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Abstract. The relationships between phlorizin binding Introduction
and Nd&-glucose cotransport were addressed in rabbit

renal brush-border membrane vesicles. At pH 6.0 andrurner and Moran [57, 58] brought evidence for kinetic
8.6, hlgh afflnlty phlorizin blndlng followed single ex- heterogeneity of N’"a.dependentD_giucose transport
ponential kinetics. With regard to phlorizin concentra- (SGLT) along the rabbit proximal tubule and character-
tions, the binding data conformed to simple Scatchardzed both high-affinity (HAG) and low-affinity (LAG)
kinetics with lower apparent affinities of onset binding g|ucose transport pathways in renal brush border mem-
(Kgi = 12-30pm) compared to steady-state binditg{  brane vesicles (BBMV) isolated from the outer medulla
= 2-5pm), and the first-order rate constants demon-and outer cortex, respectively. When such studies are
strated a Michaelis-Menten type of dependence With  correlated with the clinical findings regarding the defects
values identical toKy;. Phlorizin dissociation from its in intestinal and renal sugar absorption, it is usually as-
receptor sites also followed Single exponential kiﬂetiCSSumed that HAG would represent the functional expres-
with time constants insensitive to saturating concentrasjon of renal/intestinal SGLT1 while LAG would char-
tions of unlabeled phlorizin op-glucose, but directly acterize the activity of a kidney-specific gene product
proportional to N& concentrations. These results prove (SGLT2) that has yet to be cloned in the rabbit [13].
compatible with homogeneous binding to SGLT1 However, there is some controversy in the literature as to
whereby fast Naand phlorizin addition on the protein is whether the kinetic heterogeneity observed in BBMV
followed by a slow conformation change preceding fur-isolated from the kidney cortex and/or medulla is the
ther Na attachment, thus occluding part of the phlorizin- ynique and direct consequence of molecular diversity [6,
bound receptor complexes. This two-step mechanism ofo, 23, 24, 31, 33, 44, 47, 62].
inhibitor binding invalidates the recruitment conceptasa  Recent studies from our group [44] confirmed the
possible explanation of the fast-acting slow-bindingkinetic heterogeneity of SGLT in rabbit renal BBMV
paradigm of phlorizin, which can otherwise be resolvedisplated from the whole kidney cortex and compared the
as follows: the rapid formation of an initial collision functional characteristics of HAG and LAG transpust
complex explains the fast-acting behavior of phlorizinthe cloned SGLT1 [45] and candidate SGLT2 [28, 39,
with regard to its inhibition of glucose transport; how- 40, 65] systems expressed in cRNA-injected oocytes.
ever, because this complex also rapidly dissociates in ghconsistencies with regard to the specificity of glucose
rapid filtration assay, the slow kinetics of phlorizin bind- VS. ga|act03e transport and the Sensitivity of g|ucose
ing are only apparent and reflect its slow isomerizationtransport to phlorizin inhibition led us to conclude that
into more stable forms. the kinetic heterogeneity observed in BBMV most likely
reflects different transport properties of rabbit SGLT1
Key words: Transport kinetics — Inhibitor binding (rbSGLT1) rather than the poexpressio_n of distinct rb-
mechanisms — Cotransport models — Rapid fiItrationS_G'_-Tl_ _and rbSGLT2 proteins. Alternatively, _structural
technique — Membrane vesicles (rabbit kidney cortex) S|_m|Iar|t|es 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 K; = 15 um) contrasts with
Correspondence tcA. Berteloot the 27- and 55-fold differences in transport affinities of
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rbSGLT1 and rbSGLT2 for glucose and galactose, re-  The present studies thus aimed at reevaluating the
spectively [44]. In any event, the latter results challengekinetics of phlorizin binding to, and dissociation from
Turner and Moran’s view [57, 58] that high affinity rabbit renal BBMV isolated from the whole kidney cor-
(HAP) and low affinity (LAP) phlorizin binding would tex using a fast-sampling rapid-filtration apparatus (FS-
characterize the renal LAG and HAG transport path-RFA [4], US patent # 5,330,717) for uptake measure-
ways, respectively. In this respect, the experimental eviments. These studies were performed at pH 6.0 and 8.6,
dence supporting the latter concept can be seriouslyhich isolate up to 95% of the phlorizin molecule under
questioned. its HPz and Pzforms, respectively. Particular attention
First, when reevaluated to account for competitivewas paid at characterizing the multicomponent nature of
inhibition [44], the relative potencies of phlorizin at in- the binding process, which may also involve very low
hibiting sugar transport at a fixed glucose concentratiorffinity phlorizin (VLAP) binding sites unrelated to glu-
of 1 mwm in the outer cortical and outer medullary vesicles €0Se transport [1, 7, 11, 15, 25, 51, 60]. The kinetic data
[57] appear fully compatible with similaK, values of ~Were confronted with the previously established criteria
5-15uM in the two preparations. aimed at model discrimination between the A-C mecha-
Second, phlorizin binding studies have not yet con-NiSMS pf |_nh|b|_tor binding [2(_)]. Itis concluded that the
sidered the fact that the inhibitor molecule is a weak acid /AP Pinding sites observed in kidney cortex BBMV are
with estimated pH values of 7.2 [18] or 7.4 [54]. Ac- homogeneous and characterize phlorizin binding to the

cordingly, at these physiological pH values where phlo-SCGLT1 protein only.f Mhoreover, phk;rizin binrc]iing is_al
rizin binding studies are usually performed, the similartWO-step process of the B-type w ereby the rapidly

amounts of the neutraketo (HPz) and negatively formed initial collision complgx is_ lost duri_ng binding

chargedenot (PzZ) forms of the phlorizin molecule measurem_ents by 'ghe rapid f|Itrgt|on t‘?‘?h”'q“e Wwhereas

might contribute quite significantly to the observed het—.the slowly isomerizing cpmplex IS stapmzed by the“?

erogeneity of binding. ions such tha_t the phlorizin mplecule is occluded within

Last, as pointed out recently [20], any attempt to its receptor sites on the protein.

establish a close correspondence between glucose trans-

port and phlorizin binding studies is complicated by theMaterials and Methods

existence of the so-called fast-acting slow-binding para-

digm whereby phlorizin inhibition of SGLT is fast on the MATERIALS

steady-state time scale of 0-9 sec [44] whereas phlorizin

binding to BBMV requires several minutes to reach equi-Rabbits were purchased from the “Ferme dée&gon Cunipur” (St-

librium [2, 11, 25, 30, 49, 60]. So far, this situation has Valérien, Qudec). [Phenyl-3,35,5-°H, propanone-3H]-phlorizin

been tentatively explained according to the recruitmengsPecific activity 47.6 Ciimmol) and-{1-*H(N)]-glucose (specific ac-

concept first proposed by Aronson [2] and against whic tivity 10-15 ‘C‘|/mmoll) \_Nere_supplled_ by New Er_]gland ‘Nuclear (NEN),
e . L . . he BCA (bicinchoninic acid) protein assay kit by Pierce, unlabeled

the kinetics of phlorizin binding to renal and intestinal _giycose by Sigma, phlorizin and ultrapure salts by Aldrich, and

membranes have been interpreted ever since [59]. Notgmiloride hydrochloride and scintillation cocktail (Beta-Blend) by ICN

that this hypothesis primarily rests on circumstantialBiomedicals. Cellulose nitrate filters (12.5 mm diameter, ué5pore

pieces of evidence [2, 29, 54, 55, 60] and assumes th&ize) were obtained from Micro Fi_Itration_ Systems (MFS). All other

the slow translocation of the sugar (phlorizin) binding Shemicals were of the highest purity available.

site on the carrier from a predominant inward- to an

outward-facing configuration is responsible for the slow ABSORPTION SPECTRA OFPHLORIZIN

kinetics of phlori;in binding to this new!y available site The absorption spectra of phlorizin, resuspended in 30 afh the

[2. ,59]‘ Altemat!vely’ thel.”l, the meaning of the_ fast- appropriate buffers (MES-Tris at pH ,5.5—6.5, HEPES-Tris at pH 6.5—

acting slow-binding paradigm was confronted with the g o ang Tris-MES at pH 8.0-9.5) containing 0.1 tlgS0;, 300 my

predictions of the three relevant mechanisms wherebyhannitol, and 150 m NaCl, were recorded on a Shimadzu UV-160

the inhibitor binding step either represents (A), precedespectrophotometer by varying the wavelength from 250 to 350 nm. As

(B), or follows (C) the rate-limiting step in a binding observed previously [18, 34, 54], the absorption maximum shifted from

reaction [20]. It was demonstrated in these studies tha%85 nm atpH 5.5 to. 320 nm at pH 9.5. Absorption spectra recorded at

the recruitment hypothesis, which is formally equivalemphlorlzm concentrations of 5, 10, and M allowed us to determine

. mean pK value of 7.31 * 0.04 from which it can be calculated that
to mechanism C above, cannot apply to SGLT because (8‘5% of the phlorizin is segregated to HPz at pH 6.0 and fod®pH

its associated implication that equilibrium binding of gg.
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 thePREPARAT'O’\I OF RaBBIT RENAL BBMV

SGLTE‘- protein under a large spectrum of experimentakenal BBMV were prepared from the whole kidney cortex of male,
conditions [29]. 2.0-2.5 kg New Zealand white rabbits as described previously [44].
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The B, and B, fractions were resuspended in 5@ris-MES (pH 8.6), manifold array of the FSRFA [4], the upper chamber being filled with

HEPES-Tris (pH 7.0), or MES-Tris (pH 6.0) buffers containing 0k m 1 ml of 50 mm Tris-MES buffer (pH 8.6) containing 0.1 mMgSO,,

MgS0O,, 300 mv mannitol, and either 200 mKI or 50 mm Kl plus 150 300 mv mannitol, and either 150, 100, 50, 25 or unNaCl. The

mm Nal for Na'-free or N&-equilibrium conditions, respectively. To osmolarity and tonicity of this solution were kept constant by varying

insure stability of the preparations over the course of the experimentsKCl concentrations to satisfy a total concentration of 200 NaCl +

45 pl aliquots of BBMV were frozen in liquidN, until the time of assay ~ KCI.

[10, 41]. The protein concentration of these frozen vesicles was 28-35 In both cases, the sequence of filtrations and washes of the

mg/ml as estimated with the BCA assay kit using bovine serum albu-samples was performed as described under “phlorizin binding assays”

min as a standard. using the appropriate stop solutions, either immediately (first series) or
following a delay period of increasing length [4] as indicated in F&y. 7
(second series). The remaining amount of bound phlorizin was then

PHLORIZIN BINDING ASSAYS determined by liquid scintillation counting as described previously
[10].

Phlorizin binding was determined at 20°C using the automated FSRFA

developed in our laboratory [4] as follows. For each assaypuKof

BBMV were thawed, prewarmed, and loaded into the apparatus. BindGLUCOSE UPTAKE ASSAYS

ing was initiated by injecting the vesicles into 9@Dof the appropriate

media: 50 rm Tris-MES (pH 8.6) or MES-Tris (pH 6.0) buffers con-  Na*-dependent®H-p-glucose uptake was determined at 20°C under

taining 0.1 nm MgSQ,, 0.5 mv amiloride, 300 rw mannitol or 100 m zero-trans gradient conditions of both ion and substrate using the FS-

mannitol plus 200 m p-glucose, 0.3um *H-phlorizin in the presence  RFA as described previously [44]. Briefly, for each assay,p2@f

or absence of added unlabeled phlorizin concentrations (0.1, 0.4, 1, BMV were thawed, prewarmed, and loaded into the apparatus. Up-

5, 10, 20, 50, 100, 200, 500, and 10af), and either 200 m Kl or  take was initiated by injecting the vesicles into 48Dof the appro-

50 mm Kl plus 150 ma Nal for Na'-free or Nd-equilibrium condi-  priate buffers (MES-Tris at pH 6.0, HEPES-Tris at pH 7.0, and Tris-

tions, respectively. Five time course studies, consisting in 18-point\gs at pH 8.6) containing 0.1 mMgSQ,, 0.5 nm amiloride, 300 rw

automatic sequential sampling (p0) of the above mixture up to 400 mannitol, 50 nw KI, 150 mv Nal, and 4um tracerp-glucose. For

sec, were performed at each phlorizin concentration. Samples wergjinetic parameter determinations, 12 concentrations of pajtlicose

injected into 1 ml of ice-cold stop solution composed of 50 MES- were used (0, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1, 2, 5, 10, and 200 m

Tris (pH 6.0) or Tris-MES (pH 8.6) buffers containing 0. MrivigSQO,, and osmolarity was kept constant by varying mannitol concentrations

300 mv mannitol, and 200 m of either NaCl or KCI for N&- or g satisfy a total concentration of 300mrcold substrate + mannitol.

K*-equilibrium conditions, respectively. In some experiments, the ef-Five time course studies, consisting in 9-point automatic sequential

ficacy of the Nd-free and Na-containing stop solutions at revealing sampling of the uptake mixture (50) at 1 sec intervals [10, 44], were

Na'-dependent phlorizin binding was also compared. The stopped mixperformed at each of these concentrations. Samples were injected into

ture was filtered through 0.65m cellulose nitrate filters, and the filters 1 m| of ice-cold stop solution (50 mof the above buffers containing

were washed three times with 1 ml of ice-cold stop solution [4]. Phlo- 0.1 mv MgS0O,, 300 v mannitol, 1 nm phlorizin, and 200 ma NaCl).

rizin uptake was then determined by liquid scintillation counting as The stopped mixture was filtered and washed three times with 1 ml of

described previously [10]. 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 transpow,(

EFFECT OFPHLORIZIN, GLUCOSE, AND Na" ON THE pmol.sect.mg ™ protein) were determined over the 1-9 sec time course

DisSsOCIATION RATES OF TRACER PHLORIZIN AT pH 8.6 of the transport assays by linear or polynomial regression analysis as
justified previously [10, 44].

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 6.8eeFigs. 3-5). DATA ANALYSIS

In the first series of experiments, binding of Guia *H-phlorizin

was initiated as described under “phlorizin binding assays” fot-Na  Eycept where otherwise stated, the kinetics of tracer phlorizin binding

equilibrium conditions, except that the reaction was started in 1 ml(gx) ere fitted to the single exponential function

Eppendorf tubes and that the incubation medium contained either 0, 3,

12, or 1,000pm unlabeled phlorizin. Following a 10 min incubation

period over which equilibrium binding of phlorizin is completeské

Fig. 1), the mixture was introduced into the incubation chamber of the

FSRFA. At timet = 0 of the dissociation studies, 0 of unlabeled N which By represents thg intercept (timet = 0) whereak,sstands

phlorizin oro-glucose, both dissolved in 17% ethanol, was injected into for the first-order rate constant at which equilibrium bindiri)(is

the incubation chamber to get 1 or 20@final concentrations of these ~ féached. Noting that

products, respectively. Tracer phlorizin dissociation was then followed

in time by 18-point automatic sequential sampling of the uptake mix- [ dB* . .

ture up to 400 sec. At each time point, EDof the uptake mixture was [F] =B =kooBe @

injected into 1 ml of ice-cold stop solution composed of 5Q fris-

MES buffer (pH 8.6) containing 0.1mMgS0O,, 300 nm mannitol, and

200 mm NacCl.

In the second series of experiments, binding of s 3H-
phlorizin was initiated as described under “phlorizin binding assays”
for Na"-equilibrium conditions. Following a 10 min incubation period, B

* — R* +_i _ @ kobd
18 aliquots were sampled at 0.25 sec intervals and recuperated into thBe Bo k(,bs(1 &™) ®)

B* = B + By (1 — e *obd) (1)

(t=0

whereB; represents the initial rate of phlorizin binding, the following
modification of Eq. (1)

%
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thus allowed us to directly determine this parameter from the same A 1.0 0.5 uM
data.
As shown in previous papers from our group [5, 10, 42], the
Michaelis-Menten equation can be modified as follows =
o
n (o]
oS Qmadl 5
S s Al @ -,
o
when assuming that the nonradioactive substr@tea¢ts as an ideal %
competitive inhibitor of the tracer substraf€) (with regard to tracer £
binding or transport@*). Note that Eq. (4) postulates the presence of <

a nonspecific process with apparent proportionality cond¢gntork-
ing in parallel withn saturating processes, each of these being charac-

terized by its kinetic parametei®n . = Bmax (Maximum binding 0.0 . T . 1
capacity) orV,,.x (maximum transport rate) and = K, (apparent 0 100 200 300 RL
dissociation constant) df,,, (apparent Michaelis constant) in the case Time (s)
of substrate binding or transport, respectively. The one-site () and B 12 -
two-site f = 2) models were consistently tested throughout this paper
and the best model fit to the data, which was evaluated using a previ- —= 10
ously established strategy aimed at model discrimination [10, 44], is ©
reported in each of the figures and tables. Note that the indiasde ° g
associated with the kinetic parameters of phlorizin binding consistently a
refer to the initial rate and equilibrium binding data, respectively. -7
The kinetics of tracer phlorizin dissociatioE*) were analyzed m E’ o
using the single decay equation T [
a4
NI E
E* = Eoe rapet E- ®) s 2.
in which E} stands for the amount of tracer bound at zero-time of the
dissociation experiments whereag, represents the time constant at - ; T ""1'0 T "'1'(')0 R '1'0’00

which tracer binding reaches the final steady-sEjtéinfinite time of
dissociation). Pz~ concentration (uM)
Linear and nonlinear regression analyzes were performed using

commercial softwares (Enzfitter, R.J. Leatherbarrow, copyright 1987 Fig. 1.

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. binding is a slow process highly sensitive to increasing

concentrations of unlabeled phlorizin up to Imm

Although not shown for clarity in this figure, the prog-

ress of tracer Pzbinding recorded in the presence of 200

BBMV, brush-border membrane vesicles; BCA, bicinchoninic acid; mm D-glucose or in a Nafree medium (containing or

FSRFA, fast-sampling, rapid-filtration apparatus; HAG, high affinity not either 200 ma b-glucose or 1 m unlabeled phlori-

glucose; HAP, high affinity phiorizin; HEPES, N-[2-hydroxyethyl- - 7in) \yas found to be superimposable onto that observed

piperazine-N-[2-ethanesulfonic] acid; HPz, neutrdtetophlorizin; ..

LAG, low affinity glucose; LAP, low affinity phlorizin; MES, 2-[N- fat 1 m™ unlabeleq phloqzm. These results thu's. Clearly

morpholinojethane-sulfonic acid; Pznegatively chargedenok indicate that Pz binding involves both nonspecific and

phlorizin; sp, standard deviationser, standard error of regression; specific, Nd/glucose cotransport-related binding sites.

SGLT, Nda-dependent glucose transport (rbSGLT and hSGLT stand As shown in Fig_ A, the kinetics of Pz binding are

for the rabbit and human forms of the SGLT proteins, respectively);Satisfactor"y described by single exponential kinetics in

SGLT1, cloned |ntest|na|_ SGLT protelns_; SGI__T2 a_md SGLTS3, putatlvewhich theB;; term of Egs. (1) or (3) proves to be insen-

clones of the renal-specific SGLT protein; Tris, tris-[hydroxymethyl]- . . . . .

aminomethane; VLAP, very low affinity phiorizin. sitive to unlabeled phlorizin concentrations with mean
value of 0.080 + 0.005 pmol.m§protein. These analy-

ses also allow us to establish that Bfeg(Fig. 1B) andB?

ABBREVIATIONS

Results (Fig. 2A, closed circles) data are best compatible with the
one-site model, thus indicating in both cases the exis-
KINETICS OF PHLORIZIN BINDING AT pH 8.6 tence of a single class of Nalependent and-glucose-

sensitive Pz binding sites with kinetic parameter values
Representative members of the family of binding timeas listed in Table 1. Note that the highi€y; than K
courses generated in the present studies are reported Walues are compatible with the visual inspection of Fig.
Fig. 1A, from which it can be appreciated that tracer Pz 1A, which clearly shows that the initial rates of tracer Pz
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>

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

Kinetic parameters pH 8.6 PH 6.0
0.8

Binaxi (Pmol.sect.mg™? protein) 42+0.5 6.8+0.5

Kgi (M) 32+4 12.8+1.0
Bnaxe (PMol.mg™* protein) 78+ 4 80+5

Kge (1M) 7.0£05 21402
Koo (SECY) 0.043+£0.003  0.072 +0.005
K., (uM) 3416 129+ 1.4
Knin (5€CY) 0.0116 £ 0.0005 0.0146 +0.0009

0.6

0.4

{pmol.mg™! protein)

B*, (e,v) or B*, (O)

0.2 1

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.

0.0 -

0.1 l “”1 o m10 100 10I00
Pz" concentration (M) binding are less sensitive to unlabeled phlorizin concen-
B 25+ trations than the equilibrium binding values.
The k¢ values estimated by the single exponential

)I approach first increase at low Pzoncentrations to reach
1 1 a maximum at 50-10Qum phlorizin, and then decrease
20 1 I/l down to their original values at 0.5-IMphlorizin (Fig.
2B). The transition from an increasing to a decreasing
function occurs at an unlabeled phlorizin concentration
that displaces approx. 95% of tracer Fom the HAP
binding sites ¢eeFig. 2A). Clearly, then, the biphasic
[ A= behavior ofk,,. vs. PZ concentrations reflects the fact
1 that an exact description of the progress curves shown in
10 4 L+ Fig. 1A ought to use the biexponential equation

Kops (ms™")

0.1 1 10 100 1000 B* = B,(; + B;l(]_ _ e—kobslt) + B;Z(l _ e_kobszt) (6)

Pz~ concentration (uM)

rather than Eq. (1) to account for the contribution to total
tracer binding of both the specific (kinetic parameters
K,pe @ndBg;) and nonspecific (kinetic parametets, o
andBY,) 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 thé,, 4 values, close to th&,,. values deter-
mined over the lower range of phlorizin concentrations
whereB%, << B¥, (seeFig. 1A), are nearly equal to the
kope Values, which can be equated to tkg values
determined at 0.5-1 m phlorizin whereBf;, = 0 (see
abovg. This is so also in the midrange of Pzoncen-

k,bn (ms'1)

— T T . . 1 trations whereB%, = BE, (seeFig. 1A) because the ex-
0 20 40 60 80 100 pected biexponential behavior will mostly go undetected
Pz~ concentration (uM] due to the small differences between gy andk,,o

- _ o . values éeeFig. 2B). Therefore, Eq. (6) degenerates into
ig. 2. Concentratlon-dependence of tracer Binding at _equnlbrl_u_m_ Eq. (1) over the whole range of phlorizin concentrations,
(A) and of the apparent first-order rate constant at which equilibrium . L . .
binding is reached® and C). Experimental conditions were as de- and a comprehensive desc”_pt'on of the kinetic data ac-
scribed in the legend to Fig. 1. The kinetics of phlorizin binding were COrding to the former equation ought to be done after
fit to Eq. (1) in the text $eeFig. 1A), in which case the corresponding Setting some of the parameters at fixed values. Noting
Bt uncorrected®) or corrected ¥) for nonspecific binding, ank,,s  that B, k,,o, and BE, can all be determined from the
(A) + servalues are shown iA andB, respectively. Alternatively, the progress curves at 0.5 and Imnphlorizin, the latter
kinetics of phlorizin binding were fit to Eq. (6) as described in the text, approach was thus used to generate a consistent Bt of

in which case the correspondiB, () andk,,q (A) * servalues are LS
shown inA andC, respectively. Lines shown iA andC are the best-fit and kObSl values over the 0.5-100m range of phlorlzm

curves corresponding to Egs. (4) and (7) in the text, respectively. Miss—Concentratio_n_s- _ _ _
ing error bars inA were smaller than the symbol sizes. The validity of this curve-peeling strategy is dem-
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onstrated in Fig. & by showing that the displacement A 81 e control

curve constructed from thBg, data (open squares) is Na*| ® 200 mM glucose
4 1 mM phlorizin

fully compatible with that previously obtained fds

(solid triangles Bt values corrected for the nonspecific
binding component of 0.151 + 0.004 pmol.mMgrotein).

The kg data is reported in Fig. @ 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

I
kobsl. = kmin + é:i_)((l)) (7)

o
1

. mg~! protein)

(pmol
n

in which k., represents the minimum value &f,4 B  4- o control

given by they-intercept, k., Stands for the maximum K* | 0 200 mM glucose
A 1 mM phlorizin

value of the second term on the right-hand side of the
equality that would be reached at saturating concentra-
tions of phlorizin (), andK,, is analogous to the Micha-
elis constant, i.ek,pg = Kpin+ 1/2Khawhen () = K.

The numerical values of the different kinetic parametersm
above are reported in Table 1 where it can further be
appreciated that,,, = K.

. mg~' protein)

(pmol

KINETICS OF PHLORIZIN BINDING AT pH 6.0

The main features of HPz binding can be appreciated 0 100 200 300 400

from the data shown in Fig. 3 reporting tracer phlorizin TIME (s}

binding under a typical set of Naquilibrium (A) or . o o

Na'-free (B) conditions in which Kwas substituted for F'gd 3|<* K('g)e“cs _‘I’_fthacer Ph'c?tf_'z'” b'é‘g"\';l%/at PH 6.0 U”de'ngA) 5
Na’. All kinetic data are satisfactorily described by the m ViES Triiqguff:r”m ﬁc’g 0' 'zgf]'t i Ovvler;tramrﬂesg(s)pegog n'\:‘
first-order rate Eq. (1) in which thBg term proves to be . niio1 and either 5(c|JOmK| p)lus 150 mAgNaI o, I?A)gr 200 v
insensitive to the experimental conditions with meang; (o, O, A). The uptake media were (final concentrations): 50 m
value of 0.30 + 0.02 pmol.mg protein. This analysis MES-Tris buffer (pH 6.0), 0.1 m MgSO;, 0.5 mv amiloride, 300
also allows us to establish that similar equilibrium levelsmannitol @, A, O, A) or 100 v mannitol plus 200 m p-glucose M,
of 0.89 + 0.03 and 0.87 + 0.04 pmol.mgprotein are ), 0.1pm *H-phlorizin (@, W, O, 0) or 0.1 um *H-phlorizin plus 1
reached, respectively, in the Nand K'-media contain- ™ cold phlorizin @&, A), and either 50 m KI plus 150 4 Nal (@,
ing 1 mv unlabeled phlorizin. Note that the steady-state.’ A) or 200 mu KI (O, O, A). Phlorizin binding was determined at

R . . 20°C using the automated FSRFA developed in our laboratory [4]. The
level of HPz bmd'ng 1S hlgher in the Na(':'g' 3A,5.90 reaction was started by injecting 50 of BBMV into 950 .l of uptake

+ 0.09 pmol.mg* protein) as com.pared tq the"K(Fig. medium. Lines shown it andB are the best-fit curves corresponding
3B, 2.70 + 0.10 pmol.mg" protein) medium but that to Eq. (1) or its equivalent form Eq. (3) in the text. Each data point

similar plateau values of 2.48 + 0.06 (Fig\)3and 2.35 represents the meansp of 5 determinations using the same BBMV

+ 0.09 (Fig. B) pmong—l protein are reached follow- preparation. Error bars were smaller than the symbol sizes.

ing 400 sec incubation with 200 mglucose in the

former and latter media, respectively. These results thus

allow us to conclude that HPz binding is a multicompo- Egs. (1) and (3) was insensitive to unlabeled phlorizin

nent process involving nonspecific binding sites, specificconcentrations (mean values of 0.285 + 0.021 and 0.271

binding sites likely unrelated tp-glucose transport, and + 0.060 pmol.mg* protein in the K/glucose and Na

D-glucose specific binding sites that may qualify to rep-media, respectively). Note in FigAthat thek . values

resent (a) secondary active cotransporter(s) with eitheestimated in the K-glucose medium (open squares) are

loose or strict specificity for Naand H'. independent of HPz concentrations (mean value of 13.5
To further characterize HPz binding, experiments+ 0.8 msec'). By contrast, those assessed in the" Na

similar to those described in FigAlvere repeated at pH medium (closed circles) demonstrate a biphasic behav-

6.0 in the K-glucose and Nacontrol media data not ior, first increasing from those seen in theé-glucose

showr). All binding data also proved to be compatible medium at low HPz concentrations up to a maximum

with single exponential kinetics in which tig§ term of  observed at 10-2Qm phlorizin, and decreasing there-
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Fig. 4. Concentration-dependence of the apparent first-order rate con-
stant at which equilibrium HPz binding is reachéq @nd of the initial  Fig. 5. Concentration-dependence of tracer HPz binding at equilibrium
rates of tracer HPz binding3]. Experimental conditions were as de- (A), and of the apparent first-order rate constant at which HAP equi-
scribed in the legend to Fig. 3 for the"iglucose [J) and N&-control librium binding is reachedB). Experimental conditions were as de-
(@) conditions, except that the incubation medium also contained vari-scribed in the legend to Fig. 4. The kinetics of phlorizin binding were
able concentrations of unlabeled phlorizin (0.1, 0.4, 1, 2, 5, 10, 20, 50fit to Eq. (1) in the text, in which case th&} + servalues correspond-
100, 200, 500, and 1,000m). The kinetics of phlorizin binding were  ing to the K'-glucose {0) and N&-control @) conditions are shown in
fit to Eq. (3) in the text, and the correspondikg.andBy + servalues A, Missing error bars were smaller than the symbol sizes. Alternatively,
are shown imA andB, respectively. IrB, the Bf values recorded inthe the time-dependent contribution of the HAP sites to total binding was
K*/glucose medium({l) were subtracted from those estimated in the isolated by subtracting, at each HPz concentration and at each time
Na" medium @) to isolate the contribution to total binding of the point, theB* values determined in the ¥glucose medium from those
Na'-dependent binding sitesh]. The solid line shown in this case is estimated in the Namedium. The resulting data was fit to Eq. (1) in
the best-fit curve corresponding to Eq. (4) in the text. Missing error the text, in which case thg% (A) andk,,s(A) + sErvalues are shown
bars were smaller than the symbol sizes. in A and B, respectively. Lines shown i are the best-fit curves

corresponding to Eq. (4) in the text in which= 1 (O, A) orn = 2

(®). The line shown irB is the best-fit curve corresponding to Eq. (7)

S - in the text.
after down to their original values at 0.1vphlorizin. n e fex

As shown in Fig. 8 reporting the initial rates of HPz

binding in the N& (closed circles) and Kglucose (open 4B, closed triangles). These data could then be fit to the
squares) media, this biphasic behavior is linked to theone-site model with kinetic parameter values By
saturation of the Nadependent binding sites, which andKg as reported in Table 1.

seems to be complete at a phlorizin concentration of 0.1  Similarly in Fig. 5A reporting the steady-state levels
mm. The lack of saturation of the Nandependent bind-  of HPz binding B%) in the N& (closed circles) and ®

ing sites at a phlorizin concentration as high as &t m glucose (open squares) media, saturation of thé&- Na
precluded any meaningful extraction of the kinetic pa-dependent binding sites appears to be complete atb0
rameters from these data. Still, subtractingBievalues  phlorizin. In the K/glucose medium, th&% data are
recorded in the K/glucose medium from those estimated best compatible with the one-site model, thus indicating
in the N& medium allowed us to isolate the contribution the existence of a single class of VLAP binding sites
to total binding of the N&dependent binding sites (Fig. (Byaxe = 5099 = 223 pmol.mg protein,K,, = 443 +
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23 wM) working in parallel with nonspecific binding A
(0.164 + 0.007 pmol.md protein, thus similar to that
observed at pH 8.6). In the Nanedium, theB% data are
best compatible with the two-site model and meaningful
values of the kinetic parameterB (... = 81 = 6 and
5072 + 436 pmol.mg" protein,Ky, = 2.1 +0.2 and 557
+ 66 pm for the HAP and VLAP sites, respectively) can !
be extracted provided that the apparkgtvalue previ-
ously observed at pH 8.6 is used as a prompt constant in
the fitting routine. Note that th&, ... and K, values
estimated for the VLAP sites by this approach are quite
comparable to those determined in thé&/dducose me- : T .
dium. Also, because thk,, values characterizing HPz 0 100 200 300 400
binding to the HAP and VLAP sites differ by more than TIME (s)

two orders of magnitude, nearly identical values of the
kinetic parameters describing the HAP sitBg {,. = 82

+ 5 pmol.mg? protein, Ky, = 2.1 £ 0.2 um) can be
estimated by restricting the analysis of B data in the
Na“"-medium to the 0.2-2@wwm range of phlorizin con-
centrations. However, the appardgy value so deter-
mined (10.9 + 0.4 pmol.m¢d proteinpm™) now repre-
sents the sumB,,,,,dKqe Of the VLAP sites (9.1 + 1.9) + «
ko (2.10 £ 0.08)= 11.2 + 2.0 pmol.mg" proteinpm™
as obvious from Eq. (4) wherS# 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, #evalues de-
termined in the K/glucose medium from those estimated 0.0 r T '
in the N&-medium. The resulting data can be fit to Eq. 0 100 200 300 400
(1) with B andk,,svalues as reported in FigA5closed TIME (s)
triangles) andB, respectively. Thd% data in this case is

i i -si = +
gep?;]g?n;]gitg)rlgt:i/gthhe ogeZSEeOn;OTAB)hV%)ﬁeerea?SGtHe ture. BBMV were resuspended in 50mnTris-MES buffer (pH 8.6)
: 1Nde = 4.6 T UL g S containing 0.1 m1 MgSQO,, 300 M mannitol, 50 nv KI, and 150 nm
Kops data are best deSCI’IbF,fd by Eq. (7) th. kmeft'C Pa-Nal. The uptake media contained (final concentrations): 50Tris-
rameter values as shown in Table 1. Note in this tableves buffer (pH 8.6), 0.1 m MgSQ,, 0.5 mv amiloride, 300 m
thath = Kdi and thaﬂ(de< Kdi, as was also the case at mannitol, 50 nw KI, 150 m Nal, and 0.08um °H-phlorizin. The
pH 8.6. However, th& . andK; values estimated at pH reac_tlon was started by mixing 6 of BBMV'and 940l pf gptake _
6.0 are both lower than their counterparts previously obMedium into 1 ml Eppendorf tubes. Following a 10 min incubation
tained at bH 8.6 whereas ﬂﬁm and B values period, the mixture was introduced into the incubation chamber of the
P ' , axe maxi FSRFA. InA, BBMV were preincubated in the presence of eithe0 (
recorded at both pH's are comparable (Bjg,.andKqe @), 3 (a), 12 (1), or 1000 () pm unlabeled phlorizin. Dissociation
values shown at pH 6.0 represent the mean of the difstudies were triggered by the addition of Gof either 17% ethanol
ferent estimates obtained through the different ap{O) or 16.7 mu unlabeled phlorizin dissolved in 17% ethan®, (A,
proaches described above). A, O). In B, BBMV were preincubated in the absence of unlabeled
phlorizin. Dissociation studies were triggered by the addition of60
of 17% ethanol Q) or, alternatively, either 3.38 p-glucose (J) or
DISSOCIATION STUDIES OF Pz~ BINDING 16.7 mv unlabeled phlorizin @) both dissolvc_ad in 17% ethanol. Data
shown are the meansb of 3 (B) or 5 (A) experiments performed under

) ) ) ) ) each condition. Missing error bars were smaller than the symbol sizes.
The first series of experiments, which aimed at evaluat-curves shown are the best-it lines to Eq. (5) in the text.

ing whether the tracer bound phlorizin can exchange rap-

idly with unlabeled phlorizin ob-glucose, is depicted in

Fig. 6 where all efflux data appear satisfactorily de-dent of the concentration of tracer bound phlorizin (Fig.
scribed by the single decay Eq. (5). Clearly, the addition6A, meanT,,, value of @ * 6 sec), are also observed

of ethanol (Figs. 8 and B, open circles) leads to slow following the addition of 1 nu unlabeled phlorizin to the
rates of dissociation (meag,.value of ¥ + 5 sec) down BBMYV suspension. The dissociation is complete in this
to a new steady-state value compatible with tracer dilucase as can be judged from the steady-state plateau val-
tion alone. Similarly slow dissociation rates, indepen-ues reaching the equilibrium level of nonspecific tracer

. mg~! protein)

(pmol

. mg~' protein)

{pmol

0.5 1

Fig. 6. Kinetics of phlorizin dissociation at pH 8.6 and room tempera-
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binding recorded at 1 mnunlabeled phlorizin (Fig. A,
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 ivncold phlo-

rizin (closed circles) was also used as an internal controL
for tracer displacement by 200 Mmp-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 Nalependent. The dissociation
data are compatible with the single decay Eg. (5) in

>

(pmol.mg™" protein]

T 1

T
which decreasing,,s values (increasing rates of disso- 0 25 50 75 100 125 150
ciation) are observed at decreasing”N@ncentrations Time (s)

T T T T

(Fig. 7A). Moreover, as shown in Fig.Bf there is a
linear relationship between the estimatgg, values and
the N& concentrations used in these experiments. Note
in Fig. 7A that the rapid rates of phlorizin dissociation in
the Nd-free medium appear to be the main determinant
of the low equilibrium values of inhibitor binding re-
corded under these conditions}( = 0.396 + 0.058vs.
1.245 + 0.018 pmol.mid protein in 200 nw KCI vs.150
mm NaCl + 50 mu KCI) because similar infinite time 20
values EX = 0.483 + 0.024n = 6) are observed under
all experimental conditions. 10 1
In agreement with these studies, it was found in
prellm_lnary experlments that the substltu_t!on_ of KCI for ° 0 5 0 75 100 125 150
NacCl 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 SOxig. 7. Effect of Na concentrations on the dissociation rates of Pz
lutions. 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 50l of BBMV into 950 wl of uptake medium using the
automated FSRFA developed in our laboratory [4]. Following a 10 min
KINETIC PARAMETERS OF GLUCOSE TRANSPORT AT incubation period, 18 aliquots were sampled at 0.25 sec intervals and
VARIous pH VALUES recuperated into the manifold array of the FSRFA [4], the upper cham-
ber being filled with 1 ml of 50 m Tris-MES buffer (pH 8.6) con-
taining 0.1 nm MgSGQ,, 300 mv mannitol, and either 1508), 100 ©),
The dependence of the initial rates of traceglucose 50 (&), 25 (2), or 0 (¥) mm NaCl.The osmolarity and tonicity of this
uptake upon increasing cold substrate concentrations walution were kept constant by varying KCI concentrations to satisfy a
studied at hree difrent pH values (6.0, 7.0, and 8.6) alts concenaton ol 200mac+ KC1 T etcs o Pz
described in Mat(?nals and Methods_. Allinitial rate dataof 6 experiments performed under eaF():h condipt)ion. Missing error bars
were best described by the two-site modéat@ not  ere smaller than the symbol sizes. Lines shown are the best-fit curves
showr) with kinetic parameter values for the HAG to Eq. (5) in the text. The corresponding: servalues are shown in
(Vimax @nd Ky) and LAG (V. and K,p) transport B as a function of Naconcentrations. The line shown is the best-fit
pathways as listed in Table 2. Clear,, andK,,, both curve obtained by linear regression analysis of the data points.
decrease at increasing pH values. By contrést,, is
quite insensitive to pH changes whereas,,, demon- Discussion
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 efficiencyM,.,/K, ratio, ex-  THE THREE CLASSES OFPHLORIZIN BINDING SITES
pressed as pmolsec' - mg™ protein- mm™) of the AT EQUILIBRIUM
HAG transport route first increases from pH 6.0 (163) to
pH 7.0 (325) and then decreases at pH 8.6 (179) whiléf'o our knowledge, the present study is the first one that
that of the LAG transport route continuously increasesever tried to characterize the binding kinetics of kego
from pH 6.0 (40) to pH 8.6 (77). andenolforms of phlorizin to renal or intestinal BBMV.

60

(o3 )

50

40

30

Tobs (Ms)

Na* concentration (mM)
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Table 2. Kinetic parameters of glucose transport at various pH valuesthat 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

Kinetic parameters pH 6.0 pH 7.0 pH 8.6

Vinaa (PMol.sect.mg™ protein) 29.6+8.2 30917 9.3%20

Ko (M) 182+38 95+4 s5p+10 by their Na-dependency and glucose sensitivity (Figs.
V.0 (Pmol.sectmg® protein) 181+64 180+19 207+42 1Aand 3). In this respect, then, the HAP sites do qualify
Kz (M) 45+29 33+06 27x08 torepresentspecific binding to (a) cotransport protein(s).

This conclusion is compatible with the kinetic mecha-
BBMV were r(_asuspended in SONmMES-Tris_ (pH 6.0), HEPES-Tris nisms of cotransport proposed by Wright [64] or Kim-
(PH 7.0), or Tris-MES (pH 8.6) buffers containing 0.MMgSO,, 300 i 199] for SGLT1 and by Mackenzie et al. [39, 40]
mm mannitol, and 200 m KI. The uptake media contained (final . .
concentrations): 50 mMES-Tris (pH 6.0), HEPES-Tris (pH 7.0), or 107 SGLT2, all of which share the same essential feature
Tris-MES (pH 8.6) buffers, 0.1 mMgS0;, 0.5 mv amiloride, 50 nw that at least one activator ion must bind to the carrier
KI, 150 mm Nal, 4 pm b-[1-3H(N)]-glucose, and a total of 300m  protein to promote glucose transport and/or phlorizin
mannitol plus added unlabeledglucose (0.01, 0.025, 0.05, 0.1, 0.25, binding. In this respect, a different conclusion emerged
05,1,2,5,10, and 200m). Glucose transport was determined at 20°C from the studies of Koepsell et al. [30] and Giudicelli et
using the automated FSRFA developed in our laboratory [4]. The regl. [24] in the pig kidney where specific, glucose-

action was started by injecting 20 of BBMV into 480 .l of uptake .. - - N
medium. Initial rates of tracer glucose transport were determined ove§ensmve but N?’}mdependent phlorizin binding was ob

the 1-9 sec time course of the transport assays by linear or polynomiat€"Ved at phy$|0|09'ca| pH values. These dllscrepanues
regression analysis as justified previously [10, 44]. The initial rate datamay be tentatively resolved from the consideration of

was best-fitted to Eq. (4) in the text with = 2, so that the kinetic ~ species differences or by assuming that tHeckincen-
parametersV,,,, and K, characterize the HAG transport pathway tration is still sufficient at pH 7.0 to activate-glucose
whereasVa,e andK,; refer to the LAG transport route. cotransport through the SGLT1 protein [26]. Alterna-
tively, because the Naand glucose specificities of phlo-
rizin binding were not systematically investigated under
Altogether, our results identify three main classes ofexperimental conditions where the HPz and fezms of
binding sites in rabbit BBMV isolated from the whole phlorizin coexist at neutral pH [24, 30], then the LAP
kidney cortex. The validity of this conclusion relies on sites observed in these studies might in fact include a
the previous demonstration that glucose transporsignificant fraction of the VLAP sites.
through the HAG and LAG pathways characterized in
this preparation is strictly Nadependent and inhibited
competitively by phlorizin [44]. HOMOGENEITY OF PHLORIZIN BINDING TO THE
The nonspecific binding sites are best characterizedAP STES
by the insensitivity of tracer phlorizin binding to high
concentrations of unlabeled phlorizin (Figh)land simi-  Once corrected for nonspecific phlorizin binding at pH
larly contribute to total equilibrium binding at pH 8.6 and 8.6 and for nonspecific plus VLAP binding at pH 6.0,
6.0 (0.151 + 0.0045.0.164 + 0.007 pmoi mg tin Figs.  simple Scatchard kinetics are observed (Figsa@d %)
2A and 5A, respectively). The nature of these sites waswith lower apparent affinities of inhibitor binding under
not investigated further in our study but might be linked initial rate compared to equilibrium conditions (Table 1).
to phlorizin partition within the lipid phase of the mem- These data may indicate some heterogeneity of the HAP
brane. sites whereby LAP onset binding and HAP steady-state
The VLAP binding sites are best characterized bybinding would account for phlorizin binding to the
their insensitivity to the presence of glucose (Fig. 3)SGLT1 and SGLT2 proteins, respectively [57, 58]. Al-
and/or N& (Figs. 3, 8, and 3 in the uptake media, ternatively, because the kinetics of Rnd HPz binding
thus supporting the previous conclusion that these siteto the HAP sites can be described by single exponential
are unrelated to glucose transport through the SGLT prokinetics (Figs. £ and 3B) from which theB} and B}
teins [1, 7, 11, 15, 25, 51, 60]. The precise nature of thedata were derived (Figs. 1, 2, 4, and 5), HAP binding
VLAP sites is presently unknown but their apparent ho-may also characterize a two-step process in which a slow
mogeneity has been questioned [25]. It was reported ilsomerization reaction determines the overall rate of in-
one study that their affinity did not change with tempera-hibitor binding, as previously justified [20].
ture [11]; our results further demonstrate that the detec- The second hypothesis could be accounted for by
tion of the VLAP sites is tightly linked to the ionization mechanism A whereby phlorizin binding to the transport
state of the phlorizin molecule because these sites couldrotein constitutes the rate-limiting step, mechanism B
only be observed at acidic pH (FigAlvs.Fig. 3). On  whereby fast phlorizin binding to (an) initial collision
this criteria alone, then, the VLAP sites appear homogecomplex(es) is followed by a rate-limiting conformation
neous and might represent phlorizin binding to mem-change, or mechanism C whereby phlorizin is titrating
brane lipids, as supported by previous studies showinda) carrier conformation(s) in which the receptor bind-
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ings sites become slowly accessible to the inhibitor mol-  Previous studies from our group [44] demonstrated
ecules. By contrast to mechanism C, the A and Bthat phlorizin inhibits the HAG and LAG transport path-
mechanisms can both generate one (or several) occludeuys with similar potency in rabbit renal BBMV. It
form(s) of the inhibitor-bound receptor complex(es) thatcould thus be argued from these data that the proposed
are therefore shielded by the rate-limiting step from freenomogeneity of the HAP binding sites is only apparent.
exchange with the external milieu. Conversely, most (ifYet, PZ dissociation from the HAP sites appears to be
not all) of the inhibitor molecules rapidly bound to the complete and follows single exponential kinetics with
initial collision complex(es) in mechanism B or to the time constant independent of the concentration of tracer-
accessible carrier species in mechanism C might be lodtound phlorizin (Fig. 8). Moreover, the observation
in any binding assay involving a quench technique tothat K* substitution for Nain the stop solutions reduces
stop the reaction, as occurs with the rapid filtration tech-quite considerably the detection of steady-state HAP
nique used in the present studies. Therefore, mechanisRinding at pH 6.0 and 8.6 clearly indicates that phlorizin
B can be further subdivided into “B general” (in which b.mdlng_ls fully _stab|I|zed by N&ions. In support of this
all of the inhibitor-bound receptor complexes can be deiew, Fig. 7A directly demonstrates that the rate of Pz
tected) and “B occluded” (in which the occluded com- dissociation f_rom the occluded phl_onzm-bound receptor
plex(es) is (are) the only one(s) that significantly con-COMplex(es) increases at decreasing Bancentrations
tribute(s) to measured binding. in the |ncubat_|on medlu_m. As I\*laqls_(_) proves manda-
The confrontation of the kinetic data reported in the tory for effective formation of the initial collision com-

present studies with the previously established criterieplex(es) (Figs. A and 3), it mu?t b'e inferred frof“ these
aimed at model discrimination between the A-C mecha_data that steady-state HAP binding characterizes a co-

nisms of inhibitor binding [20] allows us to set out the transport protein whose stoichoimetry of Nand phlo-

following facts. First, the kinetics of PZFig. 1A) and rizin binding is higher than the 1:1 coupling ratio usually

. - . . . reported for the SGLT2 protein [28, 39, 40, 58, 65]. We
HPZ. (F|g.. 3) binding are satisfactorily d'escrlbed by Eq'thus conclude that SGLT1 ought to be the sole cotrans-
(1) in which theB§ term proves to be independent of

phlorizin concentrations. This result goes against théJort protein significantly contributing to HAP binding in
. L . ) rabbit renal BBMV.
predictions of mechanisms C and “B general’. Second,

the initial rates of HPz and Painding are compatible

with simple Scatchard kinetics (FigsBhnd 4). These  KNeTic MODEL OF PHLORIZIN BINDING TO THE SGLT1
results argue against mechanisms A, “B general”, and CProTEIN AND VALIDATION

Third, the inequalityKy. < Ky; observed in Table 1 is a

specific property of B mechanisms as compared to\g consensus has yet been reached regarding the order
mechanisms A and C. Fourth, the apparent first-ordegs ng* (N) and substrate§ addition on the SGLT1
rate constant of HPz and Painding demonstrates a protein. TheNNSmodel proposed by Parent et al. [45]
Michaelis-Menten type of dependence on phlorizin con-assymes that the two Ndons bind first in a single
centrations, a property applying to B mechanisms onlyreaction step, an hypothesis that has since been shown to
Finally, the rate of tracer Pzdissociation from its re-  pe compatible with strong cooperativity for Nainding
ceptor sites is equally insensitive to saturating concenf19]. By contrast, aNSNmodel wherebys binding oc-
trations of unlabeled phlorizin op-glucose (Fig. 8),  curs between the two Nainding events has first been
thus showing that the initial collision complex in mecha- advocated by Kimmich [29] and has since received sup-
nism “B general” does not contribute to any significant port from the data of Chen et al. [9]. The demonstration
extent to the observed kinetics of binding. Indeed, thisin the present and previous [49] studies that phlorizin
situation would result from a fast wash out of the inhibi- dissociation is much faster in the absence than in the
tor molecules bound to this complex during the washingpresence of Nastrongly argues in favor of th&ISN
steps in the rapid filtration technique. sequence of substrate addition. Further evidence pre-

Therefore, it can be unambiguously concluded fromsented in the previous section also suggests that the last
these data that the kinetics of phlorizin binding to theNa" ion to bind in mechanism “B occluded” does so at a
HAP sites conform to the expectations of mechanism “Bstep following the occlusion of the phlorizin-symporter
occluded”. In this respect, the observation in Table 1complex. We therefore propose that phlorizin binding to
that the half-saturation d{,,¢is achieved at a phlorizin the SGLT1 protein follows the kinetic scheme depicted
concentrationl) = K,, = K provides an internal con- in Fig. 8 whereby fast Naand phlorizin binding is fol-
sistency test of this mechanism [20] and supports quitdowed by a slow conformation change preceding the
strongly the concept that phlorizin binds to the samebinding of the second Ndon. As shown in the Appen-
cotransport protein under initial rate and equilibrium dix, the kinetic equations characterizing this model were
conditions, thus arguing against the alternative hypothderived using a previously described formalism [20] to
esis of an heterogeneity of the HAP binding sites. devise the following consistency tests.
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First, the relationshipy, < Ky and K, = Ky ; ;
observed in Table 1 and discussed in the previous section | N L1z N
are indeed compatible with the proposed modekgq. ’ 2 !
[A19], and Egs. [A14], [A17], and [A18¥s.Eq. [A20], ;
respectively). Moreover, the comparison between Egs. ENa“* Koz Ki4 Na:
(7) and (A20) allows us to establish that the, . andk,, |
values appearing in Table 1 represent, respectively, thg( N3 La3 N
rate constank,, and the apparent rate constdt ap- i
pearing in this modeldeeFig. 8 and scheme Al). XO :
Second, using Eq. (A8) and (A19), and remember- I* Kd 5
ing thatLgsg = Ki/kopn it Can be demonstrated that the 5
relationship Ns
K : E
K—"e=—k°“* ® :
di Kon+ Kot Kon || Koft k745
is an intrinsic property of the model depicted in Fig. 8, 5
which appears to be satisfied by the results of the com- N i
putations reported in Table 3. The following relation- 6 ;
ships v \ :
a K :
* Bmaxi Kde o E
koff_ K : B (9) H
di maxe N7 ___________________ '
BmaX| *
Kon Bmaxe_ Ko (10 Fig. 8. Kinetic model of phlorizin binding to the SGLT1 protein. For
reasons discussed in the text, it is postulated that fast phloriyin (
. Kdi binding is followed by a rate-limiting isomerization reaction with rate
Kon = Kot [E - 1} (1) constantsk,, andk,q. This situation is equivalent to stating that all the
e

rate constants governing the association and dissociation of the Na and

o - | effectors with the protein are fast comparedktgandk,. Therefore,
can be S|m|IarIy established from Ea. (A8) and the alge it is possible to define two blocks of elementary reactions calleahd

braic expressions d,.xe Kge BmaX_i’ andKg; given by Y (full line boxes), in which all the chemical species can be considered

Egs. (A15)-(A18). Clearly, there is a close agreementy pe in equilibrium with each other both before and during the time

between the experimenth],,, andk,;, values reported dependent slow interconversion between blalkandY (seethe time

in Table 1, and the calculatdd,, andk* values shown scale separation hypothesis and the rapid equilibrium assumption pre-

in Table 3. viously discussed in [20]). This, in turn, allows us to introduce the
Last, the kinetic model proposed in Fig. 8 predictsdissociation constants,,, K, K,z Las, Kg, andKg, to describe each

. . of the binding and isomerization steps within blocksand Y. When
that the apparent time constaj,s accounting for pth applied to the SGLT1 protein for which N& mandatory for phlorizin

rizin dissociation from its receptor sites should vary lin- pinging and stabilizes an occluded conformation of the phlorizin-bound
early with N& concentrationssgeEq. [A22]). The data  receptor complexsesjustification in the text), the sequence of elemen-
shown in Fig. B do conform to these expectations and tary reactions involved ought to occur as shown whereNhéfree

its direct analysis according to Eq. (A22) allows us to carrier),N; (Na*-activated complex), anbls—N, (phlorizin-bound bi-
establish that; = 9.4 + 0.7 sec and thd€s, = 30 + nary apd ternary complexes) spe(_:ies stand for the outward-facing con-
3 mm. Note in Fig. 8 thatK67 represents the intrinsic formations of the transport protein whereldg and N, represent the

. . .o inward-facing free carrier and Nactivated binary complex, respec-
dissociation constant for binding of the second im to tively. Moreover, in experiments where BBMV have been resuspended

the receptor protein. in a Na-containing medium, full equilibrium between thg—N, spe-
These demonstrations thus support quite stronglyies prevails at the start of phlorizin addition. Accordingly, it is also
our conclusion that the HAP sites observed in rabbitpossible to define a zero-time block of elementary reactions cxlied
renal BBMV characterize phlorizin binding to the (dashed-line box) from which fast redistribution to the-Ns species of
SGLT1 protein and validate the proposed mechanism 0lplock X will occur upon phlorizin addition. The dashed line linking the

P : : ; N, andN, species represents a putative lumped-reaction with rate con-
phlorizin binding to SGLT1 depicted in Fig. 8. stantk,, that may apply in the case of transported substrates.

IMPLICATIONS OF PHLORIZIN BINDING STUDIES WITH . . .
REGARD TO THE MODELIZATION OF 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 present study and previous theoretical considerThe fast-acting behavior of phlorizin with regard to its
ations from our group [20] invalidate the recruitment inhibition of glucose transport is readily explained by the

Na'/D-GLUCOSE COTRANSPORT
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rapid formation of the initial collision compleXs, thus  bound phlorizin-carrier compleXs, has been reached at
providing instant competition for glucose binding to the the time of initial binding measurements. Accordingly,
Na'-activated carrier specieés,. However, becaushl;  the kinetics of phlorizin binding cannot be related to any
rapidly dissociates in a rapid filtration assay of phlorizin putative rate-limiting step in the transport cycle as was
binding, the slow kinetics of inhibitor binding are only done in the past, whether implicitly or explicitly, by
apparent and reflect the (slow) isomerization of this com-Toggenburger et al. [54, 55], Aronson [2], Turner and
plex into the more stable formé; andN,. Note thatthe Silverman [59, 60], Lever [35], and Restrepo and Kim-
kinetic scheme depicted in Fig. 8 also reconciles the Imich [49]. To just give an example with respect to the
Na":1 phlorizin and the 2 Nal phlorizin stoichiometries membrane potential dependency of phlorizin binding ob-
of binding previously observed under initial rate [55] and served by a number of authors, it is quite clear that simi-
equilibrium [43, 49] conditions, respectivelgdeEqs.  lar results would be expected whether the membrane
[A15]-[A18]). Yet, the experiments reported in Fig. 7 potential increases the rate of free-carrier recycling [2,
rule out the proposal of Semenza’s lab [54, 55] that the35, 55], the affinity of N& binding to the transport pro-
Na“-phlorizin-carrier complex may not be functional for tein [29, 49], or both [45]. This is so because the kinetic
the very reason of not binding a second*Nen. mechanism proposed in Fig. 8 states that the initial rate
The NSNmodel proposed in Fig. 8 differs from the of binding is directly proportional to the concentration of
previous ones [9, 29, 55] by introducing a conformationthe carrier species onto which phlorizin bindseé
change consecutive t8 binding but preceding the at- scheme Al). Accordingly, the algebraic expression of
tachment of the second Naon. As a general rule, the Kg; explicitly involves the two dissociation constants,
isomerization of an intermediary complex that does notandK,5 characterizing the free-carrier recycling step and
involve any substrate addition or product releasing stegNa” binding on the external side, respectivese¢Eq.
has no effect on the analytical form of the steady-statdA18]). In fact, this kinetic scheme also suggests a new
rate equations [50], so that the conformation changepossibility, namely that the rate constégt may itself be
above would be silent with regard to the kinetics of glu- modulated by the membrane potential, as would seem
cose transport. Still, it can be demonstrated using the&onsistent with the change in tig, ., values éeekEq.

computer program of Falk et al. [19] that [A17]) observed in some of the experiments where this
parameter was measured [35, 54]. Conversely, the pre-
KorKra vious demonstration that the membrane potential has no
Koot = o +K 12 effect on the rate of phlorizin release [2, 49, 55] suggests
n- o4 that bothk ¢ andK, are not affected by the electric field.

Finally, the analysis of binding data conforming to
represents a correct expression of the turnover rate ahe mechanism depicted in Fig. 8 should take into con-
glucose transport for the kinetic mechanism depicted irsideration the fact that the kinetic parameters determined
Fig. 8. Accordingly, thek.,, value of 5-125 catalytic under initial rate or equilibrium binding conditions
cycles per second currently documented for glucos€B, ... Ky, Brmaxe @NdKy. SEEEQS. [A15]-[A18]) ought
transport through the SGLT1 protein [29] cannot be ex-to be treated with the same degree of caution as is usually
plained with the smalk,, (or K., see abovevalues done for their glucose transport counterggytandV,, .
reported for Pzand HPz binding in Table 1 (solving Eq. In this respect, thé&, value does not estimate the ap-
[12] for k;, using the abové.,, estimate and thé,,,  parent dissociation constant of phlorizin binding during
values reported in Table 1 leads to negative values of thiglucose transport measurements, which is in fact given
rate constant). It must be concluded, then, that the kiby K. In support of this view, th&, values of 2—5um
netics of phlorizin binding represent a “slow-motion (Table 1) agree quite reasonably well with those of ap-
movie” of glucose transport, i.e., the conformation prox. 2 um previously determined at pH 7.4 by Turner
change induced by the nontransported inhibitor is farand Moran [58] in similar preparations whereas Kg
slower than the isomerization step experienced by thealues of 12-3Quv (Table 1) more closely match the
transported sugar substrates. value of 15um previously reported for phlorizin inhibi-

The demonstration that the recruitment conception of glucose transport [44]. Similarly, th&,...value
(mechanism C) is ill-founded at the theoretical [20] anddoes not measure directly the number of receptor binding
experimental levels (these studies) invalidates the applisites (\;) and the latter quantity has to be calculated.
cation to phlorizin and the SGLT1 protein of the math- As shown in Table 3, this can be done in a quite direct
ematical derivations proposed by Turner and Silvermarway through Eq. (A17) once the , value has been de-
[59] to analyze the binding kinetics of nontransportedtermined. Alternatively, if thek,, and k% values are
competitive inhibitors. Moreover, the slow isomeriza- known, N; can also be calculated from the following
tion step consecutive to inhibitor binding imposes therelationship,
condition on a correct interpretation of binding data that .

a steady-state distribution of the different carrier specieiI -B [1 +@] (13
involved in the transport cycle, including the rapidly T~ —mae Kon
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Table 3. Consistency tests of the kinetic model of phlorizin binding to are involved in the specific interactions of these two
the SGLT1 protein depicted in Fig. 8 molecules with their relevant receptor proteins.
The early studies of Diedrich [15, 16] and Alvarado

Predicted equations pH 8.6 pH 6.0 L o
[1] suggested that the glucosidic and aglucone moieties

Eq. (8): KydKyi 0.21+0.05 0.16+0.03 Of phlorizin (Fig. ) bind to discrete loci on the trans-

Eq. (8): K&l(Kyn + K 0.22+0.02 0.17+£0.02  port protein, a characteristic feature that would explain

Eq. (9): K = (BmaxKad/(Bmaxd{a) 0.012+0.004 0.014+0.004 the close to two orders of magnitude difference between
Eg: 8‘3& - (éf:ﬂ[?éf/m;ds } ‘fjff 8:813?182812 8:8;2?18285 the K of phlorizin binding and th&,, of glucose trans-
Eq. (A17):N; = (Boa ko) 99 + 19 94+ 14 port. However, pecaysg this comparison w_nvolvedl*t@e
Eq. (13):Ny = B, dl + (Kie/k,)] 99+8 96+8 values of phlorizin binding at equilibrium, it would ap-
pear in the light of the present studies that the effect of
Predicted equations shown refer to those appearing in the main text dhe aglucone site in increasing the affinity of phlorizin
appendix. Th@naye Brmax Kae@NdKy; values used for computation are - rejative to glucose has been overestimated in the past.
those reported in Table 1 at each pH. Eor reasons discussed in the te>5&S calculated from Tables 1 and 2, m& values of HAP
thek,,, andk*; values used for cqmp_utatlon correspond, respectively, tobinding and theK ... values of HAG transport are sepa-
the k.,.xandKk i, values appearing in Table 1 at each pH. ml

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
which can be derived from Egs. (A15) and (A8) using the87-fold at these same pH if the,, rather than the<y
relationshipKsgs = ko/ko IN the present studies per- values are used for the comparison.
formed at 150 m Na’, B, ,.thus underevaluates; by The molecular modeling studies of Lostao et al. [38]
20 £ 3 and 27 + 3% at pH 6.0 and 8.6, respectively.brought evidence that the lowest energy structure for the
This difference may appear small; however, it should beketophlorizin conformation places the B-ring in a posi-
noted that G< ki/k,, < Kori/Kon and that thédi/k, ratio  tion such that it folds back over the A and pyranose rings
- 0 at saturating NaconcentrationssgeEq. [A8]), so  (Fig. 9), similar to a proposed structure for phloretin
that the difference would increase at decreasin®dm-  [22, 61]. This computed structure contrasts with the pla-
centrations relative tég. nar and fully extended conformation &ktophlorizin
determined by Cody [12] from the crystal structure of
phlorizin (Fig. B). 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

The demonstration in Table 3 that HPz and Bind to  Structure [12]. Indeed, the symmetry at the and 6-

the same number of HAP sites departs from the previou80Sitions in phloretin is lost in phlorizin, which could
suggestion by Toggenburger et al. [54] that the neutragnha_nce the probability of m_tramolecular hydrogen
form of phlorizin is the only one to bind to rabbit intes- Ponding between Of9 .. O(6) in the latter molecule
tinal BBMV where rbSGLT1 is the sole cotransport pro- (Fig. 9B). The planar configuration of HPz shown in
tein to be found [10]. However, our observation of lower Fig. 9B also contrasts with the L-shaped structure of
K, values at pH 6.0 than pH 8.6 (Table 1) appears fullyenokphloretin proposed by Fuhrman et al. [22]. In these
compatible with the data of these authors showing arimolecular modeling studies, it was assumed that the pK
increase in th&; of phlorizin inhibition of SGLT and in  value of 7.2-7.4, which characterizes the pH-dependent
the K4 of phlorizin binding at increasing pH values. It shift in the absorption spectra of phloretin [22] and phlo-
can be further argued that the success of Toggenburger gzin [18, 34, 54, and this study], would represent proton
al. [54] at measuring &; value relative to phlorizin dissociation at the-position of theketogroup (Fig. 9.
inhibition of SGLT activity at pH 9.5, i.e., when the The occurrence of such an enolization mechanism was
inhibitor is segregated to 99% under its ionized Rem,  previously reported for phlorizin [16]. However, much
just supports our own data. Similarly, the 2.5- or 3.3-simpler molecules like phloroglucine (FigC®and phlo-
fold difference between thi€,; or K . values estimated at rine (Fig. D) also demonstrate pH-dependent shifts of
pH 6.0vs. 8.6 (Table 1) does not support the claim by similar magnitude [34] whereas' -dleoxyphlorizin and
Lostao et al. [38] that thenol form of phlorizin is a  para-phlorizin (4-glucoside of phloretin) do not [18].
much poorer inhibitor of SGLT1 than itseto counter-  In fact, from the consideration that the latter two mol-
part. This lack of specificity of the SGLT1 protein for ecules are missing the frggra-phenol group on the A
HPz vs. PZ binding contrasts with phloretin, the aglu- ring (Fig. 9), Evans and Diedrich [18] concluded that it
cone moiety of phlorizin (Fig. B), which interacts with is this proton which is apparently titrated with a pHf
the erythrocyte glucose [22] or anion [21] transport pro-about 7.2 and not the one at theposition which under-
teins through its neutral or ionized species, respectivelygoesketo-enotautomerization. In this respect, then, the
These considerations suggest that different mechanisnfarther demonstration by Diedrich [14] that this position

HPZ AND Pz~ BINDING IN RELATION TO THE KETO-ENOL
TAUTOMERISM OF PHLORIZIN
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Fig. 9. Phlorizin structures proposed by Diedrich [16] from molecular modeling stuéjear(d by Cody [12] from crystallographic datB)( and
chemical structures of phloroglucin€)(and phlorine D).
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was not critical for activity appears consistent with our sites would be lost. Slower transport might be the result,
own data showing that HPz and Pzan both bind to a hence the partial noncompetitive nature of phloretin in-
similar number of transporter sites (Table 3). Notwith- hibition previously reported by Alvarado [1].
standing the fact that the 3-D structure of the inhibitor The above random sequence of site occupancy is
and/or the receptor site on the SGLT1 protein can béndeed strongly supported by Alvarado’s data [1]. How-
modified following primary bound formation through its ever, the low affinity of the aglucone site for the phlor-
glucose or aglucone moieties, we therefore conclude thattin molecule would rather suggest that the primary in-
major differences in the native3structures of HPz and teraction of phlorizin with the SGLT1 protein mostly
PZ are unlikely to be the main determinant of their involves the glycosidic moiety of the inhibitor. This pre-
affinities for the transport protein. ferred order of site occupancy, also previously suggested
The interactions of phlorizin with the glucose and by Diedrich [14] and Lostao et al. [38], can be viewed as
aglucone receptor sites likely represent, as suggested lay B-type mechanism whereby phlorizin binding to the
Alvarado [1], a two-step mechanism whereby primaryglucose site (dissociation constdy) is followed by an
bound formation occurs through either one of these twdsomerization step resulting in the secondary attachment
sites and is followed by secondary attachment to theo the phloretin site (dissociation constaqt), in which
remaining vacant site. It can be postulated, then, that thease the apparent overall dissociation constant for phlo-
rigidity so imposed to the glucose site would impair its rizin binding Kg) is given by the quantityKg[K,/
occlusion within the glucose channel (decrease the ratél +Kp)] < Kg. Accordingly, the fact that th&; value
of the conformation change), and that extra"Manding  for phlorizin inhibition of HAG transport (1M in [44])
would preclude any further reorientation of the transportis smaller than th&,,, value for glucose transport through
protein GeeFig. 8). In this respect, a different situation the HAG pathway (100-11Qam in [44]) can be taken as
is expected when free glucose and free phloretin arevidence that phlorizin is bound to both of the sugar and
bound to the glucose and aglucone sites, respectivelygglucone sites during steady-state glucose transport mea-
because the rigidity imposed by phlorizin binding to both surements [44]. Moreover, because KhandK; values
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should be equal under symmetrical conditions of glucosehe kinetic heterogeneity of glucose transport observed in
transport and phlorizin binding measuremenseg the proximal tubule reflects the coexpression of distinct
abovg, it also follows from these considerations that SGLT1 and SGLT2 gene products rather than two dif-
phlorizin should be bound to both of the sugar and agluferent transport modes through a unique SGLT1 protein.
cone sites before the occurence of the slow conforma-  The relevance of the latter assertion is clearly re-
tional change depicted in Fig. 8. Therefore, the comparistricted by the fact that phlorizin inhibition of the HAG
son between thKy andK,, values reported in Tables 1 and LAG transport routes can be observed under steady-
and 2 suggests that the effect of the aglucone site igtate conditions of glucose transport measurement
increasing the affinity of phlorizin relative to glucose is [44], thus showing that phlorizin acts as a fast-acting
only marginal at pH 8.6. Moreover, the fact that 8¢  inhibitor on these processes [20]. Therefore, if we as-
of HAG transport increases by 3.5-fold while tg of  syme that the LAG pathway does represent the expres-
HAP binding decreases by 2.5-fold when the pH de-sjon of rhSGLT2 in rabbit renal BBMV and that similar
creases from 8.6 to 6.0 (Tables 1 and 2) would indicatgnechanisms of phlorizin binding apply to rbSGLT1 and
that the secondary interaction of phlorizin with the aglu- rbSGLT2, then Nstabilization of phlorizin binding to
cone site is specifically increas_ed at acidic pH (assumingpsGLT2 should not be expected for obvious stoichio-
that K, = Kg andKy = Ky in the two-step model  etric reasonssgediscussion above in the case of rb-
described above, thef, values of 1.6 and 0.07@m can g T1). Accordingly, the rapid filtration assay used in
be estimated at pH 8.6 and 6.0, respectively, so that thfhe present and other studies [1, 7, 11, 15, 18, 24, 25, 30
affinity of the aglucone site has to increase by 21-fold tog 54 &5 60] may not allow Us to detect the inhibitor
compensate for the lower affinity of the glucose site). 0\ 1< bound onto this fransport protein.

The bell-shape dependence oi ebncentration of ; T
. L ; Having said this, it is nonetheless true that the HAG
the catalytic efficiency of the SGLT1 proteilN{,,./Km nd LAG pathways demonstrate a number of overlap-

ratio, seeTable 2 and Results) suggests the existence OEing characteristics among which the lack of glucuse

a minimum of two fonizing groups on the transport pro- galactose specificities [44] and the similar sensitivities
tein with pK values of approx. 8.6 and 6.0 (Mg /K with regard to phlorizin inhibition [44] prove inconsis-

ratio decreases by approx. 50% at both pHSs). Whereats ith the classical Vi £l h h
the former mostly affect¥, .., the latter only affects ent with the classical view of glucose transport throug
K1 and might well be related to protonation/deproto—the SGLT1 and SGLT_Z gene products [13, 57,
ml
nation events at or near the glucose binding site. In thi 8]. Moreover, wherl estimated from th&f‘fx of tr_‘f
respect, the nature of the protein locus involved in phlo-?AG Pathway at 25°C (@ + 6 pmol - sec”” - mg
rizin binding is currently unknown but, according to Di- prqteln a'F pH ,7'0 in [_44]) an(_d the total number'of phlo-
etrich [14], should be one which can donate hydrogen tdiZin binding sites estlm:alted in t.he present studies (mean
form a bond with O(4) in the B ring system of the in- valueé of 97 pmol- mg™ protein from Table 3), the
hibitor molecule (Fig. 8). Accordingly, deprotonation calcul_ateokCat value of 0.42 sec is at least one order of
of the aglucone site at more basic pH would impair ph|0_magn|tude lower than currently docu_mented for g_Iucose
rizin binding, and lower apparent affinity would be the fransport through the SGLT1 protein [29]. In this re-
result. Still, this picture does not fit well with the obser- SPect, then, it may prove significant that tke, value
vation that phlorizin derivatives showing lower or higher falls within the expected range (5.8 s§owhen the com-
pK values than the parent molecule exhibit, respectivelyPined V., values of the HAG and LAG pathways are
lower or similar inhibitory potencies relative to glucose instead considered (565 + 55 pmalec™ - mg™* protein
transport at neutral pH [37]. Phlorizin binding may also in [44]). These simple calculations thus seem to corrobo-
involve, then, unfavorable electrostatic interactions atrate the concept that the HAG and LAG pathways may
basic pH and/or additional molecular features of the in-not be as fully independent as would have been expected
hibitor and receptor sites. 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
HETEROGENEITY OFGLUCOSE TRANSPORTVS, HAG and LAG pathways, and any attempt to answer this
HOMOGENEITY OF PHLORIZIN BINDING question may only be speculative at this time for two

main reasons. First, no consensus has yet been reached

Our conclusion that HAP binding observed in rabbit re-regarding the question of which of the putative SGLT2
nal BBMV characterizes phlorizin binding to the SGLT1 clones most likely represents the renal SGLT2 protein.
protein does not question the molecular heterogeneity ofn this respect, both Hu14/hSGLT2 [28] and rat SGLT2
renal SGLT, which is indeed strongly supported by the[65] mMRNA were localized to early proximal tubule cells
consideration of the clinical findings associated with in- (S1 segment). However, it was also suggested that the
testinal glucose/galactose malabsorption and renal glyformer clone might not represent a SGLT protein be-
cosuria [13]. However, it does question the concept thatause 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 8.
kidney [32], and, to our knowledge, the localization of
the SGLTS3 protein along the nephron has yet to be es-
tablished. Moreover, SGLT3 was cloned from the pig o.
kidney cell line LLC-PK [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-PKcells is under-
scored by the reported evidence of SGLT activity in dog

distal thick ascending limbs [63]. Second, no consensusi.

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 &

functionally expressed as a monomeric protein when in-
jected intoXenopusoocytes [17]. By contrast, in native

intestinal and renal BBMV, the concept of a polymeric 13,

structure of SGLT1 is strongly supported by inactivation
radiation [3, 52, 53, 56] as well as other studies [6, 10,
23, 30, 31, 44]. ltis quite possible, then, that the kinetic
heterogeneity of glucose transport observed in the kidnefX
cortex reflects the existence of two different states o
aggregation of the same SGLTL1 protein in the proximal

tubule cells, maybe due to the presence of a kidney spers.

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
Y = Y (1 - g*ebd) (A9)
KINETICS OF PHLORIZIN BINDING CONFORMING TO THE in which
MEcHANISM DEPICTED IN FIG. 8 )
. - . e Y :kﬁLNT (A10)
It was shown previously [20] that the kinetic mechanism of inhibitor e~ |

binding depicted in Fig. 8, in which the slow isomerization step linking
the N5 and Ng species constitutes the overall rate-limiting step in the stands for the equilibrium concentrations Yot the end of the relax-

binding process, can be reduced to scheme (Al) ation process whereas
§0= kanfs =K+ K All
Scheme A X ﬁ?ﬁ;ﬁg‘b Y kobs kon koff ( )
Kff = kofffe

represents the apparent first-order rate of this process [20]. Note that
according to Cha’s formalism [8]. Note that the apparent rate constant&d- (A9) makes the following assumptions with regard to the condi-
K., andK. linking the X andY blocks in Scheme (A1) now replace the tions of the binding assay, which all apply to the studies presented in
true rate Constantkon and koff appearing in F|g 8. The latter are the main text. Firstly, the relevant preparation to be tested for inhibitor

weighted by the factork, andf, whose mathematical expressions ~ binding has been resuspended long enough in the uptake medium to
ensure that true equilibrium conditions have been reached with all
Ns Ng effector molecules present at the time of the assay, so that it is possible
fs= X~ s (A1) to calculate the boundary condition$,§ andY,o) prevailing before the
ENjX start of the binding assay. Secondly, the binding assay is started by
=1 mixing the above preparations in a medium of identical composition

also containing the inhibitor to be tested, so that there will be fast
Ne  Ng redistribution only of thoseNjX or va species involved in rapid equi-
fo Y W (A2) librium reactions with the inhibitor. Accordingly, it is possible to cal-
culate the boundary condition¥{ andY,) prevailing at the very start
clearly indicate that they represent the fractional concentrations of théf the relaxation process when= 0. The boundary conditions apply-
chemical speciebly and Ng within blocks X and Y, respectively. The  ing to the kinetic mechanism of phlorizin binding depicted in Fig. 8
denominators of Egs. (A1) and (A2) can be expressed relative fdthe

andN, species as Xoo = X0 = Ni; Yo=Y =0 (A12)
K K can thus be readily established from these two assumptions.
X= Ns{l +(I_()j [1 +Lyst (N_Z;) 1+ le)]} (A3) 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 complexNs in Fig. 8) does not con-

Y=Ng [1 +M} (A tribute to any significant extent to the observed kinetics of binding.
Koz This occurs because the rates of association and dissociation of the

inhibitor are fast compared tk,, and k¥, so that the rapid filtration

in which Ky, Ly, Lss, andKe; represent the dissociation constants of technique used for the binding assay fails to detect most (if not all) of

the rapid steps in blockX andY as indicated in Fig. 8. Note that the  the inhibitor molecules bound to tHé* species. If8* represents the

dissociation constar,, does not appear in Egs. (A3) and (A4) be- amount of tracer phlorizin molecules bound to its receptor sites on the

cause the following relationship transport protein, theB* = Y in the case of the model depicted in Fig.
8 and

L1o Koz =Kyglas (A5)
B* = B,(1 = e *obd) (A13)

applies to theé\,—N, cycle. Moreover, the two block§andY are linked
through the conservation equation whereB; andk,,.are given by Egs. (A10) and (A11), respectively. The
mathematical expression of the initial rate of phlorizin binding
X+Y=N; (AB)
Bl = kondBe (A14)
in which Ny represent the total amount of binding sites.
The following expressions can thus be readily obtained from the first derivative of Eq. (A9)-at
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0. A few arithmetic manipulations using the relevant equations aboveK INETICS OF PHLORIZIN DissoclATION CONEORMING TO
are necessary to demonstrate tBatand B; can be cast under the THE MECHANISM DEPICTED IN FiG. 8
scatchard form of Eq. (4) in text with the following algebraic expres-
sions of the kinetic parameters
With the experimental protocol used for the experiments described in
_ [Kez + (Na)] Ny Fig. 7, it is readily apparent that the kinetics of tracer phlorizin disso-

Brnaxe™ Kor1+ Lsg) + (Na) (A19) ciation from its receptor sites on the protein can be described by the
differential equatiorE* = —(dBj/dt), which can be integrated as
_ LsgKedKag(1 + Lyp) + (1 +Lyg)(Na)]
de = Ka (A16)
[Ke7 (1+Lsg) + (Na)] (N&) . g s
E* =B, e ol + E,, (A21)
Bma><i = kon NT (A17)

K wherek; andB, are given by Egs. (A8) and (A10), respectively. Note
Kgi = [1 +L,+ ﬁ (1+ L12):|Kd (A18) that Eq. (A21) is identical to Eq. (5) in the main text with,, = 1/K ¢
andE, = B. Strictly speaking, the integration constdiit appearing

in Eg. (A21) should be equal to zero when considering that phlorizin
should completely dissociate from its HAP receptor sites. However,
this is not so in Eqg. (5) because the experimental data appearing in Fig.
Ky Leg Koo 7 was not_ C(_Jrrect_ed for the contribgtion to total binding qf the non-
F:ms 1 (A19) specific binding 5|te_s also present in the_ BBMV pr(_ep_aratlon. In any

di 67 56 case, the apparent time constant of phlorizin dissociation appearing in
Eq. (5) in the main text should be described by

in which Lgg = Ky/k,, The comparison of Egs. A(16) and A(18)
allows us to establish that

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

= 1+— A22
o= K T (w20 w1 "2
di

which is similar in form to Eq. (7) in the main text witty,;, = Kogr, Kmax as can be computed from the transformation of Eq. (A8) wilty,1#
= Ko @andK,,, = K. Toff-



