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ABSTRACT. In the present study, the voltage-dependent mechanism of spermine transport in liver
mitochondria [Toninello, A., Dalla Via, L., Siliprandi, D., and Garlid, K. D. (199R)Biol. Chem. 267
18393-18397] was further characterized by determining the rate conslagtand Ky, as functions of
membrane potential. An increase in mitochondrial membrane potential from 150 to 210 mV promoted
spermine transport, as reflected by an approximate 4-fold increak@siand 25% decrease K. The
mechanism for the voltage dependence of transport was examined usifigvéhee, i.e., the slope of
In(flux) vs FAW/RT plots. Flux-voltage analyses performed at very high and very low spermine
concentrations yielde@ values of 0.125 and 0.25, falnax and Jna/Km, respectively. The physical
significance of thesg values was analyzed by means of a theory relating the enzyme reaction rate to the
free energy profiles [Yagisawa, S. (198Bjpchem. J. 303305-311]. Depending on the nature Kf,,

two possible models could be proposed to describe the location and shape of the barriers in the membrane.
Analysis of previous data concerning spermine binding [Dalla Via, L., Di Noto, V., Siliprandi, D., and
Toninello, A. (1996)Biochim. Biophys. Acta 128247—252] by a new rationale provided evidence for

an asymmetrical energy profile composed of two peaks with the binding site near the membrane surface
followed by a rate-determining energy barrier for the movement of the bound spermine toward the internal
region of the membrane.

The naturally occurring polyamines spermine, spermidine, energy-dissipating influxefflux cycling of the polyamine
and putrescine are transported into the matrix space of(6).
mitochondria by a specific, common uniporter systelm ( Due to the activity of the electrophoretic transporter, both
5). This transport process is dependent on the membranespermine and spermidine are normally present in the inner
potential and exhibits a nonohmic flaxoltage relationship.  compartment of liver mitochondria and are detectable in the
It is insensitive to the pH of the medium, suggesting a strict isolated organellesrj. Many lines of evidence suggest that
electrophoretic behavior3). Polyamine uptake is also the presence of polyamines within the matrix plays an
temperature-dependent and increases with increasing chargénportant physiological role in modulating energy metabo-
number of the transported species, with an activation enthalpylism. In this regard, given its stimulating effect on ‘Ca
of about 12 kd/mol per charge AW! ~ 175 mV (). These ~ transport 8, 9), it has been suggested that spermine
properties, combined with results obtained by fiwoltage sfumulates the citric acid cycle by activatingTalependent
analyses, suggest that the polyamine transporter is a saturablgitrate synthasel() and C&*-dependent NAD-dehydroge-
channel having two symmetrical energy barriers, with an nases11—14). Other studies of energized mitochondria point

energy well located in the middle of the membrane thickness to the ability of the p_ol_yamine to directly st_imulate pyruvate
dehydrogenase activity independent of its effect oi"Ca

3).
) ) ) ) ) . transport 15).

Spermine that has accumulated in the mitochondrial matrix Recently, by applying a new thermodynamic treatment of
can be released at high constant pretamtive force by @ |jgand-receptor interactions §), mitochondrial membranes

pathway distinct from that of import, suggesting a continuous \yere found to possess two independent spermine-binding
sites, both with monocoordination and low affinity/high
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FiGure 1: Variations indmax (A) and K, (B) for spermine transport in liver mitochondria as functions of the electric potential gradient. The
initial rates of spermine transport were determined by incubating rat liver mitochondria in the presence of different concentr&@ins of |
spermine (10, 25, 50, 100, 250, and 504 and 1, 2.5, and 5 mM; 0.06Ci/mL; see Experimental Procedures). The transport rates were
linear with time during the incubation. The values of spermine uptake were corrected for the aliquots present in the extra-majx space (
EachJynaxandKp, value calculated at a single¥ represents the mean of three determinations obtained from a daily mitochondrial preparation;
AW values in the range of 170185 mV were obtained by assaying several preparations of mitochondria under normal condiions.
values below this range were obtained by adding limiting amount&Q0nM) of carbonyl cyanide-trifluoromethoxyphenylhydrazone
(FCCP). HigherAW values were obtained by adding nigericin at different concentration830 nM).

correlation between spermine transport and its inhibition of membrane 33, 34) and corrected as previously proposed

the permeability transition. (35). Mitochondrial matrix volume was calculated from the
A recent study found that this site exhibits diminished distribution of f4C]sucrose andH,O (36).
binding capacity and affinity upon depolarizatic@6). Under The kinetic constants were calculated by double reciprocal

these conditions, both spermine uptake and protection againspjots constructed from initial-rate measurements fitted to the
the permeability transition are compromised. This finding Michaelis—Menten equation.

supports the hypothesis that spermine transport could par-
ticipate in the regulation of the permeability transition, which,
as very recently demonstrated, is involved in the pathway
leading to apoptosi2{—31).

Rationale. (1) It is generally accepted that the theory
describing ordinary enzyme kinetics can be applied to studies
of ion transport across leaks and channels, provided that the
phenomenon shows saturation behavg#<40). Formally,

kn-g\r/]v?e?ilrg g‘; :n: iﬁ'ﬁzre dn:c[r;usd%\rlgzsstt% rfr?r:/r\]/iree)(r::ﬁirrzceeci (t)#é the kinetics of transport through such ion pores are identical
9 P ystem. v . to simple enzyme kinetics and can be expressed by eq 1,
dependence of the rate constants on variations in membrane

potential. The energy profiles for spermine transport were

k k
then evaluated on the basis of fluxoltage analyses3j and X+S k<=»1 XS— X + S (1)
a theory of enzyme kinetics related to free energy profiles -t
(32.

where $ is the substrate (polyamine) at the outer side of
EXPERIMENTAL PROCEDURES the membrane,;$s that at the inner side, X is a binding site
in the channel, and XS is the substrate-binding site complex.

Rat liver mitochondria were isolated in 250 mM sucrose |n the absence of,Sthe rate of transpottis given by eq 2,
and 5 mM Hepes (pH 7.4) by conventional differential

centrifugation. The mitochondrial protein concentration was —
assayed by a biuret method with bovine serum albumin as a I = Inal SV +1S]) @
standard.

Incubations were carried out for 5 min at 2G with 1
mg of mitochondrial protein suspended in a low ionic
strength medium, under conditions used in previous spermine

transport studies1(-3). The medium contained 200 mM . . !

sucrose, 10 mM Hepes (pH 7.4), 5 mM succinate, kBB Eg‘:t(')?cst’k‘]]gag :ic?iﬂuaéiig(zétﬁgh?sre? :;Satlhti tkotal J::(I)(n)c}f(,\ntra-

rotenone, and 1 mM phosphate. Sodium salts were used. g P Em q -1

Aliquots were taken at 1, 3, and 5 min and the uptake of (2) As reported previously3j, the effect of electrical

[14C]spermine was determined by a centrifugal filtration Potential on the rate of spermine transport is expressed by

method as previously describeti{3). The concentrations  €d 3,

of [*C] spermine employed and further experimental details

are provided in the legend to Figure 1. J=J, exp@BFAW)/RT) )
Membrane potential \W) was measured by using a

selective electrode to monitor the distribution of the lipophilic where Jo is the flux atAW = 0, z is the net charge of

cation tetraphenylphosphonium across the mitochondrial spermine angs is a parameter describing the effectiveness

where Jnax iS the maximum rate at an infinitely high
concentration of §([S]) andK,, corresponds to the Michae-
lis—Menten constant. The rate at an infinitely low concentra-
tion of & is given by Jna{S]}/Km. As in ordinary enzyme
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of AW in inducing transport and is related to the shape and 0.06

position of the energy barrieB(40). o
The value off is obtained from the slope of the lhvs 0.05

FAW/RT plot and depends on the concentration of S. At [S]

> Kp, the g value expresses the effect i on Jmax T 004 o o

(=k2X); at [S] < Km, the S value expresses the effect of E

AW on \]maJKm [=k1k2/(k71 + kz)] E 0.03 P
(3) The physical significance of thvalues was analyzed E ¢ ¢

by using free-energy profiles which were constructed by £ ooz 0o ®®

superimposing the applied electric potential. The resulting 3 .S-‘ .- °

profiles were interpreted by using a theory that relates the 001 KN LA

reaction rate of enzymes to free-energy profildg)( The - ¢

two principles of the theory, which are described in further 000 150 160 170 180 190 200 210 220

detail in the discussion, are (i) that the reaction rate is A (mV)

inversely proportional to the sum of the peak heights in the FIGURE 2: Variations inJma{Kn as a function of the electrical

free-en'ergy profiles meggured from the level of all the potential gradient. The values df.x and K, were derived from
preceding troughs, and (i) that the effect of the substrate the results reported in Figure 1.

concentration on the transport rate can be represented by free-
energy profiles depicting the real free-energy of the substratefollowing calculation. At equilibrium, the concentrations of
in the form of eq 4, spermine at both sides of the membrane should obey the
equation: [S]= [S], expeFAW/RT), where [S] and [S},
G(X + S)=G°(X) + G°(S) + RTIn[S] (4) denote the concentrations (activities) at both sides.zFer
+4 andAW = 180 mV, the equation gives a value of'40
where G°(X) and G°(S) represent the free energies of the for the ratio of [S}[S],. The observed steady-state concentra-
binding site and the substrate, respectively, at the standardion ratio (60 mM/1 mM) is much lower than this, indicating
state. that the spermine concentration is kept low by an energy-
The present analysis dealt exclusively with spermine linked efflux process. The ratio of [HS], at equilibrium
influx. Spermine efflux might be predicted to affect the also gives the rate constant for spermine efflux by the reverse
experimental data and their interpretation for two reasons. of the present electrophoretic mechanism, i.e;;'46f the
First, the efflux of the imported labeled spermine would influx rate constant; it is unlikely that this miniscule rate
directly decrease the amount measured as influx (the subjeciconstant has any effect on the process.
of the present theoretical analysis). Second, use of the same
channel for influx and efflux might result in a phenomenon RESULTS
resembling product inhibition. Liver mitochondria are re- N . .
ported to contain an intrinsic spermine concentration-e63 The results reported in Figure 1 show the variations in
mM (7); therefore, the first possibility is excluded by the POt Jmax and K for spermine transport, as a function of
fact that when liver mitochondria are charged with 1 mm AW, evaluated in the range of about TSPLO mV. The

external spermine, the steady-state internal concentrationfluctuations in the experimental data shown in this and

reaches about 60 mMV2). This means that at 60 mM the subsgquent figures are very prob'ably d_u_e to variation_s in
efflux of the internal spermine becomes comparable to the _the different m|toqh0ndr|al preparations utlllzepl, as de_scrlbed
influx of less than 1 mM external spermine. Therefore, the I the legend to Figure 1. The points reported in the diagrams
efflux of imported labeled spermine was negligible in the

suggest an exponential trend for both constahis.increases
kinetics assays, which were carried out in the first 5 min of

with AW by about 4-fold (from about 1 to 4 nmol mg
incubation, with external spermine at around 1 mM, resulting Proteim™ min; Figure 1A); K, diminishes by the same
in lower levels of accumulated spermine. Furthermore, it is INcrement over this\W range (from about 0.4 to 0.1 mM;
also to be taken into account that the main process of Figure 1B).

spermine export, which is driven by ApH-dependent Figure 2 shows the variations in tiga./Kn ratio as a
symporter (cotransport with phosphaté) &nd thus differs ~ function of AW. The resulting plot also suggests an
from the reverse of theAW-dependent electrophoretic €xponential trend for this parameter, as observeddgrin
uniporter of the present study, is triggered after several Figure 1A. The calculations demonstrate that wiAeH is
minutes of incubation and takes place when a substantialincreased from 150 to 210 MVna/Kn increases by more
amount of the polyamine has already accumulated/gid than 1 order of magnitude (about 16-fold).

has reached a critical threshold value (Toninello, A., Dalla  Figure 3 reports the variations in bothJpax and InJma/

Via, L., Di Noto, V., and Yagisawa, S., unpublished results). K as a function oFAW/RT. As described previoushy3j,

The possibility of product inhibition is also unlikely, because, this representation of the data is referred to as flux/voltage
as noted above, spermine is mainly exported by a mechanismanalysis. The relationship between Jp.x and FAW/RT,
distinct from the reverse of the present electrophoretic corresponding to saturation conditions (see point 2 of
process; thus, product inhibition related to export cannot Rationale), shows considerable scatter, but is probably linear
occur. On the basis of these considerations, spermine efflux(Figure 3A). The straight line obtained in the diagram (linear
was not taken into account in present analysis. Furthermore,regression coefficient 0.75) exhibits a slope 0.5, yielding

the intrinsic rate of the reverse of the presAit-dependent  af value of 0.125, withe = 4, at pH 7.4. The relationship
electrophoretic process is very slow, as shown in the between InJn./Kn and FAW/RT, corresponding to low
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Ficure 3: Rate constant/voltage analyses of spermine transport. Shown are log-linear Flgis(8f) and Jma/Km (B) derived from the
data reported in Figures 1A and 2 according to the rationale proposed in the text. Linear regression yielded values for the slopes of the
curves that represent the produgt (see eq 2). Regression coefficient0.75 in panel A and 0.93 in panel B.

spermine concentrations (point 2 of the rationale), clearly spaced across the membrane was deduced froif tiadue
shows a linear trend, with a slopel andg = 0.25 (Figure measured at a single substrate concentrag8hiThe present
3B). It is noteworthy that calculation of Bma/Kmn dramati- results indicate that this model should actually consist of two
cally reduces the scattering observed in the diagrams inpeaks asymmetrically located across the membrane (see
Figures 1A and 2. The resulting straight line has a good linear below).

regression coefficient (0.93). _ In the present analysis, Eyring-type barriers were assumed
Thef; for K, defined by ecp, whereKo o is theKy, value for the kinetic steps. Alternatively, membrane permeation

atAW = 0, can be obtained from the slope in the plot of In  f jons can be analyzed using the electrodiffusive description

K vs AW. The § value can also be calculated from eq 6, of the Nernst-Planck theory. When extended to account for

which is derived by dividing eq 7 by eq 8. the presence of binding site42), this theory is applicable

to the present case, in which the presence of a specific

Kin = Kin,0 €XpB(K)ZFAP/RT) (5) binding site was exhibited by competitive inhibition by
. polyamines 8). The basic equations of the extended theory
BKin) = BImad = FImadKin) (6) giving the voltage dependence of kinetic steps are quite
similar to the Eyring equation. The two models differ only
Jnax = Imax0€XPBnm2) ZFAW/RT] (7) in the values of preexponential factors and the presence of

a function named the shape function in the Neri&anck

JnadKimn = Tmad K)o €XPBmal K ZFAW/RT] (8) model, which represents the deviation of the rate constants
from the simple exponential voltage dependend®).(

On the basis of the calculatgt{Jmay) = 0.125 andb(Imad Therefore, with the exception of the absolute values of the

Km) = 0.25, these equations yield3éK,) value of—0.125. activation energy, the present theoretical conclusions are also
The negative value reflects the decreasKinas AW is consistent with the NernsPlanck-type theory, provided that
increased. sharp barriers are assumed for the transport process. At

present, the available experimental information does not
DISCUSSION allow determination of the shape function.

The results reported in this paper point out a peculiar  Principle Underlying the Theoretical Treatmerfitigure
aspect of spermine transport in liver mitochondria, i.e., the 4 shows the free-energy profiles representing eq 1, modified
strict dependence of botK, and Jn.x on the electrical by the transmembrane electric potential, which changes
transmembrane potential. By taking into account previous linearly across the membrane. These free-energy profiles,
results demonstrating that the rate of spermine transport isas well as those in Figures 5 and 7, were fitted to a two-
exponentially dependent axW (2, 3), it is realistic to expect  barrier, one-site model with asymmetric peaks. The electric
that Jnax @lso increases exponentially A3V is raised, as  potential energy was simply superimposed on the free-energy
observed experimentally in Figure 1A. However, a new profiles based on the assumption that the transport process
aspect of this kinetics is evident from the results reported in occurs principally by diffusion and is not associated with
Figure 1B, which show th&, is also sensitive taW, and special movements of the channel protein. Therefore, the
decreases exponentially A¥ is raised. The combined effect peaks and troughs in the free-energy profiles can be
is shown in the steeper trend of the experimental points correlated to the real barriers and wells in the membrane,
obtained by plottinglna/Km vs AW (Figure 2). where the free energy of the substrate ion is affected by the

The physical significance of these phenomena can belocal electric potential according to simple electrostatics
discussed most rationally by using thevalues, which are  (zFW). According to the transition-state theory, the rate
related to the shape and position of the energy barriers inconstant represented by a peak in the free energy profile is
the ion transport pathwayt(). Indeed, in a previous report,  proportional to the ratio of the equilibrium substrate con-
a reaction model consisting of two barriers symmetrically centrations present at the bottom of the preceding well and
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FicurRe 4: Free-energy profiles modified by transmembrane ' )
potential; effect of the substrate concentration. The bold line FIGURE 6: Two types of double reciprocal plots for spermine
represents the energy profile modified by a linear electric potential binding by mitochondria. Spermine-binding data reported iri7ef

for the standard state, when the substrate concentrations outsidébtained at substrate concentrations similar to those used in the
and inside the membrane, i.&, and S, respectively, are both present measurements were plotted according to egs 10 and 12.
considerd 1 M by convention. The dotted lines show the TheKp, value obtained by the least-squares method is 0.085 mM
modification of the profile in the presence of the same electric for the 1B versus 1% plot, and 0.029 mM for the l/B_ver_sus 1%
potential wher§ = 0 andS, is either low or high. As explained in ~ plot. The significance of the plot of UB versus 1 is given in

the text, the arrows represent the components contributing to thethe text.
transport rate.
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FiIGURe 5: Interpretation of th@ values in the free energy profiles. Relative depth in membrane

Shown are the profile for the case Kf, = k-1/k; and the case of )

Km = kofk; (plots A and B, respectively). The numbers associated FIGURE 7: Free energy of the spermine transport channel at 180

with d indicate the fractional distance in reference to the total MV. The height of the first peak is not known; the height of the

membrane thicknessl) second peak was calculated frdigux per milligram of protein by
use of the transition state theory and the number of high-affinity

inding sites per milligram of protein determined in a previous
at the top c_)f the peak. Therefore, the _rate congtant r(:"presenteaeport (7). The depth of the well for the binding site was calculated
by a peak is modulated by the electric potential by the factor from theK,, value at 180 mV.

exp[—(¥; — W,)zFHRT], whereW,; andW,, are the electric
potential at the top of the peak and at the bottom of the well, concentrations are indicated by arrows a and b, respectively.
respectively. These considerations lead to an importantThese arrows corresponddg.{S]/Km andJnax, respectively
conclusion: the value for the rate constant equals the ratio and identify the wells and peaks to be referred to when
of W, — W, to transmembrane potentialV’. In other words, considering the effect oAW described above.
thef value, given byt — Wy, indicates the lateral distance  |n the above discussion, spermine was assumed to have
between the peak apex and the bottom of the well if a linear fy| charge of+4 during transport. However, spermine might
electric potential is assumed. Examples are shown in laterpe transported as a partially neutralized ion pair, resulting
figures. in lower 5 values. One could propose that the moderately
Figure 4 also shows the free-energy profile of transport neutralized ion would be more likely to move into hydro-
at different substrate concentrations. As noted in point 3 of phobic region of the membrane, although the electrostatic
Rationale, the transport rate is inversely proportional to the motive force is reduced by the decreased net positive charge.
sum of the peak heights (indicated by arrows in the figure). This possibility is refuted by several lines of evidence. First,
In an approximate treatment, the transport rate is given by the transport rate of polyamines is known to greatly increase
the largest peak height, indicated by the longest arrow in with increasing charge (i.e., spermirre spermidine >
the figure; the rates at the lowest and highest substrateputrescine), indicating that more highly charged species are
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more readily transporte®). Furthermore, the nearly identical Thus, considering the ionic character of the substiate;
p values measured for these polyamines, which are trans-k, can be assumed; however, the magnitude of the difference
ported by the same channel as judged from their mutual is not clear. Furthermore, the presence of a high membrane
competitive inhibition ), strongly suggest that thevalues potential must facilitate th&, step but retard th&_; step,
reflect a common structural feature of the transport channel. thus favoring the case &, = k./k;. This can be seen from
It should also be noted that the temporary neutralization of energy profiles in whictk, andk_, are represented by the
the net charge of spermine, for example, by binding to an barriers before and after the well of the XS complex,
anionic binding site does not affect jtsvalue, provided that ~ respectively; an increase in the slope of the electric potential
the tetravalent form represents the only transported speciesdecreases the height of the barrier representindout
This is because the changes in electrostatic energy due tancreases the height of the barrier represeritingAs stated
charge neutralization are already built into the original energy above, there is no simple rationale for discriminating the two
profiles in the absence of the transmembrane potential. Thecases oK,
transmembrane potential independently increases the elec- Therefore, we developed a new method to solve this
trostatic energy of the spermine ion by the value BH4 problem. Evidence supporting the casekaf = k_,/k; was
thus, thes value is not affected by temporary neutralization. provided by an analysis of data from a previous study
Interpretation of Experimentgh Values.As in ordinary concerning binding of spermine to mitochondrier) that
enzyme kinetics, two extreme caseskyf, namelyK,, = used a different experimental approach and rationale: sper-
k_1/k; and Ky, = ko/k;, will be considered. Figure 5 shows mine uptake by mitochondria was measured during the first
the free-energy profiles for thed§, values at the lowest 5 min, and the spermine bound to the mitochondrial
and highest substrate concentrations. For the purpose ofmembrane was calculated by extrapolating the time course
discussion, we will refer to the first and second peaks in back to zero time. The data were analyzed with the implicit
these profiles as thie, andk; peak, respectively. assumption of quasi-equilibrum for the binding step, namely
On the basis of the analyses described above, it becomesinder the condition dk,, = k_1/ki. The present study extends
apparent that in both cases Kf, the  value of 0.125 this analysis to the case &, = (k-1 + k)/ki.
measured aly.x corresponds to the relative lateral distance  In the process described by eq 1, XSS, i.e., the sum
between the well for binding site XS and the top of the of spermine bound to the membrane and that already
peak. In the case oK, = k_i/k;, the p value of 0.25 imported, gives the amount of spermine taken up by
measured afn./Km can be assumed to correspond to the mitochondria. This value generally changes in a time course,
distance between the membrane surface and the top of theexhibiting an initial rapid increase followed by a linear
ko peak (Figure 5A). WheiK, = ko/k; (Figure 5B), thes increase corresponding to the steady-state rate. The burst size,
value of 0.25 corresponds to the distance between thei.e., the intercept on the vertical axis obtained by interpolating
membrane surface and the top of tkepeak. A notable  the linear portion to zero time, is given by eq 9,
difference between the two caseskqf is that thes values
determine the location of the binding site XS whi€p = B= X _ KX (9)
k_1/ks, but not wherK,, = ky/k;. 1+ K /S k,S(1+K m/30)2
The argument regarding the location of the binding site
and the energy barriers is based on the assumption that thevhereX; denotes the total concentration of binding sites. This
electric potential remains linear across the membrane.corresponds to the amount of membrane-bound spermine
However, even if this is not the case, the argument will not determined in the previous experimeh?). Equation 9 was
be seriously flawed as long as the potential changesderived from a formula describing the time course of S
monotonically and without inversion. solved for an equivalent process in enzyme kineté&d.(
Generally, the abscissa should be taken as the distanceEquation 9 becomes eq 10 whip, = k_y/k; and becomes
corrected for the electric field. For example, in the case of eq 11
Km = k-i/k;, the binding site is located at the position

corresponding to 1/8 of the total membrane potential. B— X (10)
Discrimination of the Two Cases of,KAs shown in the 1+ K./S

preceding section, discrimination of the two case&gfis

of critical importance for understanding the reaction mech- X

anism. The property oK., expressed ask(; + ko)/k; is = 1+ K JS)? (11)

determined by the relative values lof; andk,. In enzyme

ree:)ctlorlljj, the f'ert step, lljsutatl)ly (éon(_:ernedhvxfntht fort'?atl(t)r? when Ky, = ki/k;. Equation 10 indicates that, whef, =
or breéakdown of noncovalént bonas, 1s much fastérthan the,  , g equal to the concentration of XS at steady state

Eec?jnq thstep, V_Vhl'(Ch/k'n.VOtlr\]’ es trlearriamgementt. Of. covaliznt and can be treated as ordinary binding data; eq 11 indicates
onds; thusKy = k-1/ky IS the rational assumption In MoSt 4y s is not the case whéfy, = ko/ki. Equations similar

cases. On the contrary, in transport processes, both steps ary eqg 11 have been used in active-site titration of enzymes.

non;:hovallvent and tg:rellstr;]o proper ;anonale for d|scr|rg|nat- The difference between eqs 10 and 11 reflects the presence
ing the two cases dfm. In the present cask,, corresponds of a lag phase in the time course afuder the condition

to the movements of spermine from the substrate-binding of Kn=ky/k;. Equation 12 is derived from eq 11 and indicates
site (XS) toward the outer part of the membrane, where a

higher dielectric constant is expected, &adorresponds to N/X
the movements of the polyamine toward the inner part of VB

= (12)
the membrane, where a lower dielectric constant is expected. (1+Ky/S)
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that, in the case df,, = ko/k;, v/B can be treated by standard make some comments regarding the general utility of the
procedures such as Scatchard plot and double reciprocal plotpresent procedure for the analysis of transport processes. lon
Figure 6 shows double reciprocal plots based on egs 10 andransport by channels has been analyzed by various ap-
12. The data analyzed in these plots were obtained inproaches based on a variety of moded®)( Membrane
previous experiments3] using mitochondria preparations models with symmetric energy profiles have been used in
with a membrane potential of 17885 mV. Of the data = many cases. In some studies, transport has been treated as a
reported, we used only those obtained at spermine concentrastochastic process governed by transport probabilide@s (
tions of 50-300u«M, similar to the concentration range used 43). Despite these differences, the present procedure is
in the present kinetic measurements. The two plots in Figureapplicable to various models so long as the processes can
6 show similar linearity, and it is difficult to ascertain which be expressed in the form of free-energy profiles. In this
plot is better fitting. However, th&,, value of 0.085 mM respect, it is worth noting that most stochastic formalisms
calculated from the ordinary plot based on eq 10 is close to are mathematically equivalent to ordinary kinetic formulas
the K, kinetically determined in the present experiment (i.e., in the sense that they use the solutions of a set of differential
0.12 mM at 180 mV). Thé&, from the square root plot based equations exhibiting individual steps solved under similar
on eq 12 is 0.029 mM, significantly smaller than the limiting conditions. The restrictions in the application of the
experimental value. Therefore, the binding data support the present method are that the transport should be unidirectional
case ofKy, = k_i/k;. and does not involve reverse flow and that only one ion
Properties of the Spermine Binding Sit€he above molecule can occupy the channel; these restrictions arise from
discussion supports the casekaf = k_1/k; and the energy  the limits in the original theory32). However, transport
profile depicted in Figure 5A. In this reaction model, involving reverse flow and analyses of the effects of
spermine binds to a binding site placed near the surface ofinhibitors can be examined by extending the present method
the membrane; the bound spermine is in rapid equilibrium according to the original theory.
with external spermine, and the step, i.e., the movement In conclusion, the principal feature of the spermine
of spermine toward the inner part of the membrane, is the transport system has been clarified on the basis of the
rate-limiting step. Figure 7 shows the free-energy profile of membrane-potential dependencelafy/Kn andJmax by use
the system with numerical values at a membrane potentialof two theoretical procedures. The transport system is
of 180 mV. The height of th&, peak was calculated from composed of a binding site near the membrane surface, with
the Jmax per milligram of protein and the number of high- spermine bound to the site in rapid equilibrium with the
affinity binding sites {8 nmol/mg of protein) determined external spermine. Further analysis of the process will require
in a previous studyl(7). No information is available for the  additional information, especially at the structural level.
height of thek; peak. The potential difference of 180 mV  Nevertheless, both kinetic and thermodynamic information,
corresponds to 70 kJ/mol, taking into account the valency along with the data analysis procedures such as one
of spermine. The perturbation by the potential difference developed in the present study, are equally important for the
corresponding to thg value of 0.125 is about 9 kJ/mol (70 elucidation of transport dynamics.
x 0.125). The energy barrier for the step has a steep
ascending limb corresponding to the smallThis can be ~ ACKNOWLEDGMENT
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