PHYSICAL REVIEW E VOLUME 55, NUMBER 5 MAY 1997

Fluctuations of the proton-electromotive force across the inner mitochondrial membrane
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The intermembrane mitochondrial spad®MS) is delimited by the inner and outer mitochondrial mem-
branes and defines a region of molecular dimension where fluctuations of the number of free protons and of
transmembrane voltage can give rise to fluctuations in the proton-electromotiveHgygeacross the inner
mitochondrial membran@MM ). We have applied the fluctuation-dissipation theorem to an electrical equiva-
lent circuit consisting of a resistdR,, in parallel with a capacitoC, representing the passive electrical
properties of the IMM, in series with another capaci@y representing the proton-buffering power of the
IMMS fluid. An access resistand®, was defined as a link between the capaciigrand the membrane.
AverageEp e fluctuations across the IMM were calculated for different assumptions concerning the inter-
membrane space dimensions. The calculated avefage fluctuations were in the vicinity of 100 mV for
relaxation times in the few-microseconds range. The corresponding fluctuational protonic free energy is about
10 kJ/mole, which is comparable to the binding energy for protons in different transporters. This suggests that
fluctuations inEpye can be of relevance in the universe of forces influencing the molecular machinery
embedded in the IMM[S1063-651X97)01205-1

PACS numbegs): 87.10+e€, 51.90+r

I. INTRODUCTION gas constant] is the absolute temperature, aAd is the
transmembrane difference in electrical potential measured in

The synthesis of ATP in eukariotic cells occurs at thevolts. The proton-electromotive force is defined by
expense of proton flow driven by the proton electromotive
force (Epmp) across ATP synthase molecules inserted in the RT
inner mitochondrial membran@MM ). Proton gradients as EPMF:2-3FADH+A‘I’- (2
high as 1pH can occur at that locatigri] and superposition
with electrical potential difference can leadEg(’s attain-
ing the 200-mV mark.

Since the intermembrane space in most of its trajector
has a width of only about 10—20 nanometers, this dimension
limits a region of molecular proportions where fluctuations
in thermodynamic parameters may become an important part ApH=— FAY __ eAW 3)
of the forces acting upon the molecular machines inserted 2.3RT 2.XKT’
alongside the inner mitochondrial membrane.

This paper analyzes some consequences of the particulaheree is the electronic charge aridthe Boltzmann con-
geometry of the intermembrane spdtdS) in mitochondria  stant.

WhenAG=0 (zero chemical driving forcekpy=0), Eq.
3) can be used to relate the variations mifl across the
embrane with voltage changes

(IMMS), which may result in relatively important fluctua- In order to determine the fluctuations of thg e across
tions of proton-electromotive force across the IMM. the IMM, we need to know the susceptibility(w) of the
system comprised of the following elemefisge Fig. 1 (1)

Il. THEORY the inner mitochondrial membrane with its associated resis-

) tance and capacitanc€?) the proton buffer compartment
The free-energy changkG for the creation of an elec- associated with the intermembrane fluig) the access resis-
trochemical gradient by an ion pump[i] (the SI system of tance between the first two elements.

units is employed throughout In doing the above associations we can model the system
as a set of electrical resistors and capacitors. The IMM and
AG=Rﬂn—2+zFA\P, 1) its sur_roundmg solutions are represented by riembrane
C1 capacitor G,,. The conductive pathways across the IMM,

which include the pump channel and other leéksluding
where c,c; ™ is the concentration ratio for the ion that decouplers are collectively represented by the teiRy,.
moves,z is the ion valencef is Faraday’'s constan® is the  The buffering capacity of the intermembrane fluid is repre-
sented by an electrical equivaleolculated beloywdefined
asCy,iter=Cp. This compartment is electrically connected
*Corresponding author. to the IMM by an access resistanBg.
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I1l. PARAMETER DEFINITIONS
@ H— In order to estimate the IMM patch capacitance, we con-

Electrical equivalent sider an idealized mitochondrion with an intermembrane
T TS space about 15-20 nm wide. This minimum dimension lim-
its a cube with 15-20 nm side that defines a fluctuational

Matrix Ca domain(see Fig. L
/z‘“ > The intermembrane spad¢he space between the two

mitochondrial membrangscan then be partitioned into a

ATP synthase

/ B
Tnner nembrane Ry great number of parallel volumes that are considered to func-
uccumtion % tion independently, i.e., are uncorrelated. The IMM patch
wctvationa Int e
P enrans ! lining each of these elementary volumes then has an area of

domain

\ | 225-400 nm. The patch electrical capacity is given by

Outer membrane

A
FIG. 1. Diagram showing the mitochondrial membrane and Cm= €€y 11
electrical equivalent.
where A is the area of the small IMM patch lining each
In this way, the relation between the Fourier componentgiementary volumee and €, are, respectively, the relative
of the fluctuational charge,, and the corresponding compo- dielectric constant of the membrane=2) and permittivity
nents of the proton-electromotive force at that frequencyof vacuum €,=8.85<10 > F m 1), andd is the IMM
(Epmpe). IS (see, for instance, Procopio and Faih2]) membrane thickness.

Go=a(@)(EpmF)o- ) IV. CALCULATION OF BUFFER-EQUIVALENT

The impedances of the membrang and of the buffer sys- ELECTRICAL CAPACITANCE

temZ, can be written respectively as The change of electrical chargeQ associated with a
1 1 given change\ pH of the pH of an elementary volum¥ of
— = +iwC,, (5) the intermembrane fluid is given by

=R,+
Zm Rn Ra

1
Zb | Q)Cb ’
AQ,=FVA[H"]=FVBApH, (12
wherei is the imaginary unit. The total impedanag is . B . ) )
given byZ=2Z,,+Z, . From the relation between the sucep- Where 8 is the specific buffering capacitance of the inter-
tibility and the impedancex(w)=i/(wZ,), we get for the ~Membrane fluid equal to 10 mM of acid added pét unit
real @' (») and imaginarye” (o) parts of the suceptibility ~ change, B=A[H"]/ApH (see Lager [3]). This charge,
stored in buffer capacitance, corresponds to a voltage change

(R [1+ 0 7)?] + Ry (w7p) ©) given by

a'(w)=—

wD(w) ’ 2.RT
AV,= ApH. (13
o) Ru/[1+ (w7y)2]+ Ry - F
a \(w)—— s
oD(w) The electrical equivalent of the buffer capacitance will then
be
whereD(w) is given by
AQ, BF?V
oRnTm R ]? Rm 2 Co=ro == (14)
e [ LA TR P AV, 2.RT
D)= T (wm? T omy) T TH (wr? e+ © b
and wherer,,=R,C,, and 7,= R,C,, are the corresponding V. CALCULATION OF IMM ELECTRICAL
relaxation times of both systems. RESISTANCE Ry,

Then the correspondi_ng Spectral density of _the meéan \ve assume a density of ATP synthase molecules such
square 2of the qu_ctuatlonaI proton-electromotive forcethat there is an average of 1 pumping unit facing each cubic
[(Epmr)“],, will be given by[2] fluctuational domain whose lateral area is about 400%.nm
The single-channel conductance of the ATP synthase is
taken as IpSiemens at approximatelyH 7.4 (Lauger[3],

Lill, Altheff, and Junge[4]), which corresponds to a resis-
tanceR,,=1x10% Q.

" 2kT
[(EPMF)Z]w:% T’

where|a(w)|?=[a’(0)]?+[a"(w)]?. The mean square of
the fluctuating proton-electromotive force acting across an

IMM patch is given by the integral VI. RELAXATION TIMES OF THE ELECTRICAL

AND BUFFER RESERVOIRS

1(= :
E 2\ _f E 2] do. 10 Coupling between the buffer and the membrane systems
((Epmr)) 7)o [(Eeme)"lodo (9 is expected to be of importance when the characteristic re-
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FIG. 2. Spectral density of the mean square of the fluctuational .. FIG. 3. Representation ¢(Epmir)*) and the associated relax
Epmr (EQ. 9. ation times ¢) as a function of the possible sizes of fluctuational

domains.

laxation times(as defined by their correspondirigIC) of

both systems are of the same order. 3 indicates a meakp) ¢ fluctuation of 100 mV aipH 7.4
We use this condition to calculate the access resistanoith a corresponding relaxation time of 4s. At another

R, of the electrical link between the IMM and the buffer extreme, for a fluctuational domain size of 70 nm we obtain

compartment, namelyy= r,,=7,, assuming that proton a mearEpr fluctuation of about 40 mV with a correspond-

movement between the membrane and buffer compartmenisg relaxation time of 18us.

is fast relative to the proton translocation across the IMM  Both the amplitude of the medhp ¢ fluctuation and its

(see Sec. VII From this condition we obtain characteristic relaxation time are relevant in any attempt at
estimating the effects of a fluctuatifgp,r on the molecular
R—_ (15) machinery resident in the IMM.
& Cy In order to be of relevance, such fluctuational force is

required to have a minimum amplitude and duration that are

to be compared with the dynamic characteristics of the spe-

cific system upon which it acts, in this case protons interact-
Figures 2 and 3 summarize our results. The coupling coning with ATP synthase molecules. We shall consider two

dition of the relaxation times of the membrane and buffermain effects of the fluctuating field upon the proton dynam-

systems[Eq. (17)] makes the “spectral density” function ics in the above system. The first effect concerns free-proton

[Eq. (11)] decrease asymptotically with increasing radial fre-translocation and the second is related to proton associa-

quency(see Fig. 2 This creates a convergence condition for tion/dissociation with binding sites along the transporter

the integral of Eq(13), allowing for the determination of the molecule.

mean squardpye fluctuation for a range of fluctuational The rate of proton translocation associated with ATP syn-

domain sizegFig. 3). thesis is about 1200 ¢, giving a translocation time of
Figure 3 spans a relatively wide range of possible sizes 08 10™* per proton. Assuming that proton translocation

fluctuational domains and displays the corresponding meaacross thé=; sector in either direction is a three-step process

Epwr fluctuation and associated relaxation times. The fac{Stein and Lager[5]), this gives 2.&10 * s as the mean

tors limiting the size of a fluctuational domain were definedtime associated with each step.

by its physical barriergédelimiting membranes, ejcand the Proton translocation across thg sector is a substantially

lack of correlation with neighboring domairidistance fac- faster process with typical turnover time of x@Q®

tor). In the present case, the physical limits are defined by thprotons/s * per channelfor a conductance of pSiemens

two mitochondrial membranes, limiting the extension of theand a driving force of 100 m)/ This defines a transit time

intermembrane space. We chose this as a maximum size féor protons across the channel/pump synthase molecule on

a fluctuational domain, thus defining the value of 20—30 nnthe order of 1-X 10 ° s (see Laiger[3] and Lill, Althoff,

as an upper size limit for a fluctuational domain, with 10 nmand Jungd4]).

being a definite size possibility in many types of mitochon-  Since complete proton translocation across the transporter

dria. Taking 15 nm as a “typical” width for the IMMS, Fig. involves many protonation-deprotonation reactions with spe-

VII. RESULTS AND DISCUSSION
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cific sites alongside the channel region, it is expected that thbiological interface are far from being adequately under-
individual steps last only a fraction of the total translocationstood. Values of reported, calculated, or predicted proton
time, i.e., a fraction of Jus. This is to be contrasted with the conductance vary considerab{ilagle and Morowitz[12],
dwell time for protons in sites, estimated by KasianowiczHeberleet al.[13]). The general consensus, however, is that
and Bezruko\[6] as ranging around the 1Q@s mark. proton translocation across microdomains is significantly
The binding and debinding proton kinetic constants canfaster compared to bulk water. Since proton conductivities
in principle, be modified by fluctuational electrochemical ©n OF near surfaces are subject to great controvesey Ka-
forces in the fewss characteristic times, provided the fluc- Sianowicz and Bezruko{6)), it is reasonable to make the
tuating energy has both an amplitude and characteristic tim@ccess resistance an adjustable parameter, rather than esti-

on the same order as the energies involved in proton binding1ate its value from the proton mobility in bulk water and

to and debinding from sites. e%nc:ﬁ;rige?iar\]rar?ﬁ;?r?. ical time-averagdfyy’'s across
The product of the fluctuationaEpye by the proton 9 yp 9etbur

charge gives the fluctuation in proton energy. Taking a quc-IMNI are about 140 mV(Lauger[3]), the values of mean

tuational E of about 100 MV and a proton charge e uaIEp,\,IF fluctuation reported here can be considered relevant to
o 1 6><1(?N15 C a fluctuational engr of ab%ut qlo the proton dynamics in thgs time scale. The effects of this

‘ I L 9y ! E fluctuation should be interpreted along the following
kJoule/mole ! is obtained. This is to be compared with the . "MF

. T . . lines
energy barrier for a water pore formation in a bilayer which ( . . .
. . . a) Coupling of Epy fluctuations with pump-synthase
I[SY]?b:nu(; égoklf]‘i%'i'é?r/nrg?ér‘il f(ol\:l?)rrr(')rt]ghnggg%i:t?gnﬁféﬁoﬁ;n conformational states, different pump states, and their corre-
ter (Deamer and Nichols[8]). In biological systems sponding dwell imesStein and Lager([5)).

) A (b) Coupling of the fluctuations with protonation and
Woodhull[9] finds apK, of 5.3 for the proton binding into : o : :
nerve Na channels that giveaG — 30 kJoule/mole. deprotonation of sites: part of the influence of the fluctuating

: 4 ; : Epmre could be felt in the protonation-deprotonation dynam-
Motre Feceh”‘ Stu?'es. Otf tKaS|anfchW|§z a}?d I?eszgu]lkﬁ}/m tthe ics and part involved in the modulation of the channel con-
a- toxin channel point to an etlectiver, o el or proton 4, ctance for other ionsee Kasianowicz and Bezrukps]).
binding W'th. resultingA G =31.5 kJo_uIe/moIe ._These val- The above-calculated fluctuations &\ across the
ges O.f blndtlng energy gom{aa;ﬁ Wf'lth tthet_esnmat_er(rj] fILICtuaTMM should be interpreted in connection with the molecular
lons in proton enérgy dué 1o the Tiuc uatig . There- machines under their influence. Two general assumptions
fore, 'the. fluctuational protorj energy 1s of the same Ord?r Bpbout the pump-synthase reacting time serve as the basis for
its binding energy which implicates the above-describe

fluctuations as influencing proton binding and debinding. ur analysis.

: . . (1) The assumption of a “slow” pump mechanism trans-
Concerning the times involved, Gutmanal. [10] have re- ; - :
. X ) ; ate into a system reacting to only time-avera@gg e, cal-
ported protonation and deprotonation times of about 2— 4 9 Y F

: . R lated from the known val nd volt r th
©s in IMM preparation, which is of the same order as the u'\a/lled ° € Kno alues pH and voltage across the

relaxation time of théep), ¢ fluctuations we described above. (2) If the reacting time of the synthase machine is “fast”

The access resistance best estimated to match the com-..,” . .
A : '('% in the 10us ran hen the fl ional chan f
mon relaxation time of the membrane and buffer compart; ay, In the s rangg, then the fluctuational changes o

ments was found to be>910° ©), which is about 100 times —PMF MY interfere substantially with its function.

. . oW ncl hat the 100-mV fl ion hav-
smaller than the proton channel resistance. This value is hlgm g ae ccr? ar(;gti?isttistt}mi OC}O:M s m;;;ugaet (r)elsesr;r'\{ltho? the

?:\v(i:r?mgalrj?\(/ja?’e\:”rt: pégtnfgt:es\'f,tsrt'ggkogsagnagggﬁﬁs t?c?rt]htvk\:gocesses of proton translocation inside Eqgesector of the
g eq g Y. P TP-ase. Lesser amplitudepy e fluctuations with corre-

the limiting factor in proton translocation was the channel-S ondinaly lonaer relaxation times miaht influence confor-
crossing step. In effect, in 1996 DeCoursey and Chétdy pondingly longer. 9
mational changes in the ATP-ase molecule.

concluded that H diffusion is not a rate-limiting step in the

overall proton translocation across channels. This work was partially supported by the Conselho Na-
Additional reason for adjusting the access resistance valueional de Desenvolvimento Ciéfitio e Tecnolgico (CNPg-

is that the mechanisms of proton translocation near or aBrazil).
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