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Summary. We first present two simple dimeric models of co-
transport that may account for all of the kinetics of Na=-p-glu-
cose cotransport published so far in the small intestine. Both the
sigmoidicity in the Na* activation of transport (positive
cooperativity) and the upward deviations from linearity in the
Eadie-Hofstee plots relative to glucose concentrations (negative
cooperativity) can be rationalized within the concept of allosteric
kinetic mechanisms corresponding to either of two models in-
volving sequential or mixed concerted and sequential conforma-
tional changes. Such models also allow for 2 Na*:1 S and 1
Na+: 1 S stoichiometries of cotransport at low and high substrate
concentrations, respectively, and for partial inhibition by inhibi-
tors or substrate analogues. Moreover, it is shown that the di-
meric models may present physiological advantages over the
seemingly admitted hypothesis of two different cotransporters in
that tissue. We next address the reevaluation of Na*-D-glucose
cotransport kinetics in rabbit intestinal brush border membrane
vesicles using stable membrane preparations, a dynamic ap-
proach with the Fast Sampling Rapid Filtration Apparatus
(FSRFA), and both nonlinear regression and statistical analyses.
Under different conditions of temperatures, Na* concentrations,
and membrane potentials clamped using two different tech-
niques, we demonstrate that our data can be fully accounted for
by the presence of only one carrier in rabbit jejunal brush border
membranes since transport kinetics relative to glucose concen-
trations satisfy simple Michaelis-Menten kinetics. Although sup-
porting a monomeric structure of the cotransporter, such a con-
clusion would conflict with previous kinetic data and more recent
studies implying a polymeric structure of the carrier protein. We
thus consider a number of alternatives trying to reconcile the
observation of Michaelis-Menten kinetics with allosteric mecha-
nisms of cotransport associated with both positive and negative
cooperativities for Na* and glucose binding, respectively. Such
models, implying energy storage and release steps through con-
formational changes associated with ligand binding to an allos-
teric protein, provide a rational hypothesis to understand the
long-time debated question of energy transduction from the Na*
electrochemical gradient to the transporter.
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Introduction

It has been generally assumed, up to the early eight-
ies, that Na'-dependent D-glucose transport in
mammals is homogeneous [8]. The now classical
series of papers by Turner and Moran [62-64], dem-
onstrating two, physically separable, Na*-depen-
dent p-glucose transport systems in the kidney,
seems to have put a definitive end to that assump-
tion [12, 54-55]. Still, the situation in the small in-
testine is not that clear. Indeed, kinetic evidence
has accumulated over the last 10 years that is com-
patible with the existence of both high- and low-
affinity pathways for Na*-D-glucose cotransport in
rabbit [12, 24, 27], bovine [25], guinea pig [5], rat
[15], and both fetal {37-38] and adult human [16]
small intestines. A major advance in the field oc-
curred with the cloning of a rabbit intestinal co-
transporter (SGLT1) [18] which was shown to cor-
respond to a high-affinity system with stoichiometry
of 2 Na' : 1 Glucose [47] and to present more than
99% identity with a kidney cDNA sequence [7, 42].
The availability of both cDNA probes and antibod-
ies for that cotransporter has allowed examination
of the tissue distribution of SGLT1 by in situ hy-
bridization and immunocytochemical techniques.
Such studies in the rat [58] and the rabbit [22] small
intestines have failed to confirm the earlier sugges-
tion for a physical separation of a high-affinity path-
way to the villus cells and of a low-affinity pathway
to the crypt cells [13-14, 26]. In the rat kidney, too,
the physical separation of the low-affinity pathway
to the outer cortex and of the high-affinity pathway
to the outer medulla [62] has been challenged since
SGLTI has been localized to all three segments of
the proximal tubule [57]. Although the possibility
for isoforms of Na*-dependent glucose transporters
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could not be ruled out in these studies [57], as sug-
gested also by indirect evidence from recent molec-
ular biology studies in the rabbit kidney [46], it is
quite apparent that the available data are not incom-
patible with the existence of only one transport pro-
tein. In agreement with that conclusion, at least in
the small intestine, it should be noted that a single
missense mutation of SGLT1 fully accounts for in-
testinal glucose-galactose malabsorption in human
patients [59].

It seems fair to conclude that the existence of
two different Na*-D-glucose cotransporters is a hy-
pothesis that stems from kinetic studies mostly per-
formed using brush border membrane vesicles and
showing: (i) curvilinear Eadie-Hofstee plots relative
to glucose concentrations [5, 12, 15-16, 24-25, 27,
37-38, 621; (ii) stoichiometries of 2 Na™ : 1 Glucose
and 1 Na*: 1 Glucose at low and high glucose con-
centrations, respectively [24-25, 37, 63]; and (iii)
partial inhibition by a substrate analogue [19, 38]
and/or inhibitor [38]. It thus becomes important at
this point to question whether or not those argu-
ments, altogether, constitute a necessary and suffi-
cient condition in support of the existence of two
different cotransporters. To state it otherwise:
could these observations reflect intrinsic properties
of a particular cotransport mechanism rather than a
mere heterogeneity in the carrier proteins? For ex-
ample, deviations from pure Michaelis-Menten ki-
netics in a monomeric transporter have already
been discussed by reference to the so-called steady-
state, (iso) random bi-bi mechanism of cotransport
in which the fully loaded complex (transporter-Na*-
glucose) can be formed from either of two pathways
depending on which one of the ion or the substrate
binds first to the transporter [10, 17, 51, 54-55].
While such a consideration may be compatible with
point (i), it cannot account for points (ii) and (iii)
above. Over the past several years, too, a number
of workers in the field have considered the idea that
the expression of two Nat-D-glucose transport
pathways in brush border membranes may be the
consequence of variations in the number and ar-
rangement of the same set of subunits [9, 27, 30, 52,
54). In agreement with that idea, recent observa-
tions from two independent laboratories have sug-
gested a polymeric structure of the cotransporter
[31, 56], thus raising the interesting possibility for
an allosteric mechanism of Na*-p-glucose cotrans-
port. To our knowledge, however, this hypothesis
has not yet been explored in terms of cotransport
kinetics.

It is clear that the hypothesis for two indepen-
dent Nat-glucose cotransporters in brush border
membrane vesicles most often relies on the obser-
vation of curvilinear Eadie-Hofstee plots relative to

glucose concentrations [12, 15-16, 24-25, 27, 37-
38, 62). The validity of that interpretation depends
on a number of experimental, theoretical, and ana-
lytical limitations which have been delineated over
the last decade (4, 12, 20, 28, 43, 54, 60). Highly
relevant to the context of the present discussion are
the following points which result from recent stud-
ies in our group: (i) it has been generally assumed
that membrane vesicles are stable with time and
incubation temperatures. Our observation that rab-
bit and rat intestinal preparations are highly unsta-
ble [36] raises the possibility for artifactual devia-
tions from a simple Michaelis-Menten behavior in
those studies that failed to take this parameter into
account; (ii) meaningful kinetic analyses performed
in the presence of zero-trans Na* and substrate gra-
dients must satisfy the initial rate assumption. In
our laboratory, we have developed a fast sampling,
rapid filtration apparatus (FSRFA) on the rationale
that it would definitely solve the problem of initial
rate measurements since allowing fast and multiple
sampling from the same incubation mixture [3], true
initial rates can thus be determined from uptake
time courses recorded under different experimental
conditions; (iii) the importance of using nonlinear
instead of linear regression analysis in kinetic pa-
rameter determinations has been clearly put into
focus in a paper from our group [39] where it was
shown that the analytical procedures relying on the
Eadie-Hofstee transformation of the uptake data,
after subtracting first the nonspecific component,
are endowed with a number of problems that make
them unsuitable to assess the existence of more
than one transport system in kinetic studies using a
radiotracer technique. The best way to deal with
that problem has been discussed at length in a re-
cent review [4] and an alternative method, based on
the nonlinear regression analysis of tracer uptake
vs. cold substrate concentrations, has been pro-
posed [39]; and (iv) on a theoretical point of view,
upward deviations from linearity in Eadie-Hofstee
plots may be viewed as evidence for negative
cooperativity in ligand binding while sigmoid curves
are compatible with positive cooperativity in effec-
tor activation [34, 44]. When applied to Na*-p-glu-
cose cotransport kinetics, these considerations sug-
gest a possible reinterpretation of previous results
within the concept of allosteric kinetics and form
the basis of the models to be developed in the fol-
lowing sections.

It is thus the first aim of our paper to demon-
strate that simple allosteric models may account for
the kinetics of Na*-D-glucose cotransport and may
even present physiological advantages over the
seemingly admitted hypothesis of two different co-
transporters. Also, because of the critical role
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played by Eadie-Hofstee plots in supporting that
hypothesis, it is the second aim of this paper to
reevaluate Na'-D-glucose cotransport Kinetics in
rabbit intestinal brush border membrane vesicles
using stable membrane preparations, a dynamic ap-
proach with the FSRFA, and nonlinear regression
analysis. We herein demonstrate that our data can
be fully accounted for by the presence of only one
carrier and that this transporter follows simple Mi-
chaelis-Menten kinetics. We finally discuss a num-
ber of alternatives trying to reconcile our data with
previous Kinetic results [19, 24-25, 37-38, 63] and
the recent suggestion of a multimeric structure of
the cotransporter [31, 56].

Theory

(1) A PossiBLE DIMERIC MODEL
FOR Nat-D-GLUCOSE COTRANSPORT

(a) Hypotheses

Since two recent studies agree on a minimum num-
ber of two subunits being involved in the in situ
operation of the Na*-p-glucose cotransporter [31,
56] and since a cDNA cloned from the rabbit small
intestine has been shown to produce Na*-p-glucose
cotransport activity in Xenopus laevis oocytes after
injection of the corresponding mRNA [18, 47], it is
our first hypothesis that a basic dimeric structure of
the cotransporter needs to involve identical sub-
units (homodimer).

One may then have to decide for a number of
Na™ and glucose binding sites on each subunit. It is
our second hypothesis that each subunit has two
binding sites, one for Na*™ and one for substrate, as
suggested by the data of Peerce and Wright [49-50].

Although not essential to our demonstration,
but in accordance with some data in the current
literature, and in order to simplify both the formal
representation and the discussion of the models to
be considered here, we also assume that: (i) Na*
binding is a prerequisite to glucose (S) binding ([28,
47, 54] and Fig. 9); (ii) there is a maximum of two
conformational changes, each being induced upon
Na™ and S binding [49-50]; and (iii) the cooperativ-
ity observed in kinetic studies is the direct result of
the cooperativity in ligand binding [44].

All other assumptions made in the following
three sections are similar to those usually made in
deriving transport equations [61]: (i) the binding
sites (of the dimer) are only accessible from one
side of the membrane at a time; (ii) the reorientation
(of the dimer) in the unloaded and substrate loaded
states is a first-order process; (iii) the total number

of (dimeric) carriers is constant; (iv) there is no net
flux of (dimeric) carriers from one membrane side to
the other (steady state); and (v) a rapid equilibrium
in substrate binding prevails at the membrane sur-
faces (the reorientation steps are rate limiting).

(b) Sequential Model

Because of the negative cooperativity observed in
glucose binding and since a concerted model of
Monod et al. (MWC model) [41] can only explain
positive cooperativity [34-35, 44], we first consid-
ered a generalized sequential model of Koshland et
al. [32] (KNF model) as the most likely to explain
Na*-pD-glucose cotransport kinetics within a di-
meric structure. Such a model is shown in Fig. 1A
and has the following characteristics: (i) the free
dimer exists under a symmetrical conformation
(two circles) and one Na* binds first to induce a
conformational change (square) that allows for
high-affinity glucose binding; (ii) starting from the
now asymmetric dimer (square and circle), an extra
Na* jon can bind and induce a conformational
change that brings the carrier into a new symmetri-
cal structure with two, high-affinity glucose binding
sites (two squares); (iii) glucose (S) binding to either
of the asymmetrical or symmetrical forms of the
Na* activated dimers also induces a conformational
change (from circle or square to triangle) in the
neighboring subunit; and (iv) binding of a second
substrate molecule to the two-Na*-activated dimer
gives a final, symmetrical structure of the dimer
(two squares).

(¢) Validation and Basic Properties
of the Dimeric Model

Representing the diagram of Fig. 14 under a more
conventional form used for the derivation of model
equations, one gets the scheme of Fig. 1B. A very
interesting remark is that, when not considering the
lower complex C-Na,-S,, this scheme corresponds
to what seems presently the most accepted se-
quence for the order of substrate binding [28, 54]
and is in fact the one used by Kimmich [28] to elabo-
rate his most recent model. It should be empha-
sized, however, that it is the presence of such a
complex that may be responsible for the curvilinear-
ity in Eadie-Hofstee plots relative to glucose con-
centrations. Without writing any equation, it is
quite easy to understand that if K¢ > K, and K4,
then saturation of the first substrate site (square in
Fig. 1A) will be almost complete before any signifi-
cant substrate binding to the second site (triangle in
Fig. 1A) can occur, and the resulting data will be
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Fig. 1. Possible dimeric models for Na*-p-glucose cotransport showing both positive cooperativity in Na* activation of glucose
transport and negative cooperativity for substrate binding to the transporter: (A) Sequential model; (B) representation of that model
according to the conventional scheme used for the derivation of rate equations; (C) Mixed concerted and sequential model. The K;’s
are meant to represent dissociation constants (the higher their values, the lower the affinity for ligand binding). Details are given in the

text.

indistinguishable from the situation expected for
two different transporters. If the above inequality is
not as strong, however, then the ‘‘second trans-
porter”” will not be as clearly separated, but curvili-
nearity in the Eadie-Hofstee plots will be main-
tained and negative cooperativity will be observed.
As a limit case, however, weak negative coop-
erativity may be indistinguishable from simple
Michaelis-Menten behavior.

An interesting property of the dimeric model
shown in Fig. 1A allows us to resolve within the
hypothesis of a unique transporter what would oth-
erwise be incompatible with that hypothesis in the
context of a monomeric protein, namely the occur-
rence of 2 Na*:1 Glucose and 1 Na*:1 Glucose
stoichiometries at low and high substrate concen-
trations, respectively (24-25, 37, 63). Again, with-
out writing down any equation, the presence of both
2 Na*:1 Glucose and 2 Na*:2 Glucose loaded
complexes, which may allow for glucose transport,
is clearly apparent from Fig. 1A. Obviously, the
stoichiometry of the latter cannot be differentiated
experimentally from a 1 Na* : 1 Glucose stoichiom-
etry.

Another interesting property of the dimeric
model directly understandable by visual inspection
of Fig. 1A is that the presence of negative
cooperativity in substrate binding can be best as-

sessed under Na*-saturating concentrations. Under
these conditions, the carrier will be entirely trapped
under the two-Na*-bound form, and glucose bind-
ing will be dependent on the relative values of K,
and K only. The dimeric model should thus be eas-
ily differentiated from the steady-state, iso random
bi-bi mechanism since, as shown by Sanders [51],
the latter should lead to Michaelis-Menten kinetics
under saturating conditions of the driver ion. It
should be noted that this property of the dimeric
model is compatible with data from Crane and
Dorando [11] showing increased curvilinearity in
the Eadie-Hofstee plots of glucose transport at high
Na™ concentrations.

A last interesting feature of the dimeric model
shown in Fig. 1A is that it allows reevaluation of a
strategy commonly used in assessing multiplicity of
transport systems acting on a given substrate and
which relies on the partial (competitive) inhibition
by another substrate (and the implicit assumption
that the transporters are monomers). Since, in the
dimeric model of Fig. 1A, binding of one substrate
molecule induces a conformational change in the
substrate binding site of the neighboring subunit,
such as decreasing its affinity for the binding of a
second substrate molecule (negative cooperativity),
it could well be then that the substrate specificity of
the second site is also modified by the structural
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change. Accordingly, binding of a substrate ana-
logue to the first binding site may preclude its bind-
ing to the second site, thus producing partial inhibi-
tion only for a natural substrate.

The model of Fig. 1A is indeed compatible with
Crane’s observation that the rates of the high- and
low-affinity pathways for Nat-D-glucose cotrans-
port are not independent as would be expected for
two, totally independent, transporters [9] and with
Crane’s last hypothesis that the two pathways
might simply represent different arrangements of
subunits out of the same total pool of subunits [9].
To just give an example of how the dimeric model
might provide an alternative explanation to previ-
ously published results, we will consider Malo’s
most recent studies on the human fetal small intes-
tine [37-38] where the presence of two different
transporters was concluded based on the following
observations performed under zero-clamped mem-
brane potential conditions: (i) nonlinearity of Eadie-
Hofstee plots; (ii) stoichiometries of 2 Na™:1 S and
1 Na*:18S atlow and high substrate concentrations,
respectively; and (iii) kinetic separation of the two
transporters according to their relative specificities
to 3-O-methylglucose. The picture appears quite
convincing, in fact. If, however, one looks carefully
to the V,,,, value in the presence of a saturating
concentration of the substrate analogue (V. of the
so-called low-affinity system, 22 nmol - min~! - mg
protein™!), it is quite surprising that it represents
about half the total capacity of transport in the ab-
sence of inhibitor (33.9 + 7.5 = 41.4 nmol. min~! -
mg protein~!) [38]. Such a stoichiometric ratio be-
tween the Vy.,'s of transport in the presence and
absence of 3-O-methylglucose is exactly that pre-
dicted from the model of Fig. 1B when the rate con-
stants for the inside to outside transitions of the 2
Na*:158 (k) and the 2 Na™:2 S (k,) loaded carriers
are equal (the ligands would cross the same energy
barrier during the reorientation steps). Since we
have shown that points (i) and (ii) are also entirely
compatible with the model of Fig. 14, these studies
in the human fetal small intestine [38] could as well
be the best demonstration so far achieved for nega-
tive cooperativity according to that model.

(d) Mixed Concerted and Sequential Model

In the dimeric model of Fig. 14, the transition from
inside-facing to outside-facing conformations of the
unloaded transporter has not been considered yet.
To account for free carrier recycling, the KNF
model of Fig. 1A may thus require a third conforma-
tional change for which no evidence has so far been
published. The issue can be resolved, however, by
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considering a mixed MWC-KNF model of the type
shown in Fig. 1C where: (i) the free carrier would
exist under T (tight, inside-facing configuration) and
R (relax, outside-facing conformation) forms linked
through a concerted transition with dissociation
constant L (defined as L = [T]/[R]); (ii) because of
the symmetrical structure of the R form (two
squares), the intrinsic affinity for the first and sec-
ond Na™ binding steps will be the same. Positive
cooperativity in Na* binding however, will be ob-
served since the apparent K, for Na* binding to the
first site will in fact be higher by a factor (1 + L),
compared to the apparent K, of the second binding
step [34]; and (iii) substrate binding to the 1 Na* and
2 Na™ loaded forms of the transporter can now pro-
ceed as shown in Fig. 1A. Accordingly, negative
cooperativity for substrate binding will also be ob-
served.

While the dimeric model of Fig. 1C will demon-
strate all of the properties described above for the
dimeric model of Fig. 14, it should be noted, how-
ever, that the former also allows for extra proper-
ties not yet discussed. Since the positive
cooperativity in Na* binding entirely relies on the
value of L (from the definition of this parameter, the
higher its value, the higher the concentration of in-
side-facing transporter 7, and the higher the extent
of positive cooperativity), it can be anticipated that
any experimental condition leading to a limit where
L =~ 0 will tend towards a simple Michaelis-Menten
curve for Na™ activation of transport. For example,
assuming a negative charge on the free carrier (or
gate) like that proposed by Semenza’s group [27,
54], a saturating, negative AW should represent
such an experimental situation and, indeed, little or
no sigmoidicity in Na* activation of glucose trans-
port has been reported under these conditions [27].
Such a model would also be compatible with recent
studies of Parent et al. [47] showing that the appar-
ent Hill number for Na* activation of SGLT1 has a
value close to 2.0. This is the situation expected if
one assumes T > R (L — «, 1.e., the free carrier has
a preferential inward configuration) in the model of
Fig. 1C. In that case, however, and in agreement
with the model of Parent et al. [48], the CNaS com-
plex will not be present.

(2) PHYSIOLOGICAL SIGNIFICANCE OF NEGATIVE
COOPERATIVITY IN THE FUNCTIONING
OF THE Na'-D-GLUCOSE COTRANSPORTER

The models presented in Fig. 1 have in common a
few interesting features which might be of physio-
logical significance. The first aspect to be consid-
ered is the relevance of allosterism to (co)transport.
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Clearly, the models of Fig. 1, even under these sim-
ple forms, can adapt substrate fluxes to different
situations since at least three modes of transport are
possible (transport through the CNaS complex,
dashed arrows in Figs. 1B-C, was not allowed in the
above considerations). From an evolutive point of
view, it might be important to adapt one or another
of these modes to a particular situation (whether in
another tissue or another species). Since what is to
be adapted here is essentially a V ;.4 , the task would
be rather challenging in a monomeric protein since
this parameter is the composite of successive reac-
tions. Many trials and errors might be necessary in
order to modify these reactions and to arrive at the
desired result. A multimeric protein offers an ele-
gant solution to this dilemma by providing an easy
means to do so, i.e., by changing one or just a few
of the amino acids involved in the contact zone be-
tween the subunits such as to favor one working
mode relative to another [34].

A second aspect to be considered is related to
the lack of short-term induction or repression of
intestinal glucose transport by its substrate, an ob-
servation which has been reported on many occa-
sions [23]. Short-term regulation is possible, how-
ever, in the models of Fig. 1, since flux regulation
would occur instantaneously according to the glu-
cose concentration seen by the transporter. Glu-
cose itself would thus be the signal for its own regu-
lation. More interesting still, this adaptative flux
would represent the most economical one in terms
of cell energy expenditure since glucose absorption
is increased while the Na* flux is kept at the same
level. The whole scheme would thus be equivalent
to an uncoupling mechanism, working with stoi-
chiometries of 2 Na*:1 S and 1 Nat:1 S at lower
and higher glucose concentrations, respectively.

Another interesting property of this flux regula-
tion process is provided by the negative cooperativ-
ity in substrate binding and could well provide a
basis for its understanding. Clearly, on an energetic
point of view, the 2 Na':1 S stoichiometry is the
most efficient one since it allows maximizing the
energetic yield of the Na' electrochemical gradient.
Accordingly, negative cooperativity would force
the flux through that pathway at low glucose con-
centration and would allow for a maximum pumping
efficiency under those conditions.

A last comment concerns the energy of subunit
interactions, and could provide another basis for
understanding the role of negative cooperativity in
cotransport. As discussed by Levitzky [34], the in-
tersubunit interaction energy is a negative quantity
in the case of positive cooperativity and represents
the extra amount of free energy which becomes
available through a conformational change so that

the binding improves from one binding step to the
subsequent one. On the contrary, in negative
cooperativity, the subunit interaction energy is a
positive quantity characterized by conformational
energy being released from the protein upon the
first binding step, thus improving the affinity ob-
served for that step at the expense of subsequent
binding steps which now occur with diminished af-
finity. Applied to cotransport systems, where Na*
binding may occur before substrate addition ([28,
47, 54] and Fig. 9), part of the energy contained in
the Na™ electrochemical gradient could be trans-
ferred to the carrier as conformational energy. Sub-
sequent glucose binding could then allow release of
part of that energy through another conformational
change. The remaining issue is to understand the
fate of the released energy. A possible answer to
that question will be considered in the Discussion.

Materials and Methods

MATERIALS

Rabbits were purchased from the Maple Lane Farm (Clifford,
Ontario). D-[1-*H(N)-D-glucose 15.5 Ci/mmol) was supplied by
New England Nuclear (NEN), the BCA (bicinchoninic) protein
assay kit by Pierce, unlabeled p-glucose by Sigma, phlorizin and
ultrapure salts by Aldrich, and amiloride hydrochloride and scin-
tillation cocktail (3-blend) by ICN Biomedicals. Cellulose nitrate
filters (12.5 mm diameter, 0.65 pm pore size) were obtained from
Micro Filtration Systems (MFS). All other chemicals were of the
highest purity available. Linear and nonlinear regression analy-
ses were performed using a commercial software (Enzfitter, R.J.
Leatherbarrow, © 1987, Elsevier-Biosoft) and an IBM-AT com-
patible microcomputer.

PREPARATION OF BRUSH BORDER
MEMBRANE VESICLES

The jejunum of male, 2.0-2.5 kg New Zealand white rabbits was
removed and flushed with ice-cold 0.9% NaCl. The mucosa was
scraped with a spatula on a cold glass plate, introduced into the
homogenate media (50 mM mannitol, 2 mm Tris-HCI buffer pH
7.0, EGTA 5 mMm) at a 1:20 ratio (w:v), and homogenized in a
Waring blender for 1 min at full speed. Brush border membranes
were purified in a P, fraction as described by Schmitz et al. {53]
using 10 mm MgCl, as the precipitating agent, and the vesicles
were prepared according to Hopfer et al. [21] with slight modifi-
cations as described below. The P, fractions, resuspended in 50
mM HEPES-Tris buffer pH 7.0 containing 0.1 mm MgSO, and
either 300 or 500 mM mannitol, were frozen in liquid nitrogen. On
the day of the experiment, the vesicles were thawed, resus-
pended in the final resuspension buffer, and prepared as a final P,
pellet as described previously [1]. Vesicles were resuspended in
the final resuspension buffer at a final protein concentration of
15-35 mg/ml. To insure stability of the preparation during the
experiments, 25-50 ul aliquots of the resuspended vesicles were
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frozen into liquid nitrogen until uptake assays [36]. When K* had
to be loaded into the vesicles, the P, resuspension media con-
tained 3 uM valinomycin to ensure full equilibration of the cation
{36], and P, were resuspended in the same media lacking the
ionophore unless used for membrane potential clamping. Rou-
tinely, batches of vesicles were prepared from 12-16 animals.
The composition of the final resuspension buffers is indicated in
the figure legends.

UPTAKE ASSAYS

Na*-dependent D-glucose uptake was determined under zero-
trans gradient conditions of both ion and substrate using the
FSRFA recently developed in our laboratory [3] which fully au-
tomatizes the rapid filtration technique of Hopfer et al. [21]. Our
experiments were essentially performed as described previously
in human intestinal brush border membrane vesicles [39]. For
each assay, 20 or 40 ul of freshly thawed and prewarmed brush
border membrane vesicles were loaded into the injector of the
FSRFA. Uptake was initiated by injection, which triggers the
zero-time signal and synchronization of the following steps, into
480 or 460 ul of uptake medium thermostated at 20°C or 35°C in
the incubation chamber of the apparatus. The composition of the
different incubation media is described in the figure legends. Se-
quential sampling of nine aliquots of the uptake mixture (50 ul
each) was performed at 0.5 or 0.3 sec intervals for each of the
above temperatures, respectively. The sampled aliquots were
recuperated into the upper chamber of the manifold array which
contained 1 ml ice-cold stop solution (50 mm HEPES-Tris buffer
pH 7.0, 1 mM phlorizin, and NaCl and mannitol concentrations
to match the ionic strength and the osmolarity of the different
uptake assays, respectively). Filtration of the resulting mixture
and two 1-ml washes with ice-cold stop solution were sequen-
tially and automatically performed (20-sec duration). Filters
were dissolved in mini-vials by 20-min incubation with 5 ml 8-
blend under constant agitation. Radioactivity was determined
using a Minaxi Tri-Carb Series 4000, model 4450 scintillation
counter (United Technologies Packard).

Under the conditions of our uptake assays, it was demon-
strated that the initial rates of 50 uMm D-glucose uptake were
linear with protein concentrations over the range 1-35 mg pro-
tein/ml (results not shown). Protein was measured with the BCA
assay kit using bovine serum albumin as standard.

DATA ANALYSIS

Initial Rate Determinations

The initial rates of transport were determined by linear and/or
polynomial regression of the uptake time courses as justified in
the Results. In the latter case, a second-order polynomial was
used and the initial rates were then taken as the first-order coeffi-
cient (zero-time derivative) [4, 12]. This procedure seems justi-
fied since it is independernt of the transport mechanism involved
[4, 12]. For each substrate concentration used in the different
experiments of Figs. 3-8, five uptake time courses were run. The
glucose uptake values were averaged out at each time point, and
the standard deviations of the mean values were used as weight-
ing factors in the linear and/or polynomial regression of the up-
take time courses.

Kinetic Analyses

Three different models were chosen and systematically tested
under each experimental condition. Model 1 assumes transport
through one transporter, so that the initial rate equation (v =
f(S)) can be described by the classical Michaelis-Menten equa-
tion (kinetic parameters V. and K, representing the maximum
transport rate and the apparent affinity for substrate binding,
respectively). Model 2 assumes the existence of two different
transporters, a situation most often difficult to distinguish from
the steady-state, iso random bi-bi transport mechanism. Accord-
ingly, the initial rate equation for such situations can, in general,
be described by the sum of two Michaelis-Menten terms [51].
Finally, model 3 assumes the presence of only one transporter
with n substrate binding sites that may show either positive or
negative cooperativity in S binding. In such cases, the simplest
initial rate equation corresponds to the Hill equation and the Hill
number (ny) will assume any value from 0 to n that verifies
0 < nyg = n. It should be noted that this last model can also be
used as a confirmatory test in support of model 1 for which a ny
value of 1.0 should be obtained. In all three models, the contribu-
tion of a simple diffusional component to the overall initial rate of
substrate transport was aiso assumed by introducing into the rate
equations above a linear term in addition to the specific Mi-
chaelian terms (diffusion rate constant &p).

The dependence of initial transport rates on total substrate
concentrations (§) were analyzed from displacement curves us-
ing nonlinear regression analysis as described recently [39].
Equation (1) was used to derive the mathematical expressions of
the initial rates of tracer uptake v* for models 1-3.

Scow T T
o [B2 2D =y = 65, Vi, Ko . k) (1)
In that equation, T and S, stand for tracer and cold substrate
concentrations, respectively, and verify Eq. (2)

S=Sou+ T @

It should be noted that the left-hand side of Eq. (1) is equiv-
alent to the calculation which is usually done to transform the
uptake data from cpm to pmol or nmol of accumulated substrate
since the raw cpm values (equivalent to v¥*) are corrected for the
isotopic dilution of tracer (equivalent to the term under [). The
following equations were thus obtained:

Model 1:

. Vmax #* T .
VRt et 1 0T @
Model 2:

X Vmaxl * T VmaxZ * T
VT Kt S T T Kt Sg v T 00T @
Model 3:

Vmax * T x (Scold + T)"H_l
K’,IHH + (Scold + T)nH

vt = +kpx T (&)

All three equations are suitable for nonlinear regression
analysis of the displacement curves when T is taken as a prompt
constant and S as the variable. The following remarks how-
ever apply: (i) Eq. (3-5) gave the same parameter values as those
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Fig. 2. Typical uptake time course of tracer
D-glucose uptake. Vesicles were resuspended
in 50 mm HEPES-Tris buffer (pH 7.0)
containing 0.1 mm MgSO, and 200 mm KI.
The uptake media contained (final
concentrations): 50 mM HEPES-Tris buffer
(pH 7.0), 150 mM Nal, 50 mm KI, 0.5 mM
amiloride, and 4 uM D-CH)glucose. Points
shown are the mean = sD of five
determinations. Inset: initial linearity in the
uptake time course. The lines shown are the
best fit to the data points as obtained by
polynomial {main graph, y = ay + a; %t +
a * t?) and linear (inset, y = a %t + b)
regression analysis. Values of the parameters
are. ap, 0.24 = 0.02; a;, 0.86 = 0.01; a,,

TIME {s)

; —9.94 % 1073 + 4.07 = 1074 g, 0.82 = 0.01; b,
0.27 + 0.02.
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estimated from the more classical v over S plots and the direct
equations provided that equivalent weighting routines were
used. The advantages in using the displacement curves, how-
ever, have been discussed previously [4, 39] and will not be
repeated here; and (ii) the graphical representation of the data
has been improved by plotting v* vs. S instead of S.qq in order to
avoid the break in the x axis (shown as a log scale) which was
inherent to the former representation [39].

Statistical Analysis

The standard errors of regression (o) resulting from the initial
rate determinations were used as weighting factors (1/o?) for the
nonlinear regression analysis of the v* over § data using Egs.
(3-5). A robust weighting routine was also introduced to mini-
mize the influence of outliers.

The goodness of fit for each model and the discrimination
between rival models was based on the four criteria defined by
Mannervick [40]. A model was rejected when: (i) it failed to give
convergence; (ii) it gave unreasonable (for example negative) or
unreliable (SD = 50% of parameter value) parameter values; (iii)
it showed a nonrandom distribution of the residuals; and (iv) for
models surviving these three steps, the best one was chosen by
considering the statistical significance of the improvement when
going from model (i) to model (j) having P; and P; parameters
(P; > P)). A F-test was thus performed according to Eq. (6)

QN - P) - QXN - P)
QNP — P)

F(P;— P, N - P) = (6)

where Q7 represents the mean sum of squares obtained from
each model and is defined as the residual sum of squares divided
by the difference between the number of data points (N) and the
number of parameters (P) in the model. When the F calculated
by Eq. (6) is higher than the tabulated F with the same degree of
freedom, the null hypothesis (no improvement at the level P =
0.05) can be rejected and the model containing the larger number
of parameters is usually favored.

T

30
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Results
INITIAL RATE DETERMINATIONS

When analyzing the uptake time courses using a
linear regression routine under the set of experi-
mental conditions described in this paper, it clearly
appeared: (i) that linearity over a pre-fixed time
range may not apply to all experimental conditions,
even within the same experiment; and (ii) that the
fair appraisal of linearity vs. nonlinearity over short
time ranges is not necessarily a simple matter. The
experiment described in Fig. 2 was then undertaken
in order to: (i) test the validity of using a polynomial
regression routine for the determination of initial
transport rates under conditions where linearity is
not observed. Although previously applied in a few
laboratories [2, 12], it should be noted that the ap-
proach has been recently challenged [4, 54] on the
grounds that it has never been justified for uptake
studies; and (ii) define rigorous criteria that should
allow assessment of deviation from linearity within
a set of experimental conditions.

Figure 2 should be viewed as a typical time
course of D-glucose uptake. Clearly, linearity is not
observed over the whole time range (0-34 sec), but
the uptake time course can be well described using a
second degree polynomial (see equation in the leg-
end to Fig. 2). The initial rate can thus be deter-
mined from the slope of the tangent at 0 time which
is given by the first degree coefficient of the polyno-
mial (0.860 = 0.010 pmol - mg protein=!). The initial
linearity period was then estimated by linear regres-
sion to the data points and curve peeling until a
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Table. Initial rate estimation using linear or polynomial re-
gression

Time courses Linear regression Polynomial regression

Rate Q? Rate Q?
(intercept) (intercept)
1-9 sec 0.77 £ 0.01 0.0311 0.82 = 0.05 0.0307
n=9 0.47 = 0.05) 0.39 = 0.09)
2-18 sec 0.69 = 0.02 0.1595 0.86 = 0.04 0.0404*
n=29) 0.79 = 0.13) 0.39 = 0.12)
4-32 sec 0.53 £ 0.03 0.6665 0.83 £0.02 0.0112*%
(n =8 .11 £ 0.47) 0.35 = 0.10)

The uptake time course of Fig. 2 was divided into three sets of
data, each containing 8 to 9 points equally spaced over the time
scales shown in the Table. Linear and polynomial regression
analyses were then performed on each set of data using the equa-
tions shown in the legend to Fig. 2. The Q? values represent the
mean sum of squares as defined in Materials and Methods.

* Indicates a significant improvement at the 95% confidence
level of the polynomial vs. the linear regression analysis.

constant slope value was reached. As shown in the
inset of Fig. 2, linearity in the uptake time course
extended up to 7 sec under these experimental con-
ditions. A true initial rate of 0.817 = 0.012 pmol - mg
protein~! can thus be determined, a value nonsignifi-
cantly different at the 95% confidence level from
that obtained using polynomial regression.

While validating the polynomial regression ap-
proach to initial rate determinations when using a
high number of data points, it should be stressed
that the experimental design of Fig. 2 departs quite
significantly from that used in the kinetic experi-
ments described below where only nine time points
were used. In order to assess the validity of the
polynomial regression approach using a smaller
number of data points, the uptake time course of
Fig. 2 was divided into three sets of nine points
each, but covering different time scales (see Table),
and both linear and polynomial regressions were
performed over these time ranges. As shown in the
Table: (i) using linear regression, the initial rate val-
ues decrease when increasing the time range of the
observation, in agreement with the nonlinearity in
the uptake time course over the whole time range;
and (ii) in all cases, polynomial regression was suc-
cessful in determining the true initial rate of trans-
port.

The Table also gives insights as to the criteria to
be used in assessing linearity vs. nonlinearity in up-
take time courses when analyzing a set of experi-
mental conditions. Assuming that the three data
sets in the Table represent uptake time courses ob-
tained in one experiment over the same time range

but under different experimental conditions (like
changes in substrate concentrations in the following
experiments), it is quite clear then: (i) that nonlin-
earity can be best assessed from a change in the y
axis intercepts when applying a linear regression
routine to these different conditions; (i1) that the
significance in fit improvement when going from lin-
ear to polynomial regression can be evaluated from
the Q? values using the general approach aimed at
model discrimination as described under Materials
and Methods, and (iii) that a constant y intercept
value in the polynomial, as opposed to the linear fit,
is a good diagnostic as to the assessment that non-
linearity in the uptake time courses was the only
problem at hand in these experiments.

It should be noted that this procedure was sys-
tematically followed in the experiments to be now
described in order to warrant an analysis of true
initial rate data.

Na*-D-GLUCOSE COTRANSPORT
UNDER STANDARD CONDITIONS

The dependence of the initial rates of tracer p-glu-
cose (4 um) transport upon increasing cold sub-
strate concentrations is shown in Fig. 3. Fitting the
one-site model to the data points results in a random
distribution of the residuals (inset of Fig. 3). The
following observations can also be made: (i) a finite
value is obtained at very high substrate concentra-
tions, thus showing the presence of a purely passive
diffusional component in transport [4, 39]; (ii) this
noise level represents less than 5% of the dynamic
range over which the variations in initial rates were
recorded; and (iii) the difference between the initial
rates measured at 10 and 200 mM substrate concen-
trations is in the range of the noise level so that no
useful information would be gained by varying sub-
strate concentrations over that range. Our attempts
to fit the two-sites model failed to give convergence.
Fitting the Hill n-sites model gave a Hill number
(ng) of 1.03 = 0.03 with kinetic parameters values
(Vinax» 95 = 4 pmol. mg protein~' - sec™'; K,,, 0.121
+ 0.020 mMm; kp, 8.0 = 1.1 pmol. mg protein~' -
sec™! - mM™1) not significantly different from those
obtained by regression to the one-site model (see
legend to Fig. 3).

In the above experiment, iodide was used to
clamp the membrane potential at 0 mV, as sug-
gested by Berteloot [2] a few years ago. It should be
noted, however, that results similar to those of Fig.
3 were obtained using K*/valinomycin (ng = 0.95 +
0.02).

Experiments similar to those of Fig. 3 were per-
formed using D-galactose as substrate. As shown in
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Fig. 3. Displacement curve for p-glucose
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transport under standard conditions. Vesicles

were resuspended in 50 mm HEPES-Tris

buffer (pH 7.0) containing 0.1 mM MgSO,,

* 200 mm KI, and 300 mM mannitol. The uptake
. media contained (final concentrations): 50 mm
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cold p-glucose. Osmolarity was kept constant
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by varying mannitol concentrations to satisfy
a total concentration of glucose + mannitol of
300 mM. Values shown are means = sp of
five determinations performed on the same
vesicle preparation. Missing error bars were
smaller than the symbol size. The line shown
is the best-fit curve corresponding to the
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Fig. 4 using the Eadie-Hofstee representation for
clear visual appraisal [4]: (i) both glucose and galac-
tose kinetics are compatible with a simple Mi-
chaelian behavior in accordance with the above
one-site model; and (ii) glucose and galactose trans-
port differed by their apparent affinity for the car-
rier only, with K,, values of 0.139 = 0.005 and 0.406
+ 0.023 mMm, respectively.

EFFEcT oF LOWERING EXTERNAL Na*
CONCENTRATION TO 60 mM

It has been argued that the steady-state, random bi-
bi model of substrate addition may induce devia-
tions from a pure Michaelian behavior in a one-site,
monomeric transporter [4, 9, 17, 51, 54). Such a
model was recently considered on a theoretical ba-
sis by Sanders [51] who concluded that a simple
Michaelian behavior is expected under saturating
concentrations of the driving ion. Accordingly, the
failure of model 2 to describe our results under stan-
dard conditions might be related to this phenome-
non since the Na* concentration relative to its re-
ported K, for the glucose cotransport system was
quite high in that experiment [12, 24]. This hypothe-
sis was thus investigated by lowering the outside
Na™ concentration down to 60 mmM and the results
are shown in Fig. 5. It can be clearly appreciated
from the regression line and the Eadie-Hofstee
transformation of the data (inset of Fig. 5) that the
one-site model still adequately describes these new
experimental data. It should be stressed that the
two-sites model failed to give convergence and that

100 1000

one-site model (Eq. (1) in Materials and
Methods). Values of the parameters are: Vi,
98 = 3 pmol - mg protein~! - sec”'; K,

0.139 + 0.005 mm; kp, 7.6 = 1.1 pmol - mg
protein~! - sec™! - mm~!. Inset: residual plot
of the regression.

the Hill n-sites model confirmed the simple Mi-
chaclian behavior with ng = 0.98 = 0.02. It should
also be noted that the kinetic parameters values
(Vimax, 112 = 9 pmol - mg protein~! - sec™!; K,,,
0.324 + 0.057 mm; kp, 17.2 = 1.7 pmol - mg pro-
tein"! - sec™!' - mm~!) for that model are not signifi-
cantly different from those obtained by regression
to the one-site model (see legend to Fig. 5).

EFFECT OF A NEGATIVE
MEMBRANE POTENTIAL

Kinetic studies performed in other laboratories
have shown heterogeneity in glucose cotransport
under conditions of negative membrane potential
[12]. The effect of this parameter was evaluated in
our vesicle preparation using iodide to clamp the
membrane potential at = —69 mV (calculated from
the Goldman equation as described previously [2]).
Figure 6 shows the regression line and the Eadie-
Hofstee transformation of the data (inset) corre-
sponding to the one-site model. Again, the two-sites
model failed to converge, and the analysis accord-
ing to the Hill n-sites model (ny = 0.96 = 0.02)
strengthens the conclusion as to a simple Mi-
chaelian behavior under these experimental condi-
tions. Also, the kinetic parameter values (V.4 , 305
+ 12 pmol - mg protein~! - sec™!; K,,,, 0.130 = 0.15
mM; kp, 13.0 = 3.0 pmol - mg protein~! - sec™! -
mm 1) for that model are not significantly different
from those obtained by regression to the one-site
model (see legend to Fig. 6).

In a recent review, Kimmich [28} has simulated
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Fig. 4. Eadie-Hofstee plot of p-glucose and
D-galactose transport. Experimental
conditions were as described in the legend to
Fig. 3. The kinetic parameters for p-glucose
transport are as given in the legend to Fig. 3.
The corresponding values for D-galactose
transport were: Vi, 99 = 5 pmol - mg
protein~! - sec™'; K,,, 0.406 = 0.023 mM; p,
6.4 = 0.7 pmol - mg protein~! - sec™! - mM~L.

2.0

Fig. 5. Displacement curve for b-glucose
transport at low Na™ concentration. Vesicles
were resuspended in 50 mm HEPES-Tris

. 57!
s~

i
{nmol . mg protein”! .

buffer (pH 7.0) containing 0.1 mm MgSO,,
300 mM mannitol, and 200 mMm KI. The uptake
media contained (final concentrations): 50 mM
HEPES-Tris buffer (pH 7.0), 0.1 mM MgSO,,
60 mM Nal, 16 mM KI, 124 mmM choline
iodide, 0.5 mm amiloride, 4 um D-CH)glucose,
and 0-200 mM cold D-glucose. Osmolarity

1.0

was kept constant by varying mannitol
concentrations to satisfy a total concentration

T = 20°C
INa*l,,, = 60 mM
05 Ay =0 mv

+
. mg protein™’

(pmol

0.0 - T T T

of glucose + mannitol of 300 mm. Values
shown are means = sD of five determinations
performed on the same vesicle preparation.
Missing error bars were smaller than the
symbol size. The line shown is the best-fit
curve corresponding to the one-site model
(Eq. (1) in Materials and Methods). Values of

1
0.001 0.01 0.1 1 10
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the effect of uncontrolled variations in the mem-
brane potential upon adding cold substrate concen-
trations and shown that it could be responsible for
artifactual deviations from a Michaelian behavior.
Although not supported by the above results, this
possibility was investigated in our system and the
membrane potential was clamped to a negative
value by using a double clamping system of the type
used by Kimmich et al. [29]. Using both iodide as a
highly permeant anion [2] and K*-valinomycin, the
membrane potential was clamped at approxima-
tively —53 mV as determined from the Goldman
equation and the relative ionic permeabilities used

100 1000

T } the parameters are: V., 108 = 6 pmol - mg

protein~! - sec™!; K,,, 0.291 * 0.020 mMm; kp,
17.7 = 1.5 pmol - mg protein~! - sec™! - mm~L,
Inset: Eadie-Hofstee plot of the data.

or determined previously [2]. Results similar to
those of Fig. 6 were obtained (ng = 0.99 = 0.02).
Finally, in a series of experiments reported by
Crane and Dorando [11], it was shown that the cur-
vilinearity in the Eadie-Hofstee plots was increased
under negative membrane potential conditions by
increasing the external Na* concentration up to 500
mM. These experimental conditions were thus
tested and the results of this experiment are shown
in Fig. 7. Again, the one-site model fairly describes
those data (see kinetic parameters in the legend to
Fig. 7), as confirmed by the analysis with the Hill n-
sites model (nz, 0.99 = 0.03; Vyax, 232 = 15 pmol -
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Fig. 6. Displacement curve for D-glucose transport at negative membrane potential (A¥). Vesicles were resuspended in 50 mMm
HEPES-Tris buffer (pH 7.0) containing 0.1 mMm MgSO,, 300 mM mannitol, and 200 mm KCIl. The uptake media contained (final
concentrations): 50 mM HEPES-Tris buffer (pH 7.0), 0.1 mMm MgSOy, 150 mm Nal, 16 mm KCl, 34 mMm choline iodide, 0.5 mMm
amiloride, 4 uMm D-CH)glucose, and 0-200 mMm cold D-glucose. Osmolarity was kept constant by varying mannitol concentrations to
satisfy a total concentration of glucose + mannitol of 300 mm. Values shown are means = sp of five determinations performed on the
same vesicle preparation. Missing error bars were smaller than the symbol size. The line shown is the best-fit curve corresponding to
the one-site model (Eq. (1) in Materials and Methods). Values of the parameters are: V., 287 £ 11 pmol - mg protein~! - sec™!; K,,,
0.098 + 0.004 mmM; kp, 16.0 = 3.0 pmol - mg protein~! - sec™' - mm~'. Inset: Eadie-Hofstee plot of the data.
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Fig. 7. Displacement curve for D-glucose transport at negative membrane potential (A¥) and high Na* concentration. Vesicles were
resuspended in 50 mM HEPES-Tris buffer (pH 7.0) containing 0.1 mM MgSO,, 200 mM mannitol, and 500 mm KCl. The uptake media
contained (final concentrations): 50 mm HEPES-Tris buffer (pH 7.0), 0.1 mm MgSOQ,, 460 mm Nal, 40 mm KCl, 0.5 mM amiloride, 4 um
p-CH)glucose, and 0-180 mMm cold D-glucose. Osmolarity was kept constant by varying mannitol concentrations to satisfy a total
concentration of glucose + mannitol of 200 mm. Values shown are means *+ sb of five determinations performed on the same vesicle
preparation. Missing error bars were smaller than the symbol size. The line shown is the best-fit curve corresponding to the one-site
model (Eq. (1) in Materials and Methods). Values of the parameters are: V., 229 = 11 pmol - mg protein~! - sec™!; K,,, 0.074 = 0.005
mM; kp, 15.8 = 3.5 pmol - mg protein~! - sec™! - mm~L. Inset: Eadie-Hofstee plot of the data.
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Fig. 8. Displacement curve for D-glucose
transport at high temperature under conditions
of 0 mV-clamped (A) and negative (B)
membrane potential (AW). Experimental
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conditions were as described in the legends to
Figs. 3 and 6. Values shown are means * sp
of five determinations performed on the same
vesicle preparation but A and B correspond to
different membrane preparations. Missing
error bars were smaller than the symbol size.

The lines shown are the best-fit curves
ws corresponding to the one-site model (Eq. (1)

Vi*
. mg protein™’

204 T =35
INa*l,,e = 150 mM
1 Ay < 0 mV

10

(pmol

0~ T

in Materials and Methods). Values of the
parameters are: (A) Viyax, 1379 = 135 pmol -
mg protein~! - sec™!; K,,, 0.498 = 0.053 mM;
kp, 33 = 23 pmol - mg protein™! - sec™! -
mM~!; and (B) Vi, 2718 = 127 pmol - mg
protein~! - sec™!; K,,, 0.265 = 0.017 mMm; kp,
101 = 26 pmol - mg protein~! - sec™! - mm~L,
Insets: Eadie-Hofstee plot of the data.

0.01 OI.1 1 10

0.001

mg protein™! - sec”!; K,,, 0.081 = 0.018 mm; kp,
15.4 + 3.9 pmol - mg protein™ - sec™! - mm~!) and
the failure of the two-sites model to converge.

TEMPERATURE EFFECTS

Recent studies in the guinea pig have reported a
temperature-sensitive induction of a second glucose
transporter [5]. We have considered this possibility
in rabbit intestinal brush border membrane vesicles
by increasing the temperature to 35°C under condi-
tions of both zero-clamped and negative membrane
potentials with 150 mM outside Na* concentrations.

Figure 84 (A¥ = 0) and B (A¥ < 0) shows the
compatibility of the initial rate data with the one-

L 1

100 1000

site model, in agreement also with the analysis us-
ing the Hill #-sites model (at AY = 0 and < 0 mV,
respectively: ny, 0.97 £ 0.02 and 1.10 = 0.03; V.«
1535 = 211 and 2680 + 97 pmol - mg protein~! -
sec™!; K,,, 0.621 = 128 and 0.254 = 0.043 mm; kp,
26 + 26 and 103 = 30 pmol - mg protein~! + sec™! -
mM~!). In both cases, too, the two-sites model
failed to converge.

Na*-DEPENDENCY OF Na*-D-GLUCOSE
COTRANSPORT

So far, all of our experiments have been performed
under Na*-gradient conditions and have shown in-
compatibility with the two-sites and/or the Hill n-
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Fig. 9. Na* dependency of glucose transport. Vesicles were re-
suspended in 50 mm HEPES-tris buffer (pH 7.0), 0.1 mmM
MgSO,, 300 mM mannitol, and 200 mM KI. The uptake media
contained (final concentrations): 50 mm HEPES-tris buffer (pH
7.0), 0.1 mm MgSOy,, 150 mm Nal, 50 mm KI, 100 mm mannitol,
0.5 mm amiloride, 4 uM D-CH) glucose and 200 mM glucose (@,
) or 150 mM choline iodide, 50 mm KI, 300 mM mannitol,
0.5 mMm amiloride, 4 um D-CH)glucose and 50 um glucose (O,
----). Ten uptake time courses were run under each of the above
experimental conditions. The linear regression lines (y = a * 1 +
b) shown are the best-fit lines over all individual data points in
each experiment. Regression parameters: a (pmol - mg protein~!
- sec™!), 0.130 £ 0.018 (@), 0.169 = 0.009 (O); and b (pmol * mg
protein~!), 0.543 = 0.049 (@), 0.543 = 0.026 (O).

sites models of cotransport. It has been shown,
however, that glucose transport may occur in the
complete absence of Na* [3, 6, 12]. In order to defi-
nitely assess whether D-glucose transport in rabbit
Jjejunum has an obligatory requirement for Na™*, we
have measured: (i) tracer D-glucose (4 uM) uptake
in the presence of 150 mm Na*t and saturating con-
centration of p-glucose (200 mM) which should give
a reliable estimate of the passive diffusional compo-
nent of glucose transport (see Figs. 3-8); and (ii)
tracer D-glucose uptake in the presence of 50 um
cold glucose and 150 mmM choline which should pro-
vide high sensitivity in measuring any carrier-medi-
ated component of glucose transport in the absence
of Na*. Moreover, to increase the signal over noise
(S/N) ratio of the assay, this experiment was per-
formed at 35°C (see Fig. 84) and 10 independent
measurements were made under each of these two
conditions. The results of these experiments are re-
ported in Fig. 9. The difference in slope values be-
tween conditions (i) and (ii) is not significantly dif-
ferent at the 95% confidence interval, thus clearly
demonstrating that Na®™ is mandatory for glucose
transport in our preparation.
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Discussion

INCOMPATIBILITY WITH TwoO
INDEPENDENT TRANSPORTERS

In this paper, we have reevaluated the kinetics of
Na*-p-glucose cotransport in rabbit jejunum brush
border membrane vesicles. These studies were
prompted by the development in our laboratory
of a Fast Sampling, Rapid Filtration Apparatus
(FSRFA) [3] which has allowed us to critically eval-
uate the limits of the rapid filtration technique and
the problems associated with it for data analysis [4,
39]. Particular attention was also paid to the stabil-
ity of the vesicle preparation [36], to the control of
temperature, ionic strength, pH, and osmolarity in
the transport assays, and to the first-order depen-
dence of transport rates on protein concentrations.
A major conclusion of our studies is that the kinet-
ics of Na*-D-glucose cotransport cannot be ac-
counted for by the presence of two independent
transporters, in contradiction with previous work
on similar preparations [12, 25, 27]. A few com-
ments are thus needed to fully appreciate the mean-
ing of this fundamental difference.

A first issue deals with the assessment of true
initial rates of transport. Obviously, as shown in
Fig. 2 and the Table, the FSRFA allows us to solve
that problem under all sets of experimental condi-
tions by using either linear or polynomial regression
analysis. Previous studies using rabbit intestinal
brush border membrane vesicles were performed at
15°C [12] or room temperature [25, 27] and thus Fig.
2 should apply to these studies as well. Accord-
ingly, for those studies where the initial rates were
estimated at one time point of 2 sec [27] or 3 sec
[25], it is quite clear that the initial rate assumption
was fulfilled. For the study of Dorando and Crane
[12], who pioneered the dynamic approach system-
atically applied with the FSRFA, four samples were
collected over the range 5—15 sec, so that initial rate
determinations had to be done from a polynomial
regression analysis. Since this approach is justified
by the experiment of Fig. 2 and the analysis in the
Table (although using a higher number of data
points equally spaced on the time axis), it would
thus seem that the differences in conclusions be-
tween our investigation and other studies [12, 25,
27] might be more satisfactorily explained on other
grounds.

A second issue deals with the experimental con-
ditions used by the different groups for their Kinetic
studies in a similar preparation [12, 25, 27]. We
have not tried to reproduce specifically any of these
conditions. Instead, since the hypothesis that two
Na*-p-glucose cotransporters are present in the
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small intestine relies on kinetic studies performed in
different species and under different experimental
conditions, we have systematically investigated
some of the most representative situations and have
devised our strategy to answer a number of critical
issues. Starting with the standard conditions de-
fined in the legend to Fig. 3, we thus: (i) compared
two different methods for membrane potential
clamping [2, 29]; (ii) explored the effect of a nega-
tive membrane potential (Fig. 6) which should have
allowed comparison with Dorando and Crane’s data
[12]; (iii) lowered outside Na* concentrations (Fig.
5) to amplify a deviation from Michaelis-Menten be-
havior should a steady-state, random bi-bi order of
substrate addition apply to a unique cotransporter
(see Theory section 1¢ and [51]); (iv) increased out-
side Na* to 460 mM under negative membrane po-
tential conditions (Fig. 7), a situation that seemed to
increase the curvilinearity in the Eadie-Hofstee
plots reported by Crane and Dorando [11] and may
have helped in emphasizing negative cooperativity
in a dimeric transporter (see Theory Section 1c);
and (v) tested for a temperature effect under both
zero-clamped and negative membrane potential val-
ues (Fig. 8) since temperature activation of a low-
affinity carrier has been reported in the guinea pig
small intestine [5]. It is thus remarkable that all of
these experimental conditions failed to detect more
than a pure Michaelis-Menten behavior. Moreover,
the identical V.., obtained for p-glucose and D-
galactose transport (Fig. 4) strongly support their
sharing of a single carrier. Also, the demonstration
that Na* is mandatory for transport (Fig. 9) rules
out the possible existence of a low-affinity, Na*-
independent D-glucose transport system and of a
low-affinity, Na*-independent functioning mode of
the cotransporter. Finally, it is worth noting that the
K,'s determined in our studies are in the same
range of values as those determined for SGLT1
when using a-methyl-D-glucose as substrate [47].
A last issue deals with the method used for ki-
netic data analysis since all previous studies in the
rabbit small intestine made use of the Eadie-Hofstee
plot. The observed deviations from linearity, how-
ever, were weak [27] or strong [12, 25] over a dy-
namic range of initial rate variations (i.e., over the
range of cold substrate concentrations allowing for
tracer displacement) similar to that of Figs. 2-8.
Moreover, when looking back into these studies, it
is not quite clear as to how the kinetic parameters
were extracted and the statistical analyses, if any,
performed. These difficulties seem to have been
fully appreciated in one study [27] since the deter-
mination of kinetic parameters has not even been
attempted. On the contrary, our studies have been
specifically designed for model discrimination: (i) a

109

wide range of substrate concentrations (12 or more)
was used; (ii) the initial rate determinations were
performed from the mean of five uptake time
courses at each substrate concentration in order to
allow for statistical analysis; (iii) the initial rate data
were analyzed by weighted, nonlinear regression
analysis according to displacement curves in order
to avoid undue transformations in the error struc-
ture of the original measurements [4, 39]; and (iv)
three model equations were systematically tested
and statistically evaluated when performing the
nonlinear regression analysis. It is quite remark-
able, then, that none of the Eadie-Hofstee plots
generated from the one-site, best-fit model in our
different experimental conditions showed any sign
of deviation from linearity.

We thus conclude that our data are compatible
with the presence of only one transporter in the
rabbit jejunum brush border membrane. We also
conclude that the previous demonstration of two,
kinetically separable, and independent Na*-glucose
cotransporters in this preparation is somehow re-
lated to the Eadie-Hofstee analysis of the kinetic
data, in part for reasons similar to those previously
discussed [39]. Our conclusions may not be ex-
tended to other species or tissues where a different
situation may prevail. Nonetheless, considering
that the present studies in the rabbit jejunum and
our previous ones in the human small intestine [39]
do conflict with reported observations on similar
preparations, and that in both cases the best expla-
nation for these discrepancies relates to the analyti-
cal part of the kinetic data, we think that caution
should be the rule when the only evidence for trans-
port heterogeneity comes from nonlinear Eadie-
Hofstee plots. Moreover, as discussed in the The-
ory section, curvilinearity in such plots will not
allow us to make the difference between the kinetic
behavior of two independent transporters, random
bi-bi mechanisms, and two interacting sites in a di-
meric structure.

IMPLICATIONS FOR A KINETIC MECHANISM
OF Na*-D-GLUcOSE COTRANSPORT

The compatibility of Na*-p-glucose cotransport
with Michaelis-Menten kinetics neither excludes
completely the presence of a second transporter nor
does it yield any information concerning the mono-
meric or polymeric structure of the carrier protein.
Should there be a second transporter, however,
then it would have kinetic parameters and respon-
siveness to different physical and chemical situa-
tions which make it indistinguishable from the
first—a probability that we rate as very low for two
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independent carriers. Also, should there be only
one monomeric transporter, then our results would
conflict with previous kinetic studies demonstrating
different coupling stoichiometries for Nat/glucose
cotransport [24-25, 37, 63] and partial inhibitions by
a substrate analogue [19, 38] or inhibitor [38]. More-
over, this hypothesis will not account for the data of
Koepsell et al. [31] showing that the equilibrium
binding of phlorizin under Na*-equilibrated condi-
tions is heterogeneous with two classes of binding

sites having identical Bp,.. The same restrictions

hold true for polymeric transporters that may be
reduced to a monomer-like kinetic mechanism,
such as: (i) the subunits of the dimeric transporter
behave independently; (ii) the negative cooperativ-
ity induced by the binding of the first substrate mol-
ecule is so high that it precludes the attachment of a
second substrate molecule; and (iii) two subunits
must combine to form a unique channel and one
substrate binding site, contrary to one of our hy-
potheses of the Theory section.

It thus appears that the available kinetic evi-
dence can only be reconciled by assuming a mini-
mum of two substrate binding sites, and the ques-
tion then arises as to what extent is such a
hypothesis compatible with Michaelis-Menten Kki-
netics. It should be noted first that the relative visi-
bility of two interacting substrate binding sites, con-
trary to that of two independent transporters, will
be constrained within a kinetic scheme and may not
be affected by the experimental conditions. Also, in
models like those of Fig. 1, transport through the
CNa,S and CNa,S, complexes may occur at similar
rates (see Theory section 2¢). The problem thus
amounts to resolving the following issue: would it
be possible to get a Kinetic separation of two carri-
ers with the same V.., when using a radiotracer
technique? As shown by Eq. (4) when setting
Scoid = 0 and with (7) <€ K,,’s, the respective contri-
bution of two transport pathways to total measured
cpm is directly proportional to their V/K ratios, and
two situations need to be considered: (i) the two
sites have K, ratios = 10, in which case it can be
calculated that the contribution of the low-affinity
pathway to total measurable cpm will be < 10%.
Such a small contribution falls within the range of
the experimental error (see Figs. 3-8).and, accord-
ingly, the radiotracer technique is not appropriate
for the kinetic separation; and (ii) the two sites have
K,, ratios < 10, in which case their contribution to
total measured cpm is significant but the small dif-
ference between the K, values precludes their ki-
netic separation. We can thus conclude that the ex-
istence of two sites cannot be properly assessed at
this time in models like those of Fig. 1 without fur-

ther experiments demonstrating partial inhibition by
a substrate analogue as performed by Malo in the
human fetal small intestine [38] and confirming the
existence of different stoichiometries of Na®:Dp-
glucose cotransport at low and high substrate con-
centrations [25, 37]. Such experiments are now in
progress in our laboratory.

A final comment should be made on the re-
cently proposed homotetrameric structure of the
cotransporter [56]. If the four subunits were to form
a unique channel, as diagrammed by the authors
[56] and acknowledged by Wright et al. [66] in a
recent review, one would expect the Kinetic mani-
festation of more than one substrate binding site in
the most general case (Wright’s group has indeed
produced evidence for one Na* and one substrate
binding site per polypeptide chain [49-50]). This
model would thus be incompatible with our Kinetic
data. There is though a simple way to reconcile both
the tetrameric structure of the transporter and the
models of Fig. 1 by introducing the concept of half-
of-the-sites reactivity, a mechanism that has always
been found associated with negative cooperativity
in substrate binding [33, 35, 44]. Accordingly, if we
assume that the tetramer is formed by two pairs of
functionally asymmetric subunits, so that one pair
has an open channel facing the external membrane
side, while the other one has its channel opened
towards the inside, then none of the kinetic proper-
ties discussed for the dimers of Fig. 1 would be lost,
at least under zero-frans conditions of both sub-
strates. Moreover, the release of conformational
energy induced by substrate binding to the outside-
facing dimer could be transmitted to the inward-
facing one in order to promote internal Na*™ and/or
substrate release. Examples of such a functioning of
the Nat-p-glucose cotransporter, adapted to the
published models of Kessler and Semenza [27] and
Kimmich [28], are illustrated in Fig. 10. It is inter-
esting to note that the principle of half-of-the-sites
reactivity has also been applied recently to the
mechanism of Nat/H™* antiport in the rabbit kidney
[45]. As discussed in a theoretical paper from our
group [65], however, the evidence for that mecha-
nism in the latter study might not be that strong at
this time. Nonetheless, such a functioning of the
Na*-p-glucose cotransporter is quite appealing as it
would solve the problem of ‘“‘leak’ pathways [8],
propose a rational explanation to the “‘valve’ ef-
fects and the problem of energy transfer from an
ionic gradient to a cotransporter protein as dis-
cussed by Crane [8], and answer the question raised
by Kimmich when presenting his most recent model
[28]: “‘the fully loaded carrier must undergo a con-
formational change that allows access of bound sol-
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Fig. 10. Possible tetrameric models for Na*™-D-glucose cotransport showing negative cooperativity for substrate binding to the trans-
porter: (A) application to Kimmich’s model [28]; (B) application to the asymmetric gated channel responsive to AW proposed by
Kessler and Semenza [27]. In both cases, the transporter is viewed as a functionally asymmetric structure in which the basic functional
units are dimers. Under steady-state (or physiologicai) conditions, free binding sites are outwardly oriented. Positive cooperativity for
Na* binding allows for energy transduction from the Na* electrochemical gradient to the transporter under the form of conformational
energy which can then be released by the negative cooperativity induced upon glucose (S) binding. This energy (arrows) can then be
transmitted to the neighboring subunit, allowing for Na* and/or substrate release on the inside. In A, this step is sufficient to allow for a
new cycle of transport. In B, the negative charge of the inside-facing dimer can now sense the membrane potential and thus allow for
site reorientation as proposed by Kessler and Semenza [27]. See also text for further comments and justifications.

utes to the intracellular compartment while at the
same time excluding further entry of solutes from
outside.”
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