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Abstract. The relationships between phlorizin binding
and Na+-glucose cotransport were addressed in rabbit
renal brush-border membrane vesicles. At pH 6.0 and
8.6, high affinity phlorizin binding followed single ex-
ponential kinetics. With regard to phlorizin concentra-
tions, the binding data conformed to simple Scatchard
kinetics with lower apparent affinities of onset binding
(Kdi 4 12–30mM) compared to steady-state binding (Kde

4 2–5 mM), and the first-order rate constants demon-
strated a Michaelis-Menten type of dependence withKm

values identical toKdi. Phlorizin dissociation from its
receptor sites also followed single exponential kinetics
with time constants insensitive to saturating concentra-
tions of unlabeled phlorizin orD-glucose, but directly
proportional to Na+ concentrations. These results prove
compatible with homogeneous binding to SGLT1
whereby fast Na+ and phlorizin addition on the protein is
followed by a slow conformation change preceding fur-
ther Na+ attachment, thus occluding part of the phlorizin-
bound receptor complexes. This two-step mechanism of
inhibitor binding invalidates the recruitment concept as a
possible explanation of the fast-acting slow-binding
paradigm of phlorizin, which can otherwise be resolved
as follows: the rapid formation of an initial collision
complex explains the fast-acting behavior of phlorizin
with regard to its inhibition of glucose transport; how-
ever, because this complex also rapidly dissociates in a
rapid filtration assay, the slow kinetics of phlorizin bind-
ing are only apparent and reflect its slow isomerization
into more stable forms.
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Introduction

Turner and Moran [57, 58] brought evidence for kinetic
heterogeneity of Na+-dependentD-glucose transport
(SGLT) along the rabbit proximal tubule and character-
ized both high-affinity (HAG) and low-affinity (LAG)
glucose transport pathways in renal brush border mem-
brane vesicles (BBMV) isolated from the outer medulla
and outer cortex, respectively. When such studies are
correlated with the clinical findings regarding the defects
in intestinal and renal sugar absorption, it is usually as-
sumed that HAG would represent the functional expres-
sion of renal/intestinal SGLT1 while LAG would char-
acterize the activity of a kidney-specific gene product
(SGLT2) that has yet to be cloned in the rabbit [13].
However, there is some controversy in the literature as to
whether the kinetic heterogeneity observed in BBMV
isolated from the kidney cortex and/or medulla is the
unique and direct consequence of molecular diversity [6,
10, 23, 24, 31, 33, 44, 47, 62].

Recent studies from our group [44] confirmed the
kinetic heterogeneity of SGLT in rabbit renal BBMV
isolated from the whole kidney cortex and compared the
functional characteristics of HAG and LAG transportvs.
the cloned SGLT1 [45] and candidate SGLT2 [28, 39,
40, 65] systems expressed in cRNA-injected oocytes.
Inconsistencies with regard to the specificity of glucose
vs. galactose transport and the sensitivity of glucose
transport to phlorizin inhibition led us to conclude that
the kinetic heterogeneity observed in BBMV most likely
reflects different transport properties of rabbit SGLT1
(rbSGLT1) rather than the coexpression of distinct rb-
SGLT1 and rbSGLT2 proteins. Alternatively, structural
similarities between the two transport proteins would
give them a number of overlapping functional character-
istics among which the similar sensitivity of sugar trans-
port to phlorizin inhibition (Ki 4 15 mM) contrasts with
the 27- and 55-fold differences in transport affinities ofCorrespondence to:A. Berteloot
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rbSGLT1 and rbSGLT2 for glucose and galactose, re-
spectively [44]. In any event, the latter results challenge
Turner and Moran’s view [57, 58] that high affinity
(HAP) and low affinity (LAP) phlorizin binding would
characterize the renal LAG and HAG transport path-
ways, respectively. In this respect, the experimental evi-
dence supporting the latter concept can be seriously
questioned.

First, when reevaluated to account for competitive
inhibition [44], the relative potencies of phlorizin at in-
hibiting sugar transport at a fixed glucose concentration
of 1 mM in the outer cortical and outer medullary vesicles
[57] appear fully compatible with similarKi values of
5–15mM in the two preparations.

Second, phlorizin binding studies have not yet con-
sidered the fact that the inhibitor molecule is a weak acid
with estimated pHa values of 7.2 [18] or 7.4 [54]. Ac-
cordingly, at these physiological pH values where phlo-
rizin binding studies are usually performed, the similar
amounts of the neutralketo- (HPz) and negatively
chargedenol- (Pz−) forms of the phlorizin molecule
might contribute quite significantly to the observed het-
erogeneity of binding.

Last, as pointed out recently [20], any attempt to
establish a close correspondence between glucose trans-
port and phlorizin binding studies is complicated by the
existence of the so-called fast-acting slow-binding para-
digm whereby phlorizin inhibition of SGLT is fast on the
steady-state time scale of 0–9 sec [44] whereas phlorizin
binding to BBMV requires several minutes to reach equi-
librium [2, 11, 25, 30, 49, 60]. So far, this situation has
been tentatively explained according to the recruitment
concept first proposed by Aronson [2] and against which
the kinetics of phlorizin binding to renal and intestinal
membranes have been interpreted ever since [59]. Note
that this hypothesis primarily rests on circumstantial
pieces of evidence [2, 29, 54, 55, 60] and assumes that
the slow translocation of the sugar (phlorizin) binding
site on the carrier from a predominant inward- to an
outward-facing configuration is responsible for the slow
kinetics of phlorizin binding to this newly available site
[2, 59]. Alternatively, then, the meaning of the fast-
acting slow-binding paradigm was confronted with the
predictions of the three relevant mechanisms whereby
the inhibitor binding step either represents (A), precedes
(B), or follows (C) the rate-limiting step in a binding
reaction [20]. It was demonstrated in these studies that
the recruitment hypothesis, which is formally equivalent
to mechanism C above, cannot apply to SGLT because of
its associated implication that equilibrium binding of
phlorizin should be reached within the subsecond time
range to account for the turnover number of 5–125 cata-
lytic cycles per second currently documented for the
SGLT1 protein under a large spectrum of experimental
conditions [29].

The present studies thus aimed at reevaluating the
kinetics of phlorizin binding to, and dissociation from
rabbit renal BBMV isolated from the whole kidney cor-
tex using a fast-sampling rapid-filtration apparatus (FS-
RFA [4], US patent # 5,330,717) for uptake measure-
ments. These studies were performed at pH 6.0 and 8.6,
which isolate up to 95% of the phlorizin molecule under
its HPz and Pz− forms, respectively. Particular attention
was paid at characterizing the multicomponent nature of
the binding process, which may also involve very low
affinity phlorizin (VLAP) binding sites unrelated to glu-
cose transport [1, 7, 11, 15, 25, 51, 60]. The kinetic data
were confronted with the previously established criteria
aimed at model discrimination between the A-C mecha-
nisms of inhibitor binding [20]. It is concluded that the
HAP binding sites observed in kidney cortex BBMV are
homogeneous and characterize phlorizin binding to the
SGLT1 protein only. Moreover, phlorizin binding is a
two-step process of the B-type whereby the rapidly
formed initial collision complex is lost during binding
measurements by the rapid filtration technique whereas
the slowly isomerizing complex is stabilized by the Na+

ions such that the phlorizin molecule is occluded within
its receptor sites on the protein.

Materials and Methods

MATERIALS

Rabbits were purchased from the “Ferme de Se´lection Cunipur” (St-
Valérien, Québec). [Phenyl-3,38,5,58-3H, propanone-3-3H]-phlorizin
(specific activity 47.6 Ci/mmol) andD-[1-3H(N)]-glucose (specific ac-
tivity 10–15 Ci/mmol) were supplied by New England Nuclear (NEN),
the BCA (bicinchoninic acid) protein assay kit by Pierce, unlabeled
D-glucose by Sigma, phlorizin and ultrapure salts by Aldrich, and
amiloride hydrochloride and scintillation cocktail (Beta-Blend) by ICN
Biomedicals. Cellulose nitrate filters (12.5 mm diameter, 0.65mm pore
size) were obtained from Micro Filtration Systems (MFS). All other
chemicals were of the highest purity available.

ABSORPTIONSPECTRA OFPHLORIZIN

The absorption spectra of phlorizin, resuspended in 50 mM of the
appropriate buffers (MES-Tris at pH 5.5–6.5, HEPES-Tris at pH 6.5–
8.0, and Tris-MES at pH 8.0–9.5) containing 0.1 mM MgSO4, 300 mM

mannitol, and 150 mM NaCl, were recorded on a Shimadzu UV-160
spectrophotometer by varying the wavelength from 250 to 350 nm. As
observed previously [18, 34, 54], the absorption maximum shifted from
285 nm at pH 5.5 to 320 nm at pH 9.5. Absorption spectra recorded at
phlorizin concentrations of 5, 10, and 20mM allowed us to determine
a mean pKa value of 7.31 ± 0.04 from which it can be calculated that
95% of the phlorizin is segregated to HPz at pH 6.0 and to Pz− at pH
8.6.

PREPARATION OF RABBIT RENAL BBMV

Renal BBMV were prepared from the whole kidney cortex of male,
2.0–2.5 kg New Zealand white rabbits as described previously [44].
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The P2 and P4 fractions were resuspended in 50 mM Tris-MES (pH 8.6),
HEPES-Tris (pH 7.0), or MES-Tris (pH 6.0) buffers containing 0.1 mM

MgSO4, 300 mM mannitol, and either 200 mM KI or 50 mM KI plus 150
mM NaI for Na+-free or Na+-equilibrium conditions, respectively. To
insure stability of the preparations over the course of the experiments,
45ml aliquots of BBMV were frozen in liquidN2 until the time of assay
[10, 41]. The protein concentration of these frozen vesicles was 28–35
mg/ml as estimated with the BCA assay kit using bovine serum albu-
min as a standard.

PHLORIZIN BINDING ASSAYS

Phlorizin binding was determined at 20°C using the automated FSRFA
developed in our laboratory [4] as follows. For each assay, 40ml of
BBMV were thawed, prewarmed, and loaded into the apparatus. Bind-
ing was initiated by injecting the vesicles into 960ml of the appropriate
media: 50 mM Tris-MES (pH 8.6) or MES-Tris (pH 6.0) buffers con-
taining 0.1 mM MgSO4, 0.5 mM amiloride, 300 mM mannitol or 100 mM
mannitol plus 200 mM D-glucose, 0.1mM 3H-phlorizin in the presence
or absence of added unlabeled phlorizin concentrations (0.1, 0.4, 1, 2,
5, 10, 20, 50, 100, 200, 500, and 1000mM), and either 200 mM KI or
50 mM KI plus 150 mM NaI for Na+-free or Na+-equilibrium condi-
tions, respectively. Five time course studies, consisting in 18-point
automatic sequential sampling (50ml) of the above mixture up to 400
sec, were performed at each phlorizin concentration. Samples were
injected into 1 ml of ice-cold stop solution composed of 50 mM MES-
Tris (pH 6.0) or Tris-MES (pH 8.6) buffers containing 0.1 mM MgSO4,
300 mM mannitol, and 200 mM of either NaCl or KCl for Na+- or
K+-equilibrium conditions, respectively. In some experiments, the ef-
ficacy of the Na+-free and Na+-containing stop solutions at revealing
Na+-dependent phlorizin binding was also compared. The stopped mix-
ture was filtered through 0.65mm cellulose nitrate filters, and the filters
were washed three times with 1 ml of ice-cold stop solution [4]. Phlo-
rizin uptake was then determined by liquid scintillation counting as
described previously [10].

EFFECT OFPHLORIZIN, GLUCOSE, AND Na+
ON THE

DISSOCIATION RATES OF TRACER PHLORIZIN AT pH 8.6

The following studies were performed at room temperature (22–24°C)
and at pH 8.6 to avoid the contribution to efflux of the VLAP sites that
are also present at pH 6.0 (seeFigs. 3–5).

In the first series of experiments, binding of 0.1mM 3H-phlorizin
was initiated as described under “phlorizin binding assays” for Na+-
equilibrium conditions, except that the reaction was started in 1 ml
Eppendorf tubes and that the incubation medium contained either 0, 3,
12, or 1,000mM unlabeled phlorizin. Following a 10 min incubation
period over which equilibrium binding of phlorizin is completed (see
Fig. 1), the mixture was introduced into the incubation chamber of the
FSRFA. At timet 4 0 of the dissociation studies, 60ml of unlabeled
phlorizin orD-glucose, both dissolved in 17% ethanol, was injected into
the incubation chamber to get 1 or 200 mM final concentrations of these
products, respectively. Tracer phlorizin dissociation was then followed
in time by 18-point automatic sequential sampling of the uptake mix-
ture up to 400 sec. At each time point, 50ml of the uptake mixture was
injected into 1 ml of ice-cold stop solution composed of 50 mM Tris-
MES buffer (pH 8.6) containing 0.1 mM MgSO4, 300 mM mannitol, and
200 mM NaCl.

In the second series of experiments, binding of 0.1mM 3H-
phlorizin was initiated as described under “phlorizin binding assays”
for Na+-equilibrium conditions. Following a 10 min incubation period,
18 aliquots were sampled at 0.25 sec intervals and recuperated into the

manifold array of the FSRFA [4], the upper chamber being filled with
1 ml of 50 mM Tris-MES buffer (pH 8.6) containing 0.1 mM MgSO4,
300 mM mannitol, and either 150, 100, 50, 25 or 0 mM NaCl. The
osmolarity and tonicity of this solution were kept constant by varying
KCl concentrations to satisfy a total concentration of 200 mM NaCl +
KCl.

In both cases, the sequence of filtrations and washes of the
samples was performed as described under “phlorizin binding assays”
using the appropriate stop solutions, either immediately (first series) or
following a delay period of increasing length [4] as indicated in Fig. 7A
(second series). The remaining amount of bound phlorizin was then
determined by liquid scintillation counting as described previously
[10].

GLUCOSE UPTAKE ASSAYS

Na+-dependent,3H-D-glucose uptake was determined at 20°C under
zero-trans gradient conditions of both ion and substrate using the FS-
RFA as described previously [44]. Briefly, for each assay, 20ml of
BBMV were thawed, prewarmed, and loaded into the apparatus. Up-
take was initiated by injecting the vesicles into 480ml of the appro-
priate buffers (MES-Tris at pH 6.0, HEPES-Tris at pH 7.0, and Tris-
MES at pH 8.6) containing 0.1 mM MgSO4, 0.5 mM amiloride, 300 mM

mannitol, 50 mM KI, 150 mM NaI, and 4mM tracer D-glucose. For
kinetic parameter determinations, 12 concentrations of coldD-glucose
were used (0, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1, 2, 5, 10, and 200 mM)
and osmolarity was kept constant by varying mannitol concentrations
to satisfy a total concentration of 300 mM cold substrate + mannitol.
Five time course studies, consisting in 9-point automatic sequential
sampling of the uptake mixture (50ml) at 1 sec intervals [10, 44], were
performed at each of these concentrations. Samples were injected into
1 ml of ice-cold stop solution (50 mM of the above buffers containing
0.1 mM MgSO4, 300 mM mannitol, 1 mM phlorizin, and 200 mM NaCl).
The stopped mixture was filtered and washed three times with 1 ml of
ice-cold stop solution [4, 10, 44]. The substrate content of the vesicles
was then determined by liquid scintillation counting as described
previously [10]. Initial rates of tracer glucose transport (vi*,
pmol.sec−1.mg−1 protein) were determined over the 1–9 sec time course
of the transport assays by linear or polynomial regression analysis as
justified previously [10, 44].

DATA ANALYSIS

Except where otherwise stated, the kinetics of tracer phlorizin binding
(B*) were fitted to the single exponential function

B* = B0
* + Be

* ~1 − e−kobst! (1)

in which B*
0 represents they intercept (timet 4 0) whereaskobsstands

for the first-order rate constant at which equilibrium binding (B*
e) is

reached. Noting that

FdB*

dt G~t = 0!

= Bi
* = kobsBe

* (2)

whereBi
* represents the initial rate of phlorizin binding, the following

modification of Eq. (1)

B* = B0
* +

Bi
*

kobs
~1 − e−kobst! (3)
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thus allowed us to directly determine this parameter from the same
data.

As shown in previous papers from our group [5, 10, 42], the
Michaelis-Menten equation can be modified as follows

Q* = (
j=1

n QmaxjT

Kj + S+ T
+ kDT (4)

when assuming that the nonradioactive substrate (S) acts as an ideal
competitive inhibitor of the tracer substrate (T) with regard to tracer
binding or transport (Q*). Note that Eq. (4) postulates the presence of
a nonspecific process with apparent proportionality constantkD work-
ing in parallel withn saturating processes, each of these being charac-
terized by its kinetic parametersQmax 4 Bmax (maximum binding
capacity) orVmax (maximum transport rate) andK 4 Kd (apparent
dissociation constant) orKm (apparent Michaelis constant) in the case
of substrate binding or transport, respectively. The one-site (n 4 1) and
two-site (n 4 2) models were consistently tested throughout this paper
and the best model fit to the data, which was evaluated using a previ-
ously established strategy aimed at model discrimination [10, 44], is
reported in each of the figures and tables. Note that the indicesi ande
associated with the kinetic parameters of phlorizin binding consistently
refer to the initial rate and equilibrium binding data, respectively.

The kinetics of tracer phlorizin dissociation (E*) were analyzed
using the single decay equation

E* = E0
*e −

t

tobs+ E`
* (5)

in which E0* stands for the amount of tracer bound at zero-time of the
dissociation experiments whereastobs represents the time constant at
which tracer binding reaches the final steady-stateE*̀ (infinite time of
dissociation).

Linear and nonlinear regression analyzes were performed using
commercial softwares (Enzfitter, R.J. Leatherbarrow, copyright 1987,
Elsevier-Biosoft; P.Fit, copyright 1991, Fig.P Software Corporation,
Biosoft). As such, the errors associated with the kinetic parameter
values reported in this paper represent the standard errors of regression
(SER) on these parameters.

ABBREVIATIONS

BBMV, brush-border membrane vesicles; BCA, bicinchoninic acid;
FSRFA, fast-sampling, rapid-filtration apparatus; HAG, high affinity
glucose; HAP, high affinity phlorizin; HEPES, N-[2-hydroxyethyl]-
piperazine-N8-[2-ethanesulfonic] acid; HPz, neutral,keto-phlorizin;
LAG, low affinity glucose; LAP, low affinity phlorizin; MES, 2-[N-
morpholino]ethane-sulfonic acid; Pz−, negatively charged,enol-
phlorizin; SD, standard deviation;SER, standard error of regression;
SGLT, Na+-dependent glucose transport (rbSGLT and hSGLT stand
for the rabbit and human forms of the SGLT proteins, respectively);
SGLT1, cloned intestinal SGLT proteins; SGLT2 and SGLT3, putative
clones of the renal-specific SGLT protein; Tris, tris-[hydroxymethyl]-
aminomethane; VLAP, very low affinity phlorizin.

Results

KINETICS OF PHLORIZIN BINDING AT pH 8.6

Representative members of the family of binding time
courses generated in the present studies are reported in
Fig. 1A, from which it can be appreciated that tracer Pz−

binding is a slow process highly sensitive to increasing
concentrations of unlabeled phlorizin up to 1 mM.
Although not shown for clarity in this figure, the prog-
ress of tracer Pz− binding recorded in the presence of 200
mM D-glucose or in a Na+-free medium (containing or
not either 200 mM D-glucose or 1 mM unlabeled phlori-
zin) was found to be superimposable onto that observed
at 1 mM unlabeled phlorizin. These results thus clearly
indicate that Pz− binding involves both nonspecific and
specific, Na+/glucose cotransport-related binding sites.

As shown in Fig. 1A, the kinetics of Pz− binding are
satisfactorily described by single exponential kinetics in
which theB0* term of Eqs. (1) or (3) proves to be insen-
sitive to unlabeled phlorizin concentrations with mean
value of 0.080 ± 0.005 pmol.mg−1 protein. These analy-
ses also allow us to establish that theBi* (Fig. 1B) andBe*
(Fig. 2A, closed circles) data are best compatible with the
one-site model, thus indicating in both cases the exis-
tence of a single class of Na+-dependent andD-glucose-
sensitive Pz− binding sites with kinetic parameter values
as listed in Table 1. Note that the higherKdi than Kde

values are compatible with the visual inspection of Fig.
1A, which clearly shows that the initial rates of tracer Pz−

Fig. 1.
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binding are less sensitive to unlabeled phlorizin concen-
trations than the equilibrium binding values.

The kobs values estimated by the single exponential
approach first increase at low Pz− concentrations to reach
a maximum at 50–100mM phlorizin, and then decrease
down to their original values at 0.5–1 mM phlorizin (Fig.
2B). The transition from an increasing to a decreasing
function occurs at an unlabeled phlorizin concentration
that displaces approx. 95% of tracer Pz− from the HAP
binding sites (seeFig. 2A). Clearly, then, the biphasic
behavior ofkobs vs. Pz− concentrations reflects the fact
that an exact description of the progress curves shown in
Fig. 1A ought to use the biexponential equation

B* = B0
* + Be1

* ~1 − e−kobs1t! + Be2
* ~1 − e−kobs2t! (6)

rather than Eq. (1) to account for the contribution to total
tracer binding of both the specific (kinetic parameters
kobs1 andB*e1) and nonspecific (kinetic parameterskobs2

andB*e2) binding sites. However, it proved impossible to
adjust simultaneously the 5 parameters of Eq. (6) to these
data. This is so at low and high phlorizin concentrations
because thekobs1 values, close to thekobs values deter-
mined over the lower range of phlorizin concentrations
whereB*e2 << B*e1 (seeFig. 1A), are nearly equal to the
kobs2 values, which can be equated to thekobs values
determined at 0.5–1 mM phlorizin whereB*e1 ≈ 0 (see
above). This is so also in the midrange of Pz− concen-
trations whereB*e1 ≈ B*e2 (seeFig. 1A) because the ex-
pected biexponential behavior will mostly go undetected
due to the small differences between thekobs1 andkobs2

values (seeFig. 2B). Therefore, Eq. (6) degenerates into
Eq. (1) over the whole range of phlorizin concentrations,
and a comprehensive description of the kinetic data ac-
cording to the former equation ought to be done after
setting some of the parameters at fixed values. Noting
that B*0, kobs2, and B*e2 can all be determined from the
progress curves at 0.5 and 1 mM phlorizin, the latter
approach was thus used to generate a consistent set ofB*e1

andkobs1 values over the 0.5–100mM range of phlorizin
concentrations.

The validity of this curve-peeling strategy is dem-

Fig. 2. Concentration-dependence of tracer Pz− binding at equilibrium
(A) and of the apparent first-order rate constant at which equilibrium
binding is reached (B and C). Experimental conditions were as de-
scribed in the legend to Fig. 1. The kinetics of phlorizin binding were
fit to Eq. (1) in the text (seeFig. 1A), in which case the corresponding
B*e, uncorrected (d) or corrected (.) for nonspecific binding, andkobs

(m) ± SERvalues are shown inA andB, respectively. Alternatively, the
kinetics of phlorizin binding were fit to Eq. (6) as described in the text,
in which case the correspondingB*e1 (h) andkobs1 (n) ± SERvalues are
shown inA andC, respectively. Lines shown inA andC are the best-fit
curves corresponding to Eqs. (4) and (7) in the text, respectively. Miss-
ing error bars inA were smaller than the symbol sizes.

Table 1. Kinetic parameters of phlorizin binding at pH 6.0 and 8.6

Kinetic parameters pH 8.6 PH 6.0

Bmaxi (pmol.sec−1.mg−1 protein) 4.2 ± 0.5 6.8 ± 0.5
Kdi (mM) 32 ± 4 12.8 ± 1.0
Bmaxe(pmol.mg−1 protein) 78 ± 4 80 ± 5
Kde (mM) 7.0 ± 0.5 2.1 ± 0.2
kmax (sec−1) 0.043 ± 0.003 0.072 ± 0.005
Km (mM) 34 ± 6 12.9 ± 1.4
kmin (sec−1) 0.0116 ± 0.0005 0.0146 ± 0.0009

Experimental conditions and analyses were as described in the legends
to Figs. 1 and 2 at pH 8.6, and to Figs. 4 and 5 at pH 6.0.
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onstrated in Fig. 2A by showing that the displacement
curve constructed from theB*e1 data (open squares) is
fully compatible with that previously obtained forB*e
(solid triangles,B*e values corrected for the nonspecific
binding component of 0.151 ± 0.004 pmol.mg−1 protein).
The kobs1 data is reported in Fig. 2C where it can be
appreciated that the apparent rate constant characterizing
the kinetics of Pz− binding to the HAP sites can be fit to
the Michaelis-Menten type equation

kobs1 = kmin +
kmax~I!

Km + ~I!
(7)

in which kmin represents the minimum value ofkobs1

given by they-intercept,kmax stands for the maximum
value of the second term on the right-hand side of the
equality that would be reached at saturating concentra-
tions of phlorizin (I), andKm is analogous to the Micha-
elis constant, i.e.,kobs1 4 kmin + 1/2kmaxwhen (I) 4 Km.
The numerical values of the different kinetic parameters
above are reported in Table 1 where it can further be
appreciated thatKm 4 Kdi.

KINETICS OF PHLORIZIN BINDING AT pH 6.0

The main features of HPz binding can be appreciated
from the data shown in Fig. 3 reporting tracer phlorizin
binding under a typical set of Na+-equilibrium (A) or
Na+-free (B) conditions in which K+ was substituted for
Na+. All kinetic data are satisfactorily described by the
first-order rate Eq. (1) in which theB*0 term proves to be
insensitive to the experimental conditions with mean
value of 0.30 ± 0.02 pmol.mg−1 protein. This analysis
also allows us to establish that similar equilibrium levels
of 0.89 ± 0.03 and 0.87 ± 0.04 pmol.mg−1 protein are
reached, respectively, in the Na+- and K+-media contain-
ing 1 mM unlabeled phlorizin. Note that the steady-state
level of HPz binding is higher in the Na+- (Fig. 3A, 5.90
± 0.09 pmol.mg−1 protein) as compared to the K+- (Fig.
3B, 2.70 ± 0.10 pmol.mg−1 protein) medium but that
similar plateau values of 2.48 ± 0.06 (Fig. 3A) and 2.35
± 0.09 (Fig. 3B) pmol.mg−1 protein are reached follow-
ing 400 sec incubation with 200 mM glucose in the
former and latter media, respectively. These results thus
allow us to conclude that HPz binding is a multicompo-
nent process involving nonspecific binding sites, specific
binding sites likely unrelated toD-glucose transport, and
D-glucose specific binding sites that may qualify to rep-
resent (a) secondary active cotransporter(s) with either
loose or strict specificity for Na+ and H+.

To further characterize HPz binding, experiments
similar to those described in Fig. 1A were repeated at pH
6.0 in the K+-glucose and Na+-control media (data not
shown). All binding data also proved to be compatible
with single exponential kinetics in which theB*0 term of

Eqs. (1) and (3) was insensitive to unlabeled phlorizin
concentrations (mean values of 0.285 ± 0.021 and 0.271
± 0.060 pmol.mg−1 protein in the K+/glucose and Na+

media, respectively). Note in Fig. 4A that thekobsvalues
estimated in the K+-glucose medium (open squares) are
independent of HPz concentrations (mean value of 13.5
± 0.8 msec−1). By contrast, those assessed in the Na+

medium (closed circles) demonstrate a biphasic behav-
ior, first increasing from those seen in the K+-glucose
medium at low HPz concentrations up to a maximum
observed at 10–20mM phlorizin, and decreasing there-

Fig. 3. Kinetics of tracer phlorizin binding at pH 6.0 under Na+- (A)
and K+- (B) equilibrium conditions. BBMV were resuspended in 50
mM MES-Tris buffer (pH 6.0) containing 0.1 mM MgSO4, 300 mM

mannitol, and either 50 mM KI plus 150 mM NaI (d, j, m) or 200 mM

KI (s, h, n). The uptake media were (final concentrations): 50 mM

MES-Tris buffer (pH 6.0), 0.1 mM MgSO4, 0.5 mM amiloride, 300 mM

mannitol (d, m, s, n) or 100 mM mannitol plus 200 mM D-glucose (j,
h), 0.1 mM 3H-phlorizin (d, j, s, h) or 0.1mM 3H-phlorizin plus 1
mM cold phlorizin (m, n), and either 50 mM KI plus 150 mM NaI (d,
j, m) or 200 mM KI (s, h, n). Phlorizin binding was determined at
20°C using the automated FSRFA developed in our laboratory [4]. The
reaction was started by injecting 50ml of BBMV into 950 ml of uptake
medium. Lines shown inA andB are the best-fit curves corresponding
to Eq. (1) or its equivalent form Eq. (3) in the text. Each data point
represents the mean ±SD of 5 determinations using the same BBMV
preparation. Error bars were smaller than the symbol sizes.
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after down to their original values at 0.1 mM phlorizin.
As shown in Fig. 4B reporting the initial rates of HPz
binding in the Na+ (closed circles) and K+/glucose (open
squares) media, this biphasic behavior is linked to the
saturation of the Na+-dependent binding sites, which
seems to be complete at a phlorizin concentration of 0.1
mM. The lack of saturation of the Na+-independent bind-
ing sites at a phlorizin concentration as high as 1 mM

precluded any meaningful extraction of the kinetic pa-
rameters from these data. Still, subtracting theB*i values
recorded in the K+/glucose medium from those estimated
in the Na+ medium allowed us to isolate the contribution
to total binding of the Na+-dependent binding sites (Fig.

4B, closed triangles). These data could then be fit to the
one-site model with kinetic parameter values ofBmaxi

andKdi as reported in Table 1.
Similarly in Fig. 5A reporting the steady-state levels

of HPz binding (B*e) in the Na+ (closed circles) and K+/
glucose (open squares) media, saturation of the Na+-
dependent binding sites appears to be complete at 50mM

phlorizin. In the K+/glucose medium, theB*e data are
best compatible with the one-site model, thus indicating
the existence of a single class of VLAP binding sites
(Bmaxe4 5099 ± 223 pmol.mg−1 protein,Kde 4 443 ±

Fig. 4. Concentration-dependence of the apparent first-order rate con-
stant at which equilibrium HPz binding is reached (A) and of the initial
rates of tracer HPz binding (B). Experimental conditions were as de-
scribed in the legend to Fig. 3 for the K+-glucose (h) and Na+-control
(d) conditions, except that the incubation medium also contained vari-
able concentrations of unlabeled phlorizin (0.1, 0.4, 1, 2, 5, 10, 20, 50,
100, 200, 500, and 1,000mM). The kinetics of phlorizin binding were
fit to Eq. (3) in the text, and the correspondingkobsandB*i ± SERvalues
are shown inA andB, respectively. InB, theB*i values recorded in the
K+/glucose medium (h) were subtracted from those estimated in the
Na+ medium (d) to isolate the contribution to total binding of the
Na+-dependent binding sites (m). The solid line shown in this case is
the best-fit curve corresponding to Eq. (4) in the text. Missing error
bars were smaller than the symbol sizes.

Fig. 5. Concentration-dependence of tracer HPz binding at equilibrium
(A), and of the apparent first-order rate constant at which HAP equi-
librium binding is reached (B). Experimental conditions were as de-
scribed in the legend to Fig. 4. The kinetics of phlorizin binding were
fit to Eq. (1) in the text, in which case theB*e ± SERvalues correspond-
ing to the K+-glucose (h) and Na+-control (d) conditions are shown in
A. Missing error bars were smaller than the symbol sizes. Alternatively,
the time-dependent contribution of the HAP sites to total binding was
isolated by subtracting, at each HPz concentration and at each time
point, theB* values determined in the K+/glucose medium from those
estimated in the Na+-medium. The resulting data was fit to Eq. (1) in
the text, in which case theB*e (m) andkobs(n) ± SERvalues are shown
in A and B, respectively. Lines shown inA are the best-fit curves
corresponding to Eq. (4) in the text in whichn 4 1 (h, m) or n 4 2
(d). The line shown inB is the best-fit curve corresponding to Eq. (7)
in the text.
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23 mM) working in parallel with nonspecific binding
(0.164 ± 0.007 pmol.mg−1 protein, thus similar to that
observed at pH 8.6). In the Na+ medium, theB*e data are
best compatible with the two-site model and meaningful
values of the kinetic parameters (Bmaxe 4 81 ± 6 and
5072 ± 436 pmol.mg−1 protein,Kde 4 2.1 ± 0.2 and 557
± 66 mM for the HAP and VLAP sites, respectively) can
be extracted provided that the apparentkD value previ-
ously observed at pH 8.6 is used as a prompt constant in
the fitting routine. Note that theBmaxe and Kde values
estimated for the VLAP sites by this approach are quite
comparable to those determined in the K+/glucose me-
dium. Also, because theKde values characterizing HPz
binding to the HAP and VLAP sites differ by more than
two orders of magnitude, nearly identical values of the
kinetic parameters describing the HAP sites (Bmaxe4 82
± 5 pmol.mg−1 protein, Kde 4 2.1 ± 0.2 mM) can be
estimated by restricting the analysis of theB*e data in the
Na+-medium to the 0.2–20mM range of phlorizin con-
centrations. However, the apparentkD value so deter-
mined (10.9 ± 0.4 pmol.mg−1 protein.mM

−1) now repre-
sents the sumBmaxe/Kde of the VLAP sites (9.1 ± 1.9) +
kD (2.10 ± 0.08)4 11.2 ± 2.0 pmol.mg−1 protein.mM

−1

as obvious from Eq. (4) when (S + T) << K.
The time-dependent contribution of the HAP sites to

total binding can be isolated by subtracting, at each HPz
concentration and at each time point, theB* values de-
termined in the K+/glucose medium from those estimated
in the Na+-medium. The resulting data can be fit to Eq.
(1) with B*e andkobsvalues as reported in Fig. 5A (closed
triangles) andB, respectively. TheB*e data in this case is
best compatible with the one-site model (Bmaxe4 76 ±
5 pmol.mg−1 protein,Kde 4 2.2 ± 0.2mM) whereas the
kobs data are best described by Eq. (7) with kinetic pa-
rameter values as shown in Table 1. Note in this table
thatKm 4 Kdi and thatKde < Kdi, as was also the case at
pH 8.6. However, theKdeandKdi values estimated at pH
6.0 are both lower than their counterparts previously ob-
tained at pH 8.6 whereas theBmaxe and Bmaxi values
recorded at both pH’s are comparable (theBmaxeandKde

values shown at pH 6.0 represent the mean of the dif-
ferent estimates obtained through the different ap-
proaches described above).

DISSOCIATION STUDIES OF PZ
− BINDING

The first series of experiments, which aimed at evaluat-
ing whether the tracer bound phlorizin can exchange rap-
idly with unlabeled phlorizin orD-glucose, is depicted in
Fig. 6 where all efflux data appear satisfactorily de-
scribed by the single decay Eq. (5). Clearly, the addition
of ethanol (Figs. 6A and B, open circles) leads to slow
rates of dissociation (meantobsvalue of 57 ± 5 sec) down
to a new steady-state value compatible with tracer dilu-
tion alone. Similarly slow dissociation rates, indepen-

dent of the concentration of tracer bound phlorizin (Fig.
6A, meantobs value of 66 ± 6 sec), are also observed
following the addition of 1 mM unlabeled phlorizin to the
BBMV suspension. The dissociation is complete in this
case as can be judged from the steady-state plateau val-
ues reaching the equilibrium level of nonspecific tracer

Fig. 6. Kinetics of phlorizin dissociation at pH 8.6 and room tempera-
ture. BBMV were resuspended in 50 mM Tris-MES buffer (pH 8.6)
containing 0.1 mM MgSO4, 300 mM mannitol, 50 mM KI, and 150 mM

NaI. The uptake media contained (final concentrations): 50 mM Tris-
MES buffer (pH 8.6), 0.1 mM MgSO4, 0.5 mM amiloride, 300 mM

mannitol, 50 mM KI, 150 mM NaI, and 0.08mM 3H-phlorizin. The
reaction was started by mixing 60ml of BBMV and 940ml of uptake
medium into 1 ml Eppendorf tubes. Following a 10 min incubation
period, the mixture was introduced into the incubation chamber of the
FSRFA. InA, BBMV were preincubated in the presence of either 0 (s,
d), 3 (m), 12 (n), or 1000 (L) mM unlabeled phlorizin. Dissociation
studies were triggered by the addition of 60ml of either 17% ethanol
(s) or 16.7 mM unlabeled phlorizin dissolved in 17% ethanol (d, m,
n, L). In B, BBMV were preincubated in the absence of unlabeled
phlorizin. Dissociation studies were triggered by the addition of 60ml
of 17% ethanol (s) or, alternatively, either 3.33M D-glucose (h) or
16.7 mM unlabeled phlorizin (d) both dissolved in 17% ethanol. Data
shown are the mean ±SD of 3 (B) or 5 (A) experiments performed under
each condition. Missing error bars were smaller than the symbol sizes.
Curves shown are the best-fit lines to Eq. (5) in the text.
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binding recorded at 1 mM unlabeled phlorizin (Fig. 6A,
open diamonds). The fact that unlabeled phlorizin and
D-glucose are both equally inaccessible to the tracer
bound phlorizin-receptor complex(es) is quite apparent
in Fig. 6B where tracer displacement by 1 mM cold phlo-
rizin (closed circles) was also used as an internal control
for tracer displacement by 200 mM D-glucose (open
squares).

In the next series of experiments reported in Fig. 7,
it is demonstrated that phlorizin dissociation from its
receptor sites is clearly Na+-dependent. The dissociation
data are compatible with the single decay Eq. (5) in
which decreasingtobs values (increasing rates of disso-
ciation) are observed at decreasing Na+ concentrations
(Fig. 7A). Moreover, as shown in Fig. 7B, there is a
linear relationship between the estimatedtobsvalues and
the Na+ concentrations used in these experiments. Note
in Fig. 7A that the rapid rates of phlorizin dissociation in
the Na+-free medium appear to be the main determinant
of the low equilibrium values of inhibitor binding re-
corded under these conditions (E*0 4 0.396 ± 0.058vs.
1.245 ± 0.018 pmol.mg−1 protein in 200 mM KCl vs.150
mM NaCl + 50 mM KCl) because similar infinite time
values (E*̀ 4 0.483 ± 0.024,n 4 6) are observed under
all experimental conditions.

In agreement with these studies, it was found in
preliminary experiments that the substitution of KCl for
NaCl in the stop solutions led to low equilibrium values
of HPz and Pz− binding independently of whether or not
1 mM unlabeled phlorizin was also present in these so-
lutions.

KINETIC PARAMETERS OF GLUCOSE TRANSPORT AT

VARIOUS pH VALUES

The dependence of the initial rates of tracerD-glucose
uptake upon increasing cold substrate concentrations was
studied at three different pH values (6.0, 7.0, and 8.6) as
described in Materials and Methods. All initial rate data
were best described by the two-site model (data not
shown) with kinetic parameter values for the HAG
(Vmax1 and Km1) and LAG (Vmax2 and Km2) transport
pathways as listed in Table 2. Clearly,Km1 andKm2 both
decrease at increasing pH values. By contrast,Vmax2 is
quite insensitive to pH changes whereasVmax1 demon-
strates a biphasic pH dependence, being quite stable be-
tween pH 6.0 and 7.0 but decreasing thereafter at pH 8.6.
Accordingly, the catalytic efficiency (Vmax/Km ratio, ex-
pressed as pmol? sec−1 ? mg−1 protein ? mM

−1) of the
HAG transport route first increases from pH 6.0 (163) to
pH 7.0 (325) and then decreases at pH 8.6 (179) while
that of the LAG transport route continuously increases
from pH 6.0 (40) to pH 8.6 (77).

Discussion

THE THREE CLASSES OFPHLORIZIN BINDING SITES

AT EQUILIBRIUM

To our knowledge, the present study is the first one that
ever tried to characterize the binding kinetics of theketo
andenol forms of phlorizin to renal or intestinal BBMV.

Fig. 7. Effect of Na+ concentrations on the dissociation rates of Pz−

binding at room temperature. BBMV resuspension and incubation me-
dia were as described in the legend to Fig. 6. The reaction was started
by injecting 50ml of BBMV into 950 ml of uptake medium using the
automated FSRFA developed in our laboratory [4]. Following a 10 min
incubation period, 18 aliquots were sampled at 0.25 sec intervals and
recuperated into the manifold array of the FSRFA [4], the upper cham-
ber being filled with 1 ml of 50 mM Tris-MES buffer (pH 8.6) con-
taining 0.1 mM MgSO4, 300 mM mannitol, and either 150 (d), 100 (s),
50 (m), 25 (n), or 0 (.) mM NaCl.The osmolarity and tonicity of this
solution were kept constant by varying KCl concentrations to satisfy a
total concentration of 200 mM NaCl + KCl. The kinetics of Pz− disso-
ciation are shown inA where the data points represent the mean ±SD

of 6 experiments performed under each condition. Missing error bars
were smaller than the symbol sizes. Lines shown are the best-fit curves
to Eq. (5) in the text. The correspondingt ± SER values are shown in
B as a function of Na+ concentrations. The line shown is the best-fit
curve obtained by linear regression analysis of the data points.
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Altogether, our results identify three main classes of
binding sites in rabbit BBMV isolated from the whole
kidney cortex. The validity of this conclusion relies on
the previous demonstration that glucose transport
through the HAG and LAG pathways characterized in
this preparation is strictly Na+-dependent and inhibited
competitively by phlorizin [44].

The nonspecific binding sites are best characterized
by the insensitivity of tracer phlorizin binding to high
concentrations of unlabeled phlorizin (Fig. 1A) and simi-
larly contribute to total equilibrium binding at pH 8.6 and
6.0 (0.151 ± 0.004vs.0.164 ± 0.007 pmol? mg−1 in Figs.
2A and 5A, respectively). The nature of these sites was
not investigated further in our study but might be linked
to phlorizin partition within the lipid phase of the mem-
brane.

The VLAP binding sites are best characterized by
their insensitivity to the presence of glucose (Fig. 3)
and/or Na+ (Figs. 3, 4B, and 5A) in the uptake media,
thus supporting the previous conclusion that these sites
are unrelated to glucose transport through the SGLT pro-
teins [1, 7, 11, 15, 25, 51, 60]. The precise nature of the
VLAP sites is presently unknown but their apparent ho-
mogeneity has been questioned [25]. It was reported in
one study that their affinity did not change with tempera-
ture [11]; our results further demonstrate that the detec-
tion of the VLAP sites is tightly linked to the ionization
state of the phlorizin molecule because these sites could
only be observed at acidic pH (Fig. 1A vs.Fig. 3). On
this criteria alone, then, the VLAP sites appear homoge-
neous and might represent phlorizin binding to mem-
brane lipids, as supported by previous studies showing

that the neutral form only of phloretin can bind to phos-
phatidylcholine vesicles [61] and human erythrocyte
membranes [22].

Finally, the HAP binding sites are best characterized
by their Na+-dependency and glucose sensitivity (Figs.
1A and 3). In this respect, then, the HAP sites do qualify
to represent specific binding to (a) cotransport protein(s).
This conclusion is compatible with the kinetic mecha-
nisms of cotransport proposed by Wright [64] or Kim-
mich [29] for SGLT1 and by Mackenzie et al. [39, 40]
for SGLT2, all of which share the same essential feature
that at least one activator ion must bind to the carrier
protein to promote glucose transport and/or phlorizin
binding. In this respect, a different conclusion emerged
from the studies of Koepsell et al. [30] and Giudicelli et
al. [24] in the pig kidney where specific, glucose-
sensitive but Na+-independent phlorizin binding was ob-
served at physiological pH values. These discrepancies
may be tentatively resolved from the consideration of
species differences or by assuming that the H+ concen-
tration is still sufficient at pH 7.0 to activateD-glucose
cotransport through the SGLT1 protein [26]. Alterna-
tively, because the Na+ and glucose specificities of phlo-
rizin binding were not systematically investigated under
experimental conditions where the HPz and Pz− forms of
phlorizin coexist at neutral pH [24, 30], then the LAP
sites observed in these studies might in fact include a
significant fraction of the VLAP sites.

HOMOGENEITY OF PHLORIZIN BINDING TO THE

HAP SITES

Once corrected for nonspecific phlorizin binding at pH
8.6 and for nonspecific plus VLAP binding at pH 6.0,
simple Scatchard kinetics are observed (Figs. 2A and 5A)
with lower apparent affinities of inhibitor binding under
initial rate compared to equilibrium conditions (Table 1).
These data may indicate some heterogeneity of the HAP
sites whereby LAP onset binding and HAP steady-state
binding would account for phlorizin binding to the
SGLT1 and SGLT2 proteins, respectively [57, 58]. Al-
ternatively, because the kinetics of Pz− and HPz binding
to the HAP sites can be described by single exponential
kinetics (Figs. 2C and 5B) from which theB*e and B*i
data were derived (Figs. 1, 2, 4, and 5), HAP binding
may also characterize a two-step process in which a slow
isomerization reaction determines the overall rate of in-
hibitor binding, as previously justified [20].

The second hypothesis could be accounted for by
mechanism A whereby phlorizin binding to the transport
protein constitutes the rate-limiting step, mechanism B
whereby fast phlorizin binding to (an) initial collision
complex(es) is followed by a rate-limiting conformation
change, or mechanism C whereby phlorizin is titrating
(a) carrier conformation(s) in which the receptor bind-

Table 2. Kinetic parameters of glucose transport at various pH values

Kinetic parameters pH 6.0 pH 7.0 pH 8.6

Vmax1 (pmol.sec−1.mg−1 protein) 29.6 ± 8.2 30.9 ± 1.7 9.3 ± 2.0
Km1 (mM) 182 ± 38 95 ± 4 52 ± 10
Vmax2 (pmol.sec−1.mg−1 protein) 181 ± 64 180 ± 19 207 ± 42
Km2 (mM) 4.5 ± 2.9 3.3 ± 0.6 2.7 ± 0.8

BBMV were resuspended in 50 mM MES-Tris (pH 6.0), HEPES-Tris
(pH 7.0), or Tris-MES (pH 8.6) buffers containing 0.1 mM MgSO4, 300
mM mannitol, and 200 mM KI. The uptake media contained (final
concentrations): 50 mM MES-Tris (pH 6.0), HEPES-Tris (pH 7.0), or
Tris-MES (pH 8.6) buffers, 0.1 mM MgSO4, 0.5 mM amiloride, 50 mM

KI, 150 mM NaI, 4 mM D-[1-3H(N)]-glucose, and a total of 300 mM
mannitol plus added unlabeledD-glucose (0.01, 0.025, 0.05, 0.1, 0.25,
0.5, 1, 2, 5, 10, and 200 mM). Glucose transport was determined at 20°C
using the automated FSRFA developed in our laboratory [4]. The re-
action was started by injecting 20ml of BBMV into 480 ml of uptake
medium. Initial rates of tracer glucose transport were determined over
the 1–9 sec time course of the transport assays by linear or polynomial
regression analysis as justified previously [10, 44]. The initial rate data
was best-fitted to Eq. (4) in the text withn 4 2, so that the kinetic
parametersVmax1 and Km1 characterize the HAG transport pathway
whereasVmax2 andKd2 refer to the LAG transport route.
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ings sites become slowly accessible to the inhibitor mol-
ecules. By contrast to mechanism C, the A and B
mechanisms can both generate one (or several) occluded
form(s) of the inhibitor-bound receptor complex(es) that
are therefore shielded by the rate-limiting step from free
exchange with the external milieu. Conversely, most (if
not all) of the inhibitor molecules rapidly bound to the
initial collision complex(es) in mechanism B or to the
accessible carrier species in mechanism C might be lost
in any binding assay involving a quench technique to
stop the reaction, as occurs with the rapid filtration tech-
nique used in the present studies. Therefore, mechanism
B can be further subdivided into “B general” (in which
all of the inhibitor-bound receptor complexes can be de-
tected) and “B occluded” (in which the occluded com-
plex(es) is (are) the only one(s) that significantly con-
tribute(s) to measured binding.

The confrontation of the kinetic data reported in the
present studies with the previously established criteria
aimed at model discrimination between the A-C mecha-
nisms of inhibitor binding [20] allows us to set out the
following facts. First, the kinetics of Pz− (Fig. 1A) and
HPz (Fig. 3) binding are satisfactorily described by Eq.
(1) in which theB*0 term proves to be independent of
phlorizin concentrations. This result goes against the
predictions of mechanisms C and “B general”. Second,
the initial rates of HPz and Pz− binding are compatible
with simple Scatchard kinetics (Figs. 1B and 4B). These
results argue against mechanisms A, “B general”, and C.
Third, the inequalityKde < Kdi observed in Table 1 is a
specific property of B mechanisms as compared to
mechanisms A and C. Fourth, the apparent first-order
rate constant of HPz and Pz− binding demonstrates a
Michaelis-Menten type of dependence on phlorizin con-
centrations, a property applying to B mechanisms only.
Finally, the rate of tracer Pz− dissociation from its re-
ceptor sites is equally insensitive to saturating concen-
trations of unlabeled phlorizin orD-glucose (Fig. 6B),
thus showing that the initial collision complex in mecha-
nism “B general” does not contribute to any significant
extent to the observed kinetics of binding. Indeed, this
situation would result from a fast wash out of the inhibi-
tor molecules bound to this complex during the washing
steps in the rapid filtration technique.

Therefore, it can be unambiguously concluded from
these data that the kinetics of phlorizin binding to the
HAP sites conform to the expectations of mechanism “B
occluded”. In this respect, the observation in Table 1
that the half-saturation ofkobs is achieved at a phlorizin
concentration (I) 4 Km 4 Kdi provides an internal con-
sistency test of this mechanism [20] and supports quite
strongly the concept that phlorizin binds to the same
cotransport protein under initial rate and equilibrium
conditions, thus arguing against the alternative hypoth-
esis of an heterogeneity of the HAP binding sites.

Previous studies from our group [44] demonstrated
that phlorizin inhibits the HAG and LAG transport path-
ways with similar potency in rabbit renal BBMV. It
could thus be argued from these data that the proposed
homogeneity of the HAP binding sites is only apparent.
Yet, Pz− dissociation from the HAP sites appears to be
complete and follows single exponential kinetics with
time constant independent of the concentration of tracer-
bound phlorizin (Fig. 6A). Moreover, the observation
that K+ substitution for Na+ in the stop solutions reduces
quite considerably the detection of steady-state HAP
binding at pH 6.0 and 8.6 clearly indicates that phlorizin
binding is fully stabilized by Na+ ions. In support of this
view, Fig. 7A directly demonstrates that the rate of Pz−

dissociation from the occluded phlorizin-bound receptor
complex(es) increases at decreasing Na+ concentrations
in the incubation medium. As Na+ also proves manda-
tory for effective formation of the initial collision com-
plex(es) (Figs. 1A and 3), it must be inferred from these
data that steady-state HAP binding characterizes a co-
transport protein whose stoichoimetry of Na+ and phlo-
rizin binding is higher than the 1:1 coupling ratio usually
reported for the SGLT2 protein [28, 39, 40, 58, 65]. We
thus conclude that SGLT1 ought to be the sole cotrans-
port protein significantly contributing to HAP binding in
rabbit renal BBMV.

KINETIC MODEL OF PHLORIZIN BINDING TO THE SGLT1
PROTEIN AND VALIDATION

No consensus has yet been reached regarding the order
of Na+ (N) and substrate (S) addition on the SGLT1
protein. TheNNSmodel proposed by Parent et al. [45]
assumes that the two Na+ ions bind first in a single
reaction step, an hypothesis that has since been shown to
be compatible with strong cooperativity for Na+ binding
[19]. By contrast, aNSNmodel wherebyS binding oc-
curs between the two Na+ binding events has first been
advocated by Kimmich [29] and has since received sup-
port from the data of Chen et al. [9]. The demonstration
in the present and previous [49] studies that phlorizin
dissociation is much faster in the absence than in the
presence of Na+ strongly argues in favor of theNSN
sequence of substrate addition. Further evidence pre-
sented in the previous section also suggests that the last
Na+ ion to bind in mechanism “B occluded” does so at a
step following the occlusion of the phlorizin-symporter
complex. We therefore propose that phlorizin binding to
the SGLT1 protein follows the kinetic scheme depicted
in Fig. 8 whereby fast Na+ and phlorizin binding is fol-
lowed by a slow conformation change preceding the
binding of the second Na+ ion. As shown in the Appen-
dix, the kinetic equations characterizing this model were
derived using a previously described formalism [20] to
devise the following consistency tests.
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First, the relationshipsKde < Kdi and Km 4 Kdi

observed in Table 1 and discussed in the previous section
are indeed compatible with the proposed model (seeEq.
[A19], and Eqs. [A14], [A17], and [A18]vs.Eq. [A20],
respectively). Moreover, the comparison between Eqs.
(7) and (A20) allows us to establish that thekmaxandkmin

values appearing in Table 1 represent, respectively, the
rate constantkon and the apparent rate constantk*off ap-
pearing in this model (seeFig. 8 and scheme A1).

Second, using Eq. (A8) and (A19), and remember-
ing that L56 4 koff/kon, it can be demonstrated that the
relationship

Kde

Kdi
=

koff
*

kon + koff
* (8)

is an intrinsic property of the model depicted in Fig. 8,
which appears to be satisfied by the results of the com-
putations reported in Table 3. The following relation-
ships

koff
* =

Bmaxi

Kdi
?

Kde

Bmaxe
(9)

kon =
Bmaxi

Bmaxe
− koff

* (10)

kon = koff
* FKdi

Kde
− 1G (11)

can be similarly established from Eq. (A8) and the alge-
braic expressions ofBmaxe, Kde, Bmaxi, andKdi given by
Eqs. (A15)–(A18). Clearly, there is a close agreement
between the experimentalkmax andkmin values reported
in Table 1, and the calculatedkon andk*off values shown
in Table 3.

Last, the kinetic model proposed in Fig. 8 predicts
that the apparent time constanttobs accounting for phlo-
rizin dissociation from its receptor sites should vary lin-
early with Na+ concentrations (seeEq. [A22]). The data
shown in Fig. 7B do conform to these expectations and
its direct analysis according to Eq. (A22) allows us to
establish thattoff 4 9.4 ± 0.7 sec and thatK67 4 30 ±
3 mM. Note in Fig. 8 thatK67 represents the intrinsic
dissociation constant for binding of the second Na+ ion to
the receptor protein.

These demonstrations thus support quite strongly
our conclusion that the HAP sites observed in rabbit
renal BBMV characterize phlorizin binding to the
SGLT1 protein and validate the proposed mechanism of
phlorizin binding to SGLT1 depicted in Fig. 8.

IMPLICATIONS OF PHLORIZIN BINDING STUDIES WITH

REGARD TO THE MODELIZATION OF

Na+/D-GLUCOSECOTRANSPORT

The present study and previous theoretical consider-
ations from our group [20] invalidate the recruitment

concept [2] as a possible explanation of the fast-acting
slow-binding paradigm of phlorizin, which can otherwise
be resolved by the kinetic scheme depicted in Fig. 8.
The fast-acting behavior of phlorizin with regard to its
inhibition of glucose transport is readily explained by the

Fig. 8. Kinetic model of phlorizin binding to the SGLT1 protein. For
reasons discussed in the text, it is postulated that fast phlorizin (I)
binding is followed by a rate-limiting isomerization reaction with rate
constantskon andkoff. This situation is equivalent to stating that all the
rate constants governing the association and dissociation of the Na and
I effectors with the protein are fast compared tokon andkoff. Therefore,
it is possible to define two blocks of elementary reactions calledX and
Y (full line boxes), in which all the chemical species can be considered
to be in equilibrium with each other both before and during the time
dependent slow interconversion between blocksX andY (seethe time
scale separation hypothesis and the rapid equilibrium assumption pre-
viously discussed in [20]). This, in turn, allows us to introduce the
dissociation constantsL12, K14, K23, L43, Kd, andK67 to describe each
of the binding and isomerization steps within blocksX and Y. When
applied to the SGLT1 protein for which Na+ is mandatory for phlorizin
binding and stabilizes an occluded conformation of the phlorizin-bound
receptor complex (seejustification in the text), the sequence of elemen-
tary reactions involved ought to occur as shown where theN2 (free
carrier),N3 (Na+-activated complex), andN5–N7 (phlorizin-bound bi-
nary and ternary complexes) species stand for the outward-facing con-
formations of the transport protein whereasN1 and N4 represent the
inward-facing free carrier and Na+-activated binary complex, respec-
tively. Moreover, in experiments where BBMV have been resuspended
in a Na+-containing medium, full equilibrium between theN1–N4 spe-
cies prevails at the start of phlorizin addition. Accordingly, it is also
possible to define a zero-time block of elementary reactions calledX0

(dashed-line box) from which fast redistribution to theN1–N5 species of
block X will occur upon phlorizin addition. The dashed line linking the
N7 andN4 species represents a putative lumped-reaction with rate con-
stantk74 that may apply in the case of transported substrates.
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rapid formation of the initial collision complexN5, thus
providing instant competition for glucose binding to the
Na+-activated carrier speciesN3. However, becauseN5

rapidly dissociates in a rapid filtration assay of phlorizin
binding, the slow kinetics of inhibitor binding are only
apparent and reflect the (slow) isomerization of this com-
plex into the more stable formsN6 andN7. Note that the
kinetic scheme depicted in Fig. 8 also reconciles the 1
Na+:1 phlorizin and the 2 Na+:1 phlorizin stoichiometries
of binding previously observed under initial rate [55] and
equilibrium [43, 49] conditions, respectively (seeEqs.
[A15]–[A18]). Yet, the experiments reported in Fig. 7
rule out the proposal of Semenza’s lab [54, 55] that the
Na+-phlorizin-carrier complex may not be functional for
the very reason of not binding a second Na+ ion.

The NSNmodel proposed in Fig. 8 differs from the
previous ones [9, 29, 55] by introducing a conformation
change consecutive toS binding but preceding the at-
tachment of the second Na+ ion. As a general rule, the
isomerization of an intermediary complex that does not
involve any substrate addition or product releasing step
has no effect on the analytical form of the steady-state
rate equations [50], so that the conformation change
above would be silent with regard to the kinetics of glu-
cose transport. Still, it can be demonstrated using the
computer program of Falk et al. [19] that

kcat =
konk74

kon + k74
(12)

represents a correct expression of the turnover rate of
glucose transport for the kinetic mechanism depicted in
Fig. 8. Accordingly, thekcat value of 5–125 catalytic
cycles per second currently documented for glucose
transport through the SGLT1 protein [29] cannot be ex-
plained with the smallkon (or kmax, see above) values
reported for Pz− and HPz binding in Table 1 (solving Eq.
[12] for k74 using the abovekcat estimate and thekmax

values reported in Table 1 leads to negative values of this
rate constant). It must be concluded, then, that the ki-
netics of phlorizin binding represent a “slow-motion
movie” of glucose transport, i.e., the conformation
change induced by the nontransported inhibitor is far
slower than the isomerization step experienced by the
transported sugar substrates.

The demonstration that the recruitment concept
(mechanism C) is ill-founded at the theoretical [20] and
experimental levels (these studies) invalidates the appli-
cation to phlorizin and the SGLT1 protein of the math-
ematical derivations proposed by Turner and Silverman
[59] to analyze the binding kinetics of nontransported
competitive inhibitors. Moreover, the slow isomeriza-
tion step consecutive to inhibitor binding imposes the
condition on a correct interpretation of binding data that
a steady-state distribution of the different carrier species
involved in the transport cycle, including the rapidly

bound phlorizin-carrier complexN5, has been reached at
the time of initial binding measurements. Accordingly,
the kinetics of phlorizin binding cannot be related to any
putative rate-limiting step in the transport cycle as was
done in the past, whether implicitly or explicitly, by
Toggenburger et al. [54, 55], Aronson [2], Turner and
Silverman [59, 60], Lever [35], and Restrepo and Kim-
mich [49]. To just give an example with respect to the
membrane potential dependency of phlorizin binding ob-
served by a number of authors, it is quite clear that simi-
lar results would be expected whether the membrane
potential increases the rate of free-carrier recycling [2,
35, 55], the affinity of Na+ binding to the transport pro-
tein [29, 49], or both [45]. This is so because the kinetic
mechanism proposed in Fig. 8 states that the initial rate
of binding is directly proportional to the concentration of
the carrier species onto which phlorizin binds (see
scheme A1). Accordingly, the algebraic expression of
Kdi explicitly involves the two dissociation constantsL12

andK23 characterizing the free-carrier recycling step and
Na+ binding on the external side, respectively (seeEq.
[A18]). In fact, this kinetic scheme also suggests a new
possibility, namely that the rate constantkon may itself be
modulated by the membrane potential, as would seem
consistent with the change in theBmaxi values (seeEq.
[A17]) observed in some of the experiments where this
parameter was measured [35, 54]. Conversely, the pre-
vious demonstration that the membrane potential has no
effect on the rate of phlorizin release [2, 49, 55] suggests
that bothkoff andK67 are not affected by the electric field.

Finally, the analysis of binding data conforming to
the mechanism depicted in Fig. 8 should take into con-
sideration the fact that the kinetic parameters determined
under initial rate or equilibrium binding conditions
(Bmaxi, Kdi, Bmaxe, andKde, seeEqs. [A15]–[A18]) ought
to be treated with the same degree of caution as is usually
done for their glucose transport counterpartKm andVmax.
In this respect, theKde value does not estimate the ap-
parent dissociation constant of phlorizin binding during
glucose transport measurements, which is in fact given
by Kdi. In support of this view, theKdevalues of 2–5mM

(Table 1) agree quite reasonably well with those of ap-
prox. 2 mM previously determined at pH 7.4 by Turner
and Moran [58] in similar preparations whereas theKdi

values of 12–30mM (Table 1) more closely match theKi

value of 15mM previously reported for phlorizin inhibi-
tion of glucose transport [44]. Similarly, theBmaxevalue
does not measure directly the number of receptor binding
sites (NT) and the latter quantity has to be calculated.
As shown in Table 3, this can be done in a quite direct
way through Eq. (A17) once thekon value has been de-
termined. Alternatively, if thekon and k*off values are
known, NT can also be calculated from the following
relationship,

NT = BmaxeF1 +
koff

*

kon
G (13)
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which can be derived from Eqs. (A15) and (A8) using the
relationshipK56 4 koff /kon. In the present studies per-
formed at 150 mM Na+, Bmaxethus underevaluatesNT by
20 ± 3 and 27 ± 3% at pH 6.0 and 8.6, respectively.
This difference may appear small; however, it should be
noted that 0ø k*off/kon ø koff/kon and that thek*off/kon ratio
→ 0 at saturating Na+ concentrations (seeEq. [A8]), so
that the difference would increase at decreasing Na+ con-
centrations relative toK67.

HPZ AND PZ
− BINDING IN RELATION TO THE KETO-ENOL

TAUTOMERISM OF PHLORIZIN

The demonstration in Table 3 that HPz and Pz− bind to
the same number of HAP sites departs from the previous
suggestion by Toggenburger et al. [54] that the neutral
form of phlorizin is the only one to bind to rabbit intes-
tinal BBMV where rbSGLT1 is the sole cotransport pro-
tein to be found [10]. However, our observation of lower
Kd values at pH 6.0 than pH 8.6 (Table 1) appears fully
compatible with the data of these authors showing an
increase in theKi of phlorizin inhibition of SGLT and in
the Kd of phlorizin binding at increasing pH values. It
can be further argued that the success of Toggenburger et
al. [54] at measuring aKi value relative to phlorizin
inhibition of SGLT activity at pH 9.5, i.e., when the
inhibitor is segregated to 99% under its ionized Pz− form,
just supports our own data. Similarly, the 2.5- or 3.3-
fold difference between theKdi or Kdevalues estimated at
pH 6.0 vs. 8.6 (Table 1) does not support the claim by
Lostao et al. [38] that theenol form of phlorizin is a
much poorer inhibitor of SGLT1 than itsketo counter-
part. This lack of specificity of the SGLT1 protein for
HPz vs. Pz− binding contrasts with phloretin, the aglu-
cone moiety of phlorizin (Fig. 9A), which interacts with
the erythrocyte glucose [22] or anion [21] transport pro-
teins through its neutral or ionized species, respectively.
These considerations suggest that different mechanisms

are involved in the specific interactions of these two
molecules with their relevant receptor proteins.

The early studies of Diedrich [15, 16] and Alvarado
[1] suggested that the glucosidic and aglucone moieties
of phlorizin (Fig. 9A) bind to discrete loci on the trans-
port protein, a characteristic feature that would explain
the close to two orders of magnitude difference between
theKd of phlorizin binding and theKm of glucose trans-
port. However, because this comparison involved theKd

values of phlorizin binding at equilibrium, it would ap-
pear in the light of the present studies that the effect of
the aglucone site in increasing the affinity of phlorizin
relative to glucose has been overestimated in the past.
As calculated from Tables 1 and 2, theKdi values of HAP
binding and theKm1 values of HAG transport are sepa-
rated by factors of 1.6- and 14.2-fold at pH 8.6 and 6.0,
respectively. However, these values increase to 7.4- and
87-fold at these same pH if theKde rather than theKdi

values are used for the comparison.
The molecular modeling studies of Lostao et al. [38]

brought evidence that the lowest energy structure for the
keto-phlorizin conformation places the B-ring in a posi-
tion such that it folds back over the A and pyranose rings
(Fig. 9A), similar to a proposed structure for phloretin
[22, 61]. This computed structure contrasts with the pla-
nar and fully extended conformation ofketo-phlorizin
determined by Cody [12] from the crystal structure of
phlorizin (Fig. 9B). Note that the latter studies also re-
ported that the overall low energy conformation of HPz
was found to be similar to that observed in the crystal
structure [12]. Indeed, the symmetry at the 28- and 68-
positions in phloretin is lost in phlorizin, which could
enhance the probability of intramolecular hydrogen
bonding between O(9) . . . O(68) in the latter molecule
(Fig. 9B). The planar configuration of HPz shown in
Fig. 9B also contrasts with the L-shaped structure of
enol-phloretin proposed by Fuhrman et al. [22]. In these
molecular modeling studies, it was assumed that the pKa

value of 7.2–7.4, which characterizes the pH-dependent
shift in the absorption spectra of phloretin [22] and phlo-
rizin [18, 34, 54, and this study], would represent proton
dissociation at thea-position of theketogroup (Fig. 9A).
The occurrence of such an enolization mechanism was
previously reported for phlorizin [16]. However, much
simpler molecules like phloroglucine (Fig. 9C) and phlo-
rine (Fig. 9D) also demonstrate pH-dependent shifts of
similar magnitude [34] whereas 48-deoxyphlorizin and
para-phlorizin (48-glucoside of phloretin) do not [18].
In fact, from the consideration that the latter two mol-
ecules are missing the freepara-phenol group on the A
ring (Fig. 9A), Evans and Diedrich [18] concluded that it
is this proton which is apparently titrated with a pKa of
about 7.2 and not the one at thea-position which under-
goesketo-enoltautomerization. In this respect, then, the
further demonstration by Diedrich [14] that this position

Table 3. Consistency tests of the kinetic model of phlorizin binding to
the SGLT1 protein depicted in Fig. 8

Predicted equations pH 8.6 pH 6.0

Eq. (8):Kde/Kdi 0.21 ± 0.05 0.16 ± 0.03
Eq. (8):k*off/(kon + k*off) 0.22 ± 0.02 0.17 ± 0.02
Eq. (9):k*off 4 (BmaxiKde)/(BmaxeKdi) 0.012 ± 0.004 0.014 ± 0.004
Eq. (10):kon 4 (Bmaxi/Bmaxe) − k*off 0.042 ± 0.010 0.070 ± 0.013
Eq. (11):kon 4 k*off[(Kdi/Kde) − 1] 0.042 ± 0.012 0.075 ± 0.021
Eq. (A17):NT 4 (Bmaxi/kon) 99 ± 19 94 ± 14
Eq. (13):NT 4 Bmaxe[1 + (k*off /kon)] 99 ± 8 96 ± 8

Predicted equations shown refer to those appearing in the main text or
appendix. TheBmaxe, Bmaxi, KdeandKdi values used for computation are
those reported in Table 1 at each pH. For reasons discussed in the text,
thekon andk*off values used for computation correspond, respectively, to
the kmax andkmin values appearing in Table 1 at each pH.
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was not critical for activity appears consistent with our
own data showing that HPz and Pz− can both bind to a
similar number of transporter sites (Table 3). Notwith-
standing the fact that the 3-D structure of the inhibitor
and/or the receptor site on the SGLT1 protein can be
modified following primary bound formation through its
glucose or aglucone moieties, we therefore conclude that
major differences in the native 3-D structures of HPz and
Pz− are unlikely to be the main determinant of their
affinities for the transport protein.

The interactions of phlorizin with the glucose and
aglucone receptor sites likely represent, as suggested by
Alvarado [1], a two-step mechanism whereby primary
bound formation occurs through either one of these two
sites and is followed by secondary attachment to the
remaining vacant site. It can be postulated, then, that the
rigidity so imposed to the glucose site would impair its
occlusion within the glucose channel (decrease the rate
of the conformation change), and that extra Na+ binding
would preclude any further reorientation of the transport
protein (seeFig. 8). In this respect, a different situation
is expected when free glucose and free phloretin are
bound to the glucose and aglucone sites, respectively,
because the rigidity imposed by phlorizin binding to both

sites would be lost. Slower transport might be the result,
hence the partial noncompetitive nature of phloretin in-
hibition previously reported by Alvarado [1].

The above random sequence of site occupancy is
indeed strongly supported by Alvarado’s data [1]. How-
ever, the low affinity of the aglucone site for the phlor-
etin molecule would rather suggest that the primary in-
teraction of phlorizin with the SGLT1 protein mostly
involves the glycosidic moiety of the inhibitor. This pre-
ferred order of site occupancy, also previously suggested
by Diedrich [14] and Lostao et al. [38], can be viewed as
a B-type mechanism whereby phlorizin binding to the
glucose site (dissociation constantKG) is followed by an
isomerization step resulting in the secondary attachment
to the phloretin site (dissociation constantKP), in which
case the apparent overall dissociation constant for phlo-
rizin binding (Kd) is given by the quantityKG[Kp/
(1 + KP)] < KG. Accordingly, the fact that theKi value
for phlorizin inhibition of HAG transport (15mM in [44])
is smaller than theKm value for glucose transport through
the HAG pathway (100–110mM in [44]) can be taken as
evidence that phlorizin is bound to both of the sugar and
aglucone sites during steady-state glucose transport mea-
surements [44]. Moreover, because theKi andKdi values

Fig. 9. Phlorizin structures proposed by Diedrich [16] from molecular modeling studies (A) and by Cody [12] from crystallographic data (B), and
chemical structures of phloroglucine (C) and phlorine (D).
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should be equal under symmetrical conditions of glucose
transport and phlorizin binding measurements (see
above), it also follows from these considerations that
phlorizin should be bound to both of the sugar and aglu-
cone sites before the occurence of the slow conforma-
tional change depicted in Fig. 8. Therefore, the compari-
son between theKdi andKm1 values reported in Tables 1
and 2 suggests that the effect of the aglucone site in
increasing the affinity of phlorizin relative to glucose is
only marginal at pH 8.6. Moreover, the fact that theKm

of HAG transport increases by 3.5-fold while theKdi of
HAP binding decreases by 2.5-fold when the pH de-
creases from 8.6 to 6.0 (Tables 1 and 2) would indicate
that the secondary interaction of phlorizin with the aglu-
cone site is specifically increased at acidic pH (assuming
that Km 4 KG and Kd 4 Kdi in the two-step model
described above, thenKP values of 1.6 and 0.076mM can
be estimated at pH 8.6 and 6.0, respectively, so that the
affinity of the aglucone site has to increase by 21-fold to
compensate for the lower affinity of the glucose site).

The bell-shape dependence on H+ concentration of
the catalytic efficiency of the SGLT1 protein (Vmax1/Km1

ratio, seeTable 2 and Results) suggests the existence of
a minimum of two ionizing groups on the transport pro-
tein with pK values of approx. 8.6 and 6.0 (theVmax1/Km1

ratio decreases by approx. 50% at both pHs). Whereas
the former mostly affectsVmax1, the latter only affects
Km1 and might well be related to protonation/deproto-
nation events at or near the glucose binding site. In this
respect, the nature of the protein locus involved in phlo-
rizin binding is currently unknown but, according to Di-
etrich [14], should be one which can donate hydrogen to
form a bond with O(4) in the B ring system of the in-
hibitor molecule (Fig. 9A). Accordingly, deprotonation
of the aglucone site at more basic pH would impair phlo-
rizin binding, and lower apparent affinity would be the
result. Still, this picture does not fit well with the obser-
vation that phlorizin derivatives showing lower or higher
pK values than the parent molecule exhibit, respectively,
lower or similar inhibitory potencies relative to glucose
transport at neutral pH [37]. Phlorizin binding may also
involve, then, unfavorable electrostatic interactions at
basic pH and/or additional molecular features of the in-
hibitor and receptor sites.

HETEROGENEITY OFGLUCOSE TRANSPORTVS.
HOMOGENEITY OF PHLORIZIN BINDING

Our conclusion that HAP binding observed in rabbit re-
nal BBMV characterizes phlorizin binding to the SGLT1
protein does not question the molecular heterogeneity of
renal SGLT, which is indeed strongly supported by the
consideration of the clinical findings associated with in-
testinal glucose/galactose malabsorption and renal gly-
cosuria [13]. However, it does question the concept that

the kinetic heterogeneity of glucose transport observed in
the proximal tubule reflects the coexpression of distinct
SGLT1 and SGLT2 gene products rather than two dif-
ferent transport modes through a unique SGLT1 protein.

The relevance of the latter assertion is clearly re-
stricted by the fact that phlorizin inhibition of the HAG
and LAG transport routes can be observed under steady-
state conditions of glucose transport measurement
[44], thus showing that phlorizin acts as a fast-acting
inhibitor on these processes [20]. Therefore, if we as-
sume that the LAG pathway does represent the expres-
sion of rbSGLT2 in rabbit renal BBMV and that similar
mechanisms of phlorizin binding apply to rbSGLT1 and
rbSGLT2, then Na+-stabilization of phlorizin binding to
rbSGLT2 should not be expected for obvious stoichio-
metric reasons (seediscussion above in the case of rb-
SGLT1). Accordingly, the rapid filtration assay used in
the present and other studies [1, 7, 11, 15, 18, 24, 25, 30,
51, 54, 55, 60] may not allow us to detect the inhibitor
molecules bound onto this transport protein.

Having said this, it is nonetheless true that the HAG
and LAG pathways demonstrate a number of overlap-
ping characteristics among which the lack of glucosevs.
galactose specificities [44] and the similar sensitivities
with regard to phlorizin inhibition [44] prove inconsis-
tent with the classical view of glucose transport through
the SGLT1 and SGLT2 gene products [13, 57,
58]. Moreover, when estimated from theVmax of the
HAG pathway at 25°C (41 ± 6 pmol ? sec−1 ? mg−1

protein at pH 7.0 in [44]) and the total number of phlo-
rizin binding sites estimated in the present studies (mean
value of 97 pmol? mg−1 protein from Table 3), the
calculatedkcat value of 0.42 sec−1 is at least one order of
magnitude lower than currently documented for glucose
transport through the SGLT1 protein [29]. In this re-
spect, then, it may prove significant that thekcat value
falls within the expected range (5.8 sec−1) when the com-
bined Vmax values of the HAG and LAG pathways are
instead considered (565 ± 55 pmol? sec−1 ? mg−1 protein
in [44]). These simple calculations thus seem to corrobo-
rate the concept that the HAG and LAG pathways may
not be as fully independent as would have been expected
from the coexpression of the SGLT1 and SGLT2 pro-
teins in the same vesicle preparation [57, 58].

The above issues do not resolve the nature of the
HAG and LAG pathways, and any attempt to answer this
question may only be speculative at this time for two
main reasons. First, no consensus has yet been reached
regarding the question of which of the putative SGLT2
clones most likely represents the renal SGLT2 protein.
In this respect, both Hu14/hSGLT2 [28] and rat SGLT2
[65] mRNA were localized to early proximal tubule cells
(S1 segment). However, it was also suggested that the
former clone might not represent a SGLT protein be-
cause of its substantial evolutionary distance from the
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established SGLTs [48]. Similarly, the expression of
SAAT1-pSGLT2 mRNA (SGLT3) was reported to be
strong in intestine, spleen, liver, and muscle but low in
kidney [32], and, to our knowledge, the localization of
the SGLT3 protein along the nephron has yet to be es-
tablished. Moreover, SGLT3 was cloned from the pig
kidney cell line LLC-PK1 [32] showing functional dif-
ferentiation patterns of proximal tubule cells [36, 46] but
hormonal sensitivity which resembles to some extent that
of the medullary thick ascending loop [27]. This ambi-
guity as to the tissular origin of LLC-PK1 cells is under-
scored by the reported evidence of SGLT activity in dog
distal thick ascending limbs [63]. Second, no consensus
has yet been reached regarding the question of the mo-
nomericvs. polymeric structure of SGLT1. In this re-
spect, recent evidence suggests that the SGLT1 clone is
functionally expressed as a monomeric protein when in-
jected intoXenopusoocytes [17]. By contrast, in native
intestinal and renal BBMV, the concept of a polymeric
structure of SGLT1 is strongly supported by inactivation
radiation [3, 52, 53, 56] as well as other studies [6, 10,
23, 30, 31, 44]. It is quite possible, then, that the kinetic
heterogeneity of glucose transport observed in the kidney
cortex reflects the existence of two different states of
aggregation of the same SGLT1 protein in the proximal
tubule cells, maybe due to the presence of a kidney spe-
cific protein that interacts with the SGLT1 protein in
some of these cells as also suggested by other workers in
the field [24, 31, 33, 47, 62].
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Appendix

KINETICS OF PHLORIZIN BINDING CONFORMING TO THE

MECHANISM DEPICTED IN FIG. 8

It was shown previously [20] that the kinetic mechanism of inhibitor
binding depicted in Fig. 8, in which the slow isomerization step linking
the N5 andN6 species constitutes the overall rate-limiting step in the
binding process, can be reduced to scheme (A1)

Scheme A1 X .
,

k*off = koff f6

k*on = konf5
Y

according to Cha’s formalism [8]. Note that the apparent rate constants
k*

on andk*
off linking theX andY blocks in Scheme (A1) now replace the

true rate constantskon and koff appearing in Fig. 8. The latter are
weighted by the factorsf5 and f6 whose mathematical expressions

f5 =
N5

X
=

N5

(
j=1

5

Nj
X

(A1)

f6 =
N6

Y
=

N6

N6 + N7
(A2)

clearly indicate that they represent the fractional concentrations of the
chemical speciesN5 andN6 within blocksX andY, respectively. The
denominators of Eqs. (A1) and (A2) can be expressed relative to theN5

andN6 species as

X = N5H1 +
Kd

~I! F1 + L43 +
K23

~Na!
~1 + L12!GJ (A3)

Y = N6F1 +
~Na!

K67
G (A4)

in which Kd, L12, L43, andK67 represent the dissociation constants of
the rapid steps in blocksX andY as indicated in Fig. 8. Note that the
dissociation constantK14 does not appear in Eqs. (A3) and (A4) be-
cause the following relationship

L12 K23 = K14L43 (A5)

applies to theN1–N4 cycle. Moreover, the two blocksX andYare linked
through the conservation equation

X + Y = NT (A6)

in whichNT represent the total amount of binding sites.
The following expressions

kon
* = konf5 =

kon ~I!

KdF1 + L43 +
K23

~Na!
~1 + L12!G + ~I!

(A7)

koff
* = koff f6 =

koff K67

K67 + ~Na!
(A8)

can thus be established using Eqs.(A1)–(A4) above.
It was previously demonstrated that the interconversion between

blocks X and Y in scheme (A1) can be described by the monoexpo-
nential function

Y = Ye~1 − e−kobst! (A9)

in which

Ye =
kon

* NT

kobs
(A10)

stands for the equilibrium concentrations ofY at the end of the relax-
ation process whereas

kobs= kon
* + koff

* (A11)

represents the apparent first-order rate of this process [20]. Note that
Eq. (A9) makes the following assumptions with regard to the condi-
tions of the binding assay, which all apply to the studies presented in
the main text. Firstly, the relevant preparation to be tested for inhibitor
binding has been resuspended long enough in the uptake medium to
ensure that true equilibrium conditions have been reached with all
effector molecules present at the time of the assay, so that it is possible
to calculate the boundary conditions (X00 andY00) prevailing before the
start of the binding assay. Secondly, the binding assay is started by
mixing the above preparations in a medium of identical composition
also containing the inhibitor to be tested, so that there will be fast
redistribution only of thoseNj

X or Nj
Y species involved in rapid equi-

librium reactions with the inhibitor. Accordingly, it is possible to cal-
culate the boundary conditions (X0 andY0) prevailing at the very start
of the relaxation process whent 4 0. The boundary conditions apply-
ing to the kinetic mechanism of phlorizin binding depicted in Fig. 8

X00 4 X0 4 NT; Y00 4 Y0 4 0 (A12)

can thus be readily established from these two assumptions.
As demonstrated in the main text, the kinetics of phlorizin bind-

ing conform to those expected for mechanism B occluded whereby the
rapidly formed initial collision complex (N5 in Fig. 8) does not con-
tribute to any significant extent to the observed kinetics of binding.
This occurs because the rates of association and dissociation of the
inhibitor are fast compared tok*on and k*off, so that the rapid filtration
technique used for the binding assay fails to detect most (if not all) of
the inhibitor molecules bound to theNj

X species. IfB* represents the
amount of tracer phlorizin molecules bound to its receptor sites on the
transport protein, thenB* 4 Y in the case of the model depicted in Fig.
8 and

B* = Be
*~1 = e−kobst! (A13)

whereB*
e andkobsare given by Eqs. (A10) and (A11), respectively. The

mathematical expression of the initial rate of phlorizin binding

Bi
* = kobsBe

* (A14)

can thus be readily obtained from the first derivative of Eq. (A9) att 4
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0. A few arithmetic manipulations using the relevant equations above
are necessary to demonstrate thatB*

e and B*
i can be cast under the

scatchard form of Eq. (4) in text with the following algebraic expres-
sions of the kinetic parameters

Bmaxe=
@K67 + ~Na!# NT

K67~1 + L56! + ~Na!
(A15)

Kde =
L56K67@K23~1 + L12! + ~1 + L43!~Na!#

@K67 ~1 + L56! + ~Na!# ~Na!
Kd (A16)

Bmaxi = kon NT (A17)

Kdi = F1 + L43 +
K23

~Na!
~1 + L12!GKd (A18)

in which L56 4 koff/kon. The comparison of Eqs. A(16) and A(18)
allows us to establish that

Kde

Kdi
=

L56 K67

K67 @1 + L56# + ~Na!
# 1 (A19)

as previously demonstrated for mechanism B [20]. Using Eqs. A(7),
A(11) and A(18), it is also possible to demonstrate that

kobs= koff
* +

kon ~I!

Kdi + ~I!
(A20)

which is similar in form to Eq. (7) in the main text withkmin = k*
off, kmax

= kon, andKm = Kdi.

KINETICS OF PHLORIZIN DISSOCIATION CONFORMING TO

THE MECHANISM DEPICTED IN FIG. 8

With the experimental protocol used for the experiments described in
Fig. 7, it is readily apparent that the kinetics of tracer phlorizin disso-
ciation from its receptor sites on the protein can be described by the
differential equationE* 4 −(dB*dt/dt), which can be integrated as

E* = Be
* e−koff

*
t + E`

* (A21)

wherek*
off andB*

e are given by Eqs. (A8) and (A10), respectively. Note
that Eq. (A21) is identical to Eq. (5) in the main text withtobs4 1/k*

off

andE*
0 4 B*

e. Strictly speaking, the integration constantE*
` appearing

in Eq. (A21) should be equal to zero when considering that phlorizin
should completely dissociate from its HAP receptor sites. However,
this is not so in Eq. (5) because the experimental data appearing in Fig.
7 was not corrected for the contribution to total binding of the non-
specific binding sites also present in the BBMV preparation. In any
case, the apparent time constant of phlorizin dissociation appearing in
Eq. (5) in the main text should be described by

tobs= toffF1 +
~Na!

K67
G (A22)

as can be computed from the transformation of Eq. (A8) with 1/koff =
toff.
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