive charge is involved in the electrostatic forces9914853.

between the stator and the rotor that cause a one-way rotation

as well as contributing to the torque. In our general model, APPENDIX
we have described how the Brownian movement can involve _
a potentialV or VP. Without expenditure of metabolic en-  Let eitherF or K be denoted by for the purposes of the

ergy to bias the Brownian movement in the presence of @nalysis in this appendix. Only the parameiten Eq. (164)
potential, nonzero steady-state fluxes will not result. The podepends orP. Thus we may express the flux as
tentials will merely create nonuniform equilibrium distribu-
tions. In these rotor models, the protons may play a dual role AM
by providing both a contribution to the potentials and to the F= BrCl’ (A1)
biasing of the boundary conditions. These details require fur-
ther exploration. . .

Another fundamental cellular process potentially utilizing WhereA, B, andC are constants, as is the myosin molecule
rectified Brownian movement is protein translation on ribo-NUMberM. The flux derivatives are given by
somes. In this process, the genetic code transcribed into mes-

senger RNA(mRNA) is translated into amino acid se- d]—'_ AMC dI
qguences by a process coordinated on ribosd®dg,19,23. daP~ (B+C1HZ dP’ (A2)

This process involves transfer RNASRNA) that both read
the codons on the mRNA and carry the cognate amino acids.
The process requires that the ribosome systematically
progress down the mRNA while amino-acyl tRNAs come
into an attachment site on the ribosome, gitetake on the (A3)
growing polypeptide chain from the ribosonke site, and

translocate to the adjaceRtsite so that the next amino-acyl These expressions reduce the problem to the first and second
tRNA can come into theA site. These steps involve the derivatives ofl. Equation(60) implies
utilization of the Gibbs free energy available in the molecu-

lar “cousin” of ATP, guanosine triphosphaté&cTP). Two dl Ld X kx2 Fx
GTPs are used per amino acid, whereas only one ATP is —=eof X EXF{— sttt =
needed to activate the amino acid for peptide bond synthesis. dF o kel 2kgT ~ keT
It is very tempting to suggest that the GTP energy is being

used to rectify Brownian movement that then results in thed| L 2Dx—x? kx> K(D—-x)> KD?
systematic progress of the ribosome along the mRNA. Atﬂ:eofo dx S 2kgT exp — 2kgT 2kgT + 2kgT
tachment of an amino-acyl tRNA to th& site of the ribo-

some requires the elongation fackF-Tu, which binds and >0. (A5)
ultimately hydrolyzes GTP. After the peptidyl transfer step,

translocation of the peptidyl tRNA from th& site to theP  The first inequality is obvious from the positive integrand,

site of the ribosome requires translocation factor EF-Gyyhereas the second follows from the fact tist-L. Both

which also binds and hydrolyzes GTP. These hydrolysigesuyits imply the negativity of the first flux derivative in Eq.

steps appear to render these steps relatively irreversiblga2).

erwise be a bidirectional Brownian movement of the boundexplicitly evaluated and yields

tRNAs. This hypothesis needs to be explored in greater de-

tail. 2
Similarly, the mechanisms by which DNA polymerase ﬂ: F | + So (1—exp{— £+ i

and RNA polymerase read DNA for replication and tran- dF  kkgT k 2kgT  kgT

scription, respectively, may also be rectified Brownian

movement. Thus the behavior of these large enzyme comA/e will denote the exponential in this expressionEif,F)

plexes also needs to be investigated from this perspective.in the following. A similar but longer calculation produces
These examples, along with other examples already in ththe second derivative in closed form as well

d’F  AM oc2 o||2CBCI 2
ar?~ g+cn® | ?“lap) ~CB+CD g

}>O, (A4)

) . (AB)
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d2l F F € We introduce additional shorthand notation
AR~ KigT | KigT | & L1 E(LF)]

KD ke

Tkik Tk

(A11)

+m[l—eoLE(L,F)]. (A7)

A long calculation produces the second derivative
These results permit us to compute the bracketed expression
in Eq. (A3) and we get

d?l (D )2
i 2 W_(kB_T {f[fl+gey(1—E)]+g(l—eLE)]}
2c2(dF) ~C(B+Cl) 7=
) ~ ) —=2 (f{f[fl +gep(1-E)]+g(l —eoLE)}
€o
—CHCIB jer| FECIBIC Tk ~ el 2gE+2g[ 1 +gey(1~E)])
1
x[1—-E(L, F)]+2C2< ) [1-E(L,F)]? 4(k 5 2 LF(F{f[fl+gey(1-E)]+g(l —eoLE)}
—eoL2gE+29[fl +gey(1—E)])—eoL3gE
+C(CI+B) —— K (eoL—1). (A8)
T +3fg[fl+gey(1—E)]+3g%(1 —e,LE)], (A12)

Since the exponential factoEyL,F) are always less than 1 in which we have simplv express&{L K) by E. Because
and since the definition df in Eq. (60) makes it clear thait D>L. the maximum vg?/ue ng wﬁbe rrzuc)rll less thark.
is always less tharyL, then the sign of the right-hand side Indeed,K/k~L2/D2. If we chooseD of order 300 nm with
of Eq. (A8) is determined by the signs ofC(—B) and | ot qrder 10 nm, thei is smaller thark by three orders of
(3C1—-B). From Eq.(160), we have that, aside from units magnitude. This make§~KD/k=_L2/D=L/30. From Eq.
that happen to be’s, the magnitude oB is 13.4< 10" and (159, 1=3.75 nm. Sincek=0.5 gm/2, g~ kgT/k=8 nnt.

- 8 . . _
that of Cl is 9.4x 101HF TT]'.S 'S orf course for thé =0 cr?sle. We havefl=1.25 nnf. We now neglecE compared to 1
Sincel increases witlF, this is the worst case. Nevertheless, 4 neglectf| compared tog and recall thate,=1. This

3CI-B>0 gnd only CI.—B<0. Howe\zler, this negatiye yields the approximations
term occurs in Eq(A8) with a factor ofF<, while the posi-
tive 3C1—B term occurs with a factor of. Even ignoring
the other positive terms, this means that the sum is positive
. ! X . dl D 1
for all F<1.97 pN as is easily obtained by simple algebra. —=_——qg—=——gl
- , : , - dK kgT 9 2kgT "
We also find that a§ increases| increases in accord with B B
Egs. (A6) and (A7), both of which are positive. A Taylor
series shows that(F) will make CI—B positive for F 5 5
>1.0 pN. Consequently, the right-hand side of E48) is dl (D D ) 1 )
" ) o —=|——=| gl— 5 20°+ = 391
always positive and this makes the second flux derivative of dK kgT (kgT) 4(kgT)
Eq. (A3) positive as well. This explains the lower curve of (A14)
Fig. 14 for the isotonic load case.
Analysis of the auxotonic case is just as straightforward,
but involves considerably more algebra. The integral in EqThis time, the expression in large square brackets ir(&8).

(A13)

(A5) is computed by integration by parts to yield yields
dil D [KD = kgT L E(LK Jdl|2 2
dK  keT |Kok ' TRk &L )] 2C (d—K) —C(B+Cl) g1
1 KD [ KD " kgT 1—E(LK 1
T 2koT Kk |Kik | ik Sl E(LK] = G2 {[2C°D%g*~ C(B+CN)D?Ig]
_3 1m~212\n2
N Kik [ - eoLE(L.K)]|. (A9) 2(CBI+1C?%1%)g%). (A15)
. _ From above)2>g, even forK =0, so that the first positive
in which term on the right-hand side of EgA15) is beaten by the
5 5 5 second negative term. Thus the entire expression is negative.
E(L.K)—exq — kL® K(b-L) N KD This makes the second flux derivative in E43) negative
' 2kgT 2kgT 2kg T as well. This explains the upper curve of Fig. 14 for the

(A10) auxotonic load case.
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