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Abstract. Analysis of the mechanistic basis by which Introduction

sodium-coupled transport systems respond to changes in

membrane potential is inherently complex. Algebraic . ] ]
expressions for the primary kinetic parametets,@nd ~ Sodium-coupled transport systems are biological ‘ma-
V...) consist of multiple terms that encompass most rateéehines’ that harness energy released by flow of sodium
constants in the transport cycle. Even for a relativelyions down the electrochemical Ngradient Qp.,,) that
simple cotransport system such as the'/lanine co- cells maintain across their plasma membrane to ‘drive’
transporter in LLC-PK cells (1:1 N4 to substrate cou- the transfer of other ions or organic solutes against elec-
pling, and an ordered binding sequence), the algebraifochemical gradients. Changes in membrane potential
expressions foK,,, for either substrate includes ten of the (AW) alter the free energy change for Néow via these
twelve rate constants necessary for modeling the fultransport systems, and can be expected to change flux of
transport cycle. We show here that the expressiof,pf the cotransported substrate for those systems which cata
of the first-bound substrate (Kpsimplifies markedly if ~lyze a net charge transfer. Indeed, many sodium-coupled
the second-bound substrate (alanine) is held at a loWansport systems are responsive to changes in membran
concentration so that its’ binding becomes the rate limJotential [e.g. 2, 4, 7, 12, 21]. However, the molecular
iting step. Under these conditions, the expression for théhechanism(s) responsible for potential-induced changes
KN includes rate constants for only two steps in the fullare not well understood.

cycle: (i) binding/dissociation of Naand (ii) conforma- Two conceptual ideas for potential dependence of
tional ‘translocation’ of the substrate-free protein. TheNa'-coupled systems have received particular attention.
influence of imposed changes in membrane potential od ransport models based on these concepts are sometime
the apparenk\2 for the LLC-PK; alanine cotransporter categorized as either “translocation” or “sodium-well’

at low alanine thus provides insight to potential depen-models. Translocation models propose that changes in
dence at these sites. The data show no potential depef?embrane potential induce a conformational change in
dence forkN2 at 5 um alanine, despite marked potential the transport protein that changes the side of the mem-
dependence at 2wnalanine when the full algebraic ex- brane from which substrates can gain access to their
pression applies. The results suggest that neither tran§inding sites on the protein. These models have some
location of the substrate-free form of the transporter nofeatures analogous to current models for voltage-gated
binding/dissociation of extracellular sodium are potentialion channels where a potential driven conformational

dependent events for this transport system. change in the channel protein alters the side of access fol
) ions transferred through the channel [1, 8].

Key words: ASC transport system — Alanine transport In contrast, sodium-well models assign potential de-

— Sodium-coupled transport — Amino acid transport — pendence to events relating to binding or dissociation of

Transport kinetics 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
* Present addressDepartment of Pharmacology, Vanderbilt Univer- Membrane potential. Access channels with restricted se-
sity, Nashville, TN 37232-6600, USA lectivity admit sodium ions which ‘feel’ the influence of
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the potential in reaching or leaving those sites. Change®)/ml penicilli.n, and 100|+g/ml streptomycin sulfate. Cultures were
in potential therefore influence the rate of Nlainding fed by replacing the medium every 2-3 days. Cells were passaged to
and/or dissociation from the protein These models havd&V culture plates every 7-10 days at an initial density one-tenth that

features somewhat analogous to the ‘“proton-well” of confluency.
9 P The cells were harvested and used in suspension for transport

model proposed by Mitchell [20] and Maloney [18] for gy,gies as described in previous reports [15, 26]. Prior to harvesting,
describing the mechanism by which flow of ldown a  the culture medium was replaced with calcium- and magnesium-free
gradient of electrochemical potential provides energy foDulbecco’s phosphate-buffered saline (Sigma/Aldrich Chemical)
the chemiosmotic coupling events that occur during oxi-supplemented with 28 m NaHCO,, 0.02% EDTA, 20 m N-2-
dative phosphorylation. Because chemical affinity is de-1ydroxyethylpiperaziner'-2-ethanesulfonic acid (HEPES)-Na (pH
fined as the ratio of rate constants governing ligand bind—7'4)' 100 1U/ml penicillin, and 10GQwg/ml streptomycin sulfate. The

ina/di . h del di . Icultures were incubated in this medium for 30-35 min at 37°C which
Ing/dissociation events, these models predict potentia causes the cells to loosen from the culture plate. Cells were aspirated

dependent changes in affinity of the transport protein forof the plate and pelleted by centrifugation for 3 min at a mean cen-

sodium. trifugal force of 380 xg. The cells were then resuspended in either
Several investigators have attempted to analyze varifresh growth medium for passaging or in the appropriate medium re-

ous sodium-coupled cotransport systems in hopes of deired for a particular experimental protocol.

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-MEMBRANE POTENTIAL

nately, specific answers have been difficult to elucidate.

With current experimental techniques, it is difficult to Memprane poteptials of different polaritygnd magnitude wergimposed

define conditions that allow accurate measurement ofaxperlmentally in order to assess the influence of potential on the

| f . individual ._apparenk)@for the Nd/alanine cotransporter. Potential changes were
values for rate constants governing individual steps Mnduced by imposing diffusion potentials on suspensions of ATP-

the transport cycle. Instead, it is usually necessary tQepleted cells, as described previously for intestinal epithelial cells [12,
determine various “kinetic” parameters such as the Mi- 22, 23]. Depletion of ATP was accomplished by incubating cells with
chaelis constantK(,) or maximal velocity V... Al- 15 pg/ml valinomycin, 10uMm nigericin, and 200um ouabain for 20
thoughK,, for a given solute is often interpreted as a min a.t 3?°C in the absence of glucose. The Mo ionophores gcting in
surrogate for solute ‘affinity’ of the transport protein, this combination are potent uncouplers of oxidative phosphorylation. In-

. . [P L clusion of ouabain helps ensure that the cells do not have capability for
is an oversimplification. Itis important to remember that Na* pump activity (i.e., N&-gradient forming ability) due to any re-

even for the S|mples_t Cotransp_ort systeri_n% andViax  sidual ATP remaining in the cell. LLC-Pjcells treated in this manner
are complex algebraic expressions that include rate conose all capability for transport ai-methylglucoside (AMG) against a
stants for most steps in the transport cycle. Thereforegoncentration gradient. They take up AMG to the same level as phlo-
potential dependence for either parameter does not neozin-treated cells, indicating that they have lost their capacity for main-
essarily provide any insight to specific sites in the trans{aining a Na-gradient and/or membrane potential. Sodium-coupled

port cycle that are responsive to changes in membran@MG transport is a 2:1 coupled cotransporter that provides a sensitive
4 means for detection of any residual transmembrane electrochemical
potential y

. . . . Na" gradient.
This report describes work relating to a particular set
of experimental conditions in which the usual complex
expression for th&}? for the Nd/alanine cotransporter |\Terior NEGATIVE MEMBRANE POTENTIALS
simplifies to one which has rate constants for only two

steps in the full transp(_)rt cycle. Data Obtame(_j_at dlffer'An interior negative membrane potential was obtained by depleting
ent membrane potentials under these conditions Wergeis of ATP in a medium containing 150Mpotassium gluconate, 10
analyzed to determine whether either of these two locimv n-2-hydroxyethylpiperazine:-2-ethanesulfonic acid neutralized
exhibit potential dependence. to pH 7.4 with tetramethyl-ammonium hydroxide (HEPES-TMA), 2
mm MgSQO,, 1 mv CaSQ, and 1 mg/ml bovine serum albumin. This
medium facilitates depletion of intracellular [Naand maintenance of
Materials and Methods high intracellular [K]. At the beginning of the interval for measure-
ment of alanine influx, a 10Qul aliquot of the ATP-depleted cell
suspension was added to 900 of incubation medium in which the
CeLL CULTURE slowly permeant gluconate anion was replaced by highly permeant
SCN, and K" was replaced by a combination of Nand piperidiné.
Frozen stocks of LLC-PKcells, at passage 196, were provided by Dr. Inclusion of valinomycin (15um) was retained to sustain high*K
Edward Puzas, Chief of Orthopedic Research at the University ofpermeability across the membrane. The resulting gradients of two
Rochester School of Medicine and Dentistry (Rochester, NY). Thawedhighly permeant ions (inward for SCNand outward for K) estab-
cells were seeded on 100 mm culture dishes at 3.3»cdlls/dish and  lished a double diffusion potential with interior negative polarity [14].
grown at 37°C in a 5% Cohumidified atmosphere with Dulbecco’s The concentration of the slowly permeant gluconate and piperidine ions
modified Eagle’s medium (Sigma Chemical, St. Louis, MO) supple- can be changed without modifying the potential set by more highly
mented with 4 mu L-glutamine, 5.6 m glucose, 10% heat-inactivated permeant ions. Under these conditions, different choices for the ratio
fetal bovine serum (GIBCO, Grand Island, NY), 2&mhlaHCQ;, 100 of [Na'] to [piperidin€’] allow study of alanine transport at several
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extracellular N& 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
imposed potentials at the extremes of “Nancentration that were
studied [11, 13, 14, 23]. Linearity of TPfhflux during the interval in
which alanine flux was measured was used as indicative of a stabl
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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
afl experiments was corrected for alanine uptake observed in the ab-
sence of N& At 100 wm alanine, more than 98% of the total alanine
uptake by LLC-PK1 cells is Nadependent [15]. The Na
éndependent uptake rate is proportional to alanine concentration over

membrane potential during this time period. Furthermore, stablé TPPthe range studies here (51—2 mw), indicating that it occurs either by

influx at various [Nd], confirms that the diffusion potential set by the
K™ and SCN gradients is not compromised by the change in"Na

diffusion or via a mediated process of low affinity. All experiments
were repeated at least three times. Data are presented as the mea

gradient, at least over the range of sodium concentrations that wergalue +sein each case, unless otherwise noted.

studied.

INTERIOR POSITIVE MEMBRANE POTENTIALS

A variation of the above approach was used to achieve interior positiv:
membrane potentials. In this case, the cells were harvested and d
pleted of ATP in a medium containing 150mrpiperidine-SCN to
facilitate depletion of intracellular Naand K'. In this case, alanine
influx was measured immediately following addition of a LoDali-
quot of the ATP-depleted cell suspension to 900of incubation
medium in which SCNwas replaced by gluconatePiperiding was
replaced by 30 m K*. Again, 15um valinomycin was included in the
medium to maintain enhanced”Kpermeability. Different ratios of
[Na*] to [piperidine’] were used to study alanine transport at various
Na" concentrations. For these cases, the outward S@dient in
conjunction with the inward K gradient effectively “clamped” the
membrane potential. TPhflux was again used to show that different

Results

“The sequence of events occurring during function of any

%'iological 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

extracellular N& concentrations can be studied under these conditionsside of the membrane. For cotransport systems, if the

without altering the membrane potential [11, 13, 14, 17, 23].

RELATIVE MAGNITUDE OF THE IMPOSEDPOTENTIALS

Separate experiments were conducted in which*TiRflux was stud-
ied for various K gradients in the presence of valinomycin (no"Na
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. Thi
relationship was then used for calculating the membrane potential ‘se

S . . .
£rties and various isotope exchange reactions have beel

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-PKcells 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-

by the ion gradients that were imposed by the conditions described!S€d t0 S.hOW Eha_t S.UbStrate binding and rele.ase .iS “or-
above. This technique was developed for defining the potential dependered” with N&" binding occurring prior to alanine bind-

dence of the N&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 TPFnflux technique was -56 and +29 mV, respec-
tively.

|SOTOPEINFLUX MEASUREMENTS

The procedures employed here for measurement of alanine influx ar
similar to those described by Kimmiet al.[15, 26]. Briefly, a 100ul
aliquot of cell suspension was added to 0.9 ml of the reaction mediu
containing**C-L-alanine (1-2.C/ml) and incubated at 37°C. Aliquots
of the cell suspension (10@l) were taken at 5-10 sec intervals and
immediately diluted into 4 ml of ice-cold stop medium [invm180
mannitol, 1 CaCJ, 1 MgCl,, 80 tris(hydroxymethyl)aminomethane-ClI
(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 remov
any remaining extracellular isotope from the cells. Cell pellets were
dissolved in 5 ml of EcoscifitH solubilizer (National Diagnostics,

e

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 N&alanine/protein com-
lex; (iv) release of sodium at the cytoplasmic side of the
embrane; (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

Atlanta GA), and the amount of isotope in the cells was determined byand (ii) the concentration of any “substrate” ligands that
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c kg o c S = (KsaKasKseKs1) * (KaoKaskseker) + (Kagkaokseksa)
© STk, : + (KysKseke1Kog Ala] o) + (Ksgks1Kog[Ala] oKsa)
Na, Ala + (K1Kaoa Ala] oKsakas) + (Kagl Ala] oKaakaskse)
N o + (KooK ko Ala] k)
klz kzx kss kss
Even though th&}? can be measured readily as the'Na
concentration required to achieve half the maximal trans-
NaC, AlaC, port rate, it is a complicated mathematical relationship
Ala, Na, that includes rate constants for all six of the primary steps
_\ /— in the transport cycle. Therefore, potential dependence
ky |tk kol ke at any particular step may be the basis for observed po-
tential dependence K2,
AlaNaC k. AlaNaC Fortunately, under certain conditions that can be
° STk, : achieved experimentally, the algebraic expression for the

KNa simplifies. For instance, as the extracellular alanine
Fig. 1. Schematic diagram showing the sequence of sodium and alaggncentration approaches zero, those terms which in-

nine blndmg/dl_ssomatlon events occurring during so_dlum-c_oupled a'a'clude Wa]o become negligible and the expression can be
nine transport in LLC-PK cells. Subscripts ando designate intracel- aNritten as:

lular and extracellular compartments, respectively for the transporte
substrates. For conformational states of the transport protein, subscripts

show from which side of the membrane the substrates have access to k21(k6|%k3|21k45k53_ T(kBI%kSZkAlSkSi 1k6lik3|§k43k56 +
their binding sites. The rate limiting step for the full transport cycle is KNa - 16K34Ka5Ks6 + K16KaoKasKse + Kigkaokaskse)
ke, at high extracellular alanine concentrations [26]. m K1 oKs1(KaaKasKsg + KaokasKse + KaoK,sKse)

) ) After algebraic rearrangement, the expression simplifies
interact with that conformer. Separate rate constants afgyrther to:

ply to forward and reverse events at each step. Figure 1

includes our notation for the individual rate constants for | = ky;

the Nd/alanine cotransport cycle. The various states ofm = k12k61(k61+ Kye) )

the transporter are numbered sequentially beginning with

the outward-facing conformational state of the substrategqr these condition&\?is determined by rate constants
free protein C, = 1) and proceeding counterclockwise rejating to only two steps in the transport cycle, confor-
to the corresponding inward-facing conformation of themational ‘translocation’ of the substrate-free form of the
substrate-free transporte€;(= 6). Rate constant sub- transporterk, andks,), and binding/dissociation of ex-
script numbers identify the two transporter forms that arergcellular sodium K., and k,,). Potential dependence
interconverted during a particular transport step (reacfor KN? at low alanine therefore would imply that one or
tant-first, product-last). Assuming that the system is ayoth of these steps must respond to changes in the mag
steady state, the Michaelis constant for each transportegitude of the membrane potential.

substrate can be expressed algebraically in terms of rate  Thjs possibility was assessed by studying the influx
constants for the various steps in the transport cycle, angf zlanine as a function of Naconcentration for two
substrate concentrations appropriate for the experimentgjitferent membrane potentials that were imposed experi-
conditions being considered. For the model shown inmentally using the methods described earlier. Figure 2
Fig. 1, under zero-trans conditions (i.e., negligible intra-shows that influx of TPPto the cells remains linear for
cellular N and alanine concentrations), the expressionntervals up to 36 sec in duration for an imposed diffu-

for the K, for extracellular Na (K) is: sion potential of either polarity. Linear TPRnflux in
turn implies that the imposed membrane potential is
KNa = S 1) stable over the measurement interval. Furthermore, for
M KoS either potential the TPANflux remains stable when 100
mm Na* replaces piperidiriein the incubation medium.
where The rate of TPPuptake is the same when Nis present
as in its absence. This confirms that the influence of
S = (Kog[Ala] gKasKasKseks 1) + (Ko1KsaKasKseKs1) changes in alanine transport induced by changes in ex-
+ (Kagksoko1Ki6Kse) + (Ksoko1Kaskseker) tracellular N& concentration can be studied under these
+ (Ky3KzoKo1KsKsq) + (KoglAla] oKz 4Ky5Ks6Ks6) conditions without inducing concomitant unintended
+ (Ko1K 6KaKasKsg) + (Kaoka1KigKasKse) changes in the magnitude of the imposed membrane po-
tential.

and A representative experiment for uptake of Zim-
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MINUTES Fig. 3. Uptake of 2 nm L-alanine by ATP-depleted cells at various

extracellular sodium concentrations. In each case, an inward gradient of
Fig. 2. Uptake of [“C]TPP" at three different membrane potentials by SCN and an outward gradient of'(in the presence of valinomycin)
ATP-depleted LLC-PK cells. Circles represent uptake in the presence was imposed across the plasma membrane to establish an interior nega
of an interior negative membrane potential (approximately =56 mV)tive membrane potential. A constant membrane potential can be main-
established by imposing an inward gradient of SCahd outward  tained under these conditions for changes iff Nancentration up to
K*/gradient (in the presence of valinomycin). Squares represent uptakgo0 nm (seeFig. 2). Representative data are shown for one cell popu-
with an interior positive potential (approximately +29 mV) established |ation.
with an inward K gradient (plus valinomycin) and an outward SCN
gradient. Triangles designate uptake in the absence of an imposed

diffusiqn potential. Thi§ case was qsed for calibration of_thg magnitud_eMiChae“S Menten equation show that the appatént
of the imposed poteptlals. Open circles and squares signify upta_lke in han b factor of 2.7-fold for the 85 mV chan X in
the absence of sodium and closed symbols relate to uptake in thg anges by a 1acto 0 oldtor the change
presence of 100 m sodium. Imposed test potentialsV,,, = 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
alanine under conditions where an interior negativeconcentration, the appareii}® remains constant a3
membrane potential was imposed is shown in Fig. 3mm for the same 85 mV change in test potential. The
For each N& concentration studied, alanine uptake wasslope of a Michaelis-Menten relationship is approxi-
linear with respect to time over the 36-sec measuremenately equal tov,,,,,/K,, at substrate concentrations be-
interval. Alanine uptake rates derived from similar ex- low the K,,. Therefore, if the apparemth? remains the
periments with four different cell populations were usedsame for these two test potentials, one would expect the
to construct an Eadie-Hofstee plot (Fig. 4) for the rela-initial slope of the rate versus [N relationship to in-
tionship between alanine influxv) and v/[Na']. The  crease by a factor of 2.7 for the data obtained at the two
slope of each line in the plot is equal tk5® The  potentials. Indeed, the initial slope of the curves in Fig.
apparenK;? decreases about 2-fold from 12wnfor the 5 changes by a factor of 2.6 for the two cases.
interior positive potential (+29 mV) to 6.8 mfor the
interior negative potential (-56 mV). Thé,,, remains
constant at about 4.5 nmoles/mirx mg cell protein®  Discussion
for the two test potentials.

Figure 5 shows the relationship between alanine indn earlier reports [15, 16], we provided evidence that at
flux and extracellular Naconcentration for the two test least six independent steps occur during sodium-coupled
potentials when the alanine concentration was onlyw5  alanine transport in LLC-PKcells as shown schemati-
Computer-generated least square fits of these data to thmally in Fig. 1. We also showed that the rate of alanine
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Fig. 4. Eadie-Hofstee plot of“C-alanine influx into ATP-depleted 0 20 40 60 80 100 120
LLC-PK, cells at various Naconcentrations when the extracellular
alanine is held constant at 2ZmOpen circles indicate data taken in the ' mM [Na*|

presence of an interior negative membrane potential, and solid circles
are for an interior positive potential. The lines are computer generategrig, 5. The rat of.-alanine uptake by ATP-depleted LLC-PKells as
least squares fit of the data to the general equation for a straight linea function of sodium concentration when the extracellular alanine con-
Data were pooled from four separate cell populations and normalized t@entration is held constant atbu for two different membrane poten-
the maximal velocity achieved for the specific cell population from tials. Open circles indicate uptake in the presence of an interior nega-
which it was collected before pooling. Error bars indicate the standardjve membrane potential, and closed circles in the presence of an inte-
error and are shown unless they are smaller than the symbol used. Thtor positive potential. Data were pooled from four separate cell
negative slope of each line is the appartjf for that potential: 6.9  populations without normalization. The curves show the least squares
mm for the interior negative potential and 15.6imwhen the potential  fit of the pooled data to the Michaelis-Menten equation. Error bars
is interior positive. indicate the standard error and are shown unless they are smaller thar
the symbol used. Computer generated values for the app&h@rnd

. . pparen¥/,,, were 50 nm and 0.27 nmol x mint x mg cell protein*
transport in these cells responds to changes in the ma r the interior negative potential, and 56nand 0.1 nmol x mim* x

nitude of the membrane potential [15] which implies that ,; cell protein® for the interior positive potential.
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 oftions the expression simplifies to the form given by equa-
molecular events in the cotransport cycle, and it is thation 2 with rate constants for only two sites in the cycle.
aim which forms the basis of this report. Under these conditions, th€\@ offers an ideal opportu-
Because it is difficult to define conditions that allow nity for assessing whether either of these loci exhibits
measurement of the magnitude or potential dependengeotential dependence.
of rate constants associated with a specific transport step, Because the&K,, for any transported solute is the
it is usually necessary to identify situations in which concentration required to achieve half maximal transport
insight can be derived from measureable kinetic paramvelocity, K,,, is sometimes incorrectly interpreted as a
eters such as th¥,.,andK,,. However, as mentioned measure of the “affinity” of the transport protein for the
earlier, for cotransport systems these parameters amsolute. IfK\? is equated with Naaffinity, it would be
complex algebraic expressions consisting of multipleconcluded that sodium binding and dissociation are po-
terms that include rate constants for every step in the fultential dependent given the fact that the appakg)itis
transport cycle. Equation 1 provides an example for themarkedly dependent on the magnitude of the membrane
Na'/alanine cotransporter. Even when intracellular subpotential when the alanine concentration is ® ffFig.
strates are absent, the expression forkfjjgfor this 1:1  4). Indeed, 6 of the 8 numerator terms in the full expres-
coupled system has 8 numerator and 8 denominatasion for K (Eq. 1) include the rate constant for Na
terms, in which each term is the product of 5 differentdissociation K,,), which might suggest that potential de-
rate constants. Fortunately, at low alanine concentrapendence for this constant will be reflected in a potential-
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dependent appareit,, for Na*. True chemical affinity Lack of potential dependence &) at very low
of the protein for extracellular Nais the ratio of rate extracellular alanine concentrations suggests one of two
constants governing binding and release of fkg,k,;).  conclusions: (i) neither step (translocation of the sub-
However, when the alanine concentration is loweredstrate-free form of the transporter nor binding/
to 5 uM the same 85 mV change in potential induces nodissociation of extracellular sodium) is potential depen-
change in the appareK}® (Fig. 5) despite the fact that dent or (ii) both steps are potential dependent but in a
under these conditions the expressionH§f* simplifies ~ manner in which changes in membrane potential affect
to one in which the rate constants for binding/release oflux in an opposing sense such that the two changes
extracellular sodium (i.e., constants associated with th&@ullify one another. The latter explanation would require
true affinity of the transporter for N&thave even greater that at least one of the two sites allows influence by the
weighting. The data obtained at low [alanine] are notmembrane potential which opposes transport activity, in
compatible with a potential-dependent shift in“Ndfin-  contrast to the WeII_ known potential-induced transport
ity, and therefore are inconsistent with a’Ngell con- ~ €nhancement for this and many other"Maupled sys-
ceptual model. The datm toto also emphasizes the (€MS. Opposing effects which just cancel one another
faulty logic in equating Michaelis constants with affinity @S0 seem unlikely for several different cell populations
of the transport protein for substrate ligands. subjected to the large changaelm potential that was tested
It is important to recognize that the algebraic sim- | n€refore, even though thel" is potential dependent at
plification in the expression foK\? requires a very low higher extracellular alanine concentrations, it is unlikely

concentration of extracellular alanine relative to g that th's. is due to potential dependent binding/
for alanine. A test alanine concentration ofum was dlssom_atlon of so_dlum_.

chosen for these studies because it is 50-fold lower than Th|s conclusion differs from that_drawn from our
the apparenk}? of 240 pm, reported earlier for these studies of N&-coupled sugar transportin LLQ-E{ICeIIs._
cells at 135 mi [Na'], [15, 26]. If this concentration is In Ehat case, the collective data are consistent with a
truly low enough to satisfy the assumption that Na'-well concept [3, 4, 12]. The two conclusions sug-

[Ala], 0, then thek2 should be independent of [ala- gest that there is no general paradigm that can be used t

nine] at other concentrations near this value. For thisexplam the basis of potential dependence for all'‘Na

) ; .~ coupled transport systems. The lack of potential depen-
reason, we repeqted the eXpe”me“t W'th. a 2-fold hlgheEience in the apparerk)® when extracellular alanine
extracellular ala_nme concentration () in the_ pres- binding is rate limiting also suggests that ‘translocation’
ence of an interior negative membrane potential. Unde

h L h 2 bf the free carrier does not respond to the membrane
these conditions, the apparé}® was 52 nm (data not enial despite the fact that isotope exchange experi-
showr), or the same as that determined withulb ex-

_ ments indicate that this step is rate limiting for the full
tracellular alanine. _ o transport cycle at high concentrations of extracellular
Previously, we reported evidence indicating thatgianine. A wholly adequate explanation for the site of

ftranslocation' of the substrate-free protein i§ rate limit- potential dependence for the Malanine cotransporter
ing for the full transport cycle at concentrations of ala- ,emains to be identified.

nine usually employed in kinetic studies [26]. Here we
have shown that lowering extracellular alanine to 5-10
LM can be used to create a new rate Iimiting step. Of;zls work was supported by a grant from the USPHS (No. DK-15365-
course, a low alanine concentration does not change the)'
magnitude of the rate constaky,, but at a sufficiently
low level the rate of the transport cycle becomes depenl'?eeferences
dent on thek,j[Ala], product. The fact that rate limita-
tion due to Pla], occurs for concentrations on the order 1. ajdley, D.J. 1989. The Physiology of Excitable Cells. 3rd. ed.
of 5-10 M implies that in this range the magnitude of =~ Cambridge University Press, Cambridge
the k,g[Ala], product must be less than the usually lim- 2. Aronson, P. 1984. Electrochemical driving forces for secondary
iting value ofkg;. active transport: Energetics and kinetics of N4 exchange and
Itis possible to calculate the ratio bél to kza[Ala]o Na*—glucose cotrans_porm_: EIectro_gen_ic Transport: Fund_amental

that is necessary to satisfy the requirements for the alge- P_r|nC|pIes anq Physiological Implications. M.P. Blaustein and M.
braic simplification. To do so, we compared the appar- Lieberman ed'_tors'. pp. 49-70. Raver?' N.eW vork

Na . . e . 3. Bennett, E., Kimmich, G.A. 1992. Nainding to the N&-glucose
ent K_m calculated using the_ S|mpl|f|ed expreSS|_on (Eq' cotransporter is potential dependeAm. J. Physiol.262:C510—
2) with computed values using the full expression (Eq. 516
1)- The simplification is valid with 95% accuracy when 4. Bennett, E., Kimmich, G.A. 1996. The molecular mechanism and
ke is at least 25 times greater thiepfAla] regardless of potential dependence of the Nglucose cotransporteiophys. J.
the magnitude of the other rate constants, provided that 70:1676-1688
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