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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. (1992)J. Biol. Chem. 267,
18393-18397] was further characterized by determining the rate constantsJmax andKm 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 increase inJmax and 25% decrease inKm. The
mechanism for the voltage dependence of transport was examined using theâ value, i.e., the slope of
ln(flux) vs F∆Ψ/RT plots. Flux-voltage analyses performed at very high and very low spermine
concentrations yieldedâ values of 0.125 and 0.25, forJmax and Jmax/Km, respectively. The physical
significance of theseâ values was analyzed by means of a theory relating the enzyme reaction rate to the
free energy profiles [Yagisawa, S. (1985)Biochem. J. 303, 305-311]. Depending on the nature ofKm,
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 1284, 247-252] 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,
and putrescine are transported into the matrix space of
mitochondria by a specific, common uniporter system (1-
5). This transport process is dependent on the membrane
potential and exhibits a nonohmic flux-voltage relationship.
It is insensitive to the pH of the medium, suggesting a strict
electrophoretic behavior (3). Polyamine uptake is also
temperature-dependent and increases with increasing charge
number of the transported species, with an activation enthalpy
of about 12 kJ/mol per charge at∆Ψ1 ≈ 175 mV (3). These
properties, combined with results obtained by flux-voltage
analyses, suggest that the polyamine transporter is a saturable
channel having two symmetrical energy barriers, with an
energy well located in the middle of the membrane thickness
(3).

Spermine that has accumulated in the mitochondrial matrix
can be released at high constant proton-motive force by a
pathway distinct from that of import, suggesting a continuous

energy-dissipating influx-efflux cycling of the polyamine
(6).

Due to the activity of the electrophoretic transporter, both
spermine and spermidine are normally present in the inner
compartment of liver mitochondria and are detectable in the
isolated organelles (7). Many lines of evidence suggest that
the presence of polyamines within the matrix plays an
important physiological role in modulating energy metabo-
lism. In this regard, given its stimulating effect on Ca2+

transport (8, 9), it has been suggested that spermine
stimulates the citric acid cycle by activating Ca2+-dependent
citrate synthase (10) and Ca2+-dependent NAD-dehydroge-
nases (11-14). Other studies of energized mitochondria point
to the ability of the polyamine to directly stimulate pyruvate
dehydrogenase activity independent of its effect on Ca2+

transport (15).
Recently, by applying a new thermodynamic treatment of

ligand-receptor interactions (16), mitochondrial membranes
were found to possess two independent spermine-binding
sites, both with monocoordination and low affinity/high
binding capacity. These studies demonstrated that the binding
of spermine to one of these sites, the so-called S1 site,
represents the preliminary step for spermine transport into
the matrix (17). As previously reported, spermine is able to
prevent the permeability transition in liver and heart mito-
chondria induced by different agents (18-23) (for reviews
on the permeability transition see refs24 and 25). The
binding site competent for this effect was found to be the
above-mentioned S1 site (17), thus suggesting a strict
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correlation between spermine transport and its inhibition of
the permeability transition.

A recent study found that this site exhibits diminished
binding capacity and affinity upon depolarization (26). Under
these conditions, both spermine uptake and protection against
the permeability transition are compromised. This finding
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 apoptosis (27-31).

The aim of the present study was to further enhance our
knowledge of the inward transport system. We examined the
dependence of the rate constants on variations in membrane
potential. The energy profiles for spermine transport were
then evaluated on the basis of flux-voltage analyses (3) and
a theory of enzyme kinetics related to free energy profiles
(32).

EXPERIMENTAL PROCEDURES

Rat liver mitochondria were isolated in 250 mM sucrose
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
standard.

Incubations were carried out for 5 min at 20°C with 1
mg of mitochondrial protein suspended in a low ionic
strength medium, under conditions used in previous spermine
transport studies (1-3). The medium contained 200 mM
sucrose, 10 mM Hepes (pH 7.4), 5 mM succinate, 1.25µM
rotenone, and 1 mM phosphate. Sodium salts were used.
Aliquots were taken at 1, 3, and 5 min and the uptake of
[14C]spermine was determined by a centrifugal filtration
method as previously described (1-3). The concentrations
of [14C] spermine employed and further experimental details
are provided in the legend to Figure 1.

Membrane potential (∆Ψ) was measured by using a
selective electrode to monitor the distribution of the lipophilic
cation tetraphenylphosphonium across the mitochondrial

membrane (33, 34) and corrected as previously proposed
(35). Mitochondrial matrix volume was calculated from the
distribution of [14C]sucrose and3H2O (36).

The kinetic constants were calculated by double reciprocal
plots constructed from initial-rate measurements fitted to the
Michaelis-Menten equation.

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 behavior (37-40). Formally,
the kinetics of transport through such ion pores are identical
to simple enzyme kinetics and can be expressed by eq 1,

where S0 is the substrate (polyamine) at the outer side of
the membrane, Si is that at the inner side, X is a binding site
in the channel, and XS is the substrate-binding site complex.
In the absence of Si, the rate of transportJ is given by eq 2,

where Jmax is the maximum rate at an infinitely high
concentration of S0 ([S]) andKm corresponds to the Michae-
lis-Menten constant. The rate at an infinitely low concentra-
tion of S0 is given byJmax[S]/Km. As in ordinary enzyme
kinetics,Jmax is equal tok2Xt, whereXt is the total concentra-
tion of the binding site, andKm is equal to (k-1 + k2)/k1.

(2) As reported previously (3), the effect of electrical
potential on the rate of spermine transport is expressed by
eq 3,

where J0 is the flux at ∆Ψ ) 0, z is the net charge of
spermine andâ is a parameter describing the effectiveness

FIGURE 1: Variations inJmax (A) andKm (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 concentrations of [14C]
spermine (10, 25, 50, 100, 250, and 500µM and 1, 2.5, and 5 mM; 0.05µCi/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-matrix space (2).
EachJmax andKm value calculated at a single∆Ψ represents the mean of three determinations obtained from a daily mitochondrial preparation;
∆Ψ values in the range of 170-185 mV were obtained by assaying several preparations of mitochondria under normal conditions.∆Ψ
values below this range were obtained by adding limiting amounts (0-60 nM) of carbonyl cyanidep-trifluoromethoxyphenylhydrazone
(FCCP). Higher∆Ψ values were obtained by adding nigericin at different concentrations (0-330 nM).

X + S0 [\]
k1

k-1
XS 98

k2
X + Si (1)

J ) Jmax[S]/(Km + [S]) (2)

J ) J0 exp(zâF∆Ψ)/RT) (3)
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of ∆Ψ in inducing transport and is related to the shape and
position of the energy barrier (3, 40).

The value ofâ is obtained from the slope of the lnJ vs
F∆Ψ/RTplot and depends on the concentration of S. At [S]
. Km, the â value expresses the effect of∆Ψ on Jmax

()k2Xt); at [S] , Km, the â value expresses the effect of
∆Ψ on Jmax/Km [)k1k2/(k-1 + k2)].

(3) The physical significance of theâ values was analyzed
by using free-energy profiles which were constructed by
superimposing the applied electric potential. The resulting
profiles were interpreted by using a theory that relates the
reaction rate of enzymes to free-energy profiles (32). The
two principles of the theory, which are described in further
detail in the discussion, are (i) that the reaction rate is
inversely proportional to the sum of the peak heights in the
free-energy profiles measured from the level of all the
preceding troughs, and (ii) that the effect of the substrate
concentration on the transport rate can be represented by free-
energy profiles depicting the real free-energy of the substrate
in the form of eq 4,

whereG°(X) and G°(S) represent the free energies of the
binding site and the substrate, respectively, at the standard
state.

The present analysis dealt exclusively with spermine
influx. Spermine efflux might be predicted to affect the
experimental data and their interpretation for two reasons.
First, the efflux of the imported labeled spermine would
directly decrease the amount measured as influx (the subject
of the present theoretical analysis). Second, use of the same
channel for influx and efflux might result in a phenomenon
resembling product inhibition. Liver mitochondria are re-
ported to contain an intrinsic spermine concentration of 3-5
mM (7); therefore, the first possibility is excluded by the
fact that when liver mitochondria are charged with 1 mM
external spermine, the steady-state internal concentration
reaches about 60 mM (2). This means that at 60 mM the
efflux of the internal spermine becomes comparable to the
influx of less than 1 mM external spermine. Therefore, the
efflux of imported labeled spermine was negligible in the
kinetics assays, which were carried out in the first 5 min of
incubation, with external spermine at around 1 mM, resulting
in lower levels of accumulated spermine. Furthermore, it is
also to be taken into account that the main process of
spermine export, which is driven by a∆pH-dependent
symporter (cotransport with phosphate) (6) and thus differs
from the reverse of the∆Ψ-dependent electrophoretic
uniporter of the present study, is triggered after several
minutes of incubation and takes place when a substantial
amount of the polyamine has already accumulated and∆pH
has reached a critical threshold value (Toninello, A., Dalla
Via, L., Di Noto, V., and Yagisawa, S., unpublished results).
The possibility of product inhibition is also unlikely, because,
as noted above, spermine is mainly exported by a mechanism
distinct from the reverse of the present electrophoretic
process; thus, product inhibition related to export cannot
occur. On the basis of these considerations, spermine efflux
was not taken into account in present analysis. Furthermore,
the intrinsic rate of the reverse of the present∆Ψ-dependent
electrophoretic process is very slow, as shown in the

following calculation. At equilibrium, the concentrations of
spermine at both sides of the membrane should obey the
equation: [S]i ) [S]o exp(zF∆Ψ/RT), where [S]i and [S]o
denote the concentrations (activities) at both sides. Forz )
+4 and∆Ψ ) 180 mV, the equation gives a value of 1012

for the ratio of [S]i/[S]o. The observed steady-state concentra-
tion ratio (60 mM/1 mM) is much lower than this, indicating
that the spermine concentration is kept low by an energy-
linked efflux process. The ratio of [S]i/[S]o at equilibrium
also gives the rate constant for spermine efflux by the reverse
of the present electrophoretic mechanism, i.e., 10-12 of the
influx rate constant; it is unlikely that this miniscule rate
constant has any effect on the process.

RESULTS

The results reported in Figure 1 show the variations in
both Jmax and Km for spermine transport, as a function of
∆Ψ, evaluated in the range of about 150-210 mV. The
fluctuations in the experimental data shown in this and
subsequent figures are very probably due to variations in
the different mitochondrial preparations utilized, as described
in the legend to Figure 1. The points reported in the diagrams
suggest an exponential trend for both constants.Jmax increases
with ∆Ψ by about 4-fold (from about 1 to 4 nmol mg
protein-1 min-1; Figure 1A); Km diminishes by the same
increment over this∆Ψ range (from about 0.4 to 0.1 mM;
Figure 1B).

Figure 2 shows the variations in theJmax/Km ratio as a
function of ∆Ψ. The resulting plot also suggests an
exponential trend for this parameter, as observed forJmax in
Figure 1A. The calculations demonstrate that when∆Ψ is
increased from 150 to 210 mV,Jmax/Km increases by more
than 1 order of magnitude (about 16-fold).

Figure 3 reports the variations in both lnJmax and lnJmax/
Km as a function ofF∆Ψ/RT. As described previously (3),
this representation of the data is referred to as flux/voltage
analysis. The relationship between lnJmax and F∆Ψ/RT,
corresponding to saturation conditions (see point 2 of
Rationale), shows considerable scatter, but is probably linear
(Figure 3A). The straight line obtained in the diagram (linear
regression coefficient) 0.75) exhibits a slope) 0.5, yielding
a â value of 0.125, withz = 4, at pH 7.4. The relationship
between lnJmax/Km and F∆Ψ/RT, corresponding to low

G(X + S) ) G°(X) + G°(S) + RT ln[S] (4)

FIGURE 2: Variations inJmax/Km as a function of the electrical
potential gradient. The values ofJmax andKm were derived from
the results reported in Figure 1.
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spermine concentrations (point 2 of the rationale), clearly
shows a linear trend, with a slope) 1 andâ ) 0.25 (Figure
3B). It is noteworthy that calculation of lnJmax/Km dramati-
cally reduces the scattering observed in the diagrams in
Figures 1A and 2. The resulting straight line has a good linear
regression coefficient (0.93).

Theâ for Km defined by eq5, whereKm,0 is theKm value
at ∆Ψ ) 0, can be obtained from the slope in the plot of ln
Km vs ∆Ψ. The â value can also be calculated from eq 6,
which is derived by dividing eq 7 by eq 8.

On the basis of the calculatedâ(Jmax) ) 0.125 andâ(Jmax/
Km) ) 0.25, these equations yield aâ(Km) value of-0.125.
The negative value reflects the decrease inKm as ∆Ψ is
increased.

DISCUSSION

The results reported in this paper point out a peculiar
aspect of spermine transport in liver mitochondria, i.e., the
strict dependence of bothKm and Jmax on the electrical
transmembrane potential. By taking into account previous
results demonstrating that the rate of spermine transport is
exponentially dependent on∆Ψ (2, 3), it is realistic to expect
that Jmax also increases exponentially as∆Ψ is raised, as
observed experimentally in Figure 1A. However, a new
aspect of this kinetics is evident from the results reported in
Figure 1B, which show thatKm is also sensitive to∆Ψ, and
decreases exponentially as∆Ψ is raised. The combined effect
is shown in the steeper trend of the experimental points
obtained by plottingJmax/Km vs ∆Ψ (Figure 2).

The physical significance of these phenomena can be
discussed most rationally by using theâ values, which are
related to the shape and position of the energy barriers in
the ion transport pathway (40). Indeed, in a previous report,
a reaction model consisting of two barriers symmetrically

spaced across the membrane was deduced from theâ value
measured at a single substrate concentration (3). The present
results indicate that this model should actually consist of two
peaks asymmetrically located across the membrane (see
below).

In the present analysis, Eyring-type barriers were assumed
for the kinetic steps. Alternatively, membrane permeation
of ions can be analyzed using the electrodiffusive description
of the Nernst-Planck theory. When extended to account for
the presence of binding sites (42), this theory is applicable
to the present case, in which the presence of a specific
binding site was exhibited by competitive inhibition by
polyamines (3). The basic equations of the extended theory
giving the voltage dependence of kinetic steps are quite
similar to the Eyring equation. The two models differ only
in the values of preexponential factors and the presence of
a function named the shape function in the Nernst-Planck
model, which represents the deviation of the rate constants
from the simple exponential voltage dependence (42).
Therefore, with the exception of the absolute values of the
activation energy, the present theoretical conclusions are also
consistent with the Nernst-Planck-type theory, provided that
sharp barriers are assumed for the transport process. At
present, the available experimental information does not
allow determination of the shape function.

Principle Underlying the Theoretical Treatment.Figure
4 shows the free-energy profiles representing eq 1, modified
by the transmembrane electric potential, which changes
linearly across the membrane. These free-energy profiles,
as well as those in Figures 5 and 7, were fitted to a two-
barrier, one-site model with asymmetric peaks. The electric
potential energy was simply superimposed on the free-energy
profiles based on the assumption that the transport process
occurs principally by diffusion and is not associated with
special movements of the channel protein. Therefore, the
peaks and troughs in the free-energy profiles can be
correlated to the real barriers and wells in the membrane,
where the free energy of the substrate ion is affected by the
local electric potential according to simple electrostatics
(zFΨ). According to the transition-state theory, the rate
constant represented by a peak in the free energy profile is
proportional to the ratio of the equilibrium substrate con-
centrations present at the bottom of the preceding well and

FIGURE 3: Rate constant/voltage analyses of spermine transport. Shown are log-linear plots ofJmax (A) and Jmax/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 product zâ (see eq 2). Regression coefficient) 0.75 in panel A and 0.93 in panel B.

Km ) Km,0 exp[â(Km)zF∆Ψ/RT) (5)

â(Km) ) â(Jmax) - â(Jmax/Km) (6)

Jmax ) Jmax,0exp[â(Jmax)zF∆Ψ/RT] (7)

Jmax/Km ) (Jmax/Km)0 exp[â(Jmax/Km)zF∆Ψ/RT] (8)
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at the top of the peak. Therefore, the rate constant represented
by a peak is modulated by the electric potential by the factor
exp[-(Ψt - Ψw)zF/RT], whereΨt andΨw are the electric
potential at the top of the peak and at the bottom of the well,
respectively. These considerations lead to an important
conclusion: theâ value for the rate constant equals the ratio
of Ψt - Ψw to transmembrane potential∆Ψ. In other words,
theâ value, given byΨt - Ψw, indicates the lateral distance
between the peak apex and the bottom of the well if a linear
electric potential is assumed. Examples are shown in later
figures.

Figure 4 also shows the free-energy profile of transport
at different substrate concentrations. As noted in point 3 of
Rationale, the transport rate is inversely proportional to the
sum of the peak heights (indicated by arrows in the figure).
In an approximate treatment, the transport rate is given by
the largest peak height, indicated by the longest arrow in
the figure; the rates at the lowest and highest substrate

concentrations are indicated by arrows a and b, respectively.
These arrows correspond toJmax[S]/Km andJmax, respectively
and identify the wells and peaks to be referred to when
considering the effect of∆Ψ described above.

In the above discussion, spermine was assumed to have
full charge of+4 during transport. However, spermine might
be transported as a partially neutralized ion pair, resulting
in lower â values. One could propose that the moderately
neutralized ion would be more likely to move into hydro-
phobic region of the membrane, although the electrostatic
motive force is reduced by the decreased net positive charge.
This possibility is refuted by several lines of evidence. First,
the transport rate of polyamines is known to greatly increase
with increasing charge (i.e., spermine> spermidine>
putrescine), indicating that more highly charged species are

FIGURE 4: Free-energy profiles modified by transmembrane
potential; effect of the substrate concentration. The bold line
represents the energy profile modified by a linear electric potential
for the standard state, when the substrate concentrations outside
and inside the membrane, i.e.,So and Si, respectively, are both
considered 1 M by convention. The dotted lines show the
modification of the profile in the presence of the same electric
potential whenSi ) 0 andSo is either low or high. As explained in
the text, the arrows represent the components contributing to the
transport rate.

FIGURE 5: Interpretation of theâ values in the free energy profiles.
Shown are the profile for the case ofKm ) k-1/k1 and the case of
Km ) k2/k1 (plots A and B, respectively). The numbers associated
with d indicate the fractional distance in reference to the total
membrane thickness (d).

FIGURE 6: Two types of double reciprocal plots for spermine
binding by mitochondria. Spermine-binding data reported in ref17
obtained at substrate concentrations similar to those used in the
present measurements were plotted according to eqs 10 and 12.
The Km value obtained by the least-squares method is 0.085 mM
for the 1/B versus 1/Splot, and 0.029 mM for the 1/xB versus 1/S
plot. The significance of the plot of 1/xB versus 1/S is given in
the text.

FIGURE 7: Free energy of the spermine transport channel at 180
mV. The height of the first peak is not known; the height of the
second peak was calculated fromJmax per milligram of protein by
use of the transition state theory and the number of high-affinity
binding sites per milligram of protein determined in a previous
report (17). The depth of the well for the binding site was calculated
from theKm value at 180 mV.
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more readily transported (3). Furthermore, the nearly identical
â values measured for these polyamines, which are trans-
ported by the same channel as judged from their mutual
competitive inhibition (3), strongly suggest that theâ values
reflect a common structural feature of the transport channel.
It should also be noted that the temporary neutralization of
the net charge of spermine, for example, by binding to an
anionic binding site does not affect itsâ value, provided that
the tetravalent form represents the only transported species.
This is because the changes in electrostatic energy due to
charge neutralization are already built into the original energy
profiles in the absence of the transmembrane potential. The
transmembrane potential independently increases the elec-
trostatic energy of the spermine ion by the value of 4FΨ;
thus, theâ value is not affected by temporary neutralization.

Interpretation of Experimentalâ Values.As in ordinary
enzyme kinetics, two extreme cases ofKm, namelyKm )
k-1/k1 andKm ) k2/k1, will be considered. Figure 5 shows
the free-energy profiles for theseKm values at the lowest
and highest substrate concentrations. For the purpose of
discussion, we will refer to the first and second peaks in
these profiles as thek1 andk2 peak, respectively.

On the basis of the analyses described above, it becomes
apparent that in both cases ofKm, the â value of 0.125
measured atJmax corresponds to the relative lateral distance
between the well for binding site XS and the top of thek2

peak. In the case ofKm ) k-1/k1, the â value of 0.25
measured atJmax/Km can be assumed to correspond to the
distance between the membrane surface and the top of the
k2 peak (Figure 5A). WhenKm ) k2/k1 (Figure 5B), theâ
value of 0.25 corresponds to the distance between the
membrane surface and the top of thek1 peak. A notable
difference between the two cases ofKm is that theâ values
determine the location of the binding site XS whenKm )
k-1/k1, but not whenKm ) k2/k1.

The argument regarding the location of the binding site
and the energy barriers is based on the assumption that the
electric potential remains linear across the membrane.
However, even if this is not the case, the argument will not
be seriously flawed as long as the potential changes
monotonically and without inversion.

Generally, the abscissa should be taken as the distance
corrected for the electric field. For example, in the case of
Km ) k-1/k1, the binding site is located at the position
corresponding to 1/8 of the total membrane potential.

Discrimination of the Two Cases of Km. As shown in the
preceding section, discrimination of the two cases ofKm is
of critical importance for understanding the reaction mech-
anism. The property ofKm expressed as (k-1 + k2)/k1 is
determined by the relative values ofk-1 andk2. In enzyme
reactions, the first step, usually concerned with formation
or breakdown of noncovalent bonds, is much faster than the
second step, which involves rearrangement of covalent
bonds; thus,Km ) k-1/k1 is the rational assumption in most
cases. On the contrary, in transport processes, both steps are
noncovalent and there is no proper rationale for discriminat-
ing the two cases ofKm. In the present case,k-1 corresponds
to the movements of spermine from the substrate-binding
site (XS) toward the outer part of the membrane, where a
higher dielectric constant is expected, andk2 corresponds to
the movements of the polyamine toward the inner part of
the membrane, where a lower dielectric constant is expected.

Thus, considering the ionic character of the substrate,k-1 >
k2 can be assumed; however, the magnitude of the difference
is not clear. Furthermore, the presence of a high membrane
potential must facilitate thek2 step but retard thek-1 step,
thus favoring the case ofKm ) k2/k1. This can be seen from
energy profiles in whichk2 andk-1 are represented by the
barriers before and after the well of the XS complex,
respectively; an increase in the slope of the electric potential
decreases the height of the barrier representingk2 but
increases the height of the barrier representingk-1. As stated
above, there is no simple rationale for discriminating the two
cases ofKm.

Therefore, we developed a new method to solve this
problem. Evidence supporting the case ofKm ) k-1/k1 was
provided by an analysis of data from a previous study
concerning binding of spermine to mitochondria (17) that
used a different experimental approach and rationale: sper-
mine uptake by mitochondria was measured during the first
5 min, and the spermine bound to the mitochondrial
membrane was calculated by extrapolating the time course
back to zero time. The data were analyzed with the implicit
assumption of quasi-equilibrum for the binding step, namely
under the condition ofKm ) k-1/k1. The present study extends
this analysis to the case ofKm ) (k-1 + k2)/k1.

In the process described by eq 1, XS+ Si, i.e., the sum
of spermine bound to the membrane and that already
imported, gives the amount of spermine taken up by
mitochondria. This value generally changes in a time course,
exhibiting an initial rapid increase followed by a linear
increase corresponding to the steady-state rate. The burst size,
i.e., the intercept on the vertical axis obtained by interpolating
the linear portion to zero time, is given by eq 9,

whereXt denotes the total concentration of binding sites. This
corresponds to the amount of membrane-bound spermine
determined in the previous experiment (17). Equation 9 was
derived from a formula describing the time course of Si

solved for an equivalent process in enzyme kinetics (41).
Equation 9 becomes eq 10 whenKm ) k-1/k1 and becomes
eq 11

when Km ) k2/k1. Equation 10 indicates that, whenKm )
k-1/k1, B is equal to the concentration of XS at steady state
and can be treated as ordinary binding data; eq 11 indicates
that this is not the case whenKm ) k2/k1. Equations similar
to eq 11 have been used in active-site titration of enzymes.
The difference between eqs 10 and 11 reflects the presence
of a lag phase in the time course of Si under the condition
of Km)k2/k1. Equation 12 is derived from eq 11 and indicates

B )
Xt

1 + Km/So
-

k2Xt

k1So(1 + Km/So)
2

(9)

B )
Xt

1 + Km/So
(10)

B )
Xt

(1 + Km/So)
2

(11)

xB )
xXt

(1 + Km/So)
(12)
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that, in the case ofKm ) k2/k1, xB can be treated by standard
procedures such as Scatchard plot and double reciprocal plot.
Figure 6 shows double reciprocal plots based on eqs 10 and
12. The data analyzed in these plots were obtained in
previous experiments (3) using mitochondria preparations
with a membrane potential of 175-185 mV. Of the data
reported, we used only those obtained at spermine concentra-
tions of 50-300µM, similar to the concentration range used
in the present kinetic measurements. The two plots in Figure
6 show similar linearity, and it is difficult to ascertain which
plot is better fitting. However, theKm value of 0.085 mM
calculated from the ordinary plot based on eq 10 is close to
theKm kinetically determined in the present experiment (i.e.,
0.12 mM at 180 mV). TheKm from the square root plot based
on eq 12 is 0.029 mM, significantly smaller than the
experimental value. Therefore, the binding data support the
case ofKm ) k-1/k1.

Properties of the Spermine Binding Site.The above
discussion supports the case ofKm ) k-1/k1 and the energy
profile depicted in Figure 5A. In this reaction model,
spermine binds to a binding site placed near the surface of
the membrane; the bound spermine is in rapid equilibrium
with external spermine, and thek2 step, i.e., the movement
of spermine toward the inner part of the membrane, is the
rate-limiting step. Figure 7 shows the free-energy profile of
the system with numerical values at a membrane potential
of 180 mV. The height of thek2 peak was calculated from
the Jmax per milligram of protein and the number of high-
affinity binding sites (∼8 nmol/mg of protein) determined
in a previous study (17). No information is available for the
height of thek1 peak. The potential difference of 180 mV
corresponds to 70 kJ/mol, taking into account the valency
of spermine. The perturbation by the potential difference
corresponding to theâ value of 0.125 is about 9 kJ/mol (70
× 0.125). The energy barrier for thek2 step has a steep
ascending limb corresponding to the smallâ. This can be
interpreted as evidence for the presence of a discrete
spermine-binding site. This site is consistent with the small
Km value and with strict competitive inhibition exhibited by
spermidine and putrescine for spermine transport (3). Dis-
crimination of the shape of the energy barriers is an important
step in the elucidation of transport processes and broad
energy barriers are also assumed in some cases (42). A fact
to be noted concerning this problem is that kinetic data tell
nothing about the energy barriers behind the rate-determining
step, that is thek2 peak in the present case. What is certain
is that the peaks and wells in the profile match the
experimental observations made for the transport system. In
this respect, analysis of the reverse flow of spermine would
be quite interesting, and is expected to give information
concerning the situation behind thek2 peak. This measure-
ment will confirm the location of the rate-determining barrier,
which must be the same for transport in both directions due
to the law of energy conservation. It also might explain the
presence of a binding site on the other side of the membrane.
However, unfortunately such an analysis is not possible in
the present case because spermine is exported mainly by a
distinct mechanism. The problem concerning the ambiguity
in the energy profile will be discussed in the following
section.

General Applications of Free Energy Profiles for the
Analysis of Transport Processes.It seems appropriate to

make some comments regarding the general utility of the
present procedure for the analysis of transport processes. Ion
transport by channels has been analyzed by various ap-
proaches based on a variety of models (42). Membrane
models with symmetric energy profiles have been used in
many cases. In some studies, transport has been treated as a
stochastic process governed by transport probabilities (42,
43). Despite these differences, the present procedure is
applicable to various models so long as the processes can
be expressed in the form of free-energy profiles. In this
respect, it is worth noting that most stochastic formalisms
are mathematically equivalent to ordinary kinetic formulas
in the sense that they use the solutions of a set of differential
equations exhibiting individual steps solved under similar
limiting conditions. The restrictions in the application of the
present method are that the transport should be unidirectional
and does not involve reverse flow and that only one ion
molecule can occupy the channel; these restrictions arise from
the limits in the original theory (32). However, transport
involving reverse flow and analyses of the effects of
inhibitors can be examined by extending the present method
according to the original theory.

In conclusion, the principal feature of the spermine
transport system has been clarified on the basis of the
membrane-potential dependence ofJmax/Km andJmax by use
of two theoretical procedures. The transport system is
composed of a binding site near the membrane surface, with
spermine bound to the site in rapid equilibrium with the
external spermine. Further analysis of the process will require
additional information, especially at the structural level.
Nevertheless, both kinetic and thermodynamic information,
along with the data analysis procedures such as one
developed in the present study, are equally important for the
elucidation of transport dynamics.
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