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Abstract. Analysis of the mechanistic basis by which
sodium-coupled transport systems respond to changes in
membrane potential is inherently complex. Algebraic
expressions for the primary kinetic parameters (Km and
Vmax) consist of multiple terms that encompass most rate
constants in the transport cycle. Even for a relatively
simple cotransport system such as the Na+/alanine co-
transporter in LLC-PK1 cells (1:1 Na+ to substrate cou-
pling, and an ordered binding sequence), the algebraic
expressions forKm for either substrate includes ten of the
twelve rate constants necessary for modeling the full
transport cycle. We show here that the expression ofKm

of the first-bound substrate (Na+) simplifies markedly if
the second-bound substrate (alanine) is held at a low
concentration so that its’ binding becomes the rate lim-
iting step. Under these conditions, the expression for the
Km

Na includes rate constants for only two steps in the full
cycle: (i) binding/dissociation of Na+, and (ii) conforma-
tional ‘translocation’ of the substrate-free protein. The
influence of imposed changes in membrane potential on
the apparentKm

Na for the LLC-PK1 alanine cotransporter
at low alanine thus provides insight to potential depen-
dence at these sites. The data show no potential depen-
dence forKm

Na at 5 mM alanine, despite marked potential
dependence at 2 mM alanine when the full algebraic ex-
pression applies. The results suggest that neither trans-
location of the substrate-free form of the transporter nor
binding/dissociation of extracellular sodium are potential
dependent events for this transport system.
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Introduction

Sodium-coupled transport systems are biological ‘ma-
chines’ that harness energy released by flow of sodium
ions down the electrochemical Na+ gradient (Dmna) that
cells maintain across their plasma membrane to ‘drive’
the transfer of other ions or organic solutes against elec-
trochemical gradients. Changes in membrane potential
(DC) alter the free energy change for Na+ flow via these
transport systems, and can be expected to change flux of
the cotransported substrate for those systems which cata-
lyze a net charge transfer. Indeed, many sodium-coupled
transport systems are responsive to changes in membrane
potential [e.g. 2, 4, 7, 12, 21]. However, the molecular
mechanism(s) responsible for potential-induced changes
are not well understood.

Two conceptual ideas for potential dependence of
Na+-coupled systems have received particular attention.
Transport models based on these concepts are sometimes
categorized as either ‘‘translocation’’ or ‘‘sodium-well’
models. Translocation models propose that changes in
membrane potential induce a conformational change in
the transport protein that changes the side of the mem-
brane from which substrates can gain access to their
binding sites on the protein. These models have some
features analogous to current models for voltage-gated
ion channels where a potential driven conformational
change in the channel protein alters the side of access for
ions transferred through the channel [1, 8].

In contrast, sodium-well models assign potential de-
pendence to events relating to binding or dissociation of
Na+ ions to/from the transport protein. These models
propose sodium binding sites on the transport protein
that are partially ‘embedded’ in the membrane matrix
and thus are within the electric field represented by the
membrane potential. Access channels with restricted se-
lectivity admit sodium ions which ‘feel’ the influence of
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the potential in reaching or leaving those sites. Changes
in potential therefore influence the rate of Na+ binding
and/or dissociation from the protein. These models have
features somewhat analogous to the ‘‘proton-well’’
model proposed by Mitchell [20] and Maloney [18] for
describing the mechanism by which flow of H+ down a
gradient of electrochemical potential provides energy for
the chemiosmotic coupling events that occur during oxi-
dative phosphorylation. Because chemical affinity is de-
fined as the ratio of rate constants governing ligand bind-
ing/dissociation events, these models predict potential-
dependent changes in affinity of the transport protein for
sodium.

Several investigators have attempted to analyze vari-
ous sodium-coupled cotransport systems in hopes of de-
termining which concept, translocation or sodium-well,
best explains the basis for potential dependence in these
systems [2–6, 9, 10, 12, 13, 16, 17, 21, 22]. Unfortu-
nately, specific answers have been difficult to elucidate.
With current experimental techniques, it is difficult to
define conditions that allow accurate measurement of
values for rate constants governing individual steps in
the transport cycle. Instead, it is usually necessary to
determine various ‘‘kinetic’’ parameters such as the Mi-
chaelis constant (Km) or maximal velocity (Vmax). Al-
though Km for a given solute is often interpreted as a
surrogate for solute ‘affinity’ of the transport protein, this
is an oversimplification. It is important to remember that
even for the simplest cotransport systems,Km andVmax

are complex algebraic expressions that include rate con-
stants for most steps in the transport cycle. Therefore,
potential dependence for either parameter does not nec-
essarily provide any insight to specific sites in the trans-
port cycle that are responsive to changes in membrane
potential.

This report describes work relating to a particular set
of experimental conditions in which the usual complex
expression for theKm

Na for the Na+/alanine cotransporter
simplifies to one which has rate constants for only two
steps in the full transport cycle. Data obtained at differ-
ent membrane potentials under these conditions were
analyzed to determine whether either of these two loci
exhibit potential dependence.

Materials and Methods

CELL CULTURE

Frozen stocks of LLC-PK1 cells, at passage 196, were provided by Dr.
Edward Puzas, Chief of Orthopedic Research at the University of
Rochester School of Medicine and Dentistry (Rochester, NY). Thawed
cells were seeded on 100 mm culture dishes at 3.3 × 104 cells/dish and
grown at 37°C in a 5% CO2-humidified atmosphere with Dulbecco’s
modified Eagle’s medium (Sigma Chemical, St. Louis, MO) supple-
mented with 4 mM L-glutamine, 5.6 mM glucose, 10% heat-inactivated
fetal bovine serum (GIBCO, Grand Island, NY), 28 mM NaHCO3, 100

IU/ml penicillin, and 100mg/ml streptomycin sulfate. Cultures were
fed by replacing the medium every 2–3 days. Cells were passaged to
new culture plates every 7–10 days at an initial density one-tenth that
of confluency.

The cells were harvested and used in suspension for transport
studies as described in previous reports [15, 26]. Prior to harvesting,
the culture medium was replaced with calcium- and magnesium-free
Dulbecco’s phosphate-buffered saline (Sigma/Aldrich Chemical)
supplemented with 28 mM NaHCO3, 0.02% EDTA, 20 mM N-2-
hydroxyethylpiperazine-N8-2-ethanesulfonic acid (HEPES)-Na (pH
7.4), 100 IU/ml penicillin, and 100mg/ml streptomycin sulfate. The
cultures were incubated in this medium for 30–35 min at 37°C which
causes the cells to loosen from the culture plate. Cells were aspirated
off the plate and pelleted by centrifugation for 3 min at a mean cen-
trifugal force of 380 ×g. The cells were then resuspended in either
fresh growth medium for passaging or in the appropriate medium re-
quired for a particular experimental protocol.

MEMBRANE POTENTIAL

Membrane potentials of different polarity and magnitude were imposed
experimentally in order to assess the influence of potential on the
apparentKm

Na for the Na+/alanine cotransporter. Potential changes were
induced by imposing diffusion potentials on suspensions of ATP-
depleted cells, as described previously for intestinal epithelial cells [12,
22, 23]. Depletion of ATP was accomplished by incubating cells with
15 mg/ml valinomycin, 10mM nigericin, and 200mM ouabain for 20
min at 37°C in the absence of glucose. The two ionophores acting in
combination are potent uncouplers of oxidative phosphorylation. In-
clusion of ouabain helps ensure that the cells do not have capability for
Na+ pump activity (i.e., Na+-gradient forming ability) due to any re-
sidual ATP remaining in the cell. LLC-PK1 cells treated in this manner
lose all capability for transport ofa-methylglucoside (AMG) against a
concentration gradient. They take up AMG to the same level as phlo-
rizin-treated cells, indicating that they have lost their capacity for main-
taining a Na+-gradient and/or membrane potential. Sodium-coupled
AMG transport is a 2:1 coupled cotransporter that provides a sensitive
means for detection of any residual transmembrane electrochemical
Na+ gradient.

INTERIOR NEGATIVE MEMBRANE POTENTIALS

An interior negative membrane potential was obtained by depleting
cells of ATP in a medium containing 150 mM potassium gluconate, 10
mM N-2-hydroxyethylpiperazine-N8-2-ethanesulfonic acid neutralized
to pH 7.4 with tetramethyl-ammonium hydroxide (HEPES-TMA), 2
mM MgSO4, 1 mM CaSO4, and 1 mg/ml bovine serum albumin. This
medium facilitates depletion of intracellular [Na+] and maintenance of
high intracellular [K+]. At the beginning of the interval for measure-
ment of alanine influx, a 100ml aliquot of the ATP-depleted cell
suspension was added to 900ml of incubation medium in which the
slowly permeant gluconate anion was replaced by highly permeant
SCN−, and K+ was replaced by a combination of Na+ and piperidine+.
Inclusion of valinomycin (15mM) was retained to sustain high K+

permeability across the membrane. The resulting gradients of two
highly permeant ions (inward for SCN− and outward for K+) estab-
lished a double diffusion potential with interior negative polarity [14].
The concentration of the slowly permeant gluconate and piperidine ions
can be changed without modifying the potential set by more highly
permeant ions. Under these conditions, different choices for the ratio
of [Na+] to [piperidine+] allow study of alanine transport at several
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extracellular Na+ concentrations without introducing a change in mem-
brane potential.

Flux of the highly permeant tetraphenylphosphonium cation
(TPP+) was used as a means of assessing the magnitude and stability of
imposed potentials at the extremes of Na+ concentration that were
studied [11, 13, 14, 23]. Linearity of TPP+ influx during the interval in
which alanine flux was measured was used as indicative of a stable
membrane potential during this time period. Furthermore, stable TPP+

influx at various [Na+]o confirms that the diffusion potential set by the
K+ and SCN− gradients is not compromised by the change in Na+

gradient, at least over the range of sodium concentrations that were
studied.

INTERIOR POSITIVE MEMBRANE POTENTIALS

A variation of the above approach was used to achieve interior positive
membrane potentials. In this case, the cells were harvested and de-
pleted of ATP in a medium containing 150 mM piperidine-SCN to
facilitate depletion of intracellular Na+ and K+. In this case, alanine
influx was measured immediately following addition of a 100ml ali-
quot of the ATP-depleted cell suspension to 900ml of incubation
medium in which SCN− was replaced by gluconate−. Piperidine+ was
replaced by 30 mM K+. Again, 15mM valinomycin was included in the
medium to maintain enhanced K+ permeability. Different ratios of
[Na+] to [piperidine+] were used to study alanine transport at various
Na+ concentrations. For these cases, the outward SCN− gradient in
conjunction with the inward K+ gradient effectively ‘‘clamped’’ the
membrane potential. TPP+ influx was again used to show that different
extracellular Na+ concentrations can be studied under these conditions
without altering the membrane potential [11, 13, 14, 17, 23].

RELATIVE MAGNITUDE OF THE IMPOSEDPOTENTIALS

Separate experiments were conducted in which TPP+ influx was stud-
ied for various K+ gradients in the presence of valinomycin (no Na+ or
SCN− present) to set K+ equilibrium potentials. The unidirectional
influx of TPP+ for these potentials was used to define the relationship
between membrane potential and infux of this permeant cation. This
relationship was then used for calculating the membrane potential ‘set’
by the ion gradients that were imposed by the conditions described
above. This technique was developed for defining the potential depen-
dence of the Na+-coupled sugar transporter in intestinal epithelial cells
and is described in detail in earlier reports [11, 13, 14, 17, 23]. Mag-
nitude of the interior negative and interior positive ‘test’ potentials as
calculated by the TPP+ influx technique was −56 and +29 mV, respec-
tively.

ISOTOPEINFLUX MEASUREMENTS

The procedures employed here for measurement of alanine influx are
similar to those described by Kimmichet al. [15, 26]. Briefly, a 100ml
aliquot of cell suspension was added to 0.9 ml of the reaction medium
containing14C-L-alanine (1-2mC/ml) and incubated at 37°C. Aliquots
of the cell suspension (100ml) were taken at 5–10 sec intervals and
immediately diluted into 4 ml of ice-cold stop medium [in mM: 180
mannitol, 1 CaCl2, 1 MgCl2, 80 tris(hydroxymethyl)aminomethane-Cl
(pH 7.4) and 1 mg/ml bovine serum albumin] followed by centrifugal
separation of cells (1,000 ×g for 25 sec). Cell pellets were resus-
pended in 2 ml ice-cold stop medium and centrifuged again to remove
any remaining extracellular isotope from the cells. Cell pellets were
dissolved in 5 ml of Ecoscintt H solubilizer (National Diagnostics,
Atlanta GA), and the amount of isotope in the cells was determined by

liquid scintillation spectrometry. Rates of uptake were calculated from
the specific activity of isotope in the incubation medium and are given
in units of nanomoles per minute per milligram of cell protein. Data for
all experiments was corrected for alanine uptake observed in the ab-
sence of Na+. At 100 mM alanine, more than 98% of the total alanine
uptake by LLC-PK1 cells is Na+-dependent [15]. The Na+-
independent uptake rate is proportional to alanine concentration over
the range studies here (5mM–2 mM), indicating that it occurs either by
diffusion or via a mediated process of low affinity. All experiments
were repeated at least three times. Data are presented as the mean
value ± SE in each case, unless otherwise noted.

Results

The sequence of events occurring during function of any
biological transport system can be broken down into four
essential steps: (i) binding of extracellular substrate(s);
(ii) a conformational change of the transporter/substrate
complex such that substrates can be released to the op-
posite side of the membrane (i.e., ‘‘translocation’’ of the
fully loaded transport protein); (iii) release of sub-
strate(s) into the cytoplasm; and (iv) ‘‘translocation’’ of
the substrate-free form of the transport protein so that the
system is returned to its original state where new sub-
strate molecules can gain access from the extracellular
side of the membrane. For cotransport systems, if the
order of substrate binding and release are known, then
more detail can be added to the transport model such that
binding and dissociation steps for each substrate are
treated as independent events.

Alanine cotransport by LLC-PK1 cells represents an
example where considerable additional detail has been
provided for the sequence of events occurring in each
transport cycle [15, 26]. For that system, kinetic prop-
erties and various isotope exchange reactions have been
used to show that substrate binding and release is ‘‘or-
dered’’ with Na+ binding occurring prior to alanine bind-
ing at the extracellular side of the membrane, and Na+

release occurring first at the intracellular side. For this
system, the full transport cycle is best modeled using six
independent transport steps occurring in the following
sequence: (i) binding of extracellular sodium; (ii) bind-
ing of extracellular alanine; (iii) a conformational
‘‘translocation’’ event for the Na+/alanine/protein com-
plex; (iv) release of sodium at the cytoplasmic side of the
membrane; (v) release of alanine into the cytoplasm; and
(vi) conformational ‘‘translocation’’ of the substrate-free
form of the protein to reconstitute extracellular substrate
binding sites [26]. The complete transport cycle is
shown schematically in Fig. 1.

For kinetic modeling, the rate of any particular step
in the transport cycle is the product of a rate constant for
that step and 1 or 2 additional parameters: (i) the con-
centration of the conformational form of the transport
protein (conformer) serving as a ‘‘reactant’’ for that step
and (ii) the concentration of any ‘‘substrate’’ ligands that
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interact with that conformer. Separate rate constants ap-
ply to forward and reverse events at each step. Figure 1
includes our notation for the individual rate constants for
the Na+/alanine cotransport cycle. The various states of
the transporter are numbered sequentially beginning with
the outward-facing conformational state of the substrate-
free protein (Co 4 1) and proceeding counterclockwise
to the corresponding inward-facing conformation of the
substrate-free transporter (Ci 4 6). Rate constant sub-
script numbers identify the two transporter forms that are
interconverted during a particular transport step (reac-
tant-first, product-last). Assuming that the system is at
steady state, the Michaelis constant for each transported
substrate can be expressed algebraically in terms of rate
constants for the various steps in the transport cycle, and
substrate concentrations appropriate for the experimental
conditions being considered. For the model shown in
Fig. 1, under zero-trans conditions (i.e., negligible intra-
cellular Na+ and alanine concentrations), the expression
for the Km for extracellular Na+ (Km

Na) is:

Km
Na =

So

k12Ss
(1)

where

So 4 (k23[Ala]ok34k45k56k61) + (k21k34k45k56k61)
+ (k43k32k21k16k56) + (k32k21k45k56k61)
+ (k43k32k21k56k61) + (k23[Ala]ok34k45k56k16)
+ (k21k16k34k45k56) + (k32k21k16k45k56)

and

Ss 4 (k34k45k56k61) + (k32k45k56k61) + (k43k32k56k61)
+ (k45k56k61k23[Ala]o) + (k56k61k23[Ala]ok34)
+ (k61k23[Ala]ok34k45) + (k23[Ala]ok34k45k56)
+ (k56k61k23[Ala]ok43)

Even though theKm
Na can be measured readily as the Na+

concentration required to achieve half the maximal trans-
port rate, it is a complicated mathematical relationship
that includes rate constants for all six of the primary steps
in the transport cycle. Therefore, potential dependence
at any particular step may be the basis for observed po-
tential dependence inKm

Na.
Fortunately, under certain conditions that can be

achieved experimentally, the algebraic expression for the
Km

Na simplifies. For instance, as the extracellular alanine
concentration approaches zero, those terms which in-
clude [Ala]o become negligible and the expression can be
written as:

Km
Na =

k21(k61k34k45k56 + k61k32k45k56 + k61k32k43k56 +
k16k34k45k56 + k16k32k45k56 + k16k32k43k56)
k12k61~k34k45k56 + k32k45k56 + k32k43k56!

After algebraic rearrangement, the expression simplifies
further to:

Km
Na =

k21

k12k61
~k61 + k16! (2)

For these conditions,Km
Na is determined by rate constants

relating to only two steps in the transport cycle, confor-
mational ‘translocation’ of the substrate-free form of the
transporter (k16 andk61), and binding/dissociation of ex-
tracellular sodium (k12 and k21). Potential dependence
for Km

Na at low alanine therefore would imply that one or
both of these steps must respond to changes in the mag-
nitude of the membrane potential.

This possibility was assessed by studying the influx
of alanine as a function of Na+ concentration for two
different membrane potentials that were imposed experi-
mentally using the methods described earlier. Figure 2
shows that influx of TPP+ to the cells remains linear for
intervals up to 36 sec in duration for an imposed diffu-
sion potential of either polarity. Linear TPP+ influx in
turn implies that the imposed membrane potential is
stable over the measurement interval. Furthermore, for
either potential the TPP+ influx remains stable when 100
mM Na+ replaces piperidine+ in the incubation medium.
The rate of TPP+ uptake is the same when Na+ is present
as in its absence. This confirms that the influence of
changes in alanine transport induced by changes in ex-
tracellular Na+ concentration can be studied under these
conditions without inducing concomitant unintended
changes in the magnitude of the imposed membrane po-
tential.

A representative experiment for uptake of 2 mM L-

Fig. 1. Schematic diagram showing the sequence of sodium and ala-
nine binding/dissociation events occurring during sodium-coupled ala-
nine transport in LLC-PK1 cells. Subscriptsi ando designate intracel-
lular and extracellular compartments, respectively for the transported
substrates. For conformational states of the transport protein, subscripts
show from which side of the membrane the substrates have access to
their binding sites. The rate limiting step for the full transport cycle is
k61 at high extracellular alanine concentrations [26].
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alanine under conditions where an interior negative
membrane potential was imposed is shown in Fig. 3.
For each Na+ concentration studied, alanine uptake was
linear with respect to time over the 36-sec measurement
interval. Alanine uptake rates derived from similar ex-
periments with four different cell populations were used
to construct an Eadie-Hofstee plot (Fig. 4) for the rela-
tionship between alanine influx (v) and v/[Na+]. The
slope of each line in the plot is equal to −Km

Na. The
apparentKm

Na decreases about 2-fold from 12 mM for the
interior positive potential (+29 mV) to 6.8 mM for the
interior negative potential (−56 mV). TheVmax remains
constant at about 4.5 nmoles/min−1 × mg cell protein−1

for the two test potentials.
Figure 5 shows the relationship between alanine in-

flux and extracellular Na+ concentration for the two test
potentials when the alanine concentration was only 5mM.
Computer-generated least square fits of these data to the

Michaelis Menten equation show that the apparentVmax

changes by a factor of 2.7-fold for the 85 mV change in
imposed test potentials (Vmax 4 0.10 ± 0.013 for the
interior positive potential, and 0.27 ± 0.049 for the inte-
rior negative potential). However, at this low alanine
concentration, the apparentKm

Na remains constant at∼53
mM for the same 85 mV change in test potential. The
slope of a Michaelis-Menten relationship is approxi-
mately equal toVmax/Km at substrate concentrations be-
low the Km. Therefore, if the apparentKm

Na remains the
same for these two test potentials, one would expect the
initial slope of the rate versus [Na+]o relationship to in-
crease by a factor of 2.7 for the data obtained at the two
potentials. Indeed, the initial slope of the curves in Fig.
5 changes by a factor of 2.6 for the two cases.

Discussion

In earlier reports [15, 16], we provided evidence that at
least six independent steps occur during sodium-coupled
alanine transport in LLC-PK1 cells as shown schemati-
cally in Fig. 1. We also showed that the rate of alanine

Fig. 2. Uptake of [14C]TPP+ at three different membrane potentials by
ATP-depleted LLC-PK1 cells. Circles represent uptake in the presence
of an interior negative membrane potential (approximately −56 mV)
established by imposing an inward gradient of SCN− and outward
K+/gradient (in the presence of valinomycin). Squares represent uptake
with an interior positive potential (approximately +29 mV) established
with an inward K+ gradient (plus valinomycin) and an outward SCN−

gradient. Triangles designate uptake in the absence of an imposed
diffusion potential. This case was used for calibration of the magnitude
of the imposed potentials. Open circles and squares signify uptake in
the absence of sodium and closed symbols relate to uptake in the
presence of 100 mM sodium.

Fig. 3. Uptake of 2 mM L-alanine by ATP-depleted cells at various
extracellular sodium concentrations. In each case, an inward gradient of
SCN− and an outward gradient of K+ (in the presence of valinomycin)
was imposed across the plasma membrane to establish an interior nega-
tive membrane potential. A constant membrane potential can be main-
tained under these conditions for changes in Na+ concentration up to
100 mM (seeFig. 2). Representative data are shown for one cell popu-
lation.
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transport in these cells responds to changes in the mag-
nitude of the membrane potential [15] which implies that
one or more steps in the transport cycle must be potential
dependent. Identifying the site(s) of potential depen-
dence may provide important insight to the regulation of
molecular events in the cotransport cycle, and it is that
aim which forms the basis of this report.

Because it is difficult to define conditions that allow
measurement of the magnitude or potential dependence
of rate constants associated with a specific transport step,
it is usually necessary to identify situations in which
insight can be derived from measureable kinetic param-
eters such as theVmax andKm. However, as mentioned
earlier, for cotransport systems these parameters are
complex algebraic expressions consisting of multiple
terms that include rate constants for every step in the full
transport cycle. Equation 1 provides an example for the
Na+/alanine cotransporter. Even when intracellular sub-
strates are absent, the expression for theKm

Na for this 1:1
coupled system has 8 numerator and 8 denominator
terms, in which each term is the product of 5 different
rate constants. Fortunately, at low alanine concentra-

tions the expression simplifies to the form given by equa-
tion 2 with rate constants for only two sites in the cycle.
Under these conditions, theKm

Na offers an ideal opportu-
nity for assessing whether either of these loci exhibits
potential dependence.

Because theKm for any transported solute is the
concentration required to achieve half maximal transport
velocity, Km is sometimes incorrectly interpreted as a
measure of the ‘‘affinity’’ of the transport protein for the
solute. If Km

Na is equated with Na+ affinity, it would be
concluded that sodium binding and dissociation are po-
tential dependent given the fact that the apparentKm

Na is
markedly dependent on the magnitude of the membrane
potential when the alanine concentration is 2 mM (Fig.
4). Indeed, 6 of the 8 numerator terms in the full expres-
sion for Km

Na (Eq. 1) include the rate constant for Na+

dissociation (k21), which might suggest that potential de-
pendence for this constant will be reflected in a potential-

Fig. 4. Eadie-Hofstee plot of14C-alanine influx into ATP-depleted
LLC-PK1 cells at various Na+ concentrations when the extracellular
alanine is held constant at 2 mM. Open circles indicate data taken in the
presence of an interior negative membrane potential, and solid circles
are for an interior positive potential. The lines are computer generated
least squares fit of the data to the general equation for a straight line.
Data were pooled from four separate cell populations and normalized to
the maximal velocity achieved for the specific cell population from
which it was collected before pooling. Error bars indicate the standard
error and are shown unless they are smaller than the symbol used. The
negative slope of each line is the apparentKm

Na for that potential: 6.9
mM for the interior negative potential and 15.6 mM when the potential
is interior positive.

Fig. 5. The rat ofL-alanine uptake by ATP-depleted LLC-PK1 cells as
a function of sodium concentration when the extracellular alanine con-
centration is held constant at 5mM for two different membrane poten-
tials. Open circles indicate uptake in the presence of an interior nega-
tive membrane potential, and closed circles in the presence of an inte-
rior positive potential. Data were pooled from four separate cell
populations without normalization. The curves show the least squares
fit of the pooled data to the Michaelis-Menten equation. Error bars
indicate the standard error and are shown unless they are smaller than
the symbol used. Computer generated values for the apparentKm

Na and
apparentVmaxwere 50 mM and 0.27 nmol × min−1 × mg cell protein−1

for the interior negative potential, and 56 mM and 0.1 nmol × min.−1 ×
mg cell protein−1 for the interior positive potential.

280 J.J. Wilson et al.: Na+/Alanine Cotransport:DC and theNaKm



dependent apparentKm for Na+. True chemical affinity
of the protein for extracellular Na+ is the ratio of rate
constants governing binding and release of Na+ (k12/k21).

However, when the alanine concentration is lowered
to 5 mM the same 85 mV change in potential induces no
change in the apparentKm

Na (Fig. 5) despite the fact that
under these conditions the expression forKm

Na simplifies
to one in which the rate constants for binding/release of
extracellular sodium (i.e., constants associated with the
true affinity of the transporter for Na+) have even greater
weighting. The data obtained at low [alanine] are not
compatible with a potential-dependent shift in Na+ affin-
ity, and therefore are inconsistent with a Na+-well con-
ceptual model. The datain toto also emphasizes the
faulty logic in equating Michaelis constants with affinity
of the transport protein for substrate ligands.

It is important to recognize that the algebraic sim-
plification in the expression forKm

Na requires a very low
concentration of extracellular alanine relative to theKm

for alanine. A test alanine concentration of 5mM was
chosen for these studies because it is 50-fold lower than
the apparentKm

Na of 240 mM, reported earlier for these
cells at 135 mM [Na+]o [15, 26]. If this concentration is
truly low enough to satisfy the assumption that
[Ala]o → 0, then theKm

Na should be independent of [ala-
nine] at other concentrations near this value. For this
reason, we repeated the experiment with a 2-fold higher
extracellular alanine concentration (10mM) in the pres-
ence of an interior negative membrane potential. Under
these conditions, the apparentKm

Na was 52 mM (data not
shown), or the same as that determined with 5mM ex-
tracellular alanine.

Previously, we reported evidence indicating that
‘translocation’ of the substrate-free protein is rate limit-
ing for the full transport cycle at concentrations of ala-
nine usually employed in kinetic studies [26]. Here we
have shown that lowering extracellular alanine to 5–10
mM can be used to create a new rate limiting step. Of
course, a low alanine concentration does not change the
magnitude of the rate constantk23, but at a sufficiently
low level the rate of the transport cycle becomes depen-
dent on thek23[Ala]o product. The fact that rate limita-
tion due to [Ala]o occurs for concentrations on the order
of 5–10mM implies that in this range the magnitude of
the k23[Ala]o product must be less than the usually lim-
iting value ofk61.

It is possible to calculate the ratio ofk61 to k23[Ala]o

that is necessary to satisfy the requirements for the alge-
braic simplification. To do so, we compared the appar-
ent Km

Na calculated using the simplified expression (Eq.
2) with computed values using the full expression (Eq.
1). The simplification is valid with 95% accuracy when
k61 is at least 25 times greater thank23[Ala] regardless of
the magnitude of the other rate constants, provided that
the other constants are at least 10-fold greater thank61.

Lack of potential dependence forKm
Na at very low

extracellular alanine concentrations suggests one of two
conclusions: (i) neither step (translocation of the sub-
strate-free form of the transporter nor binding/
dissociation of extracellular sodium) is potential depen-
dent or (ii) both steps are potential dependent but in a
manner in which changes in membrane potential affect
flux in an opposing sense such that the two changes
nullify one another. The latter explanation would require
that at least one of the two sites allows influence by the
membrane potential which opposes transport activity, in
contrast to the well known potential-induced transport
enhancement for this and many other Na+-coupled sys-
tems. Opposing effects which just cancel one another
also seem unlikely for several different cell populations
subjected to the large change in potential that was tested.
Therefore, even though theKm

Na is potential dependent at
higher extracellular alanine concentrations, it is unlikely
that this is due to potential dependent binding/
dissociation of sodium.

This conclusion differs from that drawn from our
studies of Na+-coupled sugar transport in LLC-PK1 cells.
In that case, the collective data are consistent with a
Na+-well concept [3, 4, 12]. The two conclusions sug-
gest that there is no general paradigm that can be used to
explain the basis of potential dependence for all Na+-
coupled transport systems. The lack of potential depen-
dence in the apparentKm

Na when extracellular alanine
binding is rate limiting also suggests that ‘translocation’
of the free carrier does not respond to the membrane
potential despite the fact that isotope exchange experi-
ments indicate that this step is rate limiting for the full
transport cycle at high concentrations of extracellular
alanine. A wholly adequate explanation for the site of
potential dependence for the Na+/alanine cotransporter
remains to be identified.
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