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SOMMAIRE 

L'absorption intestinale et la dabsorption dnale des sucres et des acides amin& sont 

assurees par une famille de molBcuIes qui permettent un transport actif de ces solut6s par 

couplage avec le gradient Clectrochirnique de Na+ et qui sont en g6neral localides dans la 

membrane apicale des cellules 6pith&iales polaristks propres aux tissus intestinal et rt5nal. Le 

syskme de cotransport Na+-D-glucose (SGLT) en constitue ITexemp1e le plus Ctudie ii ce jour et 

appanit ainsi comme un modkle type pour lT6tude des mBcanismes molkulaires responsables du 

transfert d'energie du gradient Blectrochimique d'un ion un transporteur. 

En se basant sur l'ensemble des Ctudes molCculaires et cinetiques realisCes jusqu'8 present, 

il semble d6sorma.i~ admis qu'une seule classe de protCines, nommQs SGLTl serait responsable 

du cotransport intestinal. La situation apparait toutefois plus complexe dans le rein oh Ies etudes 

cinetiques mettent en Bvidence deux voies de transport Na'-dependant, soient une voie Zi haute 

affinie considCree comme I'expression fonctionnelle de SGLTI, et une voie faible affinitt, dont 

la nature moleculaire demeure le sujet de controverses. 

Les Etudes demonuant une separation anatomique des deux voies de transport et leur 

localisation dans deux regions differentes du cortex renal, jointes aux observations cliniques 

relatives aux syndromes de la malabsorption intestinale du glucose (Glc) et du galactose (Gal) 

et de la glycosurie r&nale, ont conduit B I'hypothese de deux transporteurs disposCs en serie le 

long du tubule contournC proximal. Le clonage recent des protkines hSGLT2, pSGLT2 et "rat- 

SGLT2" semble renforcer cette hypothese. Cependant, bon nombre d'dtudes suggkrent une 

structure oligom6rique de SGLTl et, donc, qu'un fonctio~ement allostCrique du uansporteur 

pourrait due l'origine de l'hbt&og6neite cinetique observte dans le cortex renal. Ces 

observations nous ont amen& 2 reconsiderer les cinetiques du transport de Glc et  de la liaison 

de phlorizine (Pz) dam les vesicules de membrane Zi bordure en brosse (VMBB) du rein de lapin. 

Nous confmons tout d'abord l'het6rogdnEitk cinCtique du cotransport Na+-D-Glucose 

dam le cortex renal par la mise en Bvidence de voies A haute (HAG) et faible (LAG) affinites 

pour le Glc dont les valeurs de K, different par plus de 30 fois. Par contre, une caract6risation 

detaiilte r6vUe plusieurs inconsistances majeures avec lThypoth&se de deux transporteurs 

independants dans ce tissu. Nous demontrons ainsi que, contrairement aux trois clones SGLTZ, 



b les deux systemes transportent le Gal et sont inhibes par la Pz avec des K ,  identiques. De plus. 

le K, du systeme HAG renal est 2.3 fois inferieur B celui du SGLTl intestinal. Une Ciude 

comparative des effets du pH sur le transport de Glc dans les VMBB intestinales et  renales, 

permet de conclure que cette difference n'est arttifactuelle mais reflete plut6t une difference 

dans l'expression fonctionnelle de SGLTl dam Ies deux tissus. La linearid des graphes 

d'Arrh6nius permet en outre de suggerer le peu d'importance de la composition lipidique et/ou 

de l'btat physique des membranes dans la modulation de l'activite de SGLT1. Nous proposons 

donc des modifications post-transcriptionnelles differentes de ce systerne de transport dam le rein 

et I' intestin. liees eventuellement h la pdsence de sous-unites replatrices differentes. 

Nos etudes d'inhibition du transport de Glc par la Pz ont mis en relief le fait que la valeur 

unique du y est respectivement tquivalente ou 10 fois supbrieure aux valeurs de K, de liaison 

de la Pz estimdes dam d'auws laboratoires en conditions initiales d'equilibre. Nous nous sommes 

donc interrogh quant au mdcanisme impliquC. D'autre part, la Pz est un acide Caible. Nous nous 

sommes donc egalement demandbs si I'hbtBrogBneitB de liaison de la Pz generalemem observBe 

dam le rein ne pourrait pas ttre due B la presence sirnultanee de deux formes moI~culaire 

differentes de Pz il pH physiologique. L'originalite de notre 6tude dside donc dam le choix des 

conditions experimentales OD des pH de 6.0 et de 8.6 permettent d'isoler 95% de la Pz sous ses 

formes respectivement neutre (HPz) et ioniste (Pz). 

Nous demontrons ainsi que les deux formes de Pz se lient avec des affinitbs differentes 

sur le transporteur et, qu'g pH 8.6, il n'existe qu'une seule composante specifique entierement 

Na'-dependante et Glc-sensible. A pH 6.0, toutefois il existe en outre une composante spbcifique 

de faible affinite qui est insensible tant au Na* qu'au Glc et dont la nature, intimement relibe 2 

la forme non ionisee de la Pz, pourrait traduire une interaction avec les lipides membranaires. 

La cornparaison des K, de liaison de Pz en conditions initiales et B l'bquilibre, de m&me 

que I'analyse des constantes de temps auxquelles cet equilibre est atteint, nous ont conduit il 

suggbrer un mecanisme original de liaison en deux Btapes: une liaison rapide de Pz, suivie par 

une isomerisation lente du transporteur et une occlusion de la Pz. La liaison de la Pz sur le 

transporteur peut donc Etre vue comme un film au ralenti du cotransport Na'-D-glucose dans 

lequel la Pz serait incapable de se dissocier du transporteur aprk reorientation des sites Na+ et 

Glc vers le milieu intravbsiculaire. L'existence d'une forme occluse de Pz est par ailleurs 



demontree par des rekhements lents de la Pz radioactive lice en presence de concentrations 

saturantes de Pz non marquee ou de Glc. Toutefois. une dissociation rapide est observee en 

absence de Na+ dans les solutions d'efflux, et nous suggerons qu'un minimum de deux sites Na' 

doit due envisage pour expliquer ces dsultats. 

Ces etudes demontrent qu'en depit de la presence de deux voies de transport de Glc, il 

n'existe qu'une seule classe de sites Nai-dkpendants specifiques La Pz, ce qui est compatible 

avec le Ki unique d'inhibition du transport de Glc par la Pz. Nous suggdrons que l'hbt&ogh?it6 

du transport dans les VMBB renales est purement cindtique et. par consequent, qu'elle ne reflkte 

pas la diversite rnolCculaire reliee la pdsence de systemes SGLTl et SGLT2 distincts. Nous 

proposons donc qu'un mod&le dimCrique ou tdtramCrique de cotransport. fonctionnant 

Cventuellement selon le principe de demi-reactivite des sites, serait entikrement compatible avec 

nos Ctudes de transport du Glc et de liaison de la Pz. 
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AVANT-PROPOS 

Gdnhl i t6s  

La notion de transport membranaire englobe trois mdcanismes principaux de translocation 

des solutes organiques et des ions il travers 1es membranes biologiques. Le premier type de 

mdcanisme est la dimsion simple qui permet 1'6quilibration de ces mol&ules de part et d'autre 

de la membrane. La vitesse de transport ne depend que de p m & t r e s  physiques tels que Ie poi& 

mol6culaire, la liposolubilid et le degre d'ionisation des mol6cules. Le second type de mt5canisme 

ou difirrsion facilitie est, contrairement & la diffusion simple, un phdnomBne saturable qui 

temoigne ainsi dTune interaction des mol6cules avec des transporteurs rnembranaires sp6cfiques 

dont le nombre regit la vitesse maximale de transport. Dam les deux cas, cependant, la 

translocation du substrat peut s'effectuer dans lTun ou l'autre sens et la direction du flux net est 

imposCe par le gradient de concentration qui pdvaut B travers les membranes. Le dernier type 

de mCcanisme ou transport actif permet, conuairement aux pkc6dents, une accumulation des 

solutes contre leur gradient de concentration. C'est donc un processus qui necessite un apport 

d'energie axteme dont la nature permet de faire une subdivision suppltmentaire entre transport 

uctifprimaire et secondaire. Dans le cas du transport actif primaire, L'Bnergie est fournie par 

l'hydrolyse de molecules & haut potentiel enegetique comme I'ATP. Dans le cas du transport 

actif secondaire, l'enegie est fournie par le gradient de concentration d'un ion-activateur. La 

presence et Ie maintien de ce gradient sont generalement assures par un transport actif de type 

primaire. Cette Cnergie est r&cupBrt!e au niveau de transporteurs membranaires sptcifiques qui 

pennettent un couplage entre le flux de I'ion et du solute organique. Le concept d'un tel 

rndcanisme de transfert d'energie a Cte formule par Crane (1960, 1977) dam "l'hypothtse du 

gradient de Na+" pour le transport intestinal des sucres. 

L'absorption du glucose (Glc) s'effectue dans les cellules epitheliales intestinales et 

rdnales et implique des fonctions polariles de transport: la membrane apicale est le sikge du 

transport Na+-dependant assure par les proteines de la famille SGLT, tandis que le transport Na+- 

independant, dQ au fonctionnement des transporteurs de la famille GLUT (Tab-I), a lieu dans la 

membrane baso-laterale (Fig. 1). Le gradient electrochimique de Na+ est maintenu par 17acf.ivitd 
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Cytoplasme Sang 

Figure 1. Vision actuelle du transport actif transipith61ial dans les celldes absorbantes de 

l'intestin et du rein selon l9hypoth&e du gradient de Na+. (l)-SGLTI, (2)-pompe Na'-K- 

ATPase, (3)- GLUT 



Tableau I. xvii 

Les membres de la famille des transporteurs Na+-indbpendants (GLUT) 

Isoforme Distribution tissulaire 

Barriere hCrnato-encephalique, placenta, tissus foetaux, pars 

~ r c t u  du tubule proximal du rein et IignBes cellulaires 

Foic, inkstin, segment proximal du tubule contourn6 proximal 

du rein. cellules U des ilot de Langerhans, cerveau 

Cerveau, rein e t ligntcs ceIlulaires 

Muscle squelcttiqur c~ cardiaque, tissu adipeux. 

In trstin, spermatozo'ide, astrocytes 

pseudo-gene sans transcrit connu 

Reticulum cndoplasrnique 

Tire de Kahn, 1992; Mueckler, 1994 

* Transporteur de fructose. 
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de la Na+, K+-ATPase situde elle aussi dans la membrane baso-laterale. Ce concept a ensuite Bt6 

etendu par Mitchell (1961) aux ions H+ et par Schultz et Zalusky (1965) aux acides amin&. 

Actuellement, plusieurs syst2mes de transport coup16 au Na+ sont comus et clonb 

(Tableau.11, rev. Reizer et al., 1994). 

Contexte de la recherche 

Le cotransport Na+-D-glucose presente un intMt particulier compte tenu du r61e important 

du Glc dans I'organisme en mt que substrat utilid pour la s y n t h h  dTATP, et comme precurseur 

dms la synth2se des acides nuclbiques, des acides aminds, des graisses et des macrornol~cules 

telles que les glycoprotc!ines et les glycolipides. 

La premih-e Ctape du mCtabolisme du Glc est son absorption dans l'intestin grele et sa 

reabsorption dans le rein apres la filtration glomCruIaire. Dans ces deux organes, le transport actif 

du Glc contre son gradient de concentration est localis6 dam la membrane apicale des cellules 

epitheliales (Fig. 1). La surface absorbante de cette membrane est considdrablement accrue par 

la presence de microvillosit~s qui lui conf2rent un aspect en bordure en brosse (MBB - membrane 

en bordure en brosse). Les similarit6s fonctionnelles et structurales des MBB de l'intestin et du 

rein (Maddox et Gennari, 1987) permettent d'elargir le choix des modeles experimentaux pour 

1'Ctude du phCnon16ne du couansport Na+-D-glucose. Bien que ces deux organes restent le site 

majeur d'expression du cotransport Na'-D-glucose, sa presence a aussi ete mise en evidence dans 

les poumons (Oelberg et al., 1994; rev. Strang, 1991; Kemp et Boyd, 1992). ob son rale peut &re 

d'une grande importance dans la r6absorption du liquide alveolaire, et dans les cellules 

mdsangiales (Wakisaka et al., 1995) pour lesquelles les Ctudes actuelles ne permettent pas encore 

de definir un r8le precis. 

Une attention particuliere a dte portee a I'irnplication du cotransport Na+-D-glucose dam 

le diabLte ntellitris. Pour ces Ctudes, on utilise gheralement des animaux trait& il la 

streptozotocine, une toxine specifique aux cellules 8 du pancreas qui sont responsables de la 

production de I'insuline. L'hyperglychie qui en dsulte redie une difference dam la dponse 

des systemes de cotransport Na+-D-glucose du rein et de l'intestin. Alors que l'augrnentation du 

transport a i% unanimement constatde dans I'intestin (Burant et al., 1994; Fedorak et al., 1987; 

1989; Ferraris et al., 1993)' on observe soit une augmentation (Blank et al., 1989; 1985; Carney 



Tableau 11. 

Les rnembres de la superfamille des transporteurs Na'-diipendants 

Abreviations Description Espece 

SNST 

SMIT 

SGLT 1 

PROT, GAT, SERT, 

DAT, TAUT, NET, 

CHOT, GLYT, NIT... 

EMRB 

NAB A-RAT 

Na'lrnyo-inositol 

Na'/g lucose 

Na*/g lucose 

Na+/g lucose 

Na'lglucose 

Na'heuro 

transme tteurs 

Resistance aux drogues 

multiples 

Ercherichia coli, Lapin 

Escherichia coli 

Lapin 

Chien, MDCK 

Porc, Homme, Lapin, Rat 

Homrne 

Rat 

Rat, Homme, Chien, Lapin, 

Souris 

Lapin 

Escherichia coli 

Rat, Hornme, Souris 

Tird de Reizer et al., 1994 



et al., 1979; Kumar et al, 1988), soit une diminution du cornsport Na'-dependant dans le rein 

(Harris et al., 1986; Nakhooda et al., 1977; Yasuda et al., 1990). La plupart des etudes 

s'accordent sur le fait que c'est le nombre de transportem qui est alt&t2 lors du diabete. 

Cependant, les causes exactes de cette rnodulatioi sont probablement tri% complexes et demeurent 

encore inconnues 3 l'heure actuelle. Bien qu'une augmentation du cotransport Na'-D-glucose 

intestinal chez les animaux diabetiques risque d'aggraver une hyperglycemie d&j& btablie, elle 

indique toutefois une dponse adaptative la carence intracellulaire en glucose. 

Le Na+ est un Wment essentiel pour le metabolisme et la balance hydrique de 

l'organisme. Le couplage du transport des solutf2s organiques avec le Na+ est d'une importance 

vitale car il permet, d'une part, d'absorber ou de reabsorber des quanties importantes de 

subsrances nutritives e l  de Na+ et, d'auue put ,  d'Cviter la dbhydratation griice & la rdabsorption 

concornitante d'eau. 

Cet apequ du r61e du cotransport Na+-D-glucose dans l'organisme souligne l'importance 

de la comprehension de ce mdcanisme de transport tant d'un point de vue physiologique que 

t'onc tionnel. 
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CHAPITRE I: ~ T ~ R O G E N E I T E  MOLECULAIRE ET C ~ I Z T I O U E  DU 

COTRANSPORT Na+-D-GLUCOSE 

1.1. Maladies genetiques associ&s au cotransport Na'-D-glucose 

Les observations cliniques relatives a la malobsorption intestinale du glucose et du 

galactose et & la glycosurie dnale (Desjeux, 1995) temoignent chez l'hornme de l'existence de 

differences majeures entre Ies mecanismes du couansport Na'-D-glucose dam l'intestin et le rein. 

Selon ces observations, en effet, le syndrome de malabsorption did glucose et du galactose se 

uaduit par une perte complete de la fonction intestinale de cotransport alors que la reabsorption 

renale n'est affectee que du tiers seulernent en absence de galactosurie (Scriver et al., 1976). 

Inversement, la glycosurie renale n'affecte pas l'absorption intestinale du Glc, ce qui sugg&re une 

origine gt?n&ique difrerente des systemes de cotransport NP-D-glucose dam l'inteslin et le rein. 

1.2. SGLTl - systkme ii haute affinite pour le Glc (HAG) 

I.2.a) structure mol6cuiaire du SGLTl intestind 

En 1987, la structure primaire d'un cotransporteur Na*-D-glucose intestinal de lapin Btt5 

deduite de sa sequence nucldotidique. L' ARNm codant pour ce transporteur, nomme SGLTl, 

a btt2 identifie en utilisant une nouvelle technique de clonage utilisant I'expression dans les 

ovocytes de Xenopus laevis (Hediger et al., 1987a,b). Plus tard, un ADNc homologue ii 85% au 

clone de lapin a ett5 isole de I'intestin humain (Hediger et al., 1989a). Ainsi, I'ADNc de SGLTl 

code pour une prodine de 662 acides amin& pour un poids mol~culaire de 73 080 Da. Selon les 

predictions des graphes d'hydrophobicit& la proteine est hydrophobe (rev. Hediger et Rhoads, 

1994) et sa structure secondaire cornporterait 14 segments transmembranaires avec les residus 

NH, et COOH tern~inaux situCs du c W  extracellulaire (Turk et al., 1996) (Fig.2) ou le residu 

COOH terminal situC du c6te intracellulaire (Turner et al., 1996). Il a ete dernontrt5 que la 

glycosylation d'un residu asparagine en position 248 (Hediger et al., 1991) n'est pas 



, 
indispensable pour la fonction de transport (Hirayama et Wright, 1992). Le g h e  codant pour 

Q. 

SGLTl est localis5 dam le chromosome 22 (Hediger et al., 1989b; Turk et al., 1994) et le 

clonage de SGLTl chez des patients atteints de malabsorption du glucose et du galactose a 

permis de determiner qu'une simple substitution de I'acide aspartique en position 28 par un 

residu asparagine est responsable de I'inactivation complete du transporteur (Turk et al., 1991, 

Desjeux, 1995). D'autres mutations de SGLTl sont egalernent capables de conduire une 

inactivation du cotransport intestinal (Martin, et al., 1996) et ont 6te observees chez les patients 

atteints de malabsorption du glucose et du galactose. 

I.2.b) structure molCculaire de SGLTl rhal 

Bien avant le clonage de SGLTl, plusieurs tentatives avaient vise identifier et 2 purifier 

le cotransporteur WID-glucose renal en utilisant differentes approches comme la solubilisation 

suivie de la reconstitution dans des liposomes (rev. Koepsell. 1986; Silverman et Speight, 1986; 

Wu et Lever, 1987b), le marquage du transporteur par Liaison covalente avec des analogues du 

D-glucose (Neeb et al.. 1985; 1987) ou par des anticorps monoclonaux (Koepsell et al., 1988; 

Wu et Lever, 1987a). L'utilisation d'analogues du D-glucose lies de faqon covalente 2 des 

proteines membranaires a permis d'identifier plusieurs polypeptides appartenant a des mol6cules 

de taille similaire au SGLTl (Neeb et al., 1987). En raison de la presence dans le rein d'un 

systeme de cotransport du Glc semblable il celui de l'intestin, 1'ADNc codant pour SGLTl a ete 
ut i l i l  comme sonde en vue d'identifier les ARNm complCmentaires dam le cortex renal de lapin 

(Coady et al., 1990) et, tant dans le cortex que dam la medulla externe, on a pu isoler un clone 

similaire 1 SGLTl. Ainsi. la cornparaison des sequences des transporteurs renal et intestinal 

montre qu'il existe plus de 99% d'homologie entre les ADNc des deux transporteurs (Coady et 

al., 1990; Morrison et al., 199 1). Un ADNc codant pour SGLTl a 6galement Ct6 isole des cellules 

LLC-PK, (Ohta et al., 1990) et sa sequence en acides mines prtsente 86% d'identite avec le 

SGLTl de rat. 

1.2.d) localisation tissulaire 

Des etudes immunocytochimiques ont pennis de confirmer la localisation de SGLTl dans 

les BBM intestinales de lapin (Hwang et al., 1991). Puisque le fonctionnement du transporteur 
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Figure 2. Structure secondaire pr&mm6e de SGLTl. 

Le modUe pmpos6 est d6termin6 par Ia glycosilation des sites potentiels dont la &pence NNSS 

de N-glycosilation a Bt6 incorpor6e d m  les endroits straggiques de la sequence primaire de 

hSGLTl (tin5 de Turk et al.. 1996) 



juxta-mtdullaire pdsente des caracteristiques similaires SGLTl (Turner et Moran,1982a), iI a 

ett5 sugged que SGLTl s'exprime uniquement dam Ie segment S, et reprhente le seul 

transporteur s 'ex priman t dam les cellules LLC-PK,. Ceue hypo these sem ble &tre renforde par 

le fait que ces cellules expriment GLUTl au niveau baso-lath1 (Ohta et al., 1990) et que leur 

phenotype resemble & celui des cellules du segment S,, qui est le seul exprimer GLUT1 

(Thorrens et al., 1990). Par consequent, on s'attend une colocalisation de SGLTl et GLUTl 

exclusivement dans ce segment Cependant, les etudes de localisation de SGLTl dam le rein A 

h i d e  de techniques immunocytochimiques ont rt5vClt la presence de ce transporteur dam les 

segments S,, S2, et S, (Takata et al., 199 1; Silverman et al., 1993; Cramer et al., 1992). Il faut 

adrnettre. cependant, que les anticorps utilids dam ces Ctudes pouvaient reconnaiue un Bpitope 

commun d'autres transporteurs Na'-dependants, ce qui engendre une ambigufte dans 

l'interpretation des rc5sultilts. Toutefois, I'ARNm de SGLTl a &dement Cte detect6 dans toutes 

les r@ons du cortex renal (Coady et al., 1990; Pajor et al., 1992; Lee et al.. 1994; You et al., 

1995). 

1.3. SGLT2 - systeme B faible affinitk pour Ie Glc (LAG) 

I.3.a) structure mol6culaire de SGLT2 

Dans le cadre de l'hypothese de la presence de deux transporteurs independants et 

disposes en drie le long du TCP (Turner et Moran, 1982 a,b,c), les nombreuses tentatives visant 

A cloner Ie deuxieme transporteur de Glc par hybridation avec un ADNc-SGLT1 ont permis de 

cloner une famille de transporteurs presentant une forte hornologie avec SGLT1. Deux d'entre 

eux (Hu14 et SAATI) ont 6d proposes comme second transporteur potentiel de Glc, celui il 

faible &finite et haute capacite (LAG). Le clone Hu 14, dont I' ADNc a ete isole B partir du rein 

humain (Wells et al., 1992b), presente 59% d'identite avec Ie SGLTl intestinal humain. 

L'expression fonctionnelle de Hu14 dam les ovocytes montre un &, une stoechiom6trie et une 

insensibilitc! au galactose (Gal) (Kanai et al., 1994) qui correspondent au syst8me de transport 

decrit par Turner et Moran (1982a) dans le cortex externe de lapin. Sur cette base, les auteurs 

(Kanai et al., 1994) I'ont nomm6 hSGLT2. Recemment, le meme groupe (You et al., 1995) a 

d h i t  et localid SGLT2 chez le rat. Ces auteurs ont dCrnontr6, par injections concornitantes des 



Tableau III. 5 

Les parametres cinbtiques d&rmin& pour les transporteurs tie la famille SGLT aprh 

injection des ARNc dam les ovocytes de Xenopus Iaevis. 

s toechiorn6trie 

Na' : Glc 

* Kanai et al., 1994 

* Mackenzie et al., 1994 

*** You et al., 1995 
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ARNm et des ARNm compEmentaire. que le SGLT;! de rat est responsable du transport de Glc 

observe dans les ovocytes inject&. Enwe-temps, le groupe de Wright (Mackenzie et al., 1994) 

a egalement decrit un transporteur de Glc faible &finite precedemment identifie comme le 

transporteur d'acides mints SAATl (Kong et al., 1993) et clone park d'ADNc total des 

cellules LLC-PK,. L'ADNc de ce clone code pour une progine de 660 acides amin& dont la 

sequence presente 76% d'identite avec SGLTI. Ce transporteur prkente egalement des 

caracteristiques cinetiques semblables au systkme LAG d6crit par Turner et Moran et a Bt6 

nommC pSGLT2. 

1.3. b) localisation tissulaire 

La technique d'hybridation in situ avec les sondes ARNc compl6ment;lire a revel6 la 

presence des ARNm-SGLT2 exclusivement dans le cortex exteme du rein (Kanai et ai.. 1994; 

You et al., 1995). Concernant pSGLT2 (SAATl), malheureusement. aucune information sur sa 

localisation dans ie rein n'est encore disponible mais la distribution tissulaire de SAATl n'est 

pas restreinte au rein et en particulier a 6t6 dt?tectCe dans l'intestin (Kong et al., 1993). Toutefois, 

contrairement au SAATI-pSGLT2, dont l'injection d'ARNm stimule le transport de 27 fois, 

Hul4-rSGLT2 stimule le transport de seulement 4.5 fois et une forte homologie avec le 

transporteur des nuclt?osides SNSTl (Pajor et Wright, 1992) laisse supposer que ce clone pourrait 

plut8t representer un transporteur de nuc1Cosides. 

Le resume des parambtres cinetiques de SGLTL et des trois clones de SGLT2 est present6 

dam le Tableau III. Le concept actuel du mecanisme g6n6ral du transport de Glc, tel que sugger6 

par l'ensemble des rbultats present& dans cette section, est illustd dam la Fig.3. 

II ETUDES CINETIQUES DU COTRANSPORT Na+-D-GLUCOSE 

11.1. Principes et buts de la rnodaisation cinetique. 

Le processus de cotransport peut Btre present6 comme un enchainement de reactions 

permettant la liaison du substrat et du cosubstrat sur le transporteur faisant face au milieu 

extracellulaire. leur translocation h travers la membrane, puis leur liberation du cote 

cytoplasmique. Le cycle se tennine par le retour du transporteur libre h la surface membranaire 



Glucose 
2 ~ a +  

Glucose 
1 NO+ 

S1 proAmol tubule I 

53 proflmal tubule 

Figure 3. Sch6ma du m6canlsme de transport trans6pith6lial du Glc (A) dam l'intestin; @) 

dam le tubule contourn6 proximal selon l'hypothh de deux trmporteurs independants disposb 

en s6ie (tM de Hediger. 1994) 
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exteme. Pour decrire ce phenomhe, on utilise des s c h h a s  analogues ceux decrivant les 

reactions enzymatiques (Fig.4). Ceci permet de deriver les tquations de vitesse initiale 

caracteristiques d'un modi?Ie et de Ies utiliser pour I'analyse des donnees experhentales. Le but 

principal des etudes cinetiques est donc de.comparer le cornportement du sys@me, predit par les 

differents rnodkles, aux r&ultats exp6rimentaux en vue de ~Clectionner le modele le plus 

plausible. 

Dam le cas du couanspon Na+-dependant, le schema cinetique present6 la Fig.4 permet 

de visualiser plusieurs aspects du mecanisme de cotransport qui  heressent le cineticien: i) les 

&apes limitantes du cycle de transport; ii) les dactions et les &apes sensibles au potentiel 

membranaire; iii) les &apes probables de translocation et d'isom6risation; iv) l'ordre des 

interactions enue le Na', le transponeor libre et le substrat aux interfaces membranaires exteme 

et interne; v) la stoechiomtuie du couplage entre le Na' et le substrat. Enfin, des schCmas 

cinetiques analogues s'appliquent egalement aux phtnornenes d'inhibition et de liaison des 

subsvats non-transportt?~. 

11.2. Modeles d96tude et approches exp6rimentales 

II.2.a) Cellules isol6es et cultures cellulaires 

Au fur et h mesure que progressait notre connaissance du phenomhe de cotransport Na'- 

D-glucose et de sa localisation, les etudes de ce systeme de transport se sont faites sur des 

rnod2les exptrimentaux de plus en plus cibles et raffints afin dTisoler davantage le transporteur 

en question. La technique des organes perfusts (comme I'intestin ou les tubules renaux isol6s 

(rev. Ulrich, 1976; Barfuss et Schafer. 198 1) ne permet pas d'isoler fonctionnellement un systZ!me 

particulier de transport. Les flux transc?pitheliaux du substrat Btudie sont influencCs par le 

rnCtabolisme cellulaire, Iui-m&me susceptible d'affecter les systkrnes de transport aux membranes 

apicille et baso-laterale, et par la contribution de ia voie paracellulaire. L'inconvenient majeur que 

constitue cette voie paracellulaire peut Stre tlimine par I'utilisation de la technique des cellules 

isolCes, qui a Bt6 appliquee essentiellement aux enterocytes de poulet (rev. Kirnmich, 1990). 

Cependant. I'interfErence du mttabolisme cellulaire avec les systemes de transport persiste, ce 



. 8. 
NaT* TNa 

SN~TA+ TNaS 

Membrane ,, 
Lumiere cellulaire Cellule 

Figure 4. Formalisme cin6tique du transport d'un substrat (S) coup16 au Na+. T: transporteur, 

P,,: probabilites de translocation. Voir explications dam le texte. (d'apres Crane, 1977) 
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\ 
qui rend necessaire l'utilisation d'un analogue non-rnetabolis6 du Glc, I'a-methylglucose (AMG). 

De nombreuses etudes ont B t 6  Bgalernent r&Wes en utilisant des lignees cellulaires 

(LLC-PK,) (Rabito et Ausiello, 1980; Amsler et Cook, 1982; Moran et al., 1982, 1988; Murer 

et aI., 1984; Yoneyama et Lever, 1988; Ohta 'et al., 1990; Shioda et al., 1994; Wu et Lever, 

1989, 1994; Yet et al., 1994) derivbes du tubule contournd proximal (TCP) et des cultures 

primaires du TCP (Bell et al., 1988; Chung et al., 1982; Sakhrani et al., 1984). L'attrait de ces 

mod&les exp6rirnentaux repose sur la possibilie de contr6ler la composition chimique du milieu 

par rapport aux mod&les in vivo, de faire des transfections dlADNc et d'etudier le mecanisme de 

r6gulation du cotransport Na'-D-glucose dans des conditions oh, l'oppost2 des vt?sicules 

rnem branaires, les interactions entre le transporteur et la membrane cellulaire sont pr6servt5es au 

niveau du cytosquelette. Toutefois, les cellules isol6es et en culture presentent certains 

d&avantages en tant que modble experimental puisqu'y subsistent les interactions t2ventuelles 

entre transporteurs apicaux et baso-ladraux. D'autre part, la composition chimique du milieu de 

culture et l'btat de differenciation cellulaire sont des facteurs susceptibles d'influencer 

l'expression des systhnes de transport. Les conditions experimentales telles que le pH et lT02 

pourraient, par I'intermbdiaire du m6tabolisme cellulaire, modifier la fonction de transport, 

facteurs auxquels s'ajoute le phbnomene du recyclage des transporteurs. 

U.2.b) v6sicules de membrane 5 bordure en brosse (VMBB) 

Dans ce contexte, l'isolement de MBB d'origine intestinale (Hopfer et al., 1973; rev. 

Sernenza et al., 1984) et renale (Malathi et al., 1979), qui ont une tendance i'i former des vesicules 

closes conservant l'orientation naturelle de la membrane, est une technique qui s'est imposee 

comme un modele experimental de choix pour les etudes cinetiques. Cette approche permet en 

effet dT61iminer les facteurs lies au metabolisme cellulaire et d'imposer un contdle rigoureux des 

conditions experimentales non limit6 par la survie cellulaire (rev. Berteloot et Semenza, 1990; 

Murer et al., 1984; Turner, 1983). Les VMBB sont pratiquement d6pourvues dTorganelIes et 

d'enzymes intracellulaires, ce qui permet d'utiliser les substrats physiologiques comme le Glc ou 

le Gal. Contrairernent aux cellules intactes, les VMBB sont enveloppees par une couche aqueuse 

non-melangee tr8s mince, ce qui augmente la precision de I'Bvaluation des parambtres cinetiques. 

La possibilite de choisir la composition chimique du milieu intrav6siculaire permet d'etudier les 
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b efflux du substrat, ce qui n'est pas le cas avec les cellules intactes pour 1esquelIes la composition 

du milieu intracellulaire n'est pas contralee. Il faut noter que dam le cas des VMBB, la technique 

de preparation des vesicules inverdes n'est pas encore disponible. La purification des membranes 

cellulaires permet de les enrichir en proteines membranaires et donc d'blargir l'utilisation des 

vesicules pour les etudes des enzymes membranaires, des transporteurs, des lipides et des 

proteines liees au cytosquelette de m&me que pour les etudes biochimiques et irnmunologiques. 

Malheureusement, les VMBB pdsentent une certaine hMrog&bite de taille et leur 

contamination tventuelle par les membranes baso-lat6rales impose un contr6le regulier des 

nouvelles prt5pantions. De plus, les v&icules perdent la polarisation fonctionnelle propre aux 

cellules entiikes et, en absence des pompes B Na+, la dissipation rapide du gradient de Na+ limite 

I'accumulation du substrat 2 une phase transitoire ("overshoot"), raccourcissant ainsi la pCriode 

des mesures de vitesses initiales d'influx (rev. Berteloot et Semenza, 1990). 

11.2.c) expression de cotransporteur Na+-D-glucose dans ies ovocytes de Xenopus 

Le developpement de nouvelles techniques de biologie molt!culaire, couple l'utilisation 

de systhnes d'expression tel que les ovocytes de Xenopirs laevis a permis de cloner et de 

caracteriser de nombreuses proteines responsables du transport des solut6s organiques coup16 au 

Na' (rev. Reizer et al., 1994; Hediger er al., 1987a,b). La technique de clonage par expression 

peut Ctre rendue encore plus llective par l'injection concornitante d'ARNm compltmentaire et 

est Bgalement utilisable pour isoler des ADNc (rev. Hediger et Rhoads, 1994). La caract6risation 

t5lectrophysiologique des uansporteurs exprimts dans un ovocyte est Cgalement avantageuse par 

rapport aux cellules intactes. M&me si la taille d'un ovocyte est beaucoup plus grande que celle 

d'une cellule (lmm us LO-15p de diametre), le taux d'expression des transporteurs est 

generalement tres eleve et, dam le cas du transport Nae-D-glucose, I'absence de cotransport 

endogene rend cette fonction exclusive au clone inject& Toutefois. dans l'ovocyte tout comme 

dans les cellules intactes, la presence de Na' intracellulaire peut affecter le fonctionnement d'un 

transporteur qui, en outre, s'exprime dam un environnement non-habitue1 qu'est la membrane 

d'ovocyte. Une nouvelle technique dite du "cut-open oocyte" (Taglidatela et al., 1992; Costa et 

al., 1994; Chen et al., 1995) permet de contoumer ce problerne en perfusant I'ovocyte avec une 
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solution de composition contr6lte. La technique Blectrophysiologique de "voltageclamp" permet 

de mesurer avec une haute precision des courants gt?nert% par le cotransport, meme de courte 

duree (les courants pre-stationnaires) mais, malheureusement, s'applique seulement aux sysemes 

BlectrogBnes. D'auue part, le choix des conditions exp5rimentales est Limite par la survie et le 

m&abolisrne de l'ovocyte, de meme que par la disponibilitt5 des mol~cules clon6es. 

Malgn! les inconvenients de chaque technique, l'ensernble de ces methodes a permis 

d'etablir certaines caracteristiques importantes du fonctio~ement du cotransport Na*-D-glucose. 

11.3. Transport du Glc et de ses analogues dam I'intestin. 

II.3.a) premieres etudes sur vQicules 

En 1980, Dorando et Crane demonuent que le cotransport Na'-D-glucose intestinal, 

jusqu'alors considere comme homogtne, est assurd par deux voies dans l'intestin grSle de lapin, 

lTune 3, haute aftinit6 HAG et hutre faible f in i t e  LAG (rev. Crane, 1977). Ces deux voies 

ont une sensibilite differente au Na* (Kaunitz et at., 1982; Dorando et Crane, 1980). Par contre, 

Hopfer et Groseclose (1980) decrivent une seule classe de sites de transport de Glc chez le lapin. 

Cette difErence est probablement due au choix des conditions experimentales puisque Dorando 

et Crane ont u~ilise les conditions de gradient zero-trans (Na+, = 0 mM, Glc, = 0 mM), tandis 

que Hopfer et Groseclose ont mesure le transport selon la technique de l'echange a lTBquilibre. 

L' utilisation de cette technique a ete le sujet de nombreuses critiques (Berteloot et Semenza, 

1990; Kaunitz et Wright, 1984; Kessler et Semenza, 1983; Semenza et al., 1984) quant a son 

application pour la discrimination des mod8les cinetiques. La presence de sites internes, chacun 

specifique au Na* ou au Glc, a B t 6  suggeree par Kessler et Sernenza (1983) qui ont demontre le 

fonctionnement asymetrique du transporteur (rev. Semenza et al., 1984; Kessler et Semenza, 

1983). En se basant en partie sur leurs travaux anterieurs relatifs B la liaison de Pz (Toggenburger 

et al., 1982), ces auteurs ont suggen! que le transporteur libre est charge negativement et, quTen 

absence de potentiel rnembranaire, les sites de Liaison sont prt5Erentiellernent orient& vers 

I'interieur (Fig.5). L'existence d'une charge negative sur le transporteur libre a aussi btt? proposee 

plus tard lors des travaux sur cellules isolees (Restrepo et Kimmich, 1985) et sur le 

cotransporteur Na+-D-glucose don6 (Parent et al, 1992a,b). 
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Figure 5. Sch6ma du rnodae du canaI ii bbarri&e (tire de Kessler et Semenza, 1983) 
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I1 faut souligner que l'adnement des membranes isolees comme modi?le experimental 

amis en evidence les imperfections des techniques utili&es pn5cbdernment; le contrale insuffisant 

des conditions exp&imentales du transport (rev. Kimmich, 1990; Berteloot et Semenza, 1990) 

peu t conduire A une interpretation erronee des r&ultats (Kimmich, 1990; Malo et Berteloot, 199 1 ; 

Crane, 1985). En effet, il fallait se rendre compte qu'avec une miniaturisation du modkle - le 

diametre des v6sicules represente 250 nm (Dorando et Crane. 1984) - et tr& petites quantia de 

substrat implique dam le transport mesure, des variations de concentration ou de potentiel 

membranaire aussi minimes soientelles peuvent induire une erreur importante dTCvaluation 

cinetique. Ceci peut en panie expliquer la diversitt? des r&ultats obtenus selon les techniques et 

les conditions experimentales utilisees. 

L'importance du contr6le efficace du potentiel membranaire Lors de 1'6tude des syst2mes 

de transport impliquant des flux ioniques a ete egalement soulignte (rev. Kirnmich, 1990). Les 

etudes les plus recentes accordent donc une attention trks particuliere au conu6le de tous les 

paramktres expCrimentaux tels que la stabilite des vesicules (Maenz et al.. 1991), les techniques 

de mesure et de prt92vement des ~chantillons (Berteloot et al., 1991; BCliveau, 1987) et I'analyse 

des donntes expCrimentales (Dorando et Crane, 1984; Malo et Berteloot, 199 1; Chenu, thbse 

1992). 

II.3.b) etudes ricentes sur v&icuies 

Dans cette optique, des etudes tr&s poussdes ont Bt6 conduites par Chenu et Berteloot 

(1993; Chenu, theseT 1992) dans les VMBB intestindes de lapin. Les r6sultats obtenus 

demontrent la presence d'une seule classe de sites de transport pour le Glc et le Gal, ces deux 

sucres partageant la mCme voie de transport (Chenu et Berteloot, 1993). Ces m&mes auteurs ont 

test6 systematiquement toutes les conditions exp6rimentales susceptibles de revEler des voies 

multiples de transport observ6es prt5cedemment (rev. Crane, 1985; Kirnmich, 1990; Brot-Laroche 

et al., 1986) telles que: i) la presence ou I'absence dTun potentiel mernbranaire; ii) une forte ou 

une faible concentration extravdsiculaire de Na'; et, iii) I'augmentation de la temperature (Chenu 

et Berteloot, 1993). Or, dam toutes ces conditions, une cinetique simple de type Michaelis - 
Menten a Cte observee. Le coefficient de couplage entre ie Na+ et le Glc (stoechiometrie) a 

d'abord tt6 mesun5 par la mCthode dite du "static head", telle qu'introduite par Turner et Moran 
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(1982 b) dans les etudes du transport n5nal. Le principe de cette technique consiste 1 fixer les 
a concentrations de NaC et de 'FI-Glc interne et, aprh dilution des v&icules. B faire varier la 

concentration de Na* externe pour uouver les conditions de l'equilibre thennodynamique (le 

gradient de concentrations de Na* est conuebalanct? par le gradient oppod de concentrations de 

Glc), c'est-&-dire celles qui generent un flux nu1 de 'H-G~c. Puisque le degr6 de pdcision des 

mesures par cette technique s'est a d d  insuffisant, compte tenu du petit volume vQiculaire avec 

lequel se fait l'echange, ces etudes ont dte compl6t~es par l'analyse des courbes 

d'hyperaccumulation transitoire ("overshoott') (Chenu, thkse, 1992). Ces donnees confment ainsi 

la stoechiometrie de 2Na+ : lGlc (n = 1.75) observte pdcCdemment dam les cellules isolees 

d'intestin de poulet (rev. Kimmich. 1990), pour le site B haute aftinit6 des VMBB intestinales 

de lapin et de veau (Kaunitz et al., 1982; 1984)' ainsi que dans l'intestin foetal humain (Malo, 

1988). Dans ce dernier cas, les sites HAG et LAG ont pu Stre sCp&s @ice B leur sensibilitc! 

differentielle au 3-0-methylglucose (Malo, 1990). Ndanmoins, dans les mZrnes conditions 

experimentales, on ne distingue la presence que d'une seule classe de sites dans les VMBB 

in testinales de I'humain adulte (Malo et Berteloot, 199 1). 

Des Ctudes d'effet de la temp&rature n'ont pas permis de mettre en evidence un kventuel 

second site de transport dans I'intestin de lapin (Chenu et Berteloot, 1993)' contrairement aux 

travaux sur l'intestin de cobaye (Brot-Laroche et al., 1986), ce qui pourrait s'expliquer par une 

difference entre les especes etudites. Cependant. en utilisant une approche experimentale 

similaire, Maio (1993) a rtevaluc! les cinetiques de transport dam les VMBB intestinales de 

cobaye B 25" et B 35°C et a demontrc! la presence d'une seuie classe de sites de transport B ces 

deux temperatures. Ces derniers rt?sulats sont en accord avec les travaux de Lostao et al. (1992) 

qui, en mesurant I'inhibition competitive du transport de Glc par le Gal, demontrent la pdsence 

d'une seule voie de vansport dTAMG 25" et 37°C dans l'intestin de cobaye. En s'appuyant sur 

les resultats de ces etudes, Malo (1993) a suggBr6 que la mise en evidence du systeme LAG par 

Brot-Laroche et al. (1986) serait le fait d'une estimation erronee de la composante non-specifique 

Na+-independante due il la contamination par le Glc du sorbitol. utilid comme substitut du Glc. 

En plus des effets du potentiel membranaire et de la temperature, I'effet du pH sur le 

cotransport Na'-D-glucose a kt6 d h i t  pour l'intestin de lapin (Hoshi et al., 1986). Les auteurs 

demontrent la pdsence dam les VMBB intestinales d'un transport de Glc active par un gradient 

de pH et inhibe par la Pz en absence totale de NaC. 



U.3.c) Btudes sur ovocytes 

Umbach et al. (1990) ont dbmontrt! que SGLTl est 6lectrog6nique, ce qui est en accord 

avec IThypothi?se de Crane (1960) et les prernikres observations de Murer et Hopfer (19741, et 

que les courants Pz-sensibles de NaC via SGLTl persistent m&me en absence de Glc exteme. 

Depuis, des etudes dlectrophysioiogiques ont demon& une stoechiorn&ie de 2Na' : lGlc et des 

parami%res cinetiques du uansporteur SGLTl clone identiques ceux Ctablis dans les VMBB 

intestinales (rev. Wright, 1993; Parent et Wright, 1993). Cependant, suite B l'observation par 

Umbach et al. (1990) d'un decouplage des flux de NaC et de Glc, une verification que deux ions 

Na+ sont reellement cotransportes avec le Glc s'averait necessaire. Le cotransport de Glc avec 

deux ions Na' a et6 confirme par la cornparaison des courants dbs au transport et par le contr6le 

direct des concentrations de Na' et de Glc des deux c6tes de la membrane en utilisant la 

technique de "cut-open oocyte" (Chen, et al., 1995). Une approche ~lectrophysiologique a permis 

de mesurer les courants pr6-stationnaires (Parent et al., 1992a) qui mettent en evidence l'existence 

de changements conformationnels dlectrog6niques du transporteur en presence de Na' (Loo et al., 

1993; 1993b). Ceci avait Cgalement dtt! suggere par les observations de Peerce et Wright (1987) 

basks sur l'utilisation de sondes tluorescentes. 

Le transporteur SGLTl clone peut transporter le Glc suite I'imposition d'un gradient 

de pH (Hirayama et al., 1994) en absence t o d e  de NaC, demontrant ainsi que les ions H+ peuvent 

se substituer aux ions Na' pour l'activation du uansporteur. Le h i t  que SGLTl peut s'exprimer 

dans differentes syst&mes oh le transport endogbne de Glc est absent (Birnir et al.. 1990; Smith, 

Hirayama et Wright. 1992) suggbre que la presence de la proteine SGLTl seule suffit B assurer 

le cotransport NaC-D-glucose dam l'intestin. Ces observations du comportement du SGLTl clone 

ainsi que son r6le dans le syndrome de malabsorption intestinale du Glc et du Gal (Turk et al., 

199 1) ont permis de conclure (rev. Wright, 1993) que SGLTl est le seul transporteur implique 

dans I'absorption intestinale du Glc. 

H.4. Liaison de pNorizine dans I'intestin 

Les etudes de liaison de la Pz avaient pour but de quantifier le nombre de transporteurs 

(Ferraris et al, 1986) et d'dvaluer les cinetiques d'inhibition du t m S p 0 R  Cependant, en raison 

de la presence de lactase-phlorizine hydrolase dans les MBB d'intestin (Malathi et Crane, 1969; 
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i Rossi et al., 1992). les donnees sur la liaison de Pz au niveau des MBB de ce tissu (Alvarado, 

1967; Toggenburger et al., 1978) deviennent difficilement interpr6tables. La situation est 

compliquee par la pdsence de deux produits d'hydrolyse, le Glc et la phlodtine (Pt), dont le 

premier est transport6 alors que l'autre ne I'est pas. Toutefois, puisque l'inhibition du transport 

de Glc par la Pz a &ti? observde dam l'intestin, Diedrich (1968) a sugger6 que la Pt serait 

reellement I'inhibiteur du cotransport intestinal. 

Dans cette optique, seule la quantification des sites de liaison 17Cquilibre peut etre fiable, 

independamment du fait que ce soit la Pz ou la Pt qui se lie au transporteur. Quant B 

l'interprt5tation des constantes d'affinitb pour la Pz, il convient d'8tre prudent car elles peuvent 

refleter au moins deux phCnomenes pouvant s'influencer mutuellement h savoir: le transport de 

Glc et la liaison de Pt sur le transporteur. Cependant, Minami et al. (1993) ont demontd que la 

pr6ssence de Pz dans la dikte induit ITactivit6 lactase-phlorizine hydrolase et stimule la liaison de 

Pz dans l'intestin. L'absence de ces effets lorsque la Pz a Bt6 remplacee par la Pt suggkre, selon 

les auteurs, que les eflets observts sont dOs 1 la Pz et non son aglycone. 

Ces r6serves mises B part, on peut constater que l'affinitt! de la Pz pour le transporteur 

est 100 fois plus grande que celle du Glc. D'auue part, la liaison de Pz est Nar-dependante avec 

une stoechiomCtrie de liaison de 2Na' : 1Pz (Restrepo et Kimmich, 1986) et peut &ue accBler6e 

par un potentiel membnnaire negatif du c6t6 interne des VMBB (Toggenburger et al., 1978; 

Resuepo et Kimmich, 1986). En utilisant le 6-deoxy-D-glucose et le D-xylose comme substrats, 

Alvarado (1967) a dCrnontrt5 la pdsence de deux classes de sites d'inhibition du transport de Glc 

par la Pz et par la Pt. Selon I'auteur, les deux sites d'inhibition sont voisins et le transport de Glc 

par l'un d'eux est inhibe de facon compt?titive avec une grande affinitk pour la Pz. L'auue site 

peut accepter I'aglycone de la Pz soit la Pt elle-m&me et ainsi inhiber le uansport de f a ~ o n  

allostt!rique (Fig.6). 

Les experiences ayant pour but de calculer le "turnover" du transporteur en cornparant le 

nombre de sites de liaison avec les V,, de transport du Gk donnent une valeur de 5 125 sec-' 

(rev. Kirnmich, 1990). Selon Kirnmich, cette vitesse peu blevee caracterise les &apes limitantes 

dues aux changements conformationnels dans un syst2me macromoldculaire plut6t que la 

diffusion dans un canal. 
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Figure 6. Modele de la liaison en deux points d9attachement pour la phlorizine. (p)-site 

phloretine, @-site glucose. Le Glc peut se lier en position C-6 avec la participation des 

groupments OH en position C-3 et C-4. Phloretine peut se lier par l'anneau phenolique B et 

probablement A. La Pz s'oriente de facon B exposer tous les groupements OH pour me 

interaction avec le transporteur. La liaison est optimale si les sites de liaison X(p) et X'(g) sont 

sbpar6s par une distance de 15 A (a) (M de AIvarado, 1967) 



IL5. Concept actuel du cotransport Na4-D-glucose renal 

Si, dans l'intestin, l'ensemble des rt?sultats les plus &cents semble confi ier  la prhence 

d'une classe de sites de transport Na'-dependant, en accord avec Ies Btudes de l'expression de 

SGLTl dans l'ovocyte, la situation est beaucoup plus complexe dans le rein. 

Tumer et Silverman, en etudiant le cotranspon Na+-D-glucose dam les VMBB preparees 

B partir du cortex entier de rein humain (1977) et de chien (1978), ont mis en evidence des 

cinetiques de transport plus complexes que celles du type Michaelis-Menten. 11s ont dors sugg6r6 

que lThdterogt?neite du cotransport dnal serait due B la presence de plus d'un transporteur Na+- 

dependant le long du TCP. Plus tard, Barfuss et Shafer (1981), utilisant la mBthode de 

microperfusion in vitro, ont egalernent demontr6 chez le lapin une hBterogheit6 de la 

reabsorption du Glc le long du tubule proximal. Cependant, puisqu'ils ont mesure le flux 

transepithelial de Glc, lThett5rogbn6itt5 observee pouvait &tre le resultat de differences dans le 

rnetabolisme cellulaire ou dans la permbabilitt des membranes baso-lat6rales entre les differents 

segments du tubule. Pour cette raison, Tumer et Moran (1982a,b,c) ont is016 les MBB des 

differentes @ions du cortex renal de lapin afin de cornparer les propridt6s du cotransport Na+-D- 

glucose au niveau apical le long du TCP. 11s se sont b&s sur l'organisation structurale du 

nephron (Kaissling et Kriz, 1979) selon Iaquelle le cortex exteme contient majoritairernent le 

segment contournC du TCP tandis que le cortex adjacent la medulla (medulla externe) contient 

majoritairement le segment droit du TCP (Fig.7). Dam ces conditions, les VMBB isolBes de ces 

deux regions proviennent respectivement des cellules du type S, et S,. Ces deux populations de 

VMBB demontrent des propriet6s de cotransport tl-es differentes et contiennent chacune une seule 

classe de sites de transport. Dam le cortex externe, le systkme de transport presente une faible 

affinitk pour le Glc mais une grande capacite de transport (LAG - low affinity glucose). Au 

contraire, dam la medulla externe, le systeme de transport est de type haute affiitt? - faible 

capacite (HAG - high affinity glucose). 

Dans la m&me s6rie de publications, Turner et Moran decrivent des Btudes avec la 

phlorizine (Pz). un inhibiteur specifique du cotransporteur Na+-D-glucose de 1' intestin et du rein 

(Alvarado, 1967; Diedrich, 1963; 1966) qui n'est pas transport6 par cette proteine (Stirling, 

1967). 11s dt5rnontrent que les deux syst5mes de transport ont une sensibilitk differente pour la 

Pz, le syst2me du cortex exteme Btant plus sensible 3 l'inhibiteur que le systeme medullaire. Par 
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contre, le Gal, un substrat qui dans I'intestin emprunte la mdme voie que le GIc, est mieux 

accepte par le systeme medullaire que cortical. Toutefois, Roigaard-Petersen et al. (1986) ont 

demontre que le Gal est bien transport6 par les deux systernes de transport dans les VMBB 

renales de lapin. Un autre param&re cinetique important comme la stoechiom&rie du cotransport 

apparait tgdement differente pour les deux systi!mes de transport: le sys&rne cortical LAG 

presente une stoechiometrie de 1Na' : lGlc tandis que le syskme medullaire HAG fonctionne 

avec une stoechiometrie de 2Na' : 1Glc. 

L'ensemble de ces resultats a conduit Tumer et Moran Zi proposer l'hypothese de la 

presence d'un minimum de deux transporteurs distincts disposds en drie  le long du TCP. Ils ont 

sugg5re en outre que leurs proprietks fonctionnelles differentes permetuaient d'assurer une 

reabsorption massive de Glc via LAG dans la premiere portion du tubule puis de reabsorber le 

Glc restant dans la partie distale du tubule via HAG. Cette hypothese est donc conforme aux 

observations cliniques du syndrome de nulabsorption intestinale du glucose et du galactose oh 

le transport intestinal de Glc est deficient alors que la rhbsorption dnale n'est affectee que du 

tiers seulernent. 

11.6. Transport du Glc et de ses analogues dans le rein 

II.6.a) etudes sur v6sicules 

Malgd une contribution importante des travaux de Tumer et Moran (1982a,b,c) la 

compr6hension du mecanisme de reabsorption du Glc, le choix des conditions exp6rimentales 

particulieres (echange a lTCquilibre ou gamme restreinte de concentrations de Glc qui est 

differente pour chaque population de dsicules utilisees) peut conduire B une interpretation 

erronde des rc!sultats experimentaux. Toutefois, ces uavaux ont ouvert la voie 3 une nouvelle 

&ape dans lTbtude de l'origine de l'het6ogeneite du cotransport dnal. Ainsi, Ies deux populations 

de VMBB issues des differentes rQions du cortex dnal ont Bt6 btudiees chez le rat (Blank et al., 

1989). le porc (Koepsell et al., 1990)' le chien (Silverman et ill., 1993) et le lapin (Pajor et al., 

1992). Sauf chez le chien, une gamme de concentrations de Glc plus Btendue et des conditions 
d 

exp&imentales mieux contr6lees (osmolarite, potentiel membranaire) ont permis de montrer la 



presence de deux systemes de transport dans les VMBB issues de deux dgions differentes du 

cortex renal. Quant aux etudes chez le chien (Silverman et al., 1993), la gamrne de concentrations 

de Glc utili&e pour chacune des populations de VMBB a 6~ sensiblement la meme que dam les 

etudes de Turner et Moran (1982a), ce qui pouriait expliquer les rhultats sirnilaires de ces deux 

series de travaux. 

11 est remarquable, lorsqu'on compare les paramttres cinetiques estimb dans le rein de 

lapin pour les deux systemes de transport, qu'aucun de ces systhnes ne puisse s'identifier au 

syst&me SGLTl intestinal. Puisque I* h&?rogbneite du cotransport a B t 6  demonee dam toutes les 

rggions du cortex renal (Blank et al., 1989; Koepsell et al., 1990; Silverman et al., 1993; Pajor 

et al., 1992). une autre hypothke a ttt? propode, B savoir celle de deux modes de transport par 

une p r o t h e  unique (Blank et al., 1989). Turner et Moran ont suggere, sans jamais le verifier 

cependant, que I'hCterogCn6ite du cotransport pourrait &tre g6nMe par des environnements 

lipidiques difftrents entre Ies segments S,,  S, et S, (Turner et Moran, 1982a). Des Ctudes plus 

recentes (Horio et al., 1986; Moriyama et al., 1989; Levi et Cronin, 1990) indiquent. 

etTectivement, des differences dam la composition lipidique et dam la fluidite membranaire de 

ces segments. D'autre part, il a et6 dCmontr6 que des modifications de la fluidit6 mernbranaire 

affectent le transport du Glc en modifiant son &, (Imai et al., 1992) chez le rat ou son V,, chez 

le rat (Carritre et Le Grimellec, 1986; Molitoris et Linn, 1987) et le lapin (Horio et al.. 1986; 

Moriyama et al., 1989). Dans le rein de lapin, le syst8me cortical de cotransport Na+/Glc est plus 

sensible aux changements de fluidit6 membranaire que le systeme medullaire (Horio et al., 1986). 

Selon ces auteurs, la dilf6rence observee dam les rtponses des deux systernes serait due h des 

degres variables de fluidite membranaire (Moriyama et al., 1989). Cependant, l'observation de 

K,,, similaires pour SGLTl dam les VMBB intestinales, dam les ovocytes, et dans les celIules 

LLC-PK, suggere que la fluidite rnembranaire ne saurait representer un facteur determinant de 

la modulation des activites de transport. 

U.6.b) etudes sur cultures cellulaires d'origine &ale 

Pour comprendre I'origine de l'h6drogen6ite du cotransport renal de Glc, des etudes ont 

tt6 egalement realisees en utilisant des cultures primaires de TCP et des lignees cellulaires 
7 

derivees du TCP, les LLC-PK,. Dans cette lignee cellulaire, la presence d'un seul systeme de 



transport a ete decrite tout d'abord par Rabito et Ausiello (1980) qui rapportent un kGk similaire 

a celui du SGLTl intestinal humain (0.8 mM). II est interessant de noter qu'un Y, identique 

(Sakhrani et al., 1984) a dte egalement observe dam les cultures primaires de TCP chez le lapin. 

Les etudes cinetiques sur cellules intactes (Bennett et Kirnrnich, 1992; Sakhmni et al., 1984; 

Misfeldt et Sanders, 1982) ou sur vesicules preparees B partir des cellules LLC-PK, (Moran et 

al., 1982; Lever, 1982) montrent une stoechiom&rie de transport de 2Na+ : LGlc. Le systeme de 

transport qui  s'exprirne dans les ceLlu1es LLC-PK, est donc de type HAG avec des parametres 

cine tiques similaires au sys &me SGLT 1 intestinal. 

Le phenotype des cellules LLC-PK, resemble B celui des cellules du segment S, (Thorens 

et al., 1990), ce qui est en accord avec I'hypothh de Turner et Moran (1982~). Cependant, les 

cultures primaires de TCP expriment egalement un syst2me unique de cotransport avec des 

caract&istiques cinCtiques similaires B celles qui ont Ct6 observees dans les cellules LLC-PK, 

(Sakhrani et al., 1984). Pounant, ces populations cellulaires sont fort differentes. 

Les cellules originant des cultures primaires presentent une sensibiliE aux hormones 

comme T, (triiodothyronine) et PTH (parathormone) ce qui est A I'opposb de la rtponse 

hormonale observee dans les cellules LLC-PK, (Chung et al., 1982; Bell et al., 1988). De plus, 

dans les cultures primaires, la Pz identifie la pksence membranaire du cotransporteur de Glc bien 

avant que la confluence cellulaire soit aiteinie (Sakhrani et al., 1984) alors que dans les cellules 

LLC-PK,, I'apparition de lTactivit8 du cotransporteur est concornitante a la differenciation 

cellulaire (Wu et Lever, 1989; Amsler et Cook, 1982). Plus t a d ,  en utilisant un clone dt5riv8 des 

cellules LLC-PK, qui exprime les marqueurs du segment S, du TCP (Yoneyama et Lever, 1988), 

Yet et al. (1994) montrent egalement la pdsence d'un SGLTl fonctionnel. Donc, malgr6 les 

differences multiples entre les cultures cellulaires originant du TCP, un systeme unique de 

cotransport pr8sente les caractt?ristiques du transporteur intestinal. Il faut rappeler ce propos que 

pSGLT2 i'i bt6 clont B partir de 17ADNc des cellules LLC-PK,. 

Comme pour le transporteur intestinal, la glycosylation n'est pas indispensable au maintien 

du transport dans les cellules LLC-PK,. Par conue, les VMBB des cellules LLC-PK, n'ont plus 

aucune activite de transport apres un traitement pdalable des cellules B la tunicmycine. Puisque 

la Pz continue de reconnahe la presence membranaire du transporteur (Wu et Lever, 1994), cette 

observation suggere que la glycosylation pouaait induire ou stabiliser une conformation 
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b mol&ulaire appropriee pour le transport D'autre part, le systeme de transport des cellules LLC- 

PK,, en depit de ses similitudes avec le systeme SGLTl intestinal, demontre une tr&s faible 

affinite pour le Gal (Ohta et al., 1990; Rabito et Ausiello, 1980). On peut donc constater que les 

cultures cellulaires ne sont pas un rnodele expdrimental approprit5 pour dpondre la question 

concernant l'origine de 17h&&og8n6itt? du cotransport Na+-D-glucose observee dans les tubules 

ou les VMBB rdnales. 

11.7. Liaison de phlorizine dans le rein 

II.7.a) caracteristiques cinetiques de la liaison 

Tout comme dam l'intestin, la Pz est reconnue comme un inhibiteur compdtitif et 

reversible de la reabsorption du Glc dans le rein (Silverman, 1974) alms que la perfusion de Pt 

est apparue sans effet sur I'tlimination urinaire de 'H-phlorizine (Minami et al., 1993). Le fait 

que la phlorizine-hydrolase soit absente des VMBB renales de lapin (Chesney et al., 1974; Berger 

et Sacktor, 1970) et de rat (Glossmann et Neville, 1972; Bode et al., 1972) a perrnis d7Ctudier 

les cindtiques de liaison de la Pz sur le rdcepteur Na+-dependant du Glc. Ces etudes chez le lapin 

et le rat demontrent la presence de deux classes de sites de liaison specifiques B la Pz dam les 

MBB du cortex renal (Chesney ec al., 1974; Glossrnann et Neville, 1972). Des rdsultats sirnilaires 

ont CtC obtenus chez le porc (Koepsell et al., 1990). En gt?nCral, selon ces etudes, le site A haute 

affinit6 (HAP - high affinity Pz) (K, = 0.2 - 8 pM) est Nac-dependant et inhiM de faqon 

competitive par le Glc et ses analogues. Le site & faible affinik? (LAP - low affinity Pz) (K, > 

100 pM) est au contraire Nat-independant et n'est pas specifique au Glc. Chez le chien, une seule 

classe de sites haute &finite a ete dCcrite (Silverrnann et Black, 1975), ce qui est probablement 

lie ik I'utilisation d'une gamme restreinte de concentrations de Pz dam ces experiences. 

II.7.b) site ii haute affinit6 pour la Pz (HAP) 

Aronson (1978) a d6montr6 sur VMBB renales de lapin que la Liaison de Pz sur le site 

HAP depend du potentiel membnnaire. Ceci est en accord avec les observations de la 
7 

dependance en potentiel de la liaison du Na' et de i'Clectrogbn~cit6 du cotransport renal de Glc 
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(Beck et Sacktor. 1975). Cependmt, la dissociation de la Pz n'est pas dependante du potentiel 

membranaire (Amnson. 1978). Ces observations ont et6 c o n f i e e s  par Restrepo et Kimmich 

(1986) sur des enerocytes isoles. Selon Aronson, la dependance en Na* de la Liaison de Pz suit 

une stoechiomdtrie de 1 : 1. Une stoechiometri'e identique a egalement bte demontree dans les 

VMBB du cortex exteme chez le lapin (Turner et M o m ,  1982b) et le chien (Turner et 

Silverman, 198 1)- alors qu'une stoechiornBtrie de 2Na+ : 1Pz a bti5 suggMe pour les enterocytes 

isoMs (Restrepo et Kirnmich, 1986). Dans les cellules LLC-PK,, Ies mesures de flux 

transepith6liaux montrent une stoechiom&rie de 1Na+ : 1Pz (Misfeldt et Sanders, 1982) ou de 

2Na' : 1Pz (Bennett et Kimmich, 1992). Dans les VMBB preparees partir des cellules LLC- 

PK,, des stoechiometries de 1Na' : 1Pz (Lever, 1984) ou de 2Na' : 1Pz (Moran et al., 1988) ont 

et6 observees. 

Ces differences de stoechiomdtries poumient &tre dues 2 des conditions experimentales 

inappropriCes (garnmc de concentrations en substrat insuffisamment Ctendue, difficult& de 

contrBle du potentiel membranaire et des concentrations intracellulaires de Na' dans les cellules 

intactes) ou pournien t re Wter les propriMs des differents modkles exp6rimentaux. 

11.7.~) site faible amnit6 pour la Pz (LAP) 

La plupart des auteurs considerent que le site B faible &finite (LAP) n'appartient pas au 

transporteur puisqu'il n'est ni Na+-dependant ni Glc sensible. Cependant, en etudiant la liaison 

de Pz dans les VMBB du cortex et de la medulla extemes chez le porc, KoepseU et al. (1990) 

ont d8monu6 l'existence de deux classes de sites de liaison de Pz (HAP et LAP) qui sont 

presents dans un rapport fixe de I : I dam chacune des deux populations de VMBB. De plus, 

ils ont rnontre qu'un potentiel membranaire negatif L L'interieur des VMBB affecte non seulement 

le site Na'-dependant mais Bgalement le site insensible au Glc. 

Cette observation a conduit les auteurs ik proposer l'hypoth&se de L'appartenance des deux 

sites 3. un cotransporteur Na+-D-glucose unique. Les Ctudes de la liaison covalente d'un analogue 

de la cyclosporine sur le cotransporteur dnal (Ziegler et al.. 1990) appuient cette hypothese 

puisque les deux sites de liaison de Pz sont aCfect6ss, quoique de maniere differente, par la liaison 

de cet analogue. La liaison de Pz sur le site HAP inhibe la liaison de cyclosporine de f a ~ o n  

cornp&itive. Par contre, la liaison de Pz sur le site LAP stimule la liaison de cyclosporine de 



faqon allost6rique et cet effet est plus prononcd en absence qu'en pdsence de Na'. Cette 

hypothese est donc differente de celle propod par Alvarado (1967) pour l'intestin. 

II.7.d) etudes d'inhibition du transport par ta Pz 

Dans le dCbat sur l'origine de l'ht!tt?rogt?nkitd du transport renal de Glc, les etudes 

d'inhibition du transport par la Pz dans les VMBB du cortex et de la medulla externes montrent 

un K, unique et identique dans les deux populations de v&icules chez le chien (Silverman et 

Speight, 1993). L'inhibition de la liaison de Pz par le Glc ou le Gal chez le lapin (Turner et 

M o m  1982c) montre Cgalement un K, unique et identique dans les deux populations de 

vt5sicules, quoique ces Ki soient different5 pour le Glc et le Gal. Cependant, Iorsque les m&mes 

auteurs ont mesure l'inhibition par la Pz de l'echange de Glc 1 1'6quilibre, le K, estime dam les 

VMBB du cortex exteme etait 50 fois plus petit que celui de la medulla externe. Ceci a conduit 

Turner et Moran 2 proposer l 'hypothh que le syst5me de transport LAG correspond au site de 

liaison HAP et que. selon cette caractt!ristique, il correspondrait donc au uansporteur intestinal. 

Cette hypothkse, comme on peut le constater, est en desaccord complet avec les parametres 

cinetiques estimes pour les trois prot6ines clonCes (Tableau UI). 

D'auue part, en perfusant le TCP de lapin. Brazy et Dennis (1978) ont trouvk que le 

transport apical de Glc est inhibe 2 la fois de fa~ons compCtitive et non-comp&itive par la Pz- 

Ils ont propose que l'inhibiteur aurait plus d'un type d'interaction avec le trmsporteur. Cette 

observation serait compatible avec la presence de deux classes de sites de liaison de Pz tel que 

propose dans le modCle de Koepsell (1990). En cornparant les capacites d'inhibition de la Pz et 

de son dCrivb, la 4'-deoxyPz* entre I'intestin de hamster et les reins de chien (Diedrich, 1963) 

et de rat (Bode et al. 1972)- Bode et al. ont suggbre que la structure du recepteur doit etre 

differente dans l'intestin et dam le rein. I1 est remarquable, en d6pit d'un transport de Glc 

heteroghe, que la liaison de Pz ou sa dissociation suivent une cinCtique du type Michaelis- 

Menten (Glossmann et Neville, 1972; Chesney et al., 1974). De plus, malgd une inhibition 

instantanCe du transport du Glc, la liaison de Pz n'atteint l'equilibre qu'au bout de 5 min 

seulement. 



m.1. Modilisation cingtique pour une protdine monom6rique 

LIT.1.a) ktudes sur v6sicules 

En 1980, Dorando et Crane se sont bas& sur les influences rkiproques du Na' et du Glc 

& moduler I'activitd du cotransporteur dam les VMBB intestinales pour proposer un rnodele de 

liaison des ligands au hasard, cet ordre d'addition g6nerant l'existence d'une voie HAG (NaC 

suivi par Glc) et d'une voie LAG (Glc suivi par Na') (Figure 8). Cependanl Hopfer et 

Groseclose (1980), en observant dam les conditions d'bchange 3 l'equilibre (Na', = Na', et 

Gki, = GlcJ une seule voie de uansport, ont propod un modele de liaison ordonnee dans lequel 

la liaison exferne du Na' precede celle du Glc. Bien que I'interpretation des dsultats obtenus par 

cette technique puisse C u e  arnbigue, les auteurs remettent en question IThypoth8se que la 

reorientation du transporteur charge est 17etape limitante du transport Enfin, Turner et Silverman 

(1981) ont propost! que la liaison de Pz sur le recepteur des MBB du rein de chien s'effectue au 

hasard avec une stoechiom6trie de 1Na" : IPz. 

Comme on peut le constater, tous ces modtles correspondent un seul syst&me de 

transport avec stoechion~&rie de 1Na' : lGIc(Pz) et ne s'appliquent pas aux travaux demonuant 

une stoechiomttrie de 2Na+ : lGlc(Pz). 

1II.l.b) etudes sur les lign6es cellulaires khblies 

Un modele oh les liaisons de Pz et de Na+ se font au hasard a bgalement btt? propose pour 

les cellules LLC-PK, dans lesquelles un seul syst&me de transport s'exprime avec une 

stoechiom&ric de 2Na+ : 1Pz ( M o m  et ai., 1988). Dans les cellules LLC-PK, intactes, Misfeldt 

et Sanders (1982) ont propose! un mtcanisme de transport en deux &apes avec une stoechiomttrie 

de 2Na' : 1GIc. Selon ces auteurs, le premier ion Na' et la mol6cule de Glc se lient sur le 

transporteur et c'est la liaison du second ion Na' qui induit la translocation du substrat. 

Bennett et Kimmich (1992), lors d'btudes 6lectrophysiologiques dans les cellules LLC- 

PK,, ont trouvt une sioechiom6trie de 2Na+ : 1Pz et ont propod, en accord avec leurs etudes 
/ 

prbcedentes (Kimmich, 1990), un rnodkle & huit &us oh l'ordre de liaison est lNa', lGlc, 1Na'. 



membrane 

face externe face interne 

Figure 8. Modele de fixation au hasard des substrats 

La voie Te-TeNa-T,NaS represente le site B haute affinitt? et faible capacite et la voie T,-T,S- 

T,SNa rend compte du site faible &finite et grande capacite (T: transporteur; Na: ion sodium; 

S: glucose. Les indices e et i referent aux configuration respectivement externes et internes du 

uansporteur (d'apres Dorando et Crane, 1980) 



Ce modkle prevoit que i) la liaison du premier Na* sur la face rnembranaire exteme, ii) la 

dissociation du second Na+ du c8te interne et iii) la dorientation du tmsporteur libre dependent 

toutes du potentiel membranaire (Figure 9). Selon ces auteurs, ce modele serait compatible avec 

les rt5sultats d' Aronson (1978) suggerant que la liaison de Pz pourrait etre interpdtt?e selon 

l'ordre de liaison 1 Na+. 1 Pz, 1 NaC. ~ t a n t  donne que la liaison du second Na+ ne depend pas 

du potentiel. e lk  ne pouvait pas Stre detectfie dam les conditions experimentales choisies par 

Aronson, d'oh la stoechiometrie de 1Na' : IPz proposee par cet auteur. 

III. 1.c) 6tudes sur ovocytes 

Finalernent, les etudes Clectrophysiologiques avec le SGLTl clone ont conduit 2 proposer 

un modele simple B six Ctats dans lequel la liaison simultant5e de deux ions Na' est suivie par 

celle d'une rnoltcule de Glc (Parent et al., 1992b; 1993) (Fig.10). Selon ce modele, la liaison des 

deux ions Na+ n'est pas en equilibre rapide et depend du potentiel membranaire, ce qui est 

different du modtle de Bennett et Kimrnich. L'asymeuie fonctionnelle est due B la dissociation 

rapide de Na' interne et au retour egalement rapide du transporteur libre B la surface exteme. 

Dans ce modele !'&ape limitante peut varier en fonction des conditions exp6rimentales: ce senit 

la translocation du transporteur libre 3 des concentrations saturantes de Na' et de Glc externes 

et la dissociation interne du Na' dans des conditions de potentiel membranaire negatif. Le site 

de liaison du Na+ est localis6 dans un segment moleculaire enfoui dans la membrane et, par 

consequent, la reorientation du uansponeur libre est egalement dependante du potentiel. 

A l'oppose de la mod6lisation du mecanisme de liaison de Pz qui apparait beaucoup plus 

simple du h i t  de son homogkneitc! dans le rein, la modelisation de l'h&&ogbnCit6 du cotransport 

intestinal et renal de Glc reste un domaine quasiment inexplod. Crane (1985) a suggerc? plusieurs 

hypo theses sur I'origine de cette het&ogen&tk: les deux phenomi?nes cinCtiques representent i) 

deux voies de transport par le m&me transporteur, ii) deux transporteurs independants ou iii) un 

artefact induit par des conditions experimentales inadequates. Puisque, selon I'auteur, aucune des 

trois hypotheses n7Ctait plausible, il a suggerk qu'il pourrait s'agir de differen& &ats d'agregation 

d'une mSme molecule. 
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Figure 9. Schema (B) du modale de cotransport Na+-dipendant A huit &its (A) 

La stoechiometrie du transport est de 2Na+ : 1 Glc avec I'ordre de Liaison 1Naf(carr6) : lGlc(S) 

: lNa+(card). Voir les expiications dans le texte (tin5 de Kimmich, 1990; Bennett et 

Kimmich, 1996) 



Figure 10. ModGle du cotransport Na'-dependant 5 six 6tats 

La stoechiomQtrie du transport est de 2Na+ : lGIc avec I'ordre de liaison 2Na' -1Glc. Voir 

explications dans Ie texte (tire de Parent et al., 1992b) 



III.2. Arguments en faveur d'une structure oliaom6rique du transporteur 

III.2.a) etudes d'inactivation aux irradiations 

Selon les etudes d'inactivation aux irradiations, realisees dans les VMBB intestinales de 

lapin, la taille du syst2me du transport est de 290 KDa (B6liveau et al., 1988; Stevens et al., 

1990). Les auteurs proposent donc que le cotransporteur fonctionne cornme un homo~tram~re 

in situ. Des etudes identiques dans les VMBB &nales montrent qu'une simple exponentielle suffit 

a decrire la perte d'activitt5 de la liaison de Pz en fonction de la dose. Ceci a permis d'estirner 

une taille molCculaire de la proteine fonctionnelle 230 KDa chez le veau (Lin et al., 1984) ou 

il 110 KDa chez le lapin (Turner et Kempner, 1982). Une unig fonctionnelle additionnelle, 

uouv6e chez le lapin (4 x 10' KDa), serait responsable de la perte de 50% de h liaison totale de 

Pz. L'existence de cette unit6 pourrait s'expliquer, sdon Lin et al. (1984), par la formation 

d'agregats de rt!cepteurs de Pz dans les MBB de cette espece. 

Des Ctudes sirnilaires ont Ct6 dalist?es sur I'activite de transport du Glc dans les VMBB 

rknales de lapin (Takahashi et al., 1985) et de veau (Lin et al., 1984) d i n  de determiner la taille 

du transporteur. Dans ces etudes, la perte d'activitt du transport de Glc en fonction de la dose 

suit egalen~ent une fonction n~onoexponentielle correspondant des tailles fonctionnelles de 344- 

345 KDa chez les deux especes. Puisque la taille du transporteur est plus 6levee que ceUe du 

rtcepteur de Pz, il a Cte suggCrt! que le systeme de transport Na+-D-glucose pourrait: i) soit 

representer une prot6ine oligomerique dont toutes les composantes ne sont pas indispensables 

la liaison de Pz (rev. Koepsell et Spangenbers, 1994), ii) soit requerir la prt5sence d'une prot6ine 

additionnelle pour effectuer la translocation du Glc (Lin et al., 1984). Plus tard, une structure 

oligomerique du transporteur renal a ete egalernent propode par Gerardi-Laffin et al. (1993) lors 

de I'immunod~tection de la proteine sensible B la Pz et dissociable en pr6sence de dithiothditol. 

ILI.2.b) rkgulation du cotransport Na+/D-Glucose 

En cornparant I'activite du transport renal de glucose avec l'abondance des ARNm, Pajor 

et al. (1992) ont suggert! la prtsence d'un deuxieme uansporteur dans le cortex externe puisque, 

par analogie avec les cellules LLC-PK,, l'expression de SGLTl et l'activite de transport sont 
P 

correl6es avec les niveaux d9ARNm (Ohta et al., 1990; Shioda et al., 1994). Dam ces conditions, 
4 



L le faible taux cortical dTARNrn de SGLTl ne pourrait pas assurer le transport de haute capacite 

habituellement observe dans les VMBB du cortex externe. Toutefois, iI est important de noter 

que les nombreuses Ctudes faites sur tissus intacts in vivo demontrent une absence de conelation 

enue l'activite du cotransport de Glc et l'abon'dance des ARNm (Lescale-Matys et al., 1993; 

Miyamoto et al., 1991; Smith, Turvey et Freeman, 1992). De plus, il a dejjil btt? dernontr6 que 

lTARNm-SGLT1 et la liaison de Pz augmentent rapidement au niveau des jonctions crypte- 

villositc? alors que ITactivite de transport ne se manifeste qu'a mi-hauteur pour atteindre son 

maximum au sommet de la villositc? intestinale (Ferraris et al., 1992; Freeman et al., 1992; Smith, 

Turvey et Freeman, L992). 

Cette information invite, d'une part, h la prudence lors de la cornparaison des dsultats 

obtenus avec diffbrents modeles experimentaux et suggere, d'autre part, la pdsence d'une 

regulation du cotransport Na'-D-glucose. Effectivement, le groupe de KoepselI a recemment clone 

une proteine associee i la membrane et nommee RS 1 qui est susceptible de modifier l'activite 

et les proprikt& cingtiques de SGLTl Iorsque les deux molt?cuies sont coexprimte dans les 

ovocytes (Veyhl et al., 1993). Curieusement, cette modulation dTactivit6 fait apparaitre une 

hethghei te  cinCtique du cotransport OD aucun des deux Y, mesures ne correspond 3 celui de 

SGLT1 exprim6 seul. Toutefois, les valeurs de Y, ressernblent & celles mesurees dans le rein par 

les etudes cinetiques sur VMBB. Puisque la muse rnol&ulaire de RS1 (66 832 Da) est 

kquivalente B celle de SGLTl, ces auteurs suggerent que le systeme de cotransport Na+-D-glucose 

representerait un hetcro-oligombre compose de polypeptides de types SGLTl et RSI et que 

d'autres transporteurs Na'-dependanrs de la famille SGLT pourraient dgalement s'associer avec 

la sous-unite RSI (Veyhl et al., 1993). 11 faut noter que des ARNm homologues A RSI ont bt6 

detect& dans le cortex et la medulla externes du rein, l'intestin grele, Le foie et les cellules LLC- 

PK,. 

LI1.3. Modiilisation cin6ticrue pour une grot6ine oligom6rique 

ILI.3.a) hbtdrogineitb du cotransport dnal 

En ce qui conceme le cotransport renal, A notre connaissance, seul le groupe de Koepsell 
r 

(1990) a propus6 un modele qui tient compte de l'het6rogeneit6 du transport par l'analyse des 



Figure 11. Modkle dimerique du cotransporteur Na+-D-glucose dam le cortex et la medulla 

externes du rein. 

L'une des sous-unit& est de haute (H) et I'autre de faible (L) affinite pour la Pz (ED). Chaque 

sousunit6 contient 1 site pour la Pz (compost2 du site glucose 0 et du site phloretine (u)) et 

1 site pour Le Na' (r). De ce fait, la Pz peut se her en presence ou en absence de Na' par sa 

moitie glucose ou phloretine, respectivement. L'augmentation de l'affinite des deux sites de Pz 

lors de la liaison du Na+ et de l'imposition d'un potentiel membranaire negatif est representee 

par 1'6paisseur des flkhes qui rend compte des vitesses d'association et de dissociation de la Pz 

(tin5 de Koepsell et al., 1990) 



Figure 12. Modbie des interactions entre SGLTl et RSl dam les ovocytes de Xenopus. Le 

cotransport Na'-D-glucose est exprime dans les ovocytes apks ['injection de: (a) SGLTI-ARNc 

seul, (b) co-injection stoechiomCtrique de SGLT 1 -ARM et RS 1 -ARNc, (c) co-injection de 

SGLT1-ARNc et I'exci3 de RS 1-ARNc. L'interaction entre les rnokkules SGLTl est representee 

par la double ligne. L'affinitt! du site de liaison pour le Glc est proportionnelle A sa profondeur 

(tire de Koepsell et Spangenberg, 1994) 



mod&les de liaison de Pz (Fig.11). Selon ces auteurs. le transporteur est un homodim&re dont 

I'une des sous-unit& possede le site HAP et l'autre le site LAP. Dans ces etudes, un modele de 

deux sites independants avec liaison de Pz en deux &apes decrit le mieux les dsultats 

experimentaux. Ce modele a tt6 modif6 par la suite en assumant la participation de sous-unM 

RS 1 (Fig. 12) (Koepsell et Spangenberg, 1994). 

m.3. b) hdt6rogenbi t6 du cotransport inks tinal 

En reprenant ltid6e d'un transporteur multim&ique, Chenu et Berteloot (1993) ont propod 

un modHe allosterique de cotransport OD la structure minimale de base serait celle d'un 

homodimere (Fig. 13). Le concept de ce mod& allosterique repose sur une cooptrativite negative 

entre les sous-unites lors de la liaison du Glc et sur une coo@rativit6 positive lors de la Liaison 

du Na'. Chaque sous-unite posdderait deux sites de liaison. soit 1 pour le Na' et 1 pour le Glc 

(Peerce et al.. 1985,1986). La liaison des ligands serait ordonnee (Na' suivi par Glc). Dans ce 

cas, une partie de 1'6nergie du gradient Blectrochimique de Na' pourrait Cue transf6ree au 

transporteur sous forme d'Cnergie conformationnelle. 

La liaison du Glc sur I'une des sous-unites induirait un changement conformationnel qui 

diminuerait 11affinit6 de liaison d'une autre n~olt?cule de Glc sur le second site. C'est la liaison 

de cette seconde molecule de Glc qui serait responsable de l'apparition de la voie il faible 

affinig. En tbnction de la concentration de Glc, une ou deux molCcules peuvent se tixer et 

procurer ainsi des stoechiorn&ries differentes de 2Na' : lGlc ou de 2Na' : 2Glc (ce qui est 

Cquivalent il INa' : 1Glc) aux concentrations respectivement faibles ou fortes de Glc. Dans les 

deux cas, deux ions Na+ se fixent habituellement grke  la coopCrativitC positive. Ce modele 

tient donc compte des stoechiomCtries differentes qui ont BtC o bservees anterieurement dans 

I'intestin et le rein. 

Toutefois, les Ctudes destinees A verifier la compatibilite du modele avec les donnCes 

expdrimentales n'ont mom6 la presence que d'une seule voie de transport (Chenu et Berteloot, 

1993). Pour accomn~oder ces r6sultats avec une structure dimerique ou t6trarnCrique du 

transporteur, les auteurs ont introduit le concept de demi-reactivite de sites. Ainsi, le transporteur 

serait form6 d'une paire de monomeres ou de dimBres fonctionnant en opposition de phase, ce 

qui n'affecterait aucune des propri6tes cinetiques predites par le modtle allosterique dans le cas 

du t6trarntre (Fig 14). 



Figure 13. Modsle dimCrique de cotransport. 

Le dimere libre presente une conformation symeuique (cercles). La liaison des ions Na* induit 

des changements conformationnels (carre) facilitant la Liaison du substrat (S). La liaison d'une 

premiere mol&ule de S induirait un changement conforrnationnel (triangle) provoquant une 

diminution de l'affinite du second site pour le S. La Liaison d'une deuxieme molecule de S 

devient possible lorsque deux ions Na' sont lies et restaure ainsi La symetrie initiale (W de 

Chenu et Berteloot, 1993) 



Na, S 

Figure 14. Modgles de cotransport 5 derni-rhctivitb de sites. 

La structure du cotransporteur correspondrait celle d'un homodimere ou d'un homot&ram&e 

compose de monom&res ou de dimCres antisym6triques. En A inspW du modele de Kimrnich 

(1992). En B inspire du modele de Kessler et Semenza (1983). La charge ntgative libede par 

le depart du Na' interne reagit la pdsence du potentiel membranaire et permet une reorientation 

transmembranaire des sites gr2ce 2 un changement conforrnationnel (tire de Chenu et Berteloot, 

1993) 
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x Ce modele intestinal p r h n t e  un inGrEt indiscu table puisqu' il offre une solution elegante 

et physiologique aux probkmes d'h&&oghW et de stoechiom&ries variables tout en proposant 

un mecanisme de transfert dT6nergie du gradient t?lectrochimique d'un ion il un transporteur. Il 

est d'autre part possible que ce modble puisse s'appliquer aux autres sysemes de transport. 

L'application de ce modele A lTh&6rogt?neit6 du cotransport dnal de Glc reste cependant & 

verifier. 

IV. CONCLUSIONS ET JUSTIFICATION DE LA ]RECHERCHE 

IV.1. R6sum6 

En examinant l'ensemble des dsultats concernant le cotransport de Glc Na'-dependant 

dans l'intestin et dam le rein, certaines observations laissen~ supposer un mecanisme assez 

particulier et probablernent plus complexe que celui de deux transporteurs distincts fonctionnant 

dr f apn  independante. U serait donc opportuun de r6sumer ici certains des resultats et des 

observations pour appuyer cette hypothtse et justifier la recherche presentee dans cette thtse. 

PremiLrement, les etudes cinetiques ont ddmontnf la presence de deux classes de sites 

impliques dans le transport rt?nal du Glc. Par conue, les Ctudes cinetiques de la liaison de Pz ne 

rtvelent l'existence que d'une seule classe de sites Na+-dependants pour cet inhibiteur. Pourtant, 

Ies deux modes de transport du Glc sont sensibles B la Pz puisque l'inhibition du transport est 

compl2te. On pourrait bien stir argumenter qu'en depit d'une specificit6 differente des 

transporteurs HAG et LAG pour le Glc et le Gal, leur affinite pour la Pz est similaire. Cependant, 

Turner et M o m  (1982~) ont rapport6 un Ki unique et identique de transport du Glc et du Gal 

dans les deux populations de vCsicules, quoique ces Ki soient differents pour le Glc et le Gal. 

Deuxikmement, tel qu'infdr6 de la stoechiometrie de 2Na+ : lGlc et de l'affinitt! tlevee 

pour le Glc et le Gal du transporteur m6dullaire, Ie mode de transport HAG a tt6 considen5 

comme celui qui correspond au systeme SGLTl intestinal. Pourtant, c'est le systeme du cortex 

exteme qui a 6tt5 assimile & SGLTl de par sa haute sensibilite ik la Pz (Turner et Moran, 1982b). 

Si on admet que la Pz est un inhibiteur cornpetitif du transport de Glc qui se lie donc sur le 

transporteur par sa moi~iC glucose, on peut alors s'interroger sur les raisons pour lesquelles les 
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affinids pour le Glc et la Pz seraient si differentes (plus de 100 fois pour le site HAG et plus de 

3000 fois pour le site LAG). I1 faut en plus noter qu'aucun des Y, estimb pour chacun des deux 

sites assurant le transport renal de Glc ne correspond celui estime pour le syst&me SGLTl 

intestinal. Toutefois, une des molCcules clanks dam le rein est presque identique (99% 

d' homologie) h celle clonee dans l'intestin. 

Troitikmement, les Ctudes de la localisation de SGLTl dam le rein remettent en question 

I'hypothi?se de deux transporteurs independants disposes en drie le long du TCP. En accord avec 

cette hypothhse, cependant, il a Ctt5 suggtre que les cellules LLC-PK,, qui n'expriment que le 

systh-ne SGLTI. seraient representatives du segment S,. Neanmoins, les cellules originant de 

cultures primaires du TCP expriment egalement le seul systeme de transport SGLTI. On pourrait 

argurnenter ici qu'il ne slagit que d'une expression sClective due B la differenciation celluiaire 

en culture. Cependant, les etudes d'hybridation de L'ARNm renal avec I' ADNc-SGLTI intestinal 

dernontrent la presence de SGLTL tant dans le cortex que dam la medulla externes chez le lapin. 

Ces observations suggerent fortement qu'il poumait en fait s'agir de differents modes de 

fonctionnement d'un transporteur unique qui, pour cette raison, serait forcement associe 3 d'autres 

structures membranaires. 

En faveur de cette hypoth&e, on pourrait aussi evoquer les etudes visant a c o d e r  

I'activitC de transport, le nornbre de sites de liaison de Pz et la quantitk d7ARNm-SGLTI Ie long 

de I'axe crypte-villosite intesiinal. Dans les cryptes, en effet, I' ARNm-SGLT 1 est dej& present 

et la Pz reconnait le transporteur dans la membrane quand i1 n'y a pas encore d'activite de 

transport (Smith, Turvey et Freeman, 1992; Freeman et al., 1992). De meme, la quantite d' ARNm 

et le nombre de sites de liaison de Pz ne changent plus il partir de la jonction crypte-villosite 

alors que I'activie de transport augmente progressivement de la mi-hauteur au sommet de la 

villosid (Smith, Turvey et Freeman, 1992; Freeman et al., 1992; Fenaris et al., 1992). D'autre 

part, la reponse adaptative B une diete riche en glucides suggere une dgulation post- 

transcriptionnelle puisque la concentration membranaire de SGLTl n'est pas con6lCe avec la 

quantite d' ARNm (Lescale-Matys et al.. 1993). 

Finalement, un argument majeur en faveur d'une structure oligom&ique possible du 

systeme de cotransport SGLTI nous est foumi par les travaux du groupe de Koepsell (Veyhl et 

Ill., 1993) suite au clonage d'une pro the  regulatrice RS 1 dont I'injection stoechiometrique avec 



SGLTl dam les ovocytes induit l'expression de deux modes de transport dont aucun des & ne 

ressemble B celui de SGLTl lorsqu'il est inject6 seul. La sous-unite RS 1 a un poids mol6culaire 

de 66 832 Da et code pour une proteine de 623 acides amin& qui pourrait donc facilement 

former un hCtdrodtram&re 2SGLTl : 2RS1 iie poids rnol6culaire equivalent A celui d'un 

homot6trarnere (el que propose par Stevens et al. (1990). 

Les observations prectdentes nous ont donc conduit &valuer les cinetiques du 

cotransport Na+-D-glucose dans le rein de lapin en vue d'essayer de rt5soudre laquelle des deux 

hypoth&ses, deux transporteurs independants ou un transporteur unique de type allost6rique , est 

la plus compatible avec une nouvelle sCrie de fiultats exp8rimentaux. 

N.2 .  Choix du modsle expikirnental 

L'ensemble des travaux present& dans cette these a ett? realid sur des VMBB issues des 

cellules CpithClides de l'intestin et du TCP de rein de lapin. Les nombreux avantages de ce 

mod& expCrimental ont Cte prksentes dans la section (I1.2.b.). Toutefois, pour assurer des Ctudes 

cinetiques tiables, l'utilisation des VMBB pour les mesures du transport impose certaines 

exigences dans le choix des conditions exp6rimentales. 

IV.2.a) Concept de vitesse initiale 

Puisque les etudes cindtiques sont uiilisees pour selectionner des rnodeles plausibles, iI 

est necessaire que les conditions exp&imentaies correspondent 2 celles assumCes lors de la 

derivation de ces modeles. En genbral, l'analyse d'un modble est b&e sur lyhypothLe de I'btat 

stationnaire avec (Turner et Moran, 1985) ou sans (Sanders, 1986) 6quilibre rapide pour la 

liaison des substrats aux interfaces membranaires qui permet de gduire la complexitt des 

equations ii deriver. Ces deux premisses se traduisent sur Ie plan expkrimental par des conditions 

de vitesse initiale oc la vitesse du transport est constante (linearit6 des courbes d'accumulation 

du subsuat en fonction du temps). Tel que mentionn6 precbdemment, cette periode de linearit6 

est tds courte compte tenu du rapport surface/volume v6siculaire eleve, ce qui entraine une 

dissipation rapide des gradients de concentration des substrats. 

En general, la vitesse initiale de transport est mesude en conditions ze'ro-trans (absence 

de Na' et de Glc B l'interieur des vesicules). La mesure de captation du substrat differents 



temps de pr&vement P partir du meme melange vt?sicules/milieu d'incubation constitue une 

approche dynmique. Elle a Cti? introduite de fagon sys&matique par Dorando et Crane (1984) 

qui, Btant limit& par le nombre de pr6l&vements, ont utilil la r6gression polynomiale pour 

determiner la vitesse initiale. Cette methode d'anaiyse des vitesses initides a CtE valid& par 

Chenu et Berteloot (1993) en utilisant un appareil filtration et Bchantillonnage rapides (AFER) 

(Berteloot et al., 1991, brevet US #5,330,7 17). L'automatisation des operations perrnet de mesurer 

la captation sur des tquences temporelles t&s comes conduisant ii une andyse plus simple par 

regression linbaire. Les deux methodes d'analyse ont ete systhatiquement comparees pour 

valider leur utilisation dans I'analyse des vitesses initiales du transport (Chenu et Berteloot, 

1993). 

IV.2. b) technique de filtration rapide 

Cette technique, introduite par Hopfer et al. (1973) pour les etudes sur VMBB, est 

devenue classique pour mesurer I'accumulation d'un substrat h 1'intCrieur des VMBB. Le principe 

de la technique peut se r6sumer en trois &apes: 1) Les vtsicules sont incubCes dans un milieu 

de transport contenant le subsuat radioactif pendant un temps t; 2) la reaction est metee 1 h i d e  

d'une solution d'arrEf froide; 3) le mClange est d'abord film2 sur nitrocellulose puis r ind avec 

la solution d'arret. La radioactivite retenue sur le filtre est comptee. Cette quantite represente le 

substrat accumulC dans les vesicules. lie aux deux surfaces membranaires et, enfin. Lie de @on 

non-spCcifique sur 1e tiltre. 

L'AFER permet une automatisation compEte des trois Ctapes de la technique de filtration 

rapide avec un temps de rt5solution de 250 ms pour les deux premieres &apes. I1 permet de 

conu6ler la temperature du milieu d'incubation et d'appliquer une approche dynamique avec la 

possibilitt5 de 18 pdlbements A partir du mdme milieu reactionnel. La rt5solution et la precision 

des mesures permettent d'etudier les influx, les eftlux, les cindtiques de liaison et de liberation 

des subs~ats. L'extrapolation au temps ziro des courbes de captation pennet d'estimer la liaison 

non-spCcifique du substrat ainsi que la diffusion passive (Malo e: Bertelool 1991). 

IV.2.c) fonctionnement g6niiral de 19AFER 

Une photographie de I'AFER est presentee sur la Fig.15 Les v6sicules sont introduites 



Figure 15. Appareil 3 Filtration et hantillonnage Rapide (AFER) 

(A) injecteur de v6sicules; (B) chambre fincubation; a) contfile de la pression dam la chambre; 

b) valve pernettant le lavage de la chambre; c) intermpteur: position lavage ou transport; (C) 

bain thermoshe; @) chariot qui porte les unit& de fdtration; d) solution d'arret; (E) micro- 

ordinateur et clavier; (F) bran de contr81e et (G) contr6le du circuit & air cornprim6 ( ~ 6  de 

Berteloot et al., 1991) 
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dans un tube P piston et placees dam l'injecteur (A) qui est f d  au-dessus de la chambz 

d'incubation (E3). Le milieu de transport est aspin5 dans la charnbre en creant une Kg&e pression 

negative en tournant le bouton (a), puis maintenu I'inerieur en ajustant la pression pour reduire 

au maximum la fdquence d'apparition de bulle's. La temp6rature de la chambre est contr619 B 

I'aide d'un circuit d'eau branch6 sur un bain thermostat6 (C) et une sonde de tempbrature, 

installCe dam la chambre m&me, perrnet de regler la temperature du bain en tenant compte des 

ddperditions de chaleur le long du circuit d'eau. Les vbsicules sont injectees dans la chambre en 

retirant manuellement l'aiguille qui libere le resort de l'injecteur (Fig.16) et le signal Blecuique 

dCclenchC par la chute du piston est alors transmis l'ordinateur. La dude de I'injection ne 

ddpasse pas 5 ms  et pemxt donc une determination precise du temps zPro. Une cellule photo- 

Clectrique a 6te placee B la sortie de la chambre pour mesurer la dude du prt?l&vement Une 

relation IinBairc entre It: volun~e pdlev6 et la dude du prdlbvement a dte obtenue avec les 

differentes corn binaisons possi bfes des panm&tres ajustables (Fig. 17) (Berteloot et al.. 199 1). Ces 

pararn&ues ont choisis pour obtenir un pr6levement d'environ 50 pl. Au moment de 

I'injection, les vesiculcs sont dispersees dans le milieu et rndlangees par un systeme d'agitation 

magnetique pendant 100 ms (Fig. 15). Le melange est ensuite 6chantillonnC dam les 18 unites de 

filtration montees sur un  support (D) qui se deplace lateralemem. Chaque unit6 de filtration est 

connect& au rCservoir de solution d'arrEt (d) et Ies procedures de filtration et de rinqage 

s'effectuent automatiquernent. La sequence d'Qhantillonnage est fixee par l'utilisateur et affichee 

h I'Ccran, de mOme que le nombre ct la dur& des rinqages (F). Le support de chaque filtre peut 

monter (position de filtration) et descendre, ce qui permet de r&xp&er les f i l e s  et ensuite de 

compter la radioactivie. Finalernent, un circuit d'eau supplementaire (b), command6 par le 

bouton (c), permet le rinqage de la chambre d'incubation. 

IV.2.d) protocole experimental 

Afin de preserver la capacite fonctionnelle des vt?sicules et de stabiliser compl&tement le 

volume intrav6siculaire. nous avons utilif le protocole de congelation des v6sicules dans lTazote 

Liquide en aliquots et leur decongdlation B la temperature de la pike juste avant lTessai (Maenz 

et al., 1991). 20 ou 40 p1 de vdsicules sont introduits dans un tube & piston. Le tube est place 
I 

dans l'injecteur qui est lui m&me vise sur le haut de la chambre dans laquelle 480 pl ou 960 pl 



Figure 16. SchCma de la chambre de melange de I'AFER 

(A) aiguille qui dCc1enche ['injection des vbicules et Ie signal de depart; (B) jonction Clectrique 

qui transmet le signal de depart au micro-ordinateur; (C) circuit d'eau maintenu & une 

temperature constante; (D) sonde de temperature qui perrnet de contraler la temperature de la 

chambre I'Bcran; et (E) cellule photo-6lectrique qui enregistre le temps de passage des 

pr618vements (tire de Berteloot et al., 199 1) 
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Figure 17. Relation entre temps de pr616vement et volumes des 6chantillons en absence (0) 

et en presence de vesicules (0). Le temps de prel8vement est mesure par la cellule photo- 

dlectrique placee & la sortie de la chambre et le volume de Mcchaantillon par l'absorbmce d'une 

substance coloree (pyranine). Les Lignes sont les ajustements dalist?s avec h5quation d'une droite 

(Berteloot et al., 199 1) 



de milieu de transport sont aspink La temperature du milieu s'ajuste apres quelques secondes. 

Les Ntres en nitrocellulose avec des pores de 0.65 pn (Micro Filtration System) sont trernpk 

dam la solution d'&t (ceci reduit le bruit de fond) et depos6s dans les unites de filtration. Les 

puits sont alors remplies automatiquement (1 ma avec la solution d'arret ik 4OC.La concentration 

de Na* dans cette demiere solution est toujours dquivalente la somme des concentrations 

cationiques du milieu d'incubation. La phlorizine y est utiiide de f a~on  obligatoire uniquement 

pour les etudes cinetiques du transport de Glc et non pour la liaison de phlorizine. L'aiguille qui 

maintient I'injecteur en position annee est alors M e  eet I'essai est effectue autornatiquernent. Un 

cycle d'une filtration suivi de trois rin~ages dure 28 secondes, pendant lesquelles I'efflux est 

minime (Fig.18) (Berteloot et al., 1991). k s  filtres sont alors rt?cupCr&. places dans les 

minifioles de verre contenant 5 ml de liquide il scintillation BetaBlend (ICN Biomedicals) et la 

radioactivite 'H est determinee en nutisant le compteur P scintillation Beckman LS 6000SC. 

IV.2.e) analyse cinktique 

Les cornptes en dpm sont normalids par rapport un volume de 50 pl, puis transform& 

en nombre de moles de substrat transport6 ou lie, en tenant compte de l'activite specifique du 

uaceur et tindement exprim& par rapport B la quantite de proteines presentes dans les 50 p1 

d'khantillon. 

Les courbes de captation du Glc ou de liaison de la Pz en fonction du temps sont 

respectivement analysees par regression lineaire ou mono-lbi-exponentielles h h i d e  du 

progranme "Enzfitter" (Robin I. Leatherbarrow copyright (c) 1987, Elsevier-Biosoft). En gt?ndral, 

on utilise une routine de pondcbation dite "robuste" qui minimise I'influence des points qui 

s16cartent de la courbe moyenne. Les vitesses initiales de transport du Glc ou de liaison de la Pz 

sont estimees respectivement par la pente de la droite ou par le coefficient d'ordre 1 d'un 

polyndme du second degre + son erreur standard de kgression. La liaison l'equilibre est 

estimee par I'amplitude des exponentielles avec une constante de vitesse de premier ordre 

n6cessaire pour atteindre cet bquilibre. 

Pour augmenter la precision des mesures et perrnettre une 6valuation statistique, chaque 

essai est n5pCt6 de 3 i l 5  fois sur une m&me preparation de vCsicules. Dans ce cas, l'analyse avec 
f 

le programme "Enzfitter" utilise soit une ponderation simple qui rend compte du degrd de 
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Figure 18. Efficacite de la solution d'arret. La solution d'arret 2 0°C est isoosmotique et 

isotonique aux solutions de transport des vtsicules et contient du Na+ (192 mM) rt 1 m M  

Phlorizine. L'rfflux est mesure B partir du sommet de l"'overshoot", c'est B dire quand la 

concentration de glucose est maximale B l'inttrieur des vesicules (tire de Berteloot et al.. 1991) 



la dispersion des donnees de chaque essai, soit une pondt5ration explicite ob I'erreur standard de 

la moyenne sen de facteur de ponderation. 

Les parametres cinetiques sont d6terminh partir des courbes de deplacement du substrat 

radioactif par le substrat froid (Malo et Bertelobt, 1991). Cette technique consiste B incuber les 

VMBB en pr6sence d'une concentration Fie de radiotraceur et de concentrations variables de 

substrat froid, ce qui entraine un deplacement comp6titif du traceur par le substrat froid sur les 

sites sp6cifiques. De ce fait, la courbe de deplacement mesuree va refleter exclusivement les 

phenomenes sp6cifiques aux sites de Liaison du substrat. Le deplacernent complet du traceur par 

une concentration saturante de substrat froid correspond ainsi A un phenornene non-specifrque 

incluant la liaison non-spdcifique et la diffusion passive. Cette technique est avantageuse puisque 

elle permet: i) de rnesurer selectivernent les phenomhes specifiques; ii) de determiner la 

composante non-sp&5fique directement partir de la courbe de deplacement; iii) d'utiliser des 

quantites minimes de substrat radioactif en reduisant ainsi la pollution et le coat des experiences. 

D'autre part, la mesure directe des composantes specifiques et non-specifiques permet d'bliminer 

le traitement mathematique des donndes qui est susceptible d'introduire des deviations des 

graphes Eadie-Hofstee et donc des estimations artefactuelles des parametres cinetiques, 

contrairement B l'analyse des courbes v = f(S) 'par regression non lineaire, en utilisant les 

equations de transport complBtes (Brot-Loche et al., 1986). 

IV.2.f) choix de I'espGce animale 

Nous avons port6 noue choix sur le lapin puce que le systkme de transport Na+-D-glucose 

et la liaison de Pz ont etC bien caractt?risbs chez cette espece griice aux nombreuses etudes 

cinetiques realist5es avec les organes perfuls (le TCP dnal ou les tranches du tube intestinal) 

et les VMBB. 

Dans le rein, I7hypoth5se de la presence de deux systkmes independants de transport 

dispods en s&ie le long du TCP a t?te propode suite aux travaux de Turner et Moran (1982a,b,c) 

sur les VMBB renales de lapin. ~ventuellement, cette caract6risation des systemes de transport 

dans les VMBB originant du cortex et de la medulla extemes, respectivement (Turner et Moran, 

1982a,b,c), permettra de cornparer les cindtiques de transport du Glc et de liaison de la Pz dans 

les VMBB issues du cortex renal entier (utilisees dms nos etudes) et leurs reponses aux differents 



facteurs physiques et chimiques tels que la T, le pH, les analogues du substrat et Ies inhibiteurs. 

La mol~cule SGLTl responsible du transport de Glc intestinal (Hediger et al., 1987a,b) 

et renal (Coady et al., 1990) a egalement Bg don&, pour la premihe fois, chez le lapin. 

Actuellement, la caractt2risation du sysbme de tiansport chez le lapin est donc tr& avancee suite 

I'expression fonctionnelle de SGLTl dans les ovocytes de Xenopus Iaevis et dans les 

membranes naturelles de VMBB. 

Des etudes cinetiques wi3s poussees dam les VMBB intestinales de lapin (Chenu et 

Berteloot, L993), effectuees en utilisant une nouvelle methode d'analyse des donnees (Malo et 

Berteloot. 1991) et l'automatisation complbte de la technique de filtration rapide par I'AFER, 

concluent de facon definitive que le cotransport Na'-D-glucose dam I'intestin de lapin est le fait 

d' un transporteur unique. 

I1 nous est donc paru important de cornparer I'expression fonctionnelle de(s) mol6cule(s) 

responsable(s) du transport dnal de Glc chez cette mCme esptce en utilisant 1'AFER et une 

methode d'analyse similaire h celle utiliste pour les etudes cinetiques sur VMBB intestinales. 

IV.2.g) choix des conditions exp6rimentales 

Puisque la pr6paration de deux populations de VMBB B partir du cortex et de la mtdulla 

externes ne garantit pas la separation anatomique des deux modes de transport, nous avons donc 

opt6 pour la preparation de VMBB issues du cortex entier. Nous avons ainsi privil6git? la 

possibilite de tester les effets de differentes conditions expdrimentales sur les deux modes de 

cotransport, notamment en ce qui concerne leur specificit6 pour le Gal et leurs rCponses vis-a-vis 

de la temp6rature. du pH, et de l'inhibition par la Pz. Les dsultats obtenus sont pdsentes dans 

le chapitre (11) qui conclue h des incompatibilitt?~ majeures avec ce q u i  est p r k n t  connu des 

caract6ris tiques cinCtiques des transporteurs SGLT 1 et SGLT2 clon6s. 

En etudiant Ies effets d'analogues de la Pz sur la 0-glucosidase intestinale, Evans et al. 

(1980) ont ddcrit des changements dans le spectre d'absorption de la Pz en fonction du pH. Plus 

tad, Fuhrmann et al. (1992) ont etudie les effets du tautomdrisme k&o-Bnol sur les propriCt& 

d'inhibition par la Pt du transport de Glc dans les erythrocytes humains. Puisque les spectres 

d'absorption de la Pz et de la Pt sont tres similaires, nous avons voulu tester l'effet du pH sur 

les proprikt6s de liaison de la Pz dans le rein en conditions de Na* I'dquilibre. Le chapitre 0 



51 

i, presente ces rbultats qui dhontrent, dam toutes les conditions exp?rimentaIes Cvalu&s, 

l'existence d'un site unique de liaison de Pz de type HAP et Na+-dependant Un modele plausible 

de la liaison de Pz est eggalement propose dans le chapitre (IV). 

En conditions de pH variable, non seule'ment la structure de la Pz rnais 6galement celle 

du uansporteur lui-m2me peuvent Stre affect&. De plus, des etudes cinetiques sur VMBB 

intestinales de lapin (Hoshi et al., 1986) et sur le syseme SGLTl exprime dans les ovocytes 

(Hirayama et al., 1994) demontrent que les ions H* peuvent se substituer au Na+ pour assurer le 

cotransport. Nous avons donc fmalement dtudiC la dponse des deux modes de transport renal par 

cornpanison au SGLTl intestinal en pdsence simultanCe de gradients de Na' et de H' de m&me 

qu'en presence d'un gradient de Na+ quand le pH varie de faqon sym6trique de part et d'autre 

de la membrane. Ces r6sultats sont pr&ent& dam le chapitre (V) qui conclut des differences 

rnajeures enue I'expression du sysreme SGLTl dans les tissus intestinal et renal. 
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ABSTRACT 

The kinetics of Na+/D-glucose cotransport (SGLT) were reevaluated in rabbit renal brush 

border membrane vesicles isolated from the whole kidney cortex using a fast-sampling, rapid- 

fiItration apparatus (FSRFq US patent # 5,330,717) for uptake measurements. Our results confirm 

SGLT heterogeneity in this preparation, and both high (HAG) and low (LAG) &ty glucose 

transport pathways can be separated over the 15-30C range of temperatures. It is fhther shown that: 

i) Na' is an essential activator of both HAG and LAG; ii) similar energies of activation can be 

estimated from the linear Arrhenius plots constructed fiom the V,, data of HAG and LAG, thus 

suggesting that the lipid composition andor the physical state of the membrane do not S e c t  much 

the hctioning of SGLT; iii) similar V,, values are observed for glucose and galactose transport 

through HAG and LAG, thus demonstrating that the two substrates share the same carrier agencies; 

and iv) phlorizin inhibits both HAG and LAG competitively and with equal potency (Ki = I 5 pM). 

Individually, these data do not allow to resolve conclusively the issue as to whether the kinetic 

heterogeneity of SGLT results f?om the expression in the proximal tubule of either two independent 

transporters (rSGLT1 and rSGLT2) or a unique transporter (rSGLT1) showing allosteric kinetics. 

All together and compared to the kinetic characteristics of the cloned SGLTl and SGLT;! systems, 

they do point out to a number of inconsistencies that lead us to conclude to the latter possibility 

although it is recognutxi that the two alternatives are not mutually exclusive. It is further suggested, 

from the differences in the Y, values of HAG transport in the kidney as compared to the small 

intestine and SGLT 1 cRNA-injected oocytes, that renal SGLT 1 activity is somehow modulated, 

maybe through heteroassociation with (a) regulatory subunit(s) that might also contribute quite 

significantly to sugar tramport heterogeneity in the kidney proximal tubule. 



In the 'Na+@ent hypothesis" regarding trausce1lula.r absorption of sugars by intestinal and 

renal epithelial cells [IS], glucose is first accumulated within the cell by secondary active transport 

through the apical brush border membrane (BBM)'. Over the last 25 years, studies using BBM 

vesicles (BBMV) 16,s 1,S3,69] and isolated cells [26] have greatly contributed to characterize Na +- 

dependent D-glucose cotransport (SGLT) in terms of substrate and inhibitor specificities, Na' 

activation, membrane potential dependency, and mechanism of cotransport It has been generally 

assumed, up to the early eighties, that SGLT expression in mammals is homogeneous [IS]. 

However, the studies of Barfuss and Schafer [l] using the isolated perfused tubule technique, and 

those of Turner and Moran [596 11 in rend BBMV, which both demonstrated kinetic heterogeneity 

of SGLT along the rabbit proximal tubule, seem to have put a definitive end to this assumption. 

Still, the molecular basis of this heterogeneity has not been M y  established yet. 

Genetic defects of SGLT systems are expressed in selective congenital glucose/galactose 

malabsorption by the small intestine and familiai renal glycosuria, and a minimum of two SGLT 

genes appear necessary to explain the clinical findings [16,50]. The studies of Turner and Moran 

[59-61] were interpreted along these lines and it was concluded to the existence of both high-Bnity 

glucose (HAG, K, = 0.35 mM) and low-affinity glucose (LAG, K, = 6 mM) pathways in the kidney 

with distinct kinetic properties and expression patterns along the proximal tubule. According to 

these authors [59-61], the LAG system would i) be found predominantly in the outer cortex 

(proximal convoluted tubule, S1 and S2 cell-types), ii) handle galactose very poorly, iii) present high 

affinity phlorizin (HAP) binding sites, and iv) demonstrate a 1 Na' : 1 glucose stoichiometry. In 

contrast, the HAG system would i) be found predominantly in the outer medulla (late proximal 

straight tubule, S3 cell-types), ii) handle both glucose and galactose, iii) present low affinity 

phlorizin (LAP) binding sites, and iv) demonstmte a 2 Na': 1 glucose stoichiometry. Since then, the 

latter system has been ascribed to the expression in the kidney of the SGLTl gene [14,4041], a 

cloned entity first isolated fiom the rabbit (rSGLT 1, [2 11) and human -(hSGLT1, [22]) small 

intestines and shown to have the kinetic characteristics expected for the HAG pathway using in vitro 

expression systems [7,45,65,69]. There is some controversy, however, as to which of the three 
,' clones recently isolated fiom human (Hul4hSGLT2, [25,68]), pig (SAAT 1 -pSGLT2, [3 1,35]), and 



=. rat (rat SGLT2 [71]) kidney cDNA libraries might in fact represent the former system: i) sugar- 
\ evoked currents in Hul4hSGLT2 cRNA-injected o w e s  were < 1 nA [25], in contrast to those of 

1 000-2000 nA observed for SGLT 1 and SAATbpSGLT2 [35]; ii) the close relationship of Na+- 

dependent nuclwside cotransport to Hu14 and the substantial evolutionary distance of HUM &om 

the established SGLTs suggest that Hu14 is a nucleoside carrier [48]; iii) the expression of SAATI- 

pSGLT2 mRNA was reported to be strong in intestine, spleen, liver, and muscle but low in kidney 

[3 11, so that it has even been proposed that SAATI-pSGLT2 be renamed SGLT3 [71]; and iv) to our 

knowledge, the locajizittion of SAAT1-pSGLT2 along the nephron has yet to be established, a quite 

important matter in view of the recent c i e m o ~ o n  of SGLT activity in dog distal thick ascending 

limbs [67]; indeed, SAAT1-pSGLT2 was cloned from the pig kidney cell line LLC-PK, [31] 

showing hctional differentiation patterns of p r o d  tubule cells [33,47] but homonal sensitivity 

which resembles to some extent that of the medullary thick ascending loop [24]. Still, the recent 

finding that patients with glucose-galactose malabsorption do not show glucosuria [58,70] should 

be taken a s  strong evidence for molecular heterogeneity of SGLT systems in the kidney. 

It would thus appear that the main question to address at this time is not whether there is 

more than one SGLT system in the kidney but rather whether the kinetic heterogeneity observed in 

BBMV isolated f?om the kidney cortex and/or medulla is the unique and direct consequence of this 

molecular dversity. Indeed, the validity of the latter equation rests on a number of assumptions that 

may require thorough examination For example, in the years following Turner and Moraa's studies 

[59-6 11, a number of papers appeared that also reported SGLT heterogeneity in intestinal BBMV 

[10,18,20]. However, a carem reevaluation of such studies using similar preparations fkom the 

human [38], rabbit [2], and guinea-pig [37] small intestines clearly indicated that SGLTl is the only 

glucose carrier involved in these tissues, and the latter conclusion is strongly supported by the 

concomitant demonstration that patients with glucose-galactose malabsorption bear a single point 

mutation in the SGLTI-cDNA that fully accounts for the intestinal defect [58,70]. On a theoretical 

point of view too, it should be appreciated that kinetic heterogeneity may also result from particular 

transport mechanisms relating to either monomeric [6,18,26,51,53] or oligorneric proteins 

[13,29,30]. Indeed, following the demonstration by inactivation radiation studies that the intestinal 

and renal SGLT proteins may form oligorneric complexes [2,55-56.621, a number of reports 
r 

,I appeared [8,19,29-30,661 that challenged the interpretation of Turner and Mom's results [59-61]. 
\ 



- In agreement with such studies, Chenu and Berteloot [I31 proposed's M t e  simple dimeric model 
). 

of cotransport with mixed positive and negative cooperativities for Na+ and glucose binding, 

respectively, that may fully account for the kinetic properties usually taken as evidence for the 

existence of two distinct SGLT transport systems: 1) upward deviations fiom linearity in Eadie- 

Hofstee plots, 2) different Na':glucose stoichiometries at low and high sugar concentrations, and 

3) part~al inhi'bition by substrate analogues and/or inhibitors. While the first two predictions of this 

model could not be demonstrated in the rabbit jejunum [I31 and hSGLT1-cRNA injected oocytes 

[12], results that do not rule out, however, a polymeric structure of the SGLTl protein [13], it has 

been shown since that the extent of coopemtivity between subunits may be modulated through their 

association with RS 1 -type proteins which can be found in the small intestine (pig, rabbit, sheep, 

man) and in both the renal outer cortex and outer medulla (pig, rabbit, man) [30,66]. Finally, the 

possibility that the anatomical separation achieved by Turner and Moran [59-611 may only be 

apparent should also be considered As noted by the authors themselves although never addressed, 

the possibility remains that the two SGLT pathways observed in their studies are, in fact, 

manifestations of the same transport protein in different lipid environments [59]. Moreover, it would 

also appear from recent studies that the regulation of SGLTl activity is post-transcriptional since 

it is correlated with the protein concentration in the BBM membrane [52] but not with the amount 

of homologous mRNA [32]. Accordingly, the studies of Pajor et al. [44] concluding to molecular 

evidence for two SGLTs in the rabbit kidney should be considered windirect evidence only and do 

not rule out the possibility of merent  post-transcriptional modifications (whether related or not to 

the differential expression of RS Mike polypeptides) of a unique protein in the S 1/S2 as compared 

to the S3 segments of the proximal tubule. It thus seems fair to conclude that the "two independent 

carrier hypothesis" of Turner and Moran [59-61] is not the sole interpretation of their kinetic data 

and, as such, needs further reassessment. 

In this paper, we thus reevaluated the kinetics of renal SGLT using rabbit renal BBMV 

isolated from the whole kidney cortex and a fast-sampling, rapid-filtration apparatus (FSRFA [S], 

US patent # 5,330,717) for uptake measurements. It should be emphasized tbat no attempt was made 

in our studies to separate the HAG and LAG transport pathways according to regional differences 

along the proximal tubule on the rationale that: i) a full separation may not be easily achieved by 

dissection alone, as aclmowledged by Turner and Moran [B,6 11 in their o r i m  studies and clearly 
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.- indicated by the more recent work of Pajor et al. [44] and Silverman et al. 1541, ii) the low yield in 
L BBMV which is expected following anatomical separation would preclude extensive kinetic studies 

to be performed, iii) hetic separation may only be apparent (see discussion above), and iv) it would 

be possible to analyze simultaneously the kinetic characteristics of the two transport pathways with . 
respect to a number of critical issues relating to the involvement of the SGLTl and SGLT;! transport 

systems in this preparation While our results do confirm the kinetic heterogeneity of SGLT in 

kidney BBMV, it is also shown that both of the HAG and LAG transport pathways demonstrate 

similar energies of activation (EJ for a fidl catalytic cycle (VA, accept galactose as an alternative 

substrate, and are inhibited competitively by phloriph with identical K, values. Comparisons of 

HAG expression in rabbit intestinal and renal BBMV, and of SGLT characteristics in renal BBMV 

vs cRNA-injected oocytes expressing the cloned SGLTl and SGLT2 systems lead us to conclude 

that the kinetic heterogeneity observed in our studies most likely reflects different transport 

properties of rSGLT l rather than coexpression of distinct rSGLTl and rSGLT2 proteins. 



MATERIALS AND METHODS 

1) Materials 

Rabbits were purchased £tom the Maple Lane Farm (Clifford, Ontario) or the "Ferme de 

SCIection Cunipw" (St-Valbrien, Quebec). ~[l-'i~~)]-giucose (specific activity 10-15 Cilmmol) 

was 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 

hydrochhride and scintdlation cocktail (&blend) by ICN Biomedicals. Cellulose nitrate filters (1 2.5 

mm diameter, 0.65 pm pore size) were obtained from Micro Filtration Systems (MFS). All other 

chemicals were of the highest purity available. 

2) Preparation of Brush Border Membrane Vesicles 

Large batches of renal BBMV were prepared fiom the whole kidney cortex of male, 2.0-2.5 

kg New-Mand white rabbi& essentially as described previously for the rabbit jejunum [3,13,36]. 

Briefly, cortex slices were introduced into the homogenate media (18 rnM HEPES-Tris buffer pH 

7.0 containing 1 mMEDTA and 250 mM sucrose) at a 1:20 ratio (wv), and homogenized at 4 OC 

in a Warring blender for 1 min at full speed BBM were precipitated by addition of 10 mM MgCl, 

113,361, punfied in a P, fhction [3], and resuspended in a minimal volume of 50 mM EPES-Tris 

buffer (pH 7.0) containing 300 m M  mannitol and 0.1 mM MgSO, [13]. The hctions were 

divided into 500 pl aliquots and frozen in liquid N, [13,36]. On the day of use, a suitable number 

of ahquots of fiozen P, were thawed and diluted at a 1 : 10 ratio (wv] in the resuspension buffer (50 

mM HEPES-Tris buffer (pH 7.0) containing 0.1 rnM MgSO, ,300 mM mannitol, and 200 mM KI) 

to which was added 3 pM valinomycin to ensure fW equilibration of the cation [13,36]. BBMV 

were prepared as a final P, pellet [3] and resuspended in the valinomycin-fiee resuspension buffer 

at a protein concentration of 28-35 mgM [13]. To insure stability of the preparation over the course 

of the experiment, 25 p1 aliquots of BBMV were fiozen in liquid N, until the time of assay [ 13,3 61. 

3) Uptake Assays 

Initial rates of Na+dependent, H-D-glucose uptake were determined under zero-trans 

gradient conditions of both ion and substrate using the automated FSRFA developed in our 



61 - laboratory [5]. For each assay, 20 pl of BBMV were thawed, and loaded into the 
L apparatus. Uptake was initiated by injecting the vesicles into 480 pl of 50 mM HEPES-Tris buffer 

(pH 7.0) containing 0.1 m M  MgSO, ,0.5 mM amiloride, 300 mM mannitol, 50 mM KI, 150 mM 

of either NaI or choline iodide for Natpdient or Na+-fke conditions, respectively, and 4 p M  tracer 

D-glucose or galactose. For kinetic parameter determinations, 12 concentrations of cold D-glucose 

or galactose 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 cold 

substrate + mamitol of 300 mM For phlorizin inhibition studies, the uptake media also contained 

0.5, 1, 5, 10,30, and 50 pM of the SGLT inhibitor. Uptakes were performed in the thermostated 

chamber of the FSRFA [5] and determined by a 9-point automatic sequential sampling of the uptake 

mixture at 1 s intervals [13]. At each time point, 50 pl of the uptake mixture was injected into 1 ml 

of icecold stop solution (50 mM HEPES-Tris buffer (pH 7.0) containing 0.1 rnM MgSO ,, 300 m M  

mannito~ 1 mM phloriziq and 200 mM of either NaCl or choline chloride for Natgradient or Na+- 

free conditions, respectively). The stopped mixture was then filtered through 0.65 pm cellulose 

nitrate filters, and the filters were washed three times with 1 rnl of ice-cold stop solution [5,13]. The 

substrate content of the vesicles was then determined by liquid scintillation counting as described 

previously [ 131. 

Under the conditions of our uptake assays, the initial rates of 50 pM D-glucose uptake were 

linear with protein concentrations over the range 1-35 mg protein/ml [ 131. Protein was measured 

with the BCA assay kit using bovine senun albumin as a standard 

4) Data analysis 

Four (phlorizin inhibition studies) or five (all other studies) uptake time courses were run 

at each of the substrate concentrations used in the respective experiments. Initial rates of tracer 

transport (v6 pmol . s . mg 'I protein) were determined over the 1-7 s time course of the assays by 

linear (15-25 T) or polynomial (30 "C) regression analysis as justified previously [13]. The kinetic 

parameters of glucose and galactose transport were estimated by nonlinear regression analysis of 

the initial rate data, thus assuming that the added cold substrate acts as an ideal competitive 

inhibitor of tracer tramport [6,13,38]. The equations used corresponded to either one or two 

Michaelis-Menten components working in parallel with passive diffusion (refereed to in the 



following as the one-site or the two-sites models, respectively) and have been both justified and 

IL given in N1 in a previous paper fiom our group, as well as the strategy aimed at model 

discrimination [13]. The best model fit to the data is reported in all of the figures, and an Eadie- 

Ho& transformation of the carrier-mediated process is also presented where appropriate for visual 
L 

appraisal of the goodness of fit [6,13,38]. Linear and nonlinear regression analyses were performed 

using a commercial software (Enzfitter, R J. Leatherbarrow, copyriat 1987, Elsevier-Biosoft). 

Since both of the robust and explicit weighting routines of this software were used for data analysis, 

the errors associated with vi' determinations and kinetic parameter values reported in this paper 

represent the standard errors of regression (SER) on these parameters. When shown, the evaluation 

of the 95% confidence intervals was performed using the commercial software "P.FitN (copyright 

1990 Fig.P Software Corp., Biosoft). 



RESULTS 
k 

I) Heterogeneity of SGLT in renal BBMV 

The dependence of the initial rates of lraca D-glucose (4 irM) transport upon increasing cold . 
substrate concentrations is shown in Fig. 1 for two similar experiments performed at 20 OC using 

different batches of BBMV and cold glucose concentrations. In both experiments, the initial rate 

data were best described by the two-sites model equation, and the kinetic parameter values 

corresponding to the HAG and LAG transport pathways are given in Table 1. The reproducibility 

of our kinetic approach appears very good, as also clearly demonstrated in Fig. 1 where it can be 

appreciated that the two fits are not significantly different fiom each other at the 95% confidence 

level. The uptake time courses generated at each of the glucose concentrations tested in the two 

independent experiments were thus pooled to determine a unique set of initial rates of tracer uptake. 

The kinetic heterogeneity of SGLT in rabbit renal BBMV purified from the whole kidney cortex is 

best emphasized by the Eadie-Hofstee transformation of the p l e d  data (inset of Fig. 1 with kinetic 

parameters as given in Table I). 

2) Transport heterogeneity and Na+-independent glucose transport 

The possibility that glucose transport in renal BBMV might occur in the complete absence 

of Na' [11,23] was evaluated by comparing i) tracer D-glucose uptake (4 pMJ in the presence of + 

150 mM Na' and 200 mM cold glucose, experimental conditions which should give, according to 

the kinetic parameter values of Table 1, a reliable estimate of the diffUsional component of 

transpoR and ii) tracer Dglucose uptake (4 @I) in the presence of 150 mM choline substituted for 

Na', experimental conditions that provide, as clearly indicated by the displacement curve in Fig. 1, 

the highest sensitivity for measuring any carrier-mediated transport. As illustrated in Fig.2, the 

uptake data under conditions (i) and (ii) were not significantly different from each other at the 95% 

confidence level, thus clearly demonshating that Na*is mandatory for glucose transport through the 

HAG and LAG pathways, and that Na+-independent transport does not contribute in any way to 

SGLT heterogeneity. Moreover, the mean slope value of 0.039 * 0.003 pmol . s*' . mg" protein 

estimated for the pooled data in Fig. 2 is equivalent to a k, value of 9.20 0.07 pmol . s-' . mg-' 
r protein . mM-' in these experiments, in agreement with the data in Table 1 at 20 "C. 



3) Heterogeneity of Na+-D-Galactose cotransport in rend BBMV. 
% Hu14 [68], a human cDNA claimed to represent hSGLT2 [25], and SAAT1, a cDNA cloned 

from LLC-PK, cells [31] and later proposed to represent pSGLT2 [35], were reported not to 

transport or to tramport very weakly D-galactose, respectively, when expressed in Xenopus Zaevis 

oocytes. As shown in Fig. 3, however, heterogeneity of both D-glucose and D-galactose transport 

could be readily observed at 25 OC in our renal BBMV preparations. Moreover, Table 2 indicates 

that high and low atfioity galactose transport occurred with V-values similar to those of HAG and 

LAG transport, thus showing that the two substrates do share the two transport pathways. 

Interestingly too, galactose was transported with l o w  affinity than glucose through both pbthways; 

however, the & for galactose relative to glucose transport through the HAG and LAG routes were 

increased by 3 -9- and 7.8-f014 respectively. 

4) Phlorizin inhibition of SGLT in renal BBMV 

Based on phlorizin inhibition studies of SGLT in rabbit renal BBMV isolated from the outer 

cortex and outer medulla, it has been reported that the HAP and LAP binding sites correspond to 

the LAG and HAG transport pathways, respectively [6 11. In agreement with Turner and Moran's 

studies [6 11, an IC, value = 1 pM was estimated for phlorioh inhiiition of a-methylglucose (AMG) 

transport through Hul4mSGLT2 [25] (this value is equivalent to Y = 0.4 pM when assuming 

competitive inhibition and considering both the AMG concentration of 2 m M  used and the K ,value 

of 1 -6 mM for AMG tramport reported in the studies of Kanai et al. [XI). In contrast, Ki values of 

16-1 8 pM (at holding membrane potentials V, of -1 10 to -50 mV) or = 37 pM (at V, = -10 mV) 

were determined for p M o M  inhibition of AMG transport through pSGLT2 [35],  and these values 

thus appear higher than the Ki values of 6-10 @A estimated for rSGLTl [7,65,69]. 

This question was thus reevaluated in our rabbit renal BBMV preparations by repeating at 

25 "C the experiments of Fig. 1 for different concentrations of phlorizh. The initial rate data were 

best-fitted to the two-sites model equation as shown in Fig. 4 for representative wncentrations of 

phlorizin, and the corresponding kinetic parameter values are given in Table 3. Fig. 5 clearly 

indicates that the V,, of both HAG and LAG transport were d e c t e d  by phloridn, thus 

demonstrating that phlorizin inhibits competitively the two transport pathways (it should be noted 
r that the mean V-, and Vd values of 41 * 6 and 524 * 49 pmol . s" . mg-' protein, respectively, 



compare fairly well to those determined in Table 2 for a different membrane preparation). 

The~fore, the apparent Michaelis constants (KJ in Table 3 were fitted to Equation (1)-in which K, 

and K, have their usual meanings. 

These results are shown in Fig. 6 from which K,, and K,values of 0.113 0.007 and 3.3 * 0.2 m M  

could be estimated for HAG and LAG transport, respectively, in agreement with the results of Table 

2. Interestingly, however, similar & values of 15.3 3.0 and 14.5 * 2.2 were observed for 

phlorizin inhibition of the two SGLT pathways. 

5 )  Temperature effects 

The temperature dependence of SGLT has been analyzed in rat [27l, hog [I71 and rabbit [28] 

renal BBMV. Nonlinear Arrhenius plots were found showing either a transition temperature at 15 @ 

[17,27] or curvilinearity [28] over the whole range of temperatures. Since these early studies did not 

resolved the HAG and LAG transport pathways, such nonlinear plots are compatible with SGLT 

heterogeneity in renal BBMV, as also inferred fiom the studies of Brot-hoche et al. [lo] in guinea- 

pig intestinal BBMV where a LAG transport pathway seemed to be activated at higher temperatures. 

This hypothesis was tested in our renal BBMV preparations as follows. Experiments similar 

to those of Fig. 1 were repeated at 15 and 30 "C. The kinetic data at these two temperatures could 

be best resolved when assuming a two-sites model with kinetic parameters as given in Table 4. It 

was then possible to construct the Arrhenius plots pertaining to the kinetic parameters determined 

in Tables 1-4 (Fig. 7) fiom which the following observations can be made: i) linear plots are 

obtained over the 15-30 @ range of temperatures for al l  kinetic parameters, although the K, of the 

LAG transport pathway proves to be quite insensitive to temperature (mean value = 2.9 * 0.5 mM, 

Fig 7B, open circles); ii) similar E, values can be determined from the V,, data pertaining to the 

HAG and LAG transport pathways (Ea = 45.0 & 3.1 and 40.2 * 2.2 kcal . K1 . morl for HAG and 

LAG, respectively, Fig. 7A); and iii) an E, value of 25.7 * 2.1 kcal . K-I . moT1 can be estimated 

fcom the K, data relative to HAG transport (Fig. 7B, closed circles) which falls within the range of 
r E, = 18.0 * 3.4 k c -  . K-I . mol" that can be calculated for passive difhion of glucose (Fig. 7B, open 

triangles). 



DISCUSSION 

I) General comments 

In this paper, the kinetics of SGLT were reevaluated in &bit renal BBMV isolated &om the 

whole kidney cortex, and it should be emphasized first that our kinetic experiments: i) involved a 

dynamic approach [6,18] in which the true initial rates of transport were determined from 4 to 5 

uptake time courses recorded under all experimental conditions with a FSRFA [5,13,38], ii) 

evaluated the kinetic parameters of transprt by weighted, nonlinear regression analysis of the initial 

rate data relative to tracer concentration that precludes undue transformations of the experimental 

data and avoids a number of complications associated with it [5,6,13,38], and iii) paid particular 

attention to the stability of the vesicle preparation [36] and to the control of temperature, pH, 

osmolarity, ionic strength, and membrane potential which was clamped to 0 mV using iodide as a 

highly permeant anion [4]. From the results of Fig. 1 and Table 1 at 20 'C, and Tables 2-3 at 25 @, 

it can be concluded that the use of BBMV prepared from the same large batch of P, fractions 

minimizes animal-to-animal variations of uptake data and that our experimental conditions insure 

high reproducibility of the results. Therefore, meaningful comparisons can be made between 

experiments without costly and time-consuming data replication 

It is important to emphasize next that SGLT heterogeneity was observed in rabbit kidney 

BBMV under experimental conditions that failed to reveal similar heterogeneity in equivalent 

preparations fiom the rabbit [I31 and human [38] jejunum. The present studies thus validate further 

our he t i c  approach aimed at resolving multi component transport systems [6,13,3 81 and confirm 

those of Tumer and Moran [59] showing that the initial rate data in the whole kidney cortex is 

compatible with the presence of both HAG and LAG transport pathways. Still, the K, values 

reported in Tables 1 (20 "C) and 4. (1 5 T) appear lower than those of 0.35 and 6.0 mM previously 

estimated at 17 OC in a similar preparation for HAG and LAG transport, respectively [59]. This 

apparent discrepancy can be easily resolved fiom the consideration that Tumer and M o d s  data 

[59] were obtained at a 40 mM Na' concentration rather than the saturating Na* concentration of 

150 mM used throughout our experiments [60,61]. 



. . 2) SGLT expression in rabbit renal and intestinal BBMV 
c Because a cDNA clone with full identity to intestinal rSGLTl has been isolated fiom the 

rabbit kidney cortex [40], it can be assumed, as also done by a number of authors 

[25,3O J5,44,54,7l], that the HAG pathway should represent the functional expression of the SGLTl . 
protein in this tissue. In this respect, Na'was found to be an essential activator of SGLT in the rabbit 

kidney (Fig 2), a property clearly demonstrated for rSGLTl in the small intestine [13]. Still, under 

symmetrical conditions (20 "C, 0 mV, and 150 rnM Na' gradient), the K, value of HAG transport 

is some 2.3 * 0.4-fold lower in the former as compared to the latter tissue (60 8 @A in Table 1 

versus 139 5 phd in [13], respectively). It can thus be concluded that this highly significant 

difference should reflect how rSGLTl is expressed hctionally in renal as compared to intestinal 

BBMV. Interestingly, a similar difference is seen in man for HAG transport in the jejunum (K, = 

0.6-0.9 mM in [3 81) and the kidney (K, = 0.3 mM in [63]). Therefore, these data point to the fact 

that the same SGLTl gene leads to differential expression of the SGLTl protein in the two tissues. 

One is thus led to question whether rSGLTl activity is modulated by the lipid composition 

and/or the physical state of the membrane. A conclusive answer to this question may not be given 

at tlus time. However, the following pieces of evidence point out to a minor role of this two 

elements in affecting SGLTl activity: i) it is quite remarkable that similar K, values have been 

reported for SGLTl expression in intestinal BBMV (see values reported above) and oocytes injected 

with rSGLTlcRNA (1 00-200 [45] and 1 17-126 [66] pM) or hSGLT 1 cRNA (0.8 [34] and 1.2 [I21 

mM); ii) the temperature studies of Fig. 7 show linear Arrhenius plots for the V,(E, = 45.0 * 3.1 

kcal . K-' . mol-') and K, (25.7 * 2.1 kcal . K" . mol*') data regarding glucose transport through the 

renal HAG pathway; and iii) if one also assumes linearity in the Arrhenius plots of intestinal SGLTl 

between 20 and 35 "C, quite similar E, values of 32.7 and 15.8 kcal . K-I . m0l-l can be calculated 

from our previous studies in rabbit jejunal BBMV [13] for the V, and & data, respectively. 

Indeed, our conclusion contrasts with that of previous studies in which: i) the Arrhenius plots were 

constructed fiom the initial rate data estimated at one substrate concentration only [9,17,27-281, and 

ii) the renal HAG and LAG pathways were not resolved [17,27-281. Because initial rate equations 

of transport mechanisms are complex functions of both microscopic constants and substrate 

concentrations, and since different rate-limiting steps may govern transport activity at different 
7 temperatures, linear Anhenius plots are not usually expected under these conditions, even when 



- considering the simplest case of a unique transport protein Therefore, the E, values of 45.0 & 3.1 
L kcal . lC1 . mor' determined in our studies from the V,, data (Fig. 7A) may only be compared to 

those of 17-42 1.0 kcal . K-' . mol-' calculated from the Q ,, values of Parent et al. [46] pertaining to 

the V,, of rSGLTl in cRNA-injected oocytes. In contrast also to the studies of Parent et al. [46], 

the K, of HAG transport in rend BBMV shows a strong temperature dependence pig. 7B). The 

reason for these differences is not obvious at this time but for the fact that such experiments are 

more difficult to perform in oocytes studies [46]. 

The conclusion above that the Lipid composition and/or the physical state of the membrane 

do not affect much the functioning of rSGLTl would suggest that post-transcriptional modifications 

of the protein may be responsible for the differential expression of rSGLT 1 in the small intestine 

and the kdney, in agreement with recent studies showing that the regulation of SGLTl activity is 

correlated with the protein concentration in the BBM membrane [52] but not with the amount of 

homologous mRNA [32]. The nature of this modification cannot be assessed at this time. Still, the 

decrease in the K. value associated with rSGLTl (HAG) expression in the kidney (60 8 CIM, Table 

l), and the apparition of a LAG pathway in this tissue (K,,, = 2.9 * 0.5 mM, mean of the 6 

experiments performed at different temperatures), are features which are indeed reminiscent of 

those reported by Veyhl et al. [66] upon coinjection of RS1 with rSGLT1 into Xenopzis oocytes: 

under these conditions, the K, of rSGLT1 decreased from 1 17-126 to 17-29 pM and a low affinity 

pathway with & vahe of 0.9- 1 -9 mM appeared [66]. Unfortunately, however, the range of K, 

values reported for SAATI-pSGLT2 (1.740 mM in [35]), Hul4hSGLT2 (1.6 mM in [25]), and rat 

SGLT2 (3 mM in [71] in cRNA-injected oocytes also encompasses that determined for the LAG 

pathway in the above studies. 

3) Kinetic characteristics of the renal LAG pathway 

Following Turner and Moran's hypothesis [5941] in which the renal HAG and. LAG 

pathways would represent distinct transport systems, the latter has been ascribed to the expression 

of a SGLT2 protein [25,35,71] that has yet to be cloned in the rabbit However, this simple equation 

ignores the following fhcts: i) a number of inactivation radiation studies agree that the intestinal and 

renal SGLT proteins may form oligomeric complexes [2,55-56,621; ii) a number of reports appeared 

[8,l9,29-30,66] that challenge the interpretation of Turner and M o d s  results [59-6 11; iii) Chenu 



arid Bertelwt 1131 proposed a quite simple dimeric model of cotransport that may fully m u n t  for 
s the kinetic properties usually taken as evidence for the existence of two distinct SGLT transpa 

systems; and iv) in agreement with this model, it was suggested that the extent of cooperativity 

between subunits might be modulated through their association with RS1-type proteins [30,66]. . 
Moreover, as discussed under Introduction, there is some controversy in the literature as to which 

of the three clones recently isolated fiom kidney libraries [31,68,71] might in fact qualifjr to 

represent SGLT;! activity [25,35,71]. The question arises, then, as to what extent could the kinetic 

heterogeneity observed in BBMV isolated &om the kidney cortex and/or medulla be the sole 

consequence of the proposed molecular diversity and, as discussed in details below, our studies do 

point out a number of inconsistencies with regard to this hypothesis. 

a) Galactose transport studies 

It was reported by Turner and Moran [59] that galactose is a poor inhibitor of glucose 

transport through LAG as compared to HAG, and Ki values of 54-77 and 2.0-2.6 mM (ratio of 27-30. 

fold) can be estimated from the data of Table 2 in [59] for the former and the latter pathways, 

respectively. Similarly, Roigaard-Petersen et al. [49] separated low (outer cortex, K, = 15 mM) and 

high (outer medulla, K, = 0.15 mM) affinity galactose transport pathways (ratio of 100-fold) in the 

rabbit kidney. Qualitatively at least, then, our results agree with these previous studies (ratio of 55- 

fold, see Table 2) and bring firrther evidence, fiom the similar V-values of glucose and galactose 

tramport through both of the HAG and LAG pathways (Table 2), that the two substrates do share 

the same transport routes. Moreover, in contrast to the hding of preferential glucose uptake through 

LAG only [49] and through SAAT 1-pSGLT2 [35] as compared to rSGLT l [q, our studies clearly 

indicate, in agreement with those of Turner and Moran 1471 in the kidney, that glucose is the 

preferred substrate of both intestinal rSGLTl [13] (the K, for galactose as compared to glucose 

transport was reduced 2.9-fold in these studies) and the renal HAG and LAG pathways (Table 2). 

These discrepancies may indeed relate to the facts that: i) the kinetic studies of Roigaard-Petersen 

et al. [49] were not done under initial rate conditions, and ii) the studies of Birnir et al. [7] did not 

l l l y  resolved the K, of glucose and galactose transport in rSGLT1-cRNA injected oocytes. Still, 

in the present studies, the apparent affinity of galactose versus glucose transport through LAG was 

decreased by 7.8-fold as compared to 3.9-fold only through HAG (Table 2), and these results also 

agree qualitatively with those of Turner and Moran [59] (ratios of 9-13- and 6-7-fold can be 



estimated in outer cortex and medulla, respectively). Quite obviously, then, these results could be 

taken as evidence for two distinct and independent glucose transportefs. However i) neither Hu14- 

hSGLT2 [25] nor rat SGLT2 [71] seem to transport galactose to any significant extent, and ii) 

SAATI-pSGLT2 [35] was reported to transport galactose with vev  low e t y  (K, > 20 mM); 

however, a more realistic K, value of 385 mM would account for the data of Fig. 1 in [35] as can 

be calculated tiom the current values and kinetic parameters of sugar transport given in the text' 

[35]. Accordingly, there is a major merence in the galactose transport characteristics between the 

putative SGLTZs and the rabbit renal LAG pathway that might eventually be accounted for by 

species differences. Still, the available evidence also suggests that galactose transport is a distinctive 

property of the SGLTl protein, so that our kidney results are also compatible with the concept that 

HAG and LAG transport might represent two different transport modes through the same rSGLTl 

protein. In the dimeric model of Chenu and Berteloot [13], a possible interpretation would be that 

a higher negative woperativity is associated with galactose as compared to glucose binding to a 

second substrate site (subunit). Indeed, the rate of the conformational change induced upon binding 

of the first substrate molecule to the transporter might be linked to the structure of the pyranose ring. 

b) Phlorizin inhibition studies 

It should be emphasized first that our studies appear as the most complete ones to date that 

ever tried to determine simultaneously the hhiiitory effect of phlorizin on HAG and LAG transport 

pathways in BBMV isolated from the whole kidney cortex Our results confirm beyond any doubt 

that phlorkin inhibits competitively renal SGLT through both pathways (Fig. 5) and demonstrate, 

quite unexpectedly in fact, that phlorizh is equally potent at inhibiting the two glucose transport 

routes (Fig. 6). One is thus led to question the experimental evidence which served to establish the 

notion that the rabbit kidney HAG and LAG pathways should show differential inhibition by 

phlorizin. 

It turns out that Turner and M o m  [59] concluded first that phlorizin is less effective in 

inhibiting D-glucose flux in outer medullary vesicles than in the outer cortical preparation when 

looking at phlorizh inhliition of glucose -port in the two BBMV populations. This conclusion 

does not seem to be justified, however, because their data of Table 2 in [59] merely report on 

phlorizin inhibition at a fixed glucose concentration of 1 mM. Accordingly, from the relative 

inhibition values reported in that Table (60 mM NaCl inward gradient at 17 OC) and the b e t i c  



parameters of glucose transport given in [59], Ki values of 7.5-1 1 and 5.415 pM can be calculated 
b at 10-1 00 uM phlorizin for the outer cortical and outer medullary tissues, respectively. Interestingly, 

these values are not that different fiom ours (15 pM, Fig. 6) and wuld well have been taken as 

evidence for similar sensitivities of the HAG and LAG transport systems relative to phlorizin 
b 

inhibition. 

In further studies performed under eqdi'brium exchange conditions (60 mM NaCl and 1 mM 

glucose), Turner and Moran [6 11 were able to resolve consistent K, (1 -48 @bf) and & (1.36 pM) 

values for phlorizi. binding and phlo- inhibition of glucose transport in the outer cortex but 

failed to do so in the outer medulla Still, because a low aflbity binding component (K, = 102 pM 

at 37 O C  and 60 mM NaCl equilibrated across the BBMV) could be observed in BBMV isolated 

fiom the latter tissue, and because a K, value of 5 1 pM was determined for phlorhh inhibition of 

1 mM glucose transport under equilibrium exchange conditions (20 OC and 60 mM NaCl) in this 

preparation, it was concluded that HAG bransport should be associated with LAP binding These two 

data sets are internally inconsistent, however: i) a K,,, value higher than the K,, value would have 

been expected in the equilibrium exchange experiments (and the more so since a K, value higher 

than 100 would be likely upon decreasing the temperature fiom 37 to 17 OC); and ii) the &, 

value does not tell much about the K andlor K , values in the absence of K , value for glucose 

transport (for example, the &, value of 51 p M  is fully compatible under the conditions of those 

experiments with a K, and/or & value of 15 pM for an associated K, value of 0.4 rnM as reported 

for HAG by Tumer and M o m  [59,6 11). Moreover, in the LLCPK , cell line which seems to express 

SGLTl almost exclusively [41], Moran et al. [39] reported K, values of phtorizih binding at 37 @ 

that increase from 0.2 to 2.5 pM for Na* concentrations decreasing from 500 to 100 mM. Similarly 

in the dog [54], K, values of = 0.9 pM were reported for phlorizin inhibition of SGLT under Na+- 

gradient conditions (150 mM NaSCN, 25 OC) in both of the outer cortical and outer medullary 

tissues. However, these results contrast with the phlorizin binding studies of Tumer and Silverman 

[64] in the same species in which both HAP (K, = 1 pM) and LAP (I& = 26 @bf') sites were found 

in the whole kidney cortex (100 mM NaCl equilibrated across the BBMV, 37 "C). 

It thus seems fair to conclude that the situation is far from clear at this time, so that fbrther 

insights to resolve those questions should come fiom the comparison of transport inhibition and 

phlorizin binding studies on the same preparation. Moreover, an interesting observation that stems 



- from the above discussion is that the K, value of 15 pM found in our studies is close to one order 

% of magnitude higher than the Kd values of phlorizin binding usually recorded in the rabbit [61] and 

dog (641 kidneys, and in LLC-PK, cells [39]. Indeed, part ofthe discrepancy with the latter studies 

may be accounted for by differences in assay conditions (temperature, Na+ concentrations). Quite 

importantly, however, because the K, of phlorizin binding in the kidney are usually determined at 

equilibrium (incubation times of 5 min or more) while the Y of SGLT inhibition are determined 

under initial rate conditions, the question arises, then, as to what extent wdd those conflictory 

results i) reflect the fact that phloridn may bind to different confonnational states of the 

transporter(s) under these two sets of experimental conditions or, altenatively, ii) be a direct 

consequence of the phlorizin binding mechanism itself In this respect, it should be noted that 

Toggenburger et al. [5q reported that large differences could be observed in the time course of 

phlorizin binding in renal vs intestinal BBMV from rat and rabbit, and that the binding velocity 

appeared to correlate with the Kd and K, values. Quite interestingly too, the apparent Ki values in the 

rabbit small intestine decreased fiom 40-50 pM at 0.1 s to approx. 7 pM in the time interval 1.3-1.8 

s [57]. Those questions were specifically addressed in the following two papers [4243] where it is 

shown that: i) phlorizin binding studies in the whole rabbit kidney cortex appear homogeneous, ii) 

the difference in K, values observed under initial rate and equilibrium conditions is a characteristic 

feature of the phlorizin binding mechanism itself, and iii) the K, values of 12-30 pM estimated 

under initial binding conditions are in the range of the K, value of 15 p M  (Fig. 6) reported in this 

Paper. 

It is quite remarkable, then, that our K, and K, values: i) lie within the range of 5-30 pM 

determined by Toggenburger et al. [57] in rabbit intestinal BBMV (under initial rate conditions at 

room temperature, and in the presence of a 100 mM inward Na+-gradient, higher K,  values were 

observed at decreasing membrane potential while similar Kg and Ki values were estimated for 

phlorizin binding and phlorizin inhibition of glucose transport), ii) are similar to those determined 

in rSGLT 1 cRNA-injected oocytes (5- 15 pM in [69 I), but iii) are lower and higher, respectively, 

than those reported for SAATI-pSGLT2-mRNA (37 pM at -10 mV but decreasing to - 16 jM at 

hyperpolarizing potentials of -70 to -1 10 mV in [35]) and Hu14-hSGLT2-mRNA (Y = 0.4 pM as 

could be calculated fiom the data of Kanai et al. [25]) injected oocytes. It can thus be concluded that 

our results on phlorizin inhibition of SGLT (and binding 142-431) in rabbit renal BBMV are 



compti'ble with the known expression of rSGLTl in the d intestine [21] and the kidney [14,40- 

411, so that our kidney results are also compatible with the concept that HAG and LAG may 

represent two different transport modes through the same rSGLT1 protein In the dimeric model of 

Chenu and Berteloot [13], a possible interpretation would be that phlorizin binding, in contrast to 

glucose and galactose binding during transpoi would occur in the absence of significant 

cooperativity between submits, as also suggested in the pig by the work of Koepsell et al. [29]. 

Indeed, it could be argued that our kinetic studies may not be able to distinguish close K, 

values for the phlorizin inhi'bition of glucose transport through rSGLTl and rSGLT2 proteins. This 

is true only within the 95% confidence intervals of the Ki values determined in Fig. 6 for the HAG 

(9.8-20.2 pM) and LAG (1 1.1-17.9 pM) pathways (results not shown). It could be argued as well 

that phlorizin interaction with a SGLT2 protein may vary quite widely £tom species to species, a 

possibility that m o t  be readily evaluated at this time. Still, in both cases, should rSGLT2 represent 

the LAG transport pathway in our BBMV preparations, it can be stated that this transporter would 

have phlorizin binding properties similar to those of rSGLTl in spite of a 27- and 55- fold difference 

in transport affinities for glucose and galactose, respectively (Table 2). 

c) Temperature studies 

To N l y  appreciate the results of Fig 7A showing similar E, for the renal HAG and LAG 

pathways, let us first consider the temperature dependence of two closely related proteins like 

rSGLTl and hSGLTl (there is 84% identity and 94% similarity into the amino acid sequences of 

the two transporters [69]). From our earlier studies in human jejunal BBMV [38], and if we assume 

linearity of the Arrhenius plots over the range 2035 OC of temperatures, it would appear that the 

K, of hSGLTl is insentitive to temperature and that a low E, of 1 1.0 kcal . mol-' can be calculated 

fiom the V, data Clearly, the picture is quite different fiom that observed in rabbit jejunal BBMV 

[13] and discussed earlier, so that the important conclusion to be dram from such a comparison is 

that closely related proteins may show very different responses to temperature. Accordingly, the 

temperature dependence (or the lack thereof) of the lcinetic parameters and the E,values estimated 

from them may essentially reflect a property of the kinetic mechanism itself. Indeed, Loo et al. [34] 

have shown salient differences in the rate constant values characterizing a similar kinetic 

mechanism of sugar transport through hSGLT 1 and rSGLT I. Accordingly, it may be quite difficult 
- 

to assume, fiom the similar Eavalues implicated in a full catalytic cycle leading to glucose transport 



through the HAG and LAG pathways in the kidney (Fig. 7A), that the two transport routes would 
\ 

correspond to SGLTl and SGLT2 (there is only 59% or 76% identity between Hul4MGLT2 and 

hSGLTl [25,68] or pSGLT2 and pSGLTl [35], respectively). Rather, our temperature studies 

demonstrate a higher increase with temperature of the kinetic efficiency (VK ratio) of LAG as 

compared to HAG. In the dimeric modeI of cotransport proposed by Chenu and Berteloot [13], this 

behavior could be interpreted as  a decrease with increasing temperatures in the negative 

cooperativity associated with glucose binding to the subunits. 

4) Summary and general conclusions 

In conclusion, when taken individually, the results presented in this paper do not allow to 

resolve conclusively the issue as to whether SGLT in the whole kidney cortex results from the 

expression in the proximal tubule of two independent transporters (rSGLTl and rSGLT2) or fiom 

the expression of a unique transporter (rSGLT1) showing allosteric kinetics. When taken alltogether, 

however, they do point out to a number of inconsistencies as to: i) the kinetic parameters of rSGLTl 

expression in the small intestine [13] and cRNA-injected oocytes [45,66] as compared to the kidney 

(this study), and ii) the substrate specificity and the phlotizin inhibition characteristics usually 

associated with SGLTl and SGLT2 activities [25,35,59-61]. One is thus left with either of the 

following two alternatives which are not necessarily mutually exclusive: i) rSGLTl and rSGLT2 are 

coexpressed in renal BBMV but structura1 similarities [35] give them a number of overlapping 

functional characteristics; ii) rSGLTl activity is somehow modulated, for example through 

association with (a) regulatory subunit(s) as would be compatible with the studies of Koepseli's 

group [30,66], such as to mask rSGLT2 expression The first consideration may be difficult to 

reconcile with the conclusion that two closely related proteins like hSGLTl and rSGLTl present 

very different behaviour relative to temperature effects in the small intestine when the HAG and 

LAG pathways show similar E, for a I11 catalytic cycle in the kidney. The second consideration, 

however, in conjunction with the dimeric structure proposed by Koepsell et al. [29-301 and the 

kinetic features of the dimeric model proposed by Chenu and Berteloot [13], could well account for 

the results presented in these studies, as discussed above for each experiment. Still, the presence of 

(a) regulatory subunit(s) may complicate quite sigmficantly the above picture since the binding of 

the subunit(s) to a dimeric SGLTl may not be stoichiometric [30,66]. It can thus be suggested that 

such a heteroassociation might also contribute quite significantly to sugar transport heterogeneity 

in the kidney proximal tubule. 



FOOTNOTES 

1. The abbreviations used are: AMG: a-methylglucose; BBBM: brush border membrane; B B W :  

brush border membrane vesicles; BCA: bicinchoninic acid; EDTA: 
* 

ethylenediaminetetraacetic acid; FSRFA: fast-sampling, rapid-filtration apparatus; HAG: 

high affinity glucose; HAP: high affinity phloridn; HEPES: N-[2-hydroxyethyl]piperazifle- 

N'-[2ethanesulfonic acid]; LAG: low aflhity glucose; LAP: low affinity phlorizin; SER: 

standard error of regression; SGLT: Na'D-glucose cotransport; Tris: 

tris~ydroxymethyl]aminomethane. 

2. At a holding potential of -50 mV, the E$, of a-methylglucose transport is 1.7 mM and a 

substrate concentration of 20 mM induced a cment of 560 nA [28]. A I, value of 608 nA 

can thus be calculated from the Michaelis-Menten Equation (2) 

In the same oocyte and at the same holding potential 20 mM galactose induced a current 

of 30 nA, so that a K, of 385 mM can be estimated for galactose transport fkom the 

Michaelis-Menten Equation (3) 
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WGENDS TO TABLES 

b 

Table 1: Kinetic parameters of SGLT transport at 20°C in rabbit renal BBMV isoiated from 

the whole kidney comx Values shown were determined from the data presented in 

Fig. 1. 

Table 2: Kinetic parameters of glucose md gaIactose transport at 25 93 in rabbit renal BBMV 

isolated £?om the whole kidney cortex. Values shown were determined from the data 

presented in Fig. 3. 

Table 3: Effects of phlorizin on the kinetic parameters of SGLT transport at 25°C in rabbit 

renal BBMV isolated £iom the whole kidney cortex. Values shown were determined 

From the data presented in Fig. 4. 

Table 4: Kinetic parameters of SGLT transport at 15 and 30 @ in rabbit renal BBMV isolated 

from the whole kidney cortex. Experimental conditions were as described in the 

legend to Fig. I, and kinetic parameters were estimated by nonlinear regression 

analysis as indicated in the text 



LEGENDS TO FIGURES 

Figure 1: SGLT heterogeneity in renal BBMV at 20°C. BBMV were resuspended in 50 mM 

HEPES-Tris buffer (pH 7.0) containing 0.1 mM MgSO,, 300 mM mannitol, and 200 

rnM KI. The uptake medium con&ed (final concentrations): 50 mM HEPES-Tris 

butfer (pH 7.0), 0.1 mM MgSO, 0.5 m M  amiloride, 100 mM rnannitol, 50 mM KI, 

150 mM NaI, 4 pM D-(3H)gIucose, and 0-200 mM glucose. Osmolarity was kept 

constant by varying mannit01 concentrations to satisfy a total concentration of 

glucose + mannitol of 200 mM Values shown are the mean initial rates k SER 

determined from 5 uptake time course recorded at each substrate concentration as 

described in the text. (0) and (a) represent two independent experiments. Missing 

error bars were smaller than the symbol size. The fdl lines shown are the best-fit 

curves corresponding to the two-site model, and the dashed-lines represent the 95% 

confidence interval of the regressions. All kinetic parameters are given in Table 1. 

Inset: Eadie-Hoffstee plot of the carrier-mediated component of SGLT constructed 

fiorn the nonlinear regression analysis of the pooled data with kinetic parameters as 

given in Table 1. Dashed-lines represent the individual contribution of the HAG and 

LAG transport pathways to total transport. Error bars were voluntarily omitted for 

clarity of the figure. 

Figure 2: Transport heterogeneity and Na'4ndependent glucose transport. BBMV were 

resuspended as described in the legend to Fig. 1. The uptake media contained (final 

concentrations): 50 mM HEPES-Tris buffer (pH 7.0), 0.1 m M  MgSO,, 0.5 mM 

amiloride, 50 mM KI, 4.24 pM D-(3H)glucose, and either 100 rnM mannitol, -200 

m M  glucose and 150 mM NaI (a) or 300 mM mannitol and 150 mM choline iodide 

(0). Ten uptake time course were recorded at 20 "C under each of these 

experimental conditions. The linear regression lines (y = a 3  + b) shown are the best- 

fit lines over all individual data points in each experiment. Regression parameters: 

a (pmol . s" . rng-I protein), 0.0356 * 0.0045 (a), 0.0423 * 0.0030 (0); and b (pmol. 

mg'' protein), 0.236 * 0.026 (a), 0.257 * 0.0 17 (0). 



Figure 3: Heterogeneity of N a + - n  cotransport in renal BBMV at 250C. E-ent.1 

conditions were as descrr'bed in the legend to Fig. 1 (0) or galactose was substituted 

for glucose in the uptake media (0). Values shown are the mean initial rates t SER 

determined f?om 5 uptake time courses recorded at each substrate concentration as 

d e s c r i i  in the text Enor bars wek smaller than the symbol size. Lines shown are 

the best-fit c w e s  corresponding to the two-site model. All kinetic parameters are 

given in Table 2. Inset: Eadie-HoffStee plot of the carrier-mediated components of 

glucose (@) and galactose (0) transport 

Figure 4: PHorkin inhr'bition of SGLT in renal BBMV at 25 C. Experimental conditions were 

as described in the legend to Fig. 1 except that phlorizin concentrations of 0 (a), 1 

(O), 10 (A), and 50 (+) pM were added to the uptake media Values shown are the 

mean initial rates * SER determined &om 4 uptake time courses recorded at each 

substrate concentration as described in the text Error bars were smaller than the 

symbol size. Lines shown are the b e ~ f i t  curves corresponding to the two-site model. 

MI kinetic parameters are given in Table 3. Inset: Eadie-Hoffstee plot of the carrier- 

mediated component of SGLT. 

Figure 5: Mechanism of SGLT inhibition by phlorizin The kinetic parameters V,, given in 

Table 3 were plotted against phlorizin concentrations. The linear regression lines and 

95% confidence intervals shown demo- that ph1orizi.n has no effect on the V, 

of the HAG (a) and LAG (0) transport pathways, thus indicating the competitive 

nature of transport inhibition through both pathways. 

Figure 6: Y determination of SGLT inhibition by phlorida The kinetic parameters fC, given 

in Table 3 were plotted against phlorizin concentrations. The linear regression lines 

shown are the best-fit lines corresponding to Equation (1) in the text, and the 

identical intercepts of these Lines on the x axis demo- that the HAG (a, Ml 

line) and LAG (0, dotted line) transport pathways are inhibited with equal potency 

by phlorizin. Estimated Ki values are given in the text 
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Figare 7: Temperature effects on glucose transport through the HAG (a), LAG (O), and 
-\ diffusional (A) pathways in renal BBMV. Axrhenius plots were constructed for the 

V,, (A), and IS, and k , (B) values given in Tables 1 4 .  The slope of the linear 

regression lines shown allow to calculate the energies of activation (EJ given in the 

text (slope = oEJ2.3 *R). 
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ABSTRACT 

The kinetics of phlorizin binding were reevaluated in rabbit renal brush border membrane 

vesicles isolated &om the whole kidney cortex using a fast-sampling, rapid-filtration apparatus 

(FSRFA, US patent # 5,330,717) for uptake meakements. Because phlorizin is a weak acid with 

p k  value of 7.3 1 0.04 as determined under the conditions of the present experiments, binding 

studies were performed at pH 6.0 and 8.6 to isolate up to 95% of the phlorizin molecule under its 

neutral (HPz) and ionized (Pz-) forms, respectively. It is demonstrated that: i) HPz and Pi binding 

are slow processes, so that up to 5 min incubation are required to reach a steady-state (equilibrium 

binding); ii) at equili'brium, both forms of phlorizin bind with high affinity (K, of 2.2 0.2 and 5.2 

c 0.4 pM for HPz and Pz; respectively) to a similar number of Na' and D-glucose sensitive binding 

sites (60-90 pmol.mg-' protein), thus qualifying to represent (a) Na'/D-glucose cotransport (SGLT) 

protein(s); iii) under initial binding conditions, however, there is a dfold increase in the apparent 

& values of HPz and Pz- binding to the SGLT-related sites, and the apparent B,, values represent 

less than 10% of those estimated at equilibrium; iv) the HPz form only also interacts with a high 

number (about 6 nmol . mg-I protein at equilibrium) of very low affinity sites (K, close to 0.5 mM) 

which appear both Na+-independent and glucose-insensitive, thus likely unrelated to any SGLT 

protein; and v) HPz binding likely involves a Na'RI'dependent type of SGLT protein while Na' 

appears mandatory for Pz' binding. It is concluded that: i) the low affinity binding sites appear 

homogeneous and may represent phlorizin binding to membrane lipids; ii) the intrinsic affinity of 

the SGLT system(s) is higher relative to the neutral than to the charged form of the inhibitor andor 

binding of the aglucone moiety of phlorizin is favored when its receptor sites on the transporter(s) 

are protonated; and iii) the results presented in this paper resolve the main conflicting issue as to 

the one order magnitude difference previously noted between the Y of phlorizin inhibition of 

glucose transport and the K, of ph1orizi.n binding usually reported in the rabbit kidney. The question 

arises, however, as to what extent could the difference in the K,values noted under initial vs steady- 

state conditions represent phlorizin binding on the same or different carrier proteins, and this issue 

is dealt with in the companion paper. 



INTRODUCTION 

Genetic defects of Na'dependent D-glucose transport (SGLT)' are expressed in intestinal 

glucose/galactose malabsorption and renal glucosuria, and a minimum of two SGLT genes appear 

necessary to explain the clinical findings [I 1,361. This conclusion is strongly supported by the 

demonstration that patients with glucose-galactose malabsorption, in which a single point mutation 

in the SGLT 1 cDNA M y  accounts for the intestinal defecf do not show glucosuria [4 1,471. In 

agreement with the concept of two independent SGLT systems, the studies of Turner and Moran 

[ 4 2 4 ]  brought evidence for kinetic heterogeneity of SGLT along the rabbit proximal tubule and 

characterized both high-mty (HAG) and low-aBkity (LAG) glucose transport pathways in brush 

border membrane vesicles (BBMV) purified fiom the outer medulla and outer cortex, respectively. 

Because a cDNA clone has been isolated fiom the rabbit kidney that shows > 99% identity with the 

rabbit intestinal SGLTl (rSGLT1) gene [10,28], it is usually assumed, as also supported by recent 

indirect evidence [3 11, that HAG would represent the functional expression of renal rSGLT l while 

LAG would characterize the activity of a different gene product (rSGLT2). However, there is some 

controversy: i) as to which of the three clones recently isolated fiom human (Hu 14-hSGLT2, [20]), 

pig (SAAT 1 -pSGLT2, [24]), and rat (rat SGLT2, [481) kidney cDNA li'braries might in fact represent 

renal SGLTZ activity (see discussion in [24,29,34,48]), and ii) as to whether the kinetic 

heterogeneity observed in BBMV isolated fiom the kidney cortex and/or medulla is the unique and 

direct consequence of molecular diversity [6,8,17,2 1-22,291. 

The latter question was more specifically revisited in recent studies fiom our group 1291 by 

using rabbit renal BBMV isolated from the whole kidney cortex Our results confirmed the kinetic 

heterogeneity of SGLT in this preparation under experimental conditions that failed to reveal similar 

heterogeneity in equivalent preparations fkom the rabbit [8] and human [26] jejunum. However, it 

was also reported [29] that the HAG and LAG transport pathways: i) show similar energies of 

activation Q for a fill catalytic cycle (VA, ii) accept galactose as an alternative substrate, and 

iii) are inhibited competitively by phlorizin with identical Ki values. The comparisons of HAG 

expression in rabbit intestinal [8] and renal [29] BBMV, and of SGLT characteristics in renal 

BBMV [29] vs cRNA-injected oocytes expressing the cloned SGLTl [32] and SGLT2 [20,24,48] 

r systems, led us to suggest that the kinetic heterogeneity observed in our studies [29] most likely 
. 
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reflects different transport properties of rSGLTl rather than coexpression of distinct rSGLTl and 

rSGLT2 proteins. Still, because the two hypotheses are not mutually exclusive, it was also realized 

that the above results alone might not be sufficient to resolve this issue wnclusively. Clearly, then, 

fUrther experiments are needed, and the rationale which led us to perform the studies presented in 

this and the following [30] papers can be justified fiom the considerations discussed below. 

Quite unexpectedly in view of Turner and Moran's studies [42-441 concluding that high 

affinity (HAP) and low affinity (LAP) phlorizin binding would characterize the renal LAG and HAG 

transport pathways, respectwely, our results demonstrated that phlorizin inhibits competitively and 

with equal potency (K, = 15 pM) both transport routes [29]. The experimental evidence which 

served to establish the notion that the rabbit kidney HAG and LAG pathways should show 

differential inhibition by phlorizh was thus seriously questioned [29], and it was concluded that 

Turner and Moran's studies [42-441 might in fact agree rather than conflict with ours. However, it 

was also noted that our Ki value was within the range of 5-30 pM determined by Toggenbwger et 

al. [40] in rabbit intestinal BBMV, but appeared close to one order of magnitude higher than the K, 

values of HAP binding usually recorded in the rabbit [44] and dog [45] kidneys, and in LLC-PK, 

cells [27]. Because the K, of phloridn binding in the kidney is usually estimated at equilibrium 

(incubation times of 5 min or more) while the &of SGLT inhibition is determined under initial rate 

conditions, we further suggested that those conflictory results could just be apparent and either 

reflect the fact that phlorizin may bind to cWerent conformational states of the transporter(s) under 

these two sets of experimental conditions or, alternatively, be a direct consequence of the phlorizin 

binding mechanism itself [29]. 

These questions are specifically addressed in this and the following [30] papers on an 

experimental and a more theoretical basis, respectively. It should be emphasized, however, that the 

following aspects may also need to be considered if one wishes to get a conclusive answer. Firstly, 

a number of studies established that phlorizin binding to renal and intestinal BBMV is a multi 

component system involving both HAP and LAP sites, the former only may appear as Na' and 

glucose specific [ 1,7,9,13,18,3 71. Secondly, phlorizin is a weak acid with estimated pK, values of 

7.2 [15] or 7.4 1391, so that similar amounts of the neutral (HPz) and negatively charged (Pz) forms 

of the molecule are to be found at physiological pH. W e d ,  such a heterogeneity in the phlorizin 

i" molecule itself could also contribute quite significantly to the multi component nature of the 



phlorizh bindug process(es) but, to our knowledge, this problem has never been addressed in full. 

Lastly, it would appear that the phlorizin binding mechanism itself has not been firmly established 

yet although: i) the early studies of Diedrich [I3441 and Alvatado [I] suggested that phlorizin 

binding to SGLT may involve both the glucose and aglucone moieties of the molecule, and ii) in 

agreement with this view, the more recent studies of Koepseli et al. [21] concluded to a two 

independent-sites, two-steps mechanism of phlorizin binding. However, neither the heterogeneity 

of the phloridn molecule itself nor the characterization of the LAP binding component(s) were 

addressed in the latter studes. 

In this paper, we thus reevaluated the kinetics of phlorizin binding using rabbit renal BBMV 

isolated from the whole kidney cortex, a fast-sampling rapid-filtration apparatus (FSRFA [4], US 

patent # 5,330,7 17) for uptake measurements, and pH conditions of 6.0 and 8.6 which isolate up to 

95% of the phlorizin molecule under its HPz and Pz'forms, respectively (see Fig. 1). It is concluded 

that both forms of phloridn bind to Na'and D-glucose sensitive sites while the HPz form only also 

interacts with a high number of very low affinity sites. It is also demonstrated that there is a close 

to 6-fold difference between the apparent K, values measured under initial rate and equilibrium 

conditions. In the following paper [30], it is further shown that this behavior is a characteristic 

feature of the phlorizh binding mechanism itself, and we both analyze and discuss the implications 

of this new binding scheme relatively to SGLT transport heterogeneity in the kidney and to the 

mechanism of glucose transport through SGLTI . 



MATERIALS AND METHODS 

\ 

1) Materials 

Rabbits were purchased from the T e m e  de Selection Cunipur" (St-Vale* Quebec). 

phenyl-3,3',5,5'-3H, propa~one-3-~HJ-phlorizin ispecific activity 47.6 Cilmmol) was supplied by 

New England Nuclear 0, 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, 

0.65 pm pore size) were obtained &om Micro Filtration Systems (MFS). All other chemicals were 

of the highest purity available. 

2) Preparation of Brush Border Membrane Vesicles 

Large batches of renal BBMV were prepared from the whole kidney cortex of male, 2.0-2.5 

kg New-Zealand white rabbits essentially as described in a previous paper [29] regarding glucose 

transport studies. The P, fractions were resuspended in a minimal volume of 50 rnM HEPES-Tris 

buffer (pH 7.0) containing 300 rnM mannitol and 0.1 mM MgSO, divided into 500 pl aliquots, and 

frozen in liquid N, 18,251. On the day of use, a suitable number of aiiquots of fiozen P, were thawed 

and diluted at a 1: 10 ratio (w:v) in the resuspension buffers (see composition in the legends to 

figures) to which was added 3 pM valiabm~in to ensure I11 equilibration of K' [8,25]. BBMV 

were prepared as a final P, pellet [3] and resuspended in the valinomycin-fiee resuspension buffen 

at a protein concentration of 28-35 m g h l  [8] as estimated with the BCA assay kit using bovine 

serum albumin as a standard. To insure stability of the preparation over the course of the 

experiment, 45 pl aliquots of BBMV were fiozen in liquid N, until the time of assay [8,25]. 

3) Uptake Assays 

Uptake time courses of 3H-ph10rizin bbdir~g wep Qetermined using the automated FSRFA 

developed in our laboratory [4]. For each 2swyy-40 ~1 of BBMV wefi aawed, prewarmed, and 

loaded into the apparatus. Uptake was inipted by injecting the vesdes into 960 yl &the 

appropriate buffers (see composition in t& legends to figpres). For kinetic pmaneter 

determinations, cold phlorizin concentrations w m  wjd fiom 0 to 1 q # t t  U w  wm-pcrfonned 



in the thennostated chamber of the FSRFA 141 and followed in time by a 18-point automatic 

L sequential sampling of the uptake mixture up to 400 s [9]. At each time point, 50 p1 of the uptake 

mixture was injected into 1 mI of ice-cold stop solution composed of 50 mM MES-Tris @H 6.0) or 

Tris-MES (pH 8.6) buffers containing 0.1 mM MgSQ, 300 mM mannitol, and 200 mM of  either 

NaCl or KC1 for Nahr K+- equikihium conditions, respectively. The stopped mixture was then 

filtered through 0.65 pn cellulose nitrate filters, and the filters were washed three times with 1 rnl 

of ice-cold stop solution [4,8]. Phlorizin uptake was then determined by liquid scintillation counting 

as described previously [8]. 

4) Absorption spectra of phlorizin 

The absorption spectra of phlorizin were recorded on a Shimadzu UV-160 

spectrophotometer by varying the wavelength (A) from 250 to 350 nm. In these experiments, 

phloridn was 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 MgSO, 300 mM mannitol, and 

200 rnM NaCI. 

5) Data analysis 

The p y  of phlorizin dissociation according to pH was estimated by nonlinear regression 

analysis to Equation (1) 

which is easily derived from the definition of Y ( I P f ] [ H 7 I p z ] )  and the conservation equation 

([total phlorizin] = [tIPz] + pz'j). In this equation, OD is the measured optical density at 285 or 320 

nm while OD, and OD, represent the m;ucimum and minimum optical densities recorded at each 

wavelength. The temporary constant u in Equation (1) is equal to @& - pH) or (pH - p a  for the 

data recorded at 285 and 320 nm, respectively. 

The uptake time (t) courses of tracer phlorizin binding (B', pmol . mg' protein) were 

analyzed using Equation (2) 
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in which Bi represents the y intercept while B' stands for the steady-state level of bound tracer 

reached with first-order rate constant k, The initial rates of tracer binding (B :, pmol . S-' . mg' 
protein) were determined over the 1-50 s time c o u k  of the assays by non linear regression analysis 

to a second-order polynomial equation [8]. 

The kinetic parameters of phlorizin binding were estimated by nonlinear regression analysis 

of the respective displacement curves of mcer (T) by cold substrate (S) according to Equation (3), 

the derivation of which has been both justified and given in full in a previous paper fiom our group 

[8] and assumes the presence of n Michaelis-Menten components working in parallel with a 

nonspecific process with apparent rate constant k, The best model fit to the data is reported in all 

figures, and a Eadie-Hofstee transformation of the phlorizin-specific process(es) is also presented 

where appropriate for visual appraisal of the goodness of fit [5,8,26]. The strategy aimed at model 

discrimination has been described in a former paper fiom our group [a]. 
Linear and nonlinear regression analyses were performed using a commercial s o h a r e  

(Enzfitter, R J. Leatherbanow, copyright 1987, Elsevier-Biosoft). Accordingly, the errors associated 

with the kinetic parameter values reported in this paper represent the standard errors of regression 

(SER) on these parameters. 



RESULTS 

b 

1 )  pH-dependent interconvertible forms of phlorizin 

The interconversion of phlorizin fiom a neutral (HPz) to a negatively charged (Pz-) form 

upon increasing the pH of the incubation medium fkom 5.5 to 9.5 is best shown in Fig 1A by the 

pH dependence of the absorption spectra of phlorizin: the absorption maximum shifts fkom 285 nm 

at pH 5.5 to 320 nm at pH 9.5, and the extinction coefficient increases. 

In Fig. 1B7 the absorbance of phlorizin at 285 (solid symbols) and 320 nm (open symbols) 

was plotted against pH for 3 different concentrations of phlorizin Nonlinear regression analysis of 

the 6 c w e s  using Equation (1) thus allowed to determine a mean pK, value of 7.3 1 * 0.04 (range 

7.25-7-36)> a value quite close from that of 7.26 * 0.06 previously determined for phloretin using 

a similar approach [16]. It is thus possible to calculate that 95% of the phlorizin molecule can be 

isolated under its HPz and Pz- foms at pH 6.0 and 8.6, respectively. 

2) Binding characteristics of  the Pz form of phlorizin 

In a first series of experiments, we measured the time course of tracer Pz' (0.1 ph4) binding 

at pH 8.6 under K'- or Na +- equilibrium conditions and in the presence or absence of either 1 mM 

cold phlorizin or 200 mM D-glucose. It is readily apparent eorn Fig. 2 that the addition of 1 rnM 

Phlorizin under Na' conditions (solid triangles) reduced Pz' binding to the level seen in the k 

medium (open circles), and that the presence of 200 mM glucose in the K'medium (open squares) 

did not modifj. the uptake time course of tracer Pz- binding as compared to its absence under the 

same conditions (open circles). Although not shown for clarity in Fig. 2, uptake time courses similar 

to those recorded under control K+ conditions were also observed under Na' and K+ conditions 

following the addition of 200 mM glucose and 1 m M  phlorizin to the former and latter media, 

respectively. These results thus clearly indicate that: i) Pz' binding in the absence of Na' is not a 

saturable process and does not involve any glucose transporter, and ii) all of the specific Pz *binding 

is Na'-dependent and D-glucose sensitive. 

It is also readily apparent from Fig. 2 that the t h e  courses of Pz- binding corresponding to 

total (Na + control conditions, closed circles) and non specific uptakes (all other conditions shown 

in Fig. 2) are well described by the first-order rate Equation (2), and the two curves extrapolate to 



the same point on the y axis (B,' = 0.070 * 0.012 and 0.074 * 0.004 pmol . mg-' protein under Na' 

control and other conditions, respectively). It can thus be concluded that both of the specific and 

nonspecific components of Pz- uptake are slow processes that l l l y  equilibrate with similar first- 

order rate constants within the time range of our analysis (t,, values of 82 * 5 and 83 & 9 s under 

Na' control and other conditions, respectively). koreover, fiom the eqdi'briurn uptake values of 

the fitted data (B; = 1.204 * 0.025 and 0.222 * 0.009 under N< control and other conditions, 

respectively), it is possible to calculate that some 82 * 5 % of total equilibrium Pz- binding may 

occur CD (a) Na 'dependent, D-glucose cotmnsporter(s). 

3) Kinetics of P i  binding 

The rather clear-cut characteristics of Pz- binding described in the previous section allow to 

device a simple experiment to analyze the kinetics of the Nap-dependent, Dglucose-sensitive 

component of Pz- binding at pH 8.6. In the next series of experiments, we thus monitored the uptake 

time courses of tracer Pz- binding at various concentrations of added cold phlorizin and, as shown 

in Fig. 3 for a representative set of phlorizin concentrations, the experimental data were fitted to 

Equation (2). 

This analysis confirmed that the progress curves of Pi binding can be satisfactorily 

described by a first-order rate equation and that the Bi component of binding is insensitive to 

phlorizin concentrations with mean value as shown in Table 1. Moreover, Figs. 3 and 4 establish that 

the Bitem (equilibrium binding of tracer Pz-) is a saturable hction relative to Pf concentrations. 

The data set in Fig. 4 is best fitted to Equation (3) when assuming one class only of specific binding 

sites (n = 1) working in parallel with a nonspecific process, and the associated values of the kinetic 

parameters B,, Kdu and apparent k, are given in Table 1. 

It would also appear fiom the visual inspection of Fig. 3 that the initial rates of tracer Pz- 

binding (Bi) are less sensitive to cold phlorizin concentrations than the steady-state plateaus. The 

BI values were thus estimated directly from the uptake data in Fig. 3 by nonlinear regression analysis 

to a second-order polynomial over the 0-50 s time range, and it should be noted that the B,' 

component of Pz- binding evaluated by this approach is similar to that previously determined using 

Equation (2) (see Table 1). As shown in Fig. 5, the initial rate data is also best fitted to Equation (3) 

when assuming one class only of specific binding sites (n = 1) working in parallel with a nonspecific 



process, and the associated values of the kinetic parameters B,, Kdp and apparent k, are given in 

Table 2 .  

The validity of the conclusion as to the presence of a single class of Pz- binding sites during 

the steady-state and initial phases of phlorizin binding can be visually appreciated corn the Eadie- 

Hoffstee transformation of these data shown in thk insets of Figs. 4 and 5, respectively. Interestingly, 

comparing the B: and B: data in Table 1, it is readily apparent that the parameters B , and K, 

assume quite different values under initial rate and steady-state conditions. 

4) Binding characteristics of the APz form of  phlorizin 

Experiments similar to those shown in Fig. 2 were repeated at pH 6.0. In the Na' (Fig. 6A) 

and Kt (Fig. 6B) media, the time courses of HPz binding could also be well described by the first- 

order rate Equation (2), and all curves extrapolated to the same point on the y axis (B: = 0.232 * 
0.0 14 and 0.229 * 0.0 18 prnol . mg-' protein under Na* and K- conditions, respectively). Still, HPz 

binding appears more complex than Pz-binding: i) cold phlorizin can displace tracer binding under 

Na' and K+ conditions, and similar equilibrium levels of 0.89 * 0.03 and 0.87 * 0.04 pmol . mg'l 

protein were observed in the presence of 1 mM phlorizin in the Na' (Fig. 6 4  solid triangles) and 

K' (Fig. 6B, open triangles) media, respectively; ii) although steady-state HPz binding was higher 

in the Na' (Fig. 6A, solid circles, 5.90 * 0.09 pmol . mg-I protein) as compared to the K ' (fig. 6B, 

open circles, 2.70 * 0.10 pmol . mg'l protein) medium, there was also evidence for D-glucose 

sensitive HPz binding in both media, and similar levels of 2-48 0.06 and 2.35 * 0.09 pmol . rng" 

protein were reached following 400 s incubation with 200 mM glucose under Na' (Fig. 6 4  solid 

squares) and K+ (Fig. 6B, open squares) conditions, respectively. 

These results allow to conclude that HPz binding is a multi component process that may 

involve: i) nonspecific binding accounting for as much as 15 or 32% of total binding under Na' or 

K' conditions, respectively, at least if one assumes that the concentration of 1 mM phlorizin was 

saturating under the experimental conditions of Fig. 6 (but see next two sections); ii) phlorizin 

specific binding sites likely unrelated to D-glucose -port (insensitive to 200 mM cold glucose) 

representing 27 or 55% of total binding in the presence of Na' or K', respectively; and iii) D- 

glucose specific binding sites that may q w  to represent (a) secondary active cotransporter(s) with 

either loose or strict specificity for Na' and H + (under K ' conditions, H'dependent binding would 



account for 13% of total binding while, under Na' conditions, 58% or 52 and 6% of total binding 
k would represent Na+/H'-dependent or separate Na+- and H '-dependent processes, respectively). 

Clearly, then, the complexity of HPz binding requires more elaborated studies than those previously 

performed at pH 8.6 to l l l y  describe the kinetics of HPz binding at pH 6.0. 

5) Kinetics of HPz binding in the absence of Na* 

To further characterize HPz binding in the absence of Na*, experiments similar to those 

described in Fig. 3 were repeated at pH 6.0 in a K+ medium containing or not 200 mM D-glucose 

(data not shown). The uptake time courses of HPz binding were fitted to Equation (2), and this 

analysis established that the fintsrder rate constant k, is insensitive to wld HPz over the whole 

range of concentrations with mean t,, values of 49 * 6 and 50 * 7 s in the absence or presence of 

glucose, respectively (data not shown). Moreover, as apparent in Fig. 7, the B: term (equilibrium 

HPz binding) is a saturable function of HPz concentrations, but N1 saturation was not achieved at 

the highest concentration of 1 mM. In the simplest w e  (control conditions in the presence of 200 

rnM glucose, open squares), the wrresponding data set in Fig. 7 wuld be fitted to Equation (3) when 

assuming one class only of specific binding sites (n = 1) working in parallel with a nonspecific 

process. However, due to the lack of saturation over the range of HPz concentrations studied, the 

SER values associated to the determination of the kinetic parameters were rather high (B -= 5800 

* 2600 pmol . mg-I protein; K, = 4 10 * 140 pM; k, = 2.5 * 1.8 pmoI . mg protein . p.M *I). Still, 

it should be noted that the apparent k, value of the notspecific component of HPz binding was quite 

similar to that observed at pH 8.6 (see Table l), and the latter k, value was used as a prompt 

constant when refitting the experimental data in Fig. 7 to Equation (3). As expected and apparent 

from Table 2, the numerical values of the kinetic parameters were not affected much by this 

manipulation but the associated SER values have now decreased to acceptable levels. 

In the more complex situation where HEb binding was studied in the absence of glucose 

(open circles), Fig 7 indicates the presence of an extra binding process that clearly shows up in the 

low range of substrate concentrations. However, the extraction of its kinetic parameters is made 

difficult due to the fact that this binding component contributes to a very small fiaction only of total 

HPz binding (see also Fig. 6B). As was the case with a saturating concentration of glucose, reliable 
f l  estimates of the kinetic parameters could only be obtained by using the k, value reported in Table 
\ 



1 as a prompt constant. It thus appears &om Table 2: i) that the kinetic parameters of the specific, 

low affinity ityz binding sites are independent of the presence of glucose in the uptake media, and 

ii) that the apparent number of specific, high aflhity HPz binding sites is similar to that previously 

observed at pH 8.6 (Table I), thus suggesting that HPz binding may occur on the same glucose 

transport protein(s) and that IT may substitute foi Na + as an obligatory activating cation 

6) Kinetics of HPz binding in the presence of Na' 

To further characterize HPz binding in the presence of Na+, experiments similar to those 

described in Fig. 3 were repeated at pH 6.0 in a Na+medium (data not shown), and the experimental 

data were fitted to Equation (2). As shown in Fig. 8, the B: term is a saturable function of HPz 

concentrations and, for the same reasons already discussed in the previous section, an acceptable 

fit to Equation (3) could only be obtained when using the apparent k, value observed at pH 8.6 

(Table 1) as a prompt constant, The kinetic parameters of the low affinity sites (B -= 5200 * 540 

pmol . mg" protein, K, = 590 * 80 pM) were similar to those determined in the K' medium (Table 

2) while those of the Na'dependent, high aflimty sites are shown in Table 3. It should be noted that 

the apparent I(, value of the latter sites is some 200-300 fold lower than that of the former, and this 

huge difference in the affinities of the two classes of HPz binding sites suggests that the kinetic 

parameters of the high affinity sites may also be determined quite accurately when d y z i n g  the 

experimental data over a more restricted range of substrate concentrations. 

As indicated in Fig. 8 fiom the theoretical displacement curves separating the individual 

contributions to total measured binding of the Na'activated (ligne 1) and Na' -independent (low 

affinity sites plus nonspecific binding, ligne 2) sites, the contribution of the foxmer has already 

decreased by more than 90% at a cold phlorizin concentration of 20 pM (arrow in Fig. 8) when the 

contribution of the latter has decreased by less than 5%. Accordingly, over the restricted 0-20 p M  

range of cold phlorizin concentrations, the data in Fig 8 should correspond to the situation expected 

when one class of specific binding sites only is working in parallel with a nonspecific component. 

In that case, however, the apparent diffusion constant would represent the sum BJM + k, as 

is obvious &om Equation (3) with n = 2 when (S+T) << K, As predicted, the analysis of the data 

in Fig. 8 over the 0-20 pM range of HPz concentrations gave kinetic parameters for the high affinity 
T sites which are identical to those given in Table 3 (B-, = 86 * 11 pmol . rng-I protein; K,, = 2.2 
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'0 0.3 @I; apparent k = 10.8 * 0.8 p o l  . mgf protein . pM*' which is equivalent to the sum 

i B - G  (8.8* 2.2)+ kD(2.39* 0.09)= 11.2*2.3). 

It should be noted that the apparent number of high affinity, Na'dependent binding sites 

estimated in Fig. 8 (see Table 3) is within the range expected should the same SGLT protein(s) be 

involved at pH 6.0 and 8.6 (Table 1) and accepi either of Na' or H' as activator ions at pH 6.0 

(Table 2). The validity of this concIusion is indeed linked to the observation that Wdependent 

binding may only represent less than 10% of total Na'dependent HPz binding (see Fig. 6), so that 

its presence would be hardly detectable in a kinetic analysis. However, this concIusion is also 

compatible with the data of Table 2 and with the Na+- and K- dependence of glucose transport 

demonstrated for rSGLTl [19], in which case the lack of heterogeneity in the Na-dependent 

fiaction of HPz binding should be expected at the saturating concentration of 150 mM Na' used in 

our studies. In the initial rate data analysis discussed below, it is thus assumed that HPz binding at 

pH 6.0 is best described by the sum of a nonspecific and two specific (only one of which is Na+- 

dependent and glucose-sensitive) processes. 

The initial rates of HPz binding (B> were estimated directly from the progress curves of 

phlorizin uptake using nonlinear regression analysis to a second-order polynomial over the 0-50 s 

time range. Because a direct fit of the resulting B; data to Equation (3) with n = 2 failed to give 

reliable estimates of the kinetic parameters, the contribution to the initial rate data of the Na+- 

independent components of HPz binding were calculated as follows. From the multi component 

nature of HPz binding, it is logical to assume (but see further justification in the following paper 

[30]) that a 1 1 1  description of HPz uptake should be given by Equation (4) 

which states that the steady state values of HPz binding B:, (characterizing the specific, Na = 
dependent and glucose-sensitive component of HPz binding), B ; (characterizing the specific, Na+- 

independent and glucose-insensitive component of HPz binding), and B; (characterizing the 

F- nonspecific component of HPz binding) would be reached with specific ht-order rate constants 



k,, k,, and k ,, respectively. Accordingly, the expression of the initid rate of HPz binding can be 
+. found fiom the first derivative of Equation (4) at t = 0 [46] and is given by Equation (5). 

Because the &-order rate constant of the Na'-independent and glucose-insensitive component of 

HPz binding (kJ was found to be independent of HPz concentrations and equal to the first-order rate 

constant describing HPz uptake through the nonspecific component (see section 5 above), Equation 

(5) degenerates to Equation (6) 

in which k, = 0.012 s-' (as determined in these experiments) and the term under brackets 

corresponds to the last two terms in Equation (3) when n = 2 with a k .value as given in Table 1 and 

both Bwa and K, as given by B,, and I(, in Table 2. Thus, the contribution to the initial rate 

data of the Na+-independent components of HPz binding can be calculated at each phlorizin 

concentration and subtracted such as to isolate the exclusive contibution of the Na7dependent and 

glucose-sensitive component of HPz binding. As shown in Fig. 9, the resulting BT, values (closed 

circles) can be best-fitted to Equation (3) when assuming one class only of specific binding sites (n 

= 1) with kinetic parameters as shown in Table 3. It should be noted that similar results (B ,, = 7.4 

0.7 pmol . s-' . mg*' protein; &,, = 1 1.7 * 1.2 pM) were obtained when fitting directly the 

uncorrected BT data (open circles in Fig 9) to Equation (3) with the parameter K , , B , , and 

k, fixed at the appropriate values as discussed above. Finally, because there is a close to 40-fold 

difference in the K,, and K, values, it should be possible, as justified in Fig. 8 for the steady-state 

data, to obtain a good estimate of B,, and IS,, in a more simple way by fitting the uncorrected B 

data directly to Equation (3) when assuming one specific component of HPz binding only (n = 1) 

working in parallel with a nonspecific component (apparent rate constant = B a, + k $. When 

this was done over the 0-50 pM range of HPz concentrations (over which the specific but Na+- 

independent and glucose-insensitive component of HPz binding is saturated to about 10% only), 

values of B-, and I&,, similar to those given above were indeed found &, = 7.9 * 0.8 pmol . 
p s-' . mg'l protein; &, = 12.4 1.5 pM). 



DISCUSSION 

1) General comments 

The significance of our findings rests on the assumption that measured phlorizin uptake 

mostly represents binding to BBMV rather th& transport into the intra vesicular space where 

subsequent binding would occur. The arguments supporting this assumption have been discussed 

at length by a number of authors [2,35,39-401 and do not need to be reconsidered in details here. The 

interpretation of our experimental findings also rests on the thesis that phloridn competes with 

glucose for (a) specific binding site(s) that belong(s) to (at least part of) (a) SGLT system(s) present 

in the BBM of the rabbit proximal tubule. Competitive inhibition of SGLT by phlorizin has by now 

been well documented in the literature [ 1,7,9,13,18,37,39,42-441 and it would appear that this 

mechanism apply to both of the HAG and LAG transport pathways that can be separated lunetically 

in rabbit BBMV isolated fiom the whole kidney cortex [29]. Moreover, the KAP binding sites 

analyzed in our studies were found to be strictly NaAependent (with a possibility for H' - 
substitution, however), a property also demonstrated for the HAG and LAG transport pathways 

present in this preparation [29]. In those respects, then, it would appear that the Na'aependent and 

D-glucose sensitive parts of HPz and P i  binding that were characterized in the present studies do 

qualify to represent specific binding to such (a) SGLT system(s). 

The presence of both HAP and LAP sites for Pz in kidney BBMV appears as a redundant 

observation in the literature [7,9,18,37l, and most authors seem to agree that the latter sites are 

unrelated to glucose transport through SGLT proteins. In the two studies where the kinetic 

parameters of those LAP sites have been determined, B ,values of 1250 [9] or 3000 [7] pmol . rng -' 
protein are reported with associated K, values of 2.5 or 0.1 mM, respectively, and these figures 

compare with our own determinations (see Table 2). The apparent homogeneity of the LAP binding 

sites has been questioned [18], however, and their precise nature is not known Still, in one study, 

it was reported that the affinity of the LAP sites did not change with temperature [9]. It now appears 

from our own studies that the detection of these sites is also tightly linked to the ionization state of 

the ph1orki.n molecule since such sites could only be observed at acidic pH. On this criteria alone, 

then, the LAP sites appear ~ O M O ~ ~ ~ O U S ,  and one may propose either one of the following two 

alternatives: i) the LAP sites represent phlorizi. binding to membrane lipids and/or ii) the LAP sites 



represent phlorizin binding to an intra vesicular structure consecutively to its passive diffusion 

L across the membrane. Point (ii) appears unlikely, however, because saturable binding of phlorizin 

to intestinaI BBM, without intracellular accumulation, has been demonstrated by radioautography 

[381- 

Finally, Pi and HPz binding to renal B B M ~ ~  also involve a nonspecific component that may 

represent either partition of phtorizin within the lipid phase of the membrane or slow equilibration 

of phlorizin between the uptake medium and the intra vesicular space (the Bl value of 0.1743 * 
0.0063 pmol . mg" protein accounting for the nonspecific component of Pz- binding at equilibrium 

would correspond to an intra vesicular volume of 2.4 * 0.1 pl . mg-I protein under the conditions of 

our experiments, a value compatible with that of 2.2 * 0.2 11  . mg*' protein as calculated from the 

glucose equilibrium space recorded in previous experiments [29]). 

2) BothHPzandPz~bindto(a)SGLTprotein(s) 

From the competitive nature of phlorizin inhibition of SGLT, the inference has been drawn 

that the glucose moiety of phlorizin (see Fig. 10) is an essential substituent of the inhibitor molecule 

and, in agreement with this view, an axial configuration of the hydroql group on C-4 (as in the 

galactoside) or a methylation at C-3 of the pyranose ring result in decreased affinity or absence of 

inhibition of the analogs, respectively [ I  21. Moreover, fiom the differences in the K, of glucose 

transport and the Ki of its inhibition by phlorizin, it was also proposed that the aglucone moiety of 

the inhibitor facilitates the interaction of the glucosidic portion of the molecule with the receptor, 

so that the stability of the resulting complex is much greater than that formed with the f?ee sugar 

( 1,13). The activities determined for the analogs which differ from phlorizin only with respect to 

the aglucone portion of the molecule corroborate this postulate, and it was shown that the 4' position 

in the A ring, in contrast to the 4 position in the B ring system of phloretin (see Fig lo), was not 

critical for activity [12]. The fiuther report by Evans and Diedrich [15] that 4'-deoxyphloridn and 

para-phlorizin (the 4'-glucoside of phlorizin, see Fig. 10) do not exhibit the pHdependent shift 

characteristic of the absorption spectrum of phlorizin thus gives credit to our demonstration that 

both the HPz and P i  forms of phlorizin can bind to a similar number of transporter sites. 

In this respect, it is worth noting that the similar pK, values of 7.3 1 * 0.04 and 7.26 * 0.06 
4- determined for phlorizin (Fig. 1B) and phloretin [16], respectively, may characterize the ionization 



of different hydroxyl groups in the two molecules (the pK, value would be associated to the keto- 

en01 tautomerism of the a-hydroxyl group in the phloretin molecule [ 16,231, see Fig. 10). It is worth 

to also emphasize that our conclusion as to binding of HPz and Pz- to the same transport protein(s) 

does not necessarily conflict with that of Toggenburger et al. [39] because these authors merely 

showed an increase in the K, of phIorizin inhibition of SGLT and in the binding of phloridn itself 

at increasing pH values. The latter observation is indeed compatible with the K, values estimated 

for phlorizin binding at pH 6.0 (Table 3) and 8.6 (Table I), and it could be fbrther argued that the 

success of Toggenburger et al. [39] at measuring a Ki value relative to inhibition of SGLT activity 

at a pH value as high as 9.5 (where phloridn is > 99% ionized to its Pz-form) just supports our own 

data. 

3) implications regarding APz and Pz- binding to SGLT protein@). 

It can be concluded from the previous section that the affinity of the SGLT system(s) is 

decreased for Pz' as compared to HPz binding due to either one or both of the following alternatives 

previously proposed by Toggenburger et al. [39]: i) the intrinsic affinity of the carrier(s) is higher 

relative to the neutral than to the charged form of the inhibitor; andfor ii) binding of the aglucone 

moiety of phlorizin is favored when its receptor sites on the transporter@) are protonated. 

The above issue is relevant to the earlier proposal that the Chydroxyl group in the B ring 

system of phlorizin (see Fig. 10) might be involved in secondary hydrogen bonding to a receptor site 

which is adjacent to, but removed from the plane of the glucose transporting site and located some 

13- 16 A away from this site [I, 121. Moreover, because 4-metoxyphlorizin was about 80% as potent 

as the parent molecule to inhibit glucose reabsorption, it was proposed that the subjoining 

membrane substituent should be one which can donate hydrogen to form the bond [12]. 

Accordingly, deprotonation of this site on the carrier protein(s) at more basic pH would impair 

phlorizin binding through its aglucone moiety, and lower apparent affinity would be the result. 

The above issue is also highly relevant to the demonstration that Wdependent glucose 

transport through rSGLT1 occurs with lower affinity than Na?dependent glucose transport [I9]. In 

agreement with these data, our experiments at pH 6.0 show lower affinity for the Htdependent and 

glucose-sensitive component of HPz binding than for its Na+-dependent counterpart (compare the 

& or K, values in Tables 2 and 3). Thus, if one assumes that rSGLTl is the only (or, at least, the 



major) carrier protein to be revealed by glucose transport [29] and phloridn binding [30] studies in 
\ the kidney, these results suggest: i) that the Na' concentration of 150 mM used in our experiments 

at pH 6.0 was saturating relative to H+, and ii) that the canier-H'complex assumes a conformation 

which is different from that of the carrier-Na+ complex, a wnclusion cornpatrile with an ordered 

addition of substrate binding to the transport prokin in which the activator ion binds first (should 

the reverse situation holds true, one would have expected similar K, of phlorizin binding in the Na + 

and H+ media). The latter conclusion would thus agree with the kinetic mechanism of cotransport 

proposed for rSGLTl by Parent et al. [33] and is indeed strongly supported by our failure to 

demonstrate Na+-independent but glucose-sensitive Pz'binding (Fig. 2). In this respect, then, it could 

well be that the studies of Koepsell et al. [21] showing specific, glucose-sensitive but Na' 

independent phlorizin binding at physiological pH values have in fact characterized H+-dependent 

transport if one assumes that the H'wncenttation at such pH is still sufficient to activate the carrier. 

Clearly, then, detailed pH studies of both glucose transport and phlorizin binding will be 

needed to answer those issues conclusively, and such experiments are now in progress in our 

laborato~y. Quite obvious from the discussion above, however, meaningful pH studies of phlorizin 

binding may have to await the availability or the synthesis of phloridn analogs that do not dissociate 

in the relevant pH range. 

4) Homogeneity or heterogeneity of Na'dependent, D-glucose sensitive phlorizin binding? 

The point was made in our previous studies on rabbit renal glucose transport 1291 that a 2- 

to 3- fold difference in the y's of phlorizin inhibition of the HAG and LAG transport pathways 

should have been resolved by our kinetic approach This conclusion does not hold anymore in the 

present studies, and the apparent homogeneity of the high affinity, Na'dependent and glucose- 

sensitive phlorizin binding sites (Figs. 4-5 and 8-9) is thus questionable. Still, the results presented 

in this paper undoubtedly resolve the main conflicting issue raised by our previous studies D9] in 

which a one order magnitude difference was noted h e e n  the K, of phlorizin inhibition of glucose 

transport and the Kd of HAP binding to BBMV isolated fkom either dog [45] and rabbit [44] kidneys 

or LLC-PK, cells 1271. Indeed, the apparent Ki value of 15 pM estimated for the HAG and LAG 

transport pathways in our former studies [29] appear M y  compati'ble with the apparent dissociation 

constant of phlorizin binding measured under initial rate conditions (EC, = 10-30 pM) but are some 



6-fold higher than the dissociation constant of phlor- binding estimated at equilibrium (K , = 2-5 

b pM). Moreover, these K, values now agree quite reasonably well with those previously determined 

by Turner and M o m  [44] on a similar preparation (1.7 and 1.9 p M  at 17 "C, 60 mM Na+, and pH 

7.4 in the outer cortex and outer medulla, respectively) and by Moran et al. [27] in LLC-PK, cells 

(0.2-2.5 pM at 37 "C and pH 7.4 for Na' concentrations decreasing &om 500 to 100 mM). The 

question arises, then, as to what extent could the K, and K, values determined in our studies 

represent phlorih binding on the same or different carrier proteins. This issue is dealt with in the 

following paper [30] where it is shown that the homogeneity of phlorizin binding can also be 

assessed f?om the progress c w e s  of phlorizin binding, and that all of our analyses are fully 

consistent with a single mechanistic model of phlorizin binding which is thus unlikely to apply to 

two independent transporters with identical parameter values. 



FOOTNOTES 

b 

I .  The abbreviations used are: AMG: BBMV: brush border membrane vesicles; BCA: 

bicinchoninic acid; FSRFA: fast-sampling, rapid-filtration apparatus; HAG: high aflinity 

glucose; HAP: high afEnity p h l o ~  HEPES : N-[2-hydroxyethyl J pipecazine-EP-[2- 

ethanesulfonic acid]; HPz: neutral form of phlorizin; LAG: low affinity glucose; LAP: low 

affinity phlorizin; MES : 2-[N-morpholino]ethanesul fonic acid; Pz-: ionized form of 

phloridn; SER: standard error of regression; SGLT: Na'/D-glucose cotransport; Tris: 

tris [hydroxymethyl]aminomethane. 

2. Bef:  steady-state oftracer Pz binding B,*: intercept with y axis; Bi*: initial rate of tracer Pz 

binding; B, : maximal binding capacity under initial rate conditions; B, : maximal 

binding capacity under steady-state conditions; k, : first-order rate constant of equilibrium 

binding; Kdi : apparent dissociation constant under initial rate conditions; I(, : apparent 

dissociation constant under steady-state conditions. 
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LEGENDS TO TABLES 

Table 1: Kinetic parameters of eqdi'brium and initial phloridn binding at pH 8.6 under Na+- 

equiii'brium conditions. Experimental conditions were as descri'bed in the legend to 

Fig 3. The parameter Birepresents 'the y intercept in Fig 3 and was determined fkom 

the data shown in that figure by nonlinear regression analysis to either Equation (2) 

in text (equilibrium binding) or a second-order polynomial (initial binding). The 

parameters B,, Kd , and k, correspond to the best-fit lines shown in Fig. 4 

(equilibrium binding, indice e) and 5 (initial binding, indice i). 

Table 2: Kinetic parameters of eqdi'brium phlorizin binding at pH 6.0 under K+-equilibrium 

conditions in the absence or presence of 200 mM D-glucose. Experimental 

conditions were as described in the legend to Fig. 7. The parameters B, and & 
correspond to the best-fit lines shown in figure, and indices 1 and 2 stand for the 

glucose-sensitive and glucose-insensitive components of phlorizin binding, 

respectively. 

Table 3: Kinetic parameters of eqdiibrium and initial phlorizin binding at pH 6.0 under Na +- 

equilibrium conditions. Experimental conditions were as described in the legend to 

Fig. 8. The parameters B, and K, correspond to the best fit lines shown in Figs. 8 

(equilibrium binding, indice e) and 9 (initial binding, indice i), and indice 1 stands 

for the Na'dependent (and glucose-sensitive) component of phlorizin binding. 



LEGENDS TO FTGURES 

Figure 1: pH-dependent dissociation of phlorizin in A, the absorption spectra recorded as 

described in the text are shown for representative pH values of 5.5 (curve I), 6.5 

(curve 2), 7.5 (curve 3), and 9.5 (curve 4). In B, the pHdependence of the optical 

densities (OD.) recorded at 285 nm (solid symbols) and 320 am (open symbols) are 

shown for the three concentrations of phloridn indicated in the inset. Curves shown 

in B are the best-fit lines to Equation (1) in text &om which a mean pK, value of 

7.3 1 * 0.04 can be determined for the pHodependent dissociation of phlorizin. 

Figure 2: Uptake time courses of tracer phlorizin uptake (Pz') at pH 8.6 under K + - (open 

symbols) or Na+- (closed symbols) equilibrium conditions. BBMV were resuspended 

in 50 mM Tris-MES buffer (pH 8.6) containing 0.1 rnM MgSO, 300 mM mannitol, 

and 200 rnM KI (open symbols) or 50 mM KI plus 150 mM NaI (closed symbols). 

The uptake media contained (final concentrations): 50 mM Tris-MES buffer (pH 

8.6), 0.1 mM MgSO,, 0.5 mM amiloride, 300 mM mannitol (@,A,O) or 100 mM 

mannitol plus 200 mM Dglucose @), 0.1 pM 'H-phlorizin (@,O,O) or 0.1 pM %- 

phlorizin plus 1 mM cold phlorizin (A), and 200 mM KI (open symbols) or 50 rnM 

KI plus 150 mM NaI (closed symbols). Curves shown are the best-fit lines to the 

fist-order rate Equation (2) in text with parameters as discussed under section 2 of 

Results. 

Figure 3: Kinetics of tracer phlorizin binding (Pz') at pH 8.6 under Na' - equilibrium 

conditions. BBMV were resuspended in 50 mM Tris-MES buffer (pH 8.6) containing 

0.1 mM MgSO,, 300 mM mannitol, 50 mM KI, and 150 rnM NaI. The uptake media 

contained (£id concentrations): 50 mM Tris-MES buffer (pH 8.6), 0.1 mM MgSO, 

0.5 rnM amiloride, 300 mM mannitol, 50 mM KI, 150 mM NaI, 0.1 p.M %- 

phlorizin, and either 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100,200, 500, or 1000 pM cold 

phlorizin C w e s  shown for the representative concentrations of phlorizin indicated 

on the figure are the best-fit lines to the first-order rate Equation (2) in text with 

parameters as discussed under section 3 of Results. 



t Figure 4: Displacement curve of tracer phlorhh steady-state binding (B: ) at pH 8.6 under 

Naf-eqdi%rium conditions. Points shown correspond to the B: tern of Equation (2) 

in text as determined by nonlinear regression analysis to the data in Fig3 (note that 

the SER values associated with the B: values were smaller than the symbol size). 

Curve shown is the best-fit line to Equation (3) in text with n = 1 (one class only of 

specific binding sites) and kinetic parameters as given in Table 1. Inset: the validity 

of the latter model equation can be assessed visually from the Eadie-Hofstee 

transformation of the data shown in the main graph. 

Figure 5: Displacement curve of tracer p h l o ~ n  initial binding (B3 at pH 8.6 under Na + - 
equilibrium conditions. Data shown correspond to the initial rate of tracer phlorizin 

binding * SER values which were determined by nonlinear regression analysis to the 

data in Fig.3 as described in the text. Missing error bars were smaller than the 

symbol size. Curve shown is the best-fit line to Equation (3) in text with n = 1 (one 

class only of specific binding sites) and kinetic parameters as given in Table 1. Inset: 

the validity of the latter model equation can be assessed visually from the Eadie- 

Hofstee transformation of the data shown in the main graph. 

Figure 6: Uptake time courses of tracer phlorizin uptake (Pz3 at pH 6.0 under Na+- (A) and 

K+- (B) equili'briurn conditions. BBMV were resuspended in 50 mM MES-Tris buffer 

(pH 6 .O) containing 0.1 mM MgSO,, 300 mM mannitol, and 200 rnM KI (open 

symbols) or 50 rnM KI plus 150 mM NaI (closed symbols). The uptake media were 

(final concentrations): 50 mM MES-Tris buffer (pH 6.0), 0. l mM MgSO,, 0.5 rnM 

amiloride, 300 rnM mannit01 (a,AyO,A) or 100 mM mamito1 plus 200 mM D- 

glucose (WQ), O. 1 pM 3H-phloridn (e,H,O,CI) or O. 1 pM 3H-phloridn plus 1 mM 

cold phlorizin (A,A), and 200 rnM KI (open symbols) or 50 mM KI plus 150 rnM 

NaI (closed symbols). C w e s  shown are the best-fit lines to the fist-order rate 

Equation (2) in text with kmetic parameters as discussed under section 4 of Results. 



Figure 7: Displacement curves of tracer phlorizin steady-state binding (B: ) at pH 6.0 under 
?b K+-eqdi%rium conditions. BBMV were resuspended in 50 mM MES-Tris buffer (pH 

6.0) containing 0. l mM MgSO,, 300 mM maonitol, and 200 mM KL The uptake 

media were (tinal concentrations): 50 m M  MES-Tris buffer (pH 6.0), 0.1 mM 

MgSO, 0.5 mM d o r i d e ,  200 &KI, 300 rnM mamito1 (0) or 100 mM mannitol 

plus 200 mM D-glucose @), 0.078 pM 3H-phlorizin, and either 0,0.2,0.5, 1,2,5, 

10, 20, 50, 100, 200, 500, or 1000 p.M cold phlorizin. The kinetics of phlorizin 

uptake (data not shown) were recorded and analyzed as in Fig. 3, so that the points 

shown correspond to the B: term of Equation (2) in text Error bars represent the 

associated SER values and, when not shown, were smaller than the symbol sizes. 

Curves shown are the best-fit lines to Equation (3) in text with n = 1 (4 one class 

only of specific binding sites) or 2 (0, two classes of specific binding sites) and 

kinetic parameters as given in Table 2. More details as to the fitting procedure are 

given in section 5 of Results. 

Figure 8: Displacement curves of tracer phlomn steady-state binding ( ~ 3  at pH 6.0 under 

Na+-equilibrium conditions. BBMV were resuspended in 50 mM MES-Tris buffer 

(pH 6.0) containing 0. l rnM MgSO,, 300 rnM mannitol, 50 mM KI, and 150 rnM 

NaI. The uptake media were (final concentrations): 50 mM MES-Tris buffer (pH 

6.0), 0.1 mM MgSO,, 0.5 mM amiloride, 300 mM mannitol, 50 mM KI, 150 mM 

NaI, 0.078 pM 3H-phlorizin, and either 0,0.2,0.5, 1,2,5, 10,20,50, 100,200,500, 

or 1000 phd cold phlorizin. The kinetics of phlorizin uptake (data not shown) were 

recorded and analyzed as in Fig. 3, so that the points shown correspond to the B: 

term of Equation (2) in text (note that the SER values associated with the B: values 

were smaller than the symbol size). Curve shown with the data points is the best-fit 

line to Equation (3) in text with n = 2 (two classes of specific binding sites) and 

kinetic parameters as given in Table 3 or discussed in the text. More detaiIs as to the 

fitting procedure are given in section 6 of Results. Lines labeled 1 and 2 represent 

the individual contributions to the B: data of the Na'dependent and the two Na+- 

independent components of binding, respectively. Arrow shows that the 



contributions to the Bidata of components 1 or 2 have decreased by more than 90% 

or less than 5%, respectively, over the 0-20 uM range of phlorizin concentrations. 

Inset: the validity of the model equation used to fit the data shown in the main graph 

can be assessed visually &om the Eadie-Hofstee transformation of these data. 

Figure 9: Displacement curves of tracer phlorizin initial binding (B> at pH 6.0 under Na' - 
equilibrium conditions. Data shown correspond to the initial rates of tracer phlorizin 

binding * SER values which were determined as described in the text by nonlinear 

regression analysis to the same kinetic data that was used to construct Fig. 8. Missing 

error bars were smaller than the symbol size. Curves shown are the best-fit lines to 

Equation (3) in text with n = 1 (a, one class only of specific binding sites) or 2 (0, 

two classes of specific binding sites) and kinetic parameters as given in Table 3 or 

discussed in section 6 of Results. Inset: the validity of the approach used to isolate 

the Na'-dependent component of binding as discussed in the text can be assessed 

visually from the Eadie-Hofstee plot of the corresponding data shown in the main 

graph. 

Figure 10: Phlorizin structure as proposed by Diedrich [M- 151 
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ABSTRACT 

The kinetics of high aflkity phlorizin (HAP) binding were evaluated on a theoretical 

perspective with regards to the three most simple mechanisms of binding that may account for both 

rapid inhibition of Na'Dglucose setraxlsport ( S G m  and slow binding of the inhibitor. i) one-step, 

rapid equiliirim mechanism (Scheme I) in which the rate of binding is dictated by slower steps in 

the transport cycle, ii) one-step, steady-state mechanism (Scheme II) in which the rate of binding 

is rate-limiting relatively to all other steps in the transport cycle, and iii) two-steps mechanism 

(Scheme m) in which rapid eqdiibriurn binding of phlorizin to the transporter is followed by a slow 

isomerization step accounting for the (apparently) slow rate of binding. We also addressed the 

kinetics of phlorizin debinding at pH 8.6 in rabbit renal brush border membrane vesicles (BBMV) 

isolated fkom the whole kidney cortex using a fast-sampling, rapid-filtration apparatus (FSRFA, US 

patent # 5,330,717) for efflux measurements. It is demonstrated that: i) binding time course studies 

allow to distinguish unambiguously between the three proposed schemes; ii) Scheme III consistently 

accounts for the binding kinetics observed at pH 6.0 and 8.6; iii) rapid filtration techmques lead to 

a wash out of rapidly bound phlorizin, so that the carrier complex with inhibitor locked or occluded 

into the glucose site is the only one to contribute significantly to binding measurements; and iv) 

efflux kinetics follow the predictions of Scheme III in the presence of either 1 m M  cold phlorizin 

or 200 mM D-glucose, but the absence of Na' in the stop solution leads to rapid release of bound 

phlorizin It is concluded that Scheme IH: i) fully explains a 6-fold difference in the apparent K, 

values characterizing initial and equilibrium binding conditions; ii) precludes an estimate of both 

the total number of binding sites and the true (although apparent) K, of phlorizin binding from 

equilibrium binding measurements alone; iii) can be seen as a "slow-motion movie" of SGLT; and 

iv) requires a minimum of two Na+ ions to consistently account for phlorizin binding and release. 

We conclude to the homogeneity of HAP binding in kidney cortex BBMV, so that the high and low 

affinity glucose transport pathways most likely reflect different transport modes through a single 

protein that may qud@ to represent rabbit SGLTI . A precise dosteric model of cotransport cannot 

be proposed at this time, however, but our studies appear compatible with either a negatively 

cooperative h e r ,  a dimer showing half-of-the-sites reactivity, or a combination of both. 



INTRODUCTION 

Whether the kinetic heterogeneity of Na'/D-glucose cotransport (SGLT)' first observed in 

the rabbit kidney proximal tubule [3,52-541 is the unique and direct consequence of the molecular 

diversity in renal SGLT proteins, a concept essentidly supported by the consideration of the clinical 

findings associated with intestinal glucose/galactose malabsorption and renal glycosuria [l2,4 11, 

is a question that was addressed by a number of laboratories over the last 15 years [6,8,17,22- 

23,32,34,44,58] and was more specifidly revisited by our group in rabbit renal brush border 

membrane vesicles (BBMV) isolated fiom the whole kidney cortex [32-331. Our glucose transport 

studies 1321 confirmed the results of Turner and Moran [52] showing that the initial rate data in this 

preparation is compatible with the presence of both h i g h - m t y  glucose (HAG) and low-affinity 

glucose (LAG) transport pathways. However, the comparisons of HAG expression in rabbit 

intestinal [8] and renal [32] BBMV, and of SGLT characteristics in renal BBMV [32] vs cRNA- 

injected oocytes expressing the cloned SGLTl [23,35] and SGLT2 [20,28,62] systems, led us to 

suggest that the HAG and LAG pathways expressed in the kidney proximal tubule most likely reflect 

different transport properties of SGLTl rather than coexpression of distinct SGLTl and SGLT2 

proteins [32]. 

In support of the latter conclusion, our glucose transport studies in rabbit renal BBMV 

demonstrated that phlorizin &bits competitively and with equal potency (Ki = 15 pM) both of the 

HAG and LAG transport routes [32]. The experimental basis which led Turner and M o m  [52-541 

to propose that low affinity phlorizin (LAP) and high affinity phlorizin (HAP) binding would 

characterize the former and the latter pathways, respectively, was thus seriously questioned [32], 

and it was concluded that Turner and Morants studies [52-541 might in fact agree rather than c o a c t  

with ours [32]. Still, it was also noted that the Ki  values estimated in our preparation [32], although 

lying within the range of 5-30 pM determined by Toggenburger et al. [50] for the K, of phlorizin 

binding in rabbit intestinal BBMV under initial rate conditions, appeared close to one order of 

magnitude higher than the K, values of 1.7 or 1.9 pM reported by Turner and Moran [54] for HAP 

binding under equilibrium conditions in the outer cortex or outer medulla, respectively. A 

reevaluation of the kinetics of phlorizin binding in rabbit renal BBMV resolved this issue by 

showing that our Ki value of 15 pM is M l y  compatible with the apparent dissociation constant of 



phlorizin binding measured under initial rate conditions & = 10-30 @A) but some 6-fold higher 

than the dissociation constant of phloridn binding estimated at eqdi'brium (K,= 2-5 pM) [33]. The 

question arises, then, as to what extent could the difference in the K, and K , values represent 

phlorizin binding on the same or merent carrier proteins. Indeed, the former possibility may simply 

reflect the fact that the inhibitor binds to different conformational states of the same transporter 

under initial and equilibrium conditions or, alternatively, may just be a direct consequence ofthe 

binding mechanism itself. In this respect, it should be noted that large differences could be observed 

in the time course of phlorizin binding in renal vs intestinal BBMV fiom rat and rabbit, and that the 

binding velocity appeared to correlate with the K, and K, values [50]. Quite interestingly too, the 

apparent K, values in the rabbit small intestine decreased from 40-50 pM at 0.1 s to approx. 7 pM 

in the time interval 1 -3- 1.8 s [SO]. 

The observations of Toggenburger et al. [50] discussed above underscore the fact that neither 

the phlorizin binding nor the SGLT mechanisms themselves have been f d y  established yet 

[2 1,42,61], and we think that the contrast between the slow rates of phlorizin binding usually 

reported in the kidney [9,18,22,33,50,57] on one hand, and the fast turnover rates of glucose 

transport noted in the small intestine and the kidney [2 1,42,6 11 on the other hand, could be highly 

relevant in this context. The early studies of Diednch [13-161 and Alvarado [I] suggested that 

phlorizin binding to SGLT involves both the glucose and aglucone moieties of the molecule. In 

agreement with this proposal, Koepsell et al. [22] concluded more recently to a two independent- 

sites, two-steps mechanism of binding which was further rationalized in a dimer model of 

cotransport. Indeed, the concept of a polymeric structure of SGLTl is also supported by inactivation 

radiation [4,45,47,51] as well as other studies [6,8,17,22-23,32,58], and the dirner model of 

cotransport proposed by Koepsell's group [22-231 would fit quite nicely within the h e w o r k  of the 

allosteric mechanism of cotransport d e s c r i i  by Chenu and Berteloot [8]. In the latter i) the HAG 

and LAG transport pathways would be linked to the negative cooperativity between subunits 

postulated for glucose binding to the carrier during transport [8], and ii) the apparent homogeneity 

of phloritin binding noted under both initial and equilibrium conditions [33] would indicate an 

absence of cooperativity for the nontransported inhibitor, as seems supported by the observations 

of Koepsell et al. [22]. In those last studies [22], however, the heterogeneity of the phlorizin 

molecule itself [ l6,33,SO] was not addressed. 



In this paper, the kinetics of 

i perspective, and it is demonstrated 

p hlorizin binding 

that uptake time 

were fkst evaluated on a theoretical 

course studies allow to distinguish 

unambiguously between the three most simple schemes that may account for slow inhibitor binding. 

Next, it is shown that the same two-steps mechanism of phlorizin binding consistently accounts for 

the uptake kinetics previously observed at pH 6.0 i d  8.6 1331, and fidly explains a 6-fold difference 

between the apparent K, values measured under initial rate and equilibrium conditions [33]. Finally, 

we address the kinetics of phlorh debinding at pH 8.6 in relation to the proposed mechanism, and 

we postulate the existence of a minimum of two Nat binding sites to reach a consistent picture of 

phlorizin binding and debinding kinetics. We conclude to the homogeneity of HAP binding in 

kidney cortex BBMV, so that the HAG and LAG transport pathways most likely reflect different 

transport modes through a single protein that may qualify to represent rabbit SGLTl (rSGLT1). 



I )  General approach 

The formalism previously discussed and justified by Wierzbicki et al. [60] in the case of 

presteady-state kinetics was used to find out the &edependent solutions of phlorizin binding, and 

the general and specific hypotheses, as well as the simplifications leading to the three most simple 

models of phlorizin binding considered in these studies, are discussed below. 

2) General hypotheses 

The general assumptions supporting the derivation of the binding equations presented in 

these studies regarding the kinetics of phlorizin binding are similar to those usually made in deriving 

transport equations [55-561: i) the hctioning of SGLT can be described according to a mobile- 

carrier type of mechanism, so that the Na+, glucose, and phlorizin binding sites are only accessible 

from one side of the membrane at a time; ii) the reorientation of the substrate sites are first-order 

processes whether considering the unloaded or either of the partially or l l l y  loaded forms of the 

transporter, and iii) the total number of carriers (NJ is constant and, at the steady-state, there is no 

net flux of carrier forms fiom one side of the membrane to the other. 

2) Specific hypotheses and simplifications 

The more specific assumptions and simplifications supporting the mathematical treatment 

given in section 1 of Results can be justified as follows £?om the consideration of the cotransport 

mechanism shown in Fig. 1A which was proposed and justified for rSGLTl by Parent et al. [36]: i) 

phlorizin and glucose binding to the carrier are mutually exclusive processes, in agreement with the 

competitive mechanism observed for phlorizin inhibition of SGLT [1,7,9,13-14,18 J2,43,49]; ii) 

phlorizin binds to a outward facing configuration of the carrier (N,) only, a condition that may be 

satisfied if phlorizin itself is not transported at all through BBMV [46] or, alternatively, if the 

inward configuration of the relevant binding site precludes inhibitor binding [42]; and iii) under the 

experimental conditions used to record the kinetics of phlorido binding in the preceding paper [33], 

i.e. no glucose in the iotra- and extra- vesicular compartments and saturating Na'concentrations of 

150 mM on both sides of the membrane, the NaLloaded carrier complexes facing inward (N,) or 



outward (NJ represent the only relevant carrier forms to be considered in the transport cycle, so that 

L the model of Fig. 1A reduces to that of Fig. 1B. 

3) The three possible schemes accounting for slow phlorizin binding 

The general (although simplified) model 'of ~ i ~ .  1B predicts that the kinetics of phlorizin 

binding should be best descn'bed by a sum of two exponential functions [60]. However, because the 

time comes of tracer phlorizb uptake (I33 recorded in the preceding paper [33] could be 

satisfactorily described by the £irst-order rate Equation (1) 

in which B; represents the y intercept while B: stands for the steady-state level of bound tracer 

reached with first-order rate constant b, it can be assumed that only one of the two reactions 

involved in this mechanism is rate-limiting [60]. Accordingly, the two simple cases illustrated by 

schemes I and II in Fig. 2 have to be considered: i) in scheme I, it is assumed that phlorizin binding 

is fast as compared to carrier reorientation, so that the phlorizin binding step can be assumed to be 

under rapid equilibrium (dissociation constant K, = N , (Pz)/N ,), and the time course of phlorizin 

binding would be under control of the microscopic rate constants k, = k 63 and k, = k, which 

describe the in to out and out to in transitions of the Na'Aoaded forms of the transporter, and ii) in 

scheme II, the reverse situation holds true, i.e. the reorientation of the Na'4oaded complexes is fast 

(and, then, can be described by an isomerization constant L = NJN, = k 3 A 3 )  while the phlorizin 

binding step is slow, so that the microscopic rate constants k,and k,now fully describe the latter. 

Two comments should be made regarding schemes I and II in Fig. 2: i) scheme II is more 

realistic than scheme I over the 400 s time scale of our obse~ations (33) because it has been shown 

that Na' transport through SGLTI reaches a steady-state in a few hundred rns [35]; and ii) both 

schemes ignore the fact, as first proposed by Diedrich [13-161 and Alvarado [I] and later by 

KoepselI et al. 1221, that phlorizb binding may involve both the glucose and the aglucone moieties 

of the phlorizin molecule. Thus, according to these remarks, a more realistic model of phloridn 

binding can be depicted as scheme III in Fig. 2 in which a slow isomerization step follows the rapid 

equilibrium binding of phlorizin, so that the microscopic rate constants k, and k ,now desmie 

y this isomerization step. From the formal representation of scheme III in Fig 2, it is clear that the 



slow isomerizatioa step consecutive to Elst phiorizin binding auld  be viewed in either of two ways, 

's which are not mutually exclusive: i) phlorizin binds fht through its glucose (or aglucone) moiety 

to the corresponding site on the transporter, and slow subsequent binding of the aglucone (or 

glucose) part of the molecule "locks" the inhibitor into the glucose site; and/or ii) fast binding of 

phlorizin to both of the glucose and agIucone sites on the transporter induces a slow conformational 

change (the same as would be induced by glucose binding itself during transport but with slower k, 

and 16, rates due to steric hindrance or mechanistic constraints), so that the transporter is now 

locked into what could be called an "occluded", phlorizin bound form. 

In any case, any one ofthese alternatives suggests that the phlorizin bound on the carrier may 

not be as easily accessible corn the outside when loosely or tightly bound under the N, or N, states, 

respectively. Accordingly, because phlorizin binding is usually recorded using a rapid filtration 

technique, as was done in our studies as well 1331, one may suspect that the washing process 

inherent to this technique could lead to a rapid wash out of the N,-bound form of phlorizin (and the 

more so if excess phlorizin is present in the stop solutions), so that the N, complex with phlorizin 

"locked" or "occluded" into the glucose site would be the only one to contribute to binding 

measurements. Thus, two cases must be considered in the case of Scheme LII of Fig. 2 to take these 

two alternatives into account. 



MATERIALS AND METHODS 

1) Materials 

Rabbits were purchased fiom the "Feme de Sblection Cunipur" (St-Valdrien, Quebec). 

henyl-3,3 ',5,5'-3H, pr0panone-3-~H]-phloridn (specific activity 47.6 Cilmmol) was supplied by 

New England Nuclear o, 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 (D-blend) by ICN Biomedicals. Cellulose nitrate filters (12.5 mm diameter, 

0.65 pn pore size) were obtained fiom Micro Filtration Systems (MFS). All other chemicals were 

of the highest purity available. 

2) Preparation of BBMV and uptake studies 

The experimental data regarding the kinetics of phlorizin binding discussed in this paper are 

the same as those previously presented in Fig. 3 of [33] for pH 8.6 conditions or used to generate 

Figs. 8-9 in [33] for pH 6.0 conditions. 

3) Efnux (debinding) studies 

The time courses of 3~phlorizin debinding were determined using the automated fast- 

sampling, rapid-filtration apparatus (FSRFA, US patent # 5,330,7 17) developed in our laboratory 

[5]. BBMV were prepared as described in [32], resuspended in 50 mM Tris-MES buffer (pH 8.6) 

containing 0. 1 mM MgSO,, 300 mM mannitol, 50 mM KI, and 150 mM NaI, and frozen under 

aliquots in liquid N, For each assay, 40 p.l of thawed BBMV were introduced into 900 p1 of 50 mM 

Tris-MES buffer (pH 8.6) containing 0.1 mM MgSO, ,0.5 mM andoride, 300 m M  Mannitol, 50 

mM KI, 150 mM NaI, a fmed tracer concentration of 0.08 pM 'H-phlorizin, and either 0,3, 12, or 

1000 pM cold phlorizin. BBMV were first incubated for 10 min at room temperature (23-24 "C) 

before being introduced into the incubation chamber of the FSRFA also kept at room temperature. 

At time 0 of the efflux studies, 60 p1 of cold phlorizin or Dglucose was injected into the incubation 

chamber to get 1 or 200 rnM final concentrations of these products, respectively. At each time point, 

50 jd of the uptake mixture was injected into 1 ml of ice-cold stop solution composed of 50 mM 

Tris-MES buffer (8.6), 0. l mM MgSO,, 300 mM mannitol, and 200 mM NaCl. The stopped mixture 



was then filtered through 0.65 pm cellulose nitrate filters, and the filters were washed three times 

L with 1 ml of ice-cold stop solution [5,8]. The substrate content of the vesicles was then determined 

by Liquid scintillation counting as described previously [8]. 

It should be noted that: i) these experiments were performed at pH 8.6 only to avoid the 

contribution to efflux of the low affinity bindidg sites that are also present at pH 6.0 1331; ii) 

phlorizin had to be dissolved into 17% ethanol to reach the critical concentration of 17 mM into the 

injector pipette which was necessary for these experiments, so that control experiments were run 

following addition of ethanol alone (since 60 pl were injected into 940 pl of vesicle suspension, 1% 

ethanol was present during aIl of the emux experiments); and iii) in one of the control experiments, 

150 mM KC1 was substituted for 150 mM NaCl in the stop solution. 

4) Dataanalysis 

Refined analysis of the uptake time (t) comes of tracer phloririn binding (Be, pmol . mg*' 

protein) were performed using Equation (2) . 

which states that the steady-state values of each of the n B ; components of phlorizin binding should 

be reached with specific W-order rate constants kj(the meaning of B; is similar to that of Equation 

(1))- 

The efflux data relative to tracer phlorizin (E') were analyzed using the single exponential 

decay Equation (3) 

in which Ei stands for the amount of tracer bound at t = 0 while kc represents the first-order rate 

constant at which tracer binding reaches a new equilibrium (steady-state) level (E: ). 

The kinetic parameters of phlorkin binding were estimated by nonlinear regression analysis 

, of the respective displacement curves of tracer (T) by cold substrate (S) according to Equation (4), 



the derivation of which bas been both justified and given in full in a previous paper fiom our group 

[8] and assumes the presence of n Mkhaelis- ent ten components working in parallel with a 

nonspecific process with apparent rate constant k, 

Linear and nonlinear regression analyses were performed using a commercial software 

(Emfitter, RJ. Leatherbarrow, copyright 1987, Elsevier-Biosoft). Accordingly, the errors associated 

with the kinetic parameter values reported in this paper represent the standard errors of regression 

(SER) on these parameters. 



RESULTS 

1) Time-dependent solutions of phlorizin binding according to schemes 1-lIl in Fig. 2, and 

criteria allowing model discrimination. 

a) Carrier-states distribution b e e  phiorkin addtion (N:) 

Since B B W  were equilibrated in the Na'medium before phloridn addition [33], the steady- 

state distribution of the outward-facing (NJ and inwardofacing (N J NaLloaded carrier complexes 

achieved at close to zero-time of uptake assays can be calculated as proposed in [60] fiom Equations 

(5-6) 

which apply to all three schemes. The final results of the calculations are given in Table 1. 

b) Carr ier-states distribution at zero-time M) 
When phloritin is added to BBMV at time t = 0, there will be fast redistribution of those N 

carrier forms which are involved in rapid equilibrium reactions [60], so that the new carrier-states 

distribution prevailing at zero-time can be calculated for each scheme using Equations (7-9). 

SchemeII: N: + N: = N, ; N : = O  

The hal results of the calculations are given in Table 1. 

c) Time-dependent solutions of Schemes I-II 

The time-dependent solutions of phlorizin binding according to schemes I-II in Fig. 2 can 

be found as follows [60]. In both schemes, N, is the only phlorizin-bound complex and, at any time 

from the onset of phlorizin addition up to the end of the incubation period where equilibrium 
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binding ofphlorizh is obsewed, the carrier-states distribution shodd satisfy conservation Equation 

r (10) 

in which the carrier forms N, and N, in scheme I, *and N, and N , in scheme 11 are linked by rapid 

equilirium steps. From the definitions of K,and L given under Theory, it is quite obvious, then, that 

Equation (1 1) 

in the case of scheme I, and Equation (12) 

N6 = L . N, 

in the case of scheme [I should also apply at any time during the binding experiments. The quantity 

dN#dt, which expresses the timedependence of the phlorizin-bound complex in both schemes, can 

now be found from Equations (13) 

for Scheme I, and fiom Equation (14) 

for Scheme II, in which N, (scheme I) and N, (schemes I and It) can be expressed relatively to N, 

From Equations (10- 12). Further rearrangements lead to Equations ( I  5 )  and (16) 



which apply to schemes I and II, respectively, and &m be integrated over time to give Equation (1  7). 

In this equation: i) a represents the first-order rate (in s-') constant describing the approach to the 

steady-state, and its algebraic expression for schemes I and II, given by the terms under brackets in 

Equations (15) and (16), respectively, is explicitly shown in Table 2; and ii) the quantities N! and 

N stand for the amount of phlorizin bound at zero-time (see Table 1) and equilibrium, respectively. 

Indeed, in the case of scheme II for which # = 0 (Table I), Equation (17) can be reduced to 

Equation ( 18). 

The algebraic expressions of N: can be found fiom Equations (15) (scheme I) and (16) (scheme II) 

by setting dNw. Alternatively, the steady-state distribution of carrier fonns can also be 

determined using a more classical treatment of schemes 14, and the results of either one of these 

approaches are given in Table 1 for all carrier forms in these schemes. 

d) Criteria allowing discrimination of Schemes I-II 

It should be noted that the measurable quantity N;, equivalent to the equilibrium binding 

quantity noted as B, in our p&ous studies [33], can be presented under the Michaelis-Menten form 

of Equation (1 9) 

in which the parameters B,, (maximum binding capacity at equilibrium) and I&= (apparent 

dissociation constant at equilibrium) assume the algebraic expressions shown in Table 2. 

Accordingly, Schemes I and II cannot be distinguished b m  eqdi'brium binding studies, and similar 



values are measured independently of the binding mechanism (in both schemes, &= Kd (1 + 
L) when taking into account the definitions of IS,, and L given under Theow). 

However, as is aiso apparent &om Table 2, the two schemes have characteristic time- 

dependent approaches to the steady-state: i) in Scheme I, a decreases when the concentration of 

phlorizin increases (from the value of k, + k, 'at low inhibitor down to the value of k , when 

saturation is achieved); but ii) in Scheme II, a increases linearly with phlorizin concentrations 

(intercept = @ent = kJ(l+L)). 

The initial rate of phlorizin binding Bi , a quantity that was also measured in our studies 

[33], might also prove helpll at model discrimination. Its algebraic expression can be found for 

schemes I and II from the first derivative of Equations (17) and (18) at t = 0, respectively [60]. 

Subsequent rearrangement using the values of Ns and N; shown in Table 1 thus leads to Equation 

(20) 

for Scheme 1, and to Equation (2 1) 

for Scheme II. It is thus readily apparent that the initial rate of binding: i) should not saturate in the 

case of scheme II since increasing linearly with phlorizin concentrations as predicted by Equation 

(21), and ii) should not demonstrate simple Michaelis-Menten kinetics in the case of scheme I since 

square terms show up in both the numerator and denominator of Equation (20). In the latter case, 

Equation (20) can be rearranged according to Cleland to give Equation (22) 

in which B, (maximum rate of initial binding), K .,, and K , (apparent binding constants at low 

and high phlorizin concentrations, respectively) assume the algebraic expressions shown in Table 

7 2. It can be noted, then, that the deviation fkom pure Michaelis-Menten kinetics may be difficult to 

visualize due to the fact that there is a Cfold ratio only between the values of K, and Kdl 



e) Timedependent solution of Schemes I .  

L The timedependent solution of phlorizin binding expected for scheme III in Fig. 2 can be 

found in a way similar to that proposed for Schemes I-II using the relevant equations specific to this 

scheme: i) conservation Equation (23), 

N* = N, + N, + N, + N, 

ii) Equations (1 1-12), and iii) timedependence of the phlorizin bound complexes N7 and N, given 

by Equation (24). 

Algebraic rearrangement of the latter equation to make it homogeneous relative to N, or N, thus 

leads to Equations (25-26) 

which can be integrated. The time-dependence of N7 is given by equation (17) while that of N, is 

similar in form to Equation (1 8) in which N, is substituted for N, and the algebraic expressions of 

the parameters relevant to scheme III in the latter equations are shown in Tables 1 and 2. It should 

be noted that, as expected: i) the phlorizin-bound complexes N7and N, approach a steady-state with 

the same rate consmt a, and ii) a shows a characteristic dependence on phlorizin concentrations 

as compared to schemes I-II, increasing fiom the k,,value at low inhibitor up to the value of km + 

k, at saturation as dictated by the apparent k, value which follows Michaelis-Menten kinetics. 

However, the quantity (Ns - N) has a negative sign, so that N7 decreases when N, increases. 



fl The two sitwtiom relevant to Scheme III and criteria for discrimination 

\ As discussed under Theory, the presence in Scheme IIl of both loosely- (NJ and tightly- (NJ 

bound forms of phlorizin may not d o w  to detect both forms when using a rapid mtration technique. 

Accordingly, in a first situation, one may assume that both of the N, and N, complexes contniute 

to phlorizin uptake measurements, so that the timi course of phlorkh binding would be described 

by Equation (27) 

which sums up the timedependent contributions of the N7 and N, phlorizin-bound forms to total 

binding. In a second situation, however, one may suspect that the washing process inherent to the 

rapid filtration technique could lead to a rapid wash out of the N,-bound form of phlorizin, so that 

the N8 complex would be the only one making significant contribution to binding measurements. 

In this case, then, the progress curves of phlorizin binding would be descriied by Equation (1 8) in 

which N8 is substituted for N7. 

The distinction between the two possibilities above cannot be done by curve fitting of the 

experimental data to Equations (18) and (27) because it can be easily verified that Equation (28) 

is identical in form to Equation (27) and, thus, undistinguishable from Equation (18) but for the 

presence of the term. Accordingly, the two possibilities discussed above may only be 

differentiated when considering a family of progress curves recorded at different concentrations of 

phlorizin: i) the data should extrapolate to the origin or converge to the same point on the y axis 

should there be some nonspecific binding (or adsorption) of phlorizin (in)to the membranes in the 

case of Equation (18), but ii) should give different y intercept values representing the quantity N: 

which assumes a Michaelis-Menten dependence on phlorizin concentrations (see Table 1) in the 

case of Equations (27-28). This conclusion is obvious when considering the respective equations 

and setting t = 0. Moreover, both the equilibrium (N,S) and initial rate data should follow Michaelis- 

Menten kinetics in the case of Equation (18) (see Equations (29-30) 



and algebraic expressions of the parameters &I Table 2) while they assume more complex 

dependence on phlorizin concentrations in the case of Equations (27-28) (see Equations (3 1-32). 

Quite interestingly, however, both Equations (3 1) and (32) predict that plots of Bi and Be versus 

phlorizin concentrations should go through a maximum before decreasing down to zero (square 

terms in phlorizin concentrations are present in the denominator only). 

2) Testing the kinetics of phlorizin binding against the predictions of Schemes I-ITT 

a) First screening tests 

The most important results relating to the kinetics of phlorizin binding to renal BBMV and 

reported in the preceding paper [33] can be summarized and compared to the predictions of 

Schemes Em detailed in the previous section as follows. At both pH 6.0 and 8.6 where the phloridn 

molecule can be considered as fully dissociated under its neutral (HI?z) and negatively charged (Pz) 

forms 1331, respectively: i) the uptake time courses of phlorizin binding could be successfully 

described by Equation (1) with the term B; constant, a result that goes against the predictions of 

Schemes I and III when both N7 and N, contribute to binding in the latter; ii) the initial rates of 

binding Bi were compatible with simple Michaelis-Menten kinetics, a result that would argue 

against Schemes I, II, and when both N, and N8 contribute to binding in the latter, and iii) the 

steady-states of phlorizin binding were also compatible with simple Michaelis-Menten kinetics, a 

result that would satisfy all schemes but Scheme III when both N, and N8 contribute to binding. 



Interesthgiy, only Scheme III in which the phlorizin-bound complex N, alone would 

contriiute to binding suntives those first screening tests while its counterpart, in which both of the 

loosely- (N,) and tightly- (N8) bound complexes would be measured, failed on all of the tests. The 

latter is thus eliminated fiom consideration in the following sections. As to the final acceptability 

of the former relatively to Schemes 1 4 ,  Table 2 clearly indicates that the first-order rate constant 

a, which has the same meaning as k, in Equation (1) used to analyze the kinetics of phlorizin 

binding in the preceding paper [33], is a v q  important parameter for mode1 discrimination because 

its dependence on phlorizin concentrations is highly characteristic for each of Schemes I-IZI. To help 

the reader in the following up of the forthcoming discussion on the analysis of this key element of 

our studies, the kinetic parameters of phloridn binding determined in [33] at pH 6.0 and 8.6 under 

both initial and equilibrium conditions have been summarized in Table 3. 

b) Concentration dependence of the first-order rate constant at pH 8.6 

As shown in Fig 3 for pH 8.6 studies, k, first hicreases fiom the value of 0.0 1 10 0.0004 

S-' recorded at the lowest Pi concentration of 0.2 pM up to a maximum vdue of O.OZl9 0.0020 

s-' estimated at 100 pM phlorizin, and then decreases down to its original value at 1 mM phlorizin 

(0.01 10 0.0005 s'l). It should be noted that the transition fiom an increasing to a decreasing 

function occurs at some 95% or 77% saturation of the specific binding process as can be calculated 

from the equilibrium or initial binding parameters, respectively (see Table 3). In any case, the 

contribution of the specific binding component to total binding can be considered as negligible (i. e. 

beyond the detection level when compared to the experimental errors) at the phlorizin 

concentrations of 0.5 and 1 mM, in agreement with the predictions of Equation (4) with n = 1 when 

S >> l&, + T. These results thus clearly indicate that a fbll description of the binding time courses 

shown in Fig. 3 of [33] should have used Equation (2) with n = 2 rather than Equation (1) to account 

for both of the specific @@ and nonspecific binding components characterized at pH 8.6 (that 

would thus be reached with the true first-order rate constants k, and k, respectively). 

This conclusion, which appears quite obvious aposteriori, was thus evaluated hrther by 

refitting those data as suggested above. Unfortunately, when the 5 parameters of Equation (2) with 

n = 2 were left free to adjust to the experimental data, the results at low and high phlorizin 

concentrations could not be fitted to this Equation, and the analysis in the midrange of phlorizin 

,- concentrations gave inconsistent results. This behavior is not unexpected, however, because: i) k,  



= k, at low phlorizin concentrations as shown in Fig. 3 and [33], so that Equation (2) degenerates 

to Equation (I) at these concentrations; ii) as discussed in the previous paragraph, B:, = 0 at high 

phlorizin concentrations, so that Equation (2) also degenerates to Equation (1) at these 

concentrations; and iii) in the midrange of phlorizin concentrations, the k, and k, values may not 

be separated enough to allow a meaningful extra'ction of the parameters. The latter conclusion is 

indeed supported by the fact that Equation (1) could satisfactorily describe the data shown in Fig. 

3 of [33]. The only way to conduct the analysis was thus to fix some of the parameters at values that 

can be determined independently. Accordingly, B; was fixed to the value estimated f?om the initial 

rate studies (0.078 pmol . mg" protein [33]), and B should be well described, as obvious from 

Equation (4) with n = 1, by the kDT value at equilibrium (with kD = 2.39 pmol . mg-I protein . p M  

-' [33]). Finally, the parameter k, was fixed at a value of 0.0 1 1 s -' which represents the arithmetic 

mean of the k, observed at 0.5 and 1 mM phlorizin (Fig. 3). Under these conditions, a consistent 

set of B:, and parameters could be obtained over the 0.2-100 p M  range of phlorizin 

concentrations. 
I 

The validity of this approach is demonstrated in Fig. 4 by showing that the displacement 

c w e  constructed fiom B:, (open circles) is compatible with the data previously obtained fiom B: 

using Equation (1) (closed triangles, B: values corrected for nonspecific binding) in [33]. 

As shown in the inset of Fig. 3, the new parameter k, can be fitted to the Michaelis-Menten 

type Equation (33) 

with parameters values of K, (analogous to a Michaelis-Menten constant), k, (minimum value of 

k, given by the y intercept), and (maximum value of the second term on the right-hand side of 

the equation reached at saturation of cold, S, and tracer, T, phlorizin) as given in Table 4. When 

compared to the predictions of Schemes I-III in Fig. 2, it is readily apparent that Equation (33) is 

similar in form to the algebraic expression of the parameter a characterizing unambiguously a 

mechanistic model in which fast binding of phlorizin to the carrier is followed by a slow 

isomerization step (see Table 2). Accordingly, the k, and k oEvalues (the rate constants of the slow 



isomerization step in Scheme III of Fig. 2) would correspond, respectively, to the k ,and k ,values 

determined using Equation (33). 

c) Concentration dependence ofthe first-order rute constant or pH 6.0 

As shown in Fig. 5 for pH 6.0 studies, the first-order mte constant k, of the binding process 

first increases from the value of 0.0145 * 0.0005 s-' recorded at the lowest HPz concentration of 

0.078 pM up to a maximum value of 0.0257 0.0014 s-I estimated at 10 pM phlorizin, and then 

decreases down to a value of 0.0 1 17 * 0.0009 at 1 mM phloridn. Again, it should be noted that the 

transition from an increasing to a decreasing h c t i o n  occurs at some 80% saturation of the Na'- 

dependent binding process and that this specific binding component can be considered as fully 

saturated at ph1oxizi.n concentrations over 100 pM (see kinetic parameters in Table 3). These results 

thus clearly indicate that a full description of the binding time courses of HPz binding should take 

into account the fact that binding at pH 6.0 is the s u m  of three independent processes [33], so that 

Equation (2) with n = 3 should have been used instead of Equation (1) in our former analyses. Still, 

it should be noted that the k, value of 0.0 12 s-I recorded at 1 rnM cold HPz (Fig. 9, a concentration 

at which the specific, Na=insensitive component of binding is less than 50% saturated [33], is 

within the range previously determined at pH 8.6 (Fig. 3) and in a K'medium at pH 6.0 [33] for the 

nonspecific fraction of phlorizin bindmg. Accordingly, it can be concluded that the two Na+- 

independent components of HPz binding proceed with similar first-order rates, so that Equation (2) 

with n = 2, k, = 0.0 12 s", and the B; tern given by Equation (34) 

should be sufficient to l l l y  describe the uptake data at pH 6.0. As was the case at pH 8.6: i) the B; 

parameter was fixed to a value estimated f%om initial rate studies (0.297 pmol . mg-I protein [34a]), 

and ii) the B; parameter was fixed to a value calculated using Equation (34) and the kinetic 

parameters in Table 3 at each of the phlorizin concentrations used in our studies up to 20 uM [33]. 

Under these conditions, a consistent set of B:, and 4 values could be obtained, and this 

approach is validated by the fact that the kinetic pantmeters (I3 -,= 88 * 6 p o l  . mg protein; K,, 

= 2.3 * 0.2 CcM) estimated from the displacement m e  constructed from B:, (data not shown) are 

t compatible with those given in Table 3. Also, as shown in the inset of Fig. 5, k, could be fitted to 

% 



Equation (33) with kinetic parameter values as reported in Table 4. It would thus appear that the 

mechanism of HPz binding at pH 6.0 is similar to that previously observed for Pz-at pH 8.6 and can 

be accounted for only by scheme III in Fig. 2 (Table 2). 

It should be noted that the apparent (but true) dissociation constant of the rapid equilibrium 

binding step (K, or K, in Tables 3 and 4, respectively) is some %fold lower, and that both of the 

k, and k, rates of the slow isomerization step are faster (Table 4) for HPz as compared to Pz' 

binding Still, because the value of the equilibrium constant describing the slow isomerization step 

(defined as the ratio k ,/ k , = K J is not affected much by pH (K , = 0.186 * 0.029 and 0.230 

* 0.026 at pH 6.0 and 8.6, respectively, as calculated from the k, and ktr values in Table 4), it 

would appear that the higher a££inity of HPz as compared to Pz'binding is the main determinant of 

the kinetics of phlorizin binding at the two pH 's. Still, it cannot be resolved whether the affinity 

change results from the difference in the ionization state of the molecule or in the conformation of 

the cotransporter associated with (de)protonation of the protein. 

4 Consistency tests of Scheme III 

The consistency of our experimental results with the predictions of Scheme UI in Fig. 2 was 

assessed at pH 6.0 and 8.6 as follows. 

Firstly, as shown for scheme III in Table 2, the apparent (but true) dissociation constant of 

the rapid equilibrium binding step, K, = Kd (1 f L), should be given by the analysis of the 

concentration dependence of either of the initial rates of binding or the first-order rate constant 

describing the progress curves of HPz and Pz' binding. This prediction of scheme IlI is satisfied in 

our studies as clearly indicated by the comparison of the K, (Table 3) and K, (Table 4) values. 

Secondly, as also shown in Table 2, scheme Dl predicts that the apparent K, values of HPz 

and P i  binding should be lower than the apparent (but true) K, value of the rapid equilibrium 

binding step by a factor k ,/ (k , + k ,d. It is noteworthy, then, that the K, values shown in Table 

5 and calculated fiom the K, (Table 3) or K, (Table 4) values, and the k , and k oE values (Table 

4) encompass those determined experimentally and reported in Table 3. 

Thirdly, from the quite obvious relationships linking in Scheme III B,, and B,, on one 

hand, and K, and K, on the other hand (see Table 2), it can be demonstrated that Equations (35-37) 



should hold Accordingly, it is possible to determine the k, and koEvalua characterizing the slow 

isomeridon step from the initial and steadystate binding data only. Again, as shown in Tables 4 

and 5, respectively, there is a close agreement between the experimental k- and k,, , and the 

calculated k, and k ,,. values. However, it should be noted that the errors associated with k , , as 

compounded during the calculations from the SER values of the kinetic parameters reported in 

Table 3, are quite high when this parameter was determined using Equation (37). 

e) Deteminaiion of the number of carrier sites 

As clearly indicated in Table 2, and in contrast to Schemes I-LI, neither the initial nor the 

equilibrium binding studies allow to directly determine NT (the total number of specific binding 

sites) in scheme ID. However, this important parameter can be calculated fiom either of the B,, 

or B,, values provided that the k , and k values are known (Table 2). As shown in Table 5, 

similar N, values were indeed estimated when computed fiom either of the B,, or B, data shown 

in Table 3. Moreover, the true number of HPz and P i  binding sites is similar (Table 5). 

3) Efflux studies 

A characteristic feature of the mechanism of phlorizin binding determined in the previous 

section and represented by scheme III in Fig. 2 is the presence of a tightly-bound carrier-phlorizin 

complex (N,) which contributes alone to phlorizh binding measurements when using a rapid 

filtration technique and appears completely isolated fiom the transport cycle (represented by the N, 

and N , carrier states) because of the presence of a slow isornerization step (dead-end inhibition). 

Accordingly, tracer phloridn "locked" or "occluded" into the glucose site (see Theory section) 

should not be readily displaceable by saturating concentrations of either cold phlorizin or D-glucose 
Q 

\ 



(phlorizin displacement would only be possible through the loosely-bound phlorizin-carrier complex 

'% 
N,). Similarly, the kinetics of phlorkin debinding (efflux) should be insensitive to the presence or 

absence of Na' in the incubation medim Indeed, this last prediction falls short from being verified 

in view of the redundant observation reported in the literature that phlorizin efflux is much faster 

in the absence than in the presence of Na' [2,40,50,57]. This important point was qualitatively 

confirmed in our studies by showing that there was no phlorizin binding at all to be measured when 

using a Na+-fiee stopsolution at pH 8.6 (the situation was different at pH 6.0, however, in 

agreement with the conclusion in [33] that H'may substitute for Na'as an activator ion of the SGLT 

system(s)). This major discrepancy relatively to one of the predictions of scheme III as depicted in 

Fig. 2 will be discussed firrther later on but does not answer the question as to whether or not cold 

phlorizin and D-glucose may access directly the tightly-bound phlorizin-camer complex. 

The following series of experiments were thus performed to answer this critical issue and 

the results are presented in Fig. 6 from which it can be appreciated that: i) the kinetics of phlorizin 

efflux could be satisfactorily accounted for by the single exponential decay Equation (3) under all 

of the experimental conditions; ii) the addition of ethanol (Figs. 6A and 6B, open circles) to the 

BBMV suspension led to a slow efflux oftracer-bound phlorizin (mean k, value = 0.0175 * 0.0014 

5') down to a new steady-state value compatible with tracer dilution alone; and iii) the addition of 

either 1 rnM cold phlorizin (Fig. 6A, mean ke= 0.0 15 1 0.00 14 s-) or 200 mM D-glucose (Fig. 6B, 

closed squares, k. = 0.0 163 * 0.0010 s") also led to slow efflux processes. The fact that cold 

phlorizin and glucose are both equally inaccessible to the tightly-bound tracer phlorizin is quite 

apparent from Fig. 6B in which tracer displacement by 1 mM wld phlorizin (closed circles) was also 

used as an internal control in the glucose displacement studies. 

The above results thus conform to the mechanistic features of scheme III in Fig. 2 which 

predict: i) insensitivity of k, to the amount of phlorizin previously bound to the carrier and to the 

process used to trigger debinding; ii) kcvalues in the range of those estimated for k,,during uptake 

studies at pH 8.6 (see Table 4, but note that the comparison should take into account the temperature 

difference between the two sets of experiments); and iii) kinetic parameters (B ,, = 85 * 15 p o l  

. mg" protein; K, = 4.2 0.8 @I) similar to those reported in Table 3 at pH 8.6 when analyzing the 

displacement curve (data not shown) constructed from the E,' values (amplitude of tracer efflux in 

r' Equation (3) which should also measure the steady-state amount of tracer bound during uptake). 



DISCUSSION 

1) Homogeneity of (Na+-dependent, D-glucososensitive) HAP binding in BBMV isolated 

from the rabbit kidney cortex. 

The point was made earlier that the kinetic approach used in our glucose transport studies 

should have allowed to resolve a 2- to 3- fold difference in the K ,of phlorizin inhibition of the HAG 

and LAG transport pathways [32]. It was suggested later, however, that a similar conclusion would 

not apply when considering the apparent homogeneity of the HAP binding sites observed in initial 

(dissociation constant K, ) and equilibrium (dissociation constant K, ) phlorizin binding studies 

[33], and the more so since different K, values were determined under the two experimental 

conditions [33]. The present studies now answer unambiguously the latter issue by showing that 

Scheme UI in Fig. 2 is fully compatible with the uptake kinetics of HPz (pH 6.0) and Pt (pH 8.6) 

binding, and consistently accounts for the close to 6-fold difference noted in the K, and K, values 

at both pHs [33]. Indeed, this demonstration appears as a necessary and sufficient condition to 

conclude that the HAP sites characterized in rabbit BBMV isolated from the whole kidney cortex 

are homogeneous and identi@ the expression of a single transport protein in the proximal tubule. 

It can be provisionally proposed, then, that rSGLTl is likely to represent this unique cotransport 

protein on the following grounds: i) a SGLTl gene has been isolated &om the rabbit kidney that 

shows > 99% homology with its intestinal rSGLTl counterpart [lO,30-3 11; ii) the rSGLTl protein 

has been localized unambiguously to proximal tubule cells [11,25,48] although it is not quite clear 

yet whether its expression occurs in all of the SbS3 segments or is restricted to the S3 segment 

[25,34,44,62]; and iii) the HAG/HAP transport system characterized in our studies has a number of 

kinetic properties clearly demonstrated for rSGLTl whether artificially expressed in Xenopw 

oocytes [61] or naturally found in rabbit intestinal BBMV [8] (handling of both glucose and 

galactose, K, of SGLT inhibition, K, of phlorizin binding, Na+/Ht dependence of HAP binding, and 

involvement of two Na' ions as discussed in section 4 below). 

It must be ernphaskd that the conclusion above does not question the heterogeneity of renal 

SGLT which is indeed strongly supported by the consideration of the clinical findings associated 

with intestinal giucose/galactose malabsorption and renal glycosun'a [12,41]. It does question, 

however, the concept of molecular heterogeneity of SGLT proteins in the proximal tubule, and the 
7 



following two alternatives must be considered: i) a cotransport protein distinct and independent of 

% 
rSGLTl (putative rSGLT2) is present in cortical BBMV preparations as currently assumed 

[20,28,52-54,621, but phlorizin binding to such a second cotransporter would fdl within the range 

of the experimental errors because of its chmcteristic B ,and K,values (in which case the number 

of LAP sites should be small reiatively to the 'HAP sites because simiiar K, values would be 

expected fkorn the identical K, values of glucose transport through LAG and HAG [32]) or, as 

suggested when discussing some of the mechanistic features associated with the binding model 

proposed in the present studies, would be washed out when using a rapid filtration technique (we 

rate as very unlikely, however, that two independent transporters conforming to Scheme III in Fig. 

2 would do so with identical parameter values under all experimental conditions of our studies); or 

ii) the putative SGLT2 protein is localized somewhere else along the nephron as could be argued 

from the following pieces of evidence. Firstly, while both Hul4hSGLT2 [20] and rat SGLT2 [62] 

mRNA were localized to early proximal tubule cells (S1 segment), it was also suggested that this 

clone might represent a nucleoside cartier because of its close relationship to Na'dependent 

nucleoside cotramporters [28,39] and of its substantial evolutionary distance fiom the established 

SGLTs 1391. Secondly, the expression of SAATl-pSGLT2 mRNA was reported to be strong in 

intestine, spleen, liver, and muscle but low in kidney 1241, and to our kuowledge, the localization 

of the SAATI-pSGLT2 protein along the nephron has yet to be established. Lastly, SAATl -pSGLT2 

was cloned 6rom the pig kidney cell line LLC-PK, [24] showing functional differentiation patterns 

of proximal tubule cells [27,38] but hormonal sensitivity which resembles to some extent that of the 

medullary thick ascending Limb of Henle's loop [19], and this ambiguity as to the tissular origin of 

LLC-PK, cells is underscored by the recent demonstration of SGLT activity in dog distal thick 

ascending limbs [59]. 

Indeed, the issue raised in the previous paragraph does not resolve the nature of the LAG 

pathway. One is thus left with the following problem to solve: how can homogeneous phlorizin 

binding be reconciled with heterogeneous glucose transport ? A number of critical points may need 

to be considered first before trying to answer this question. 



2) Phlorizin binding mechanism and implications for the modelization of SGLT 

% The mechanistic model that bestdescribed the uptake kinetics of phlorizin binding is 

characterized by a slow isomerization step which follows rapid equilibrium binding of the inhibitor 

to the transporter (see Scheme III in Fig. 2). Moreover, because the tightly bound carrier-phlorizin 

complex is the only one to contribute significantly 'to binding measurements using a rapid filtration 

technique, this model Mly accounts for both the instantaneous inhibition of SGLT activity upon 

ph1orizi.u addition to the transport medium and the (apparent) slow rate of phlorizin binding to the 

tramporter. The arguments leading to those conclusions have been discussed quite lengthy under 

Results and will not be repeated here. One may rather like to emphasize the fact that the presence 

of a slow isornerization step consecutive to phlorizin binding, which appears to isolate a phlorizin- 

bound complex out of the main transport cycle (see Fig. IA), has a number of kinetic implications 

for the modelization of SGLT worth to be stated explicitly. 

Firstly, the kinetic parameters of phlorizin binding estimated at equilibrium (I3 ,.-and K 

measure directly neither the number of binding sites (N,) nor the true dissociation constant of 

phlorizin binding to the transport protein because their algebraic expressions include the 

microscopic rate constants k, and k ,characterizing the slow isornerization step (see Table 2). The 

true (although apparent) dissociation constant (K) can only be found fiom the analysis of the initial 

binding rates (giving also B,, ) and/or the first-order rate constants describing the progress curves 

of phlorizin uptake (giving also k, and k,,& and N , can only be calculated following the previous 

determination of k, and 16, However, in the absence of progress curves, k, and 16, can also be 

estimated from the comparison of the initial and steady-state binding data. 

Secondly, and similarly to the parameters V,, and K, characterizing glucose transport 

which do not give any indication as to the number of transport sites or the value of the true 

dissociation constant of glucose binding to the transporter, respectively, B,, , K,, , and B, 

should be considered as kinetic constants and treated accordingly. 

Thirdly, it should be stressed that the mathematical derivations of the binding kinetics of 

nontransported competitive inhibitors proposed by Turner and Silverman [56] may not be valid in 

the specific case of phlorizin and SGLT, even when applied under initial binding conditions, 

because the main hypothesis supporting those derivations assumed that the rate-limiting step in the 

I binding process is the movement of the transporter binding sites from one membrane surface to the 
\ 



other (the transporters are in equilibrium with the ligands at the membrane faces). This same 

hypothesis was used to generate Scheme I in Fig. 2 which had to be rejected during our analyses 

(according to that scheme and as shown in Table 2, the first-order rate constant descniing the 

progress curves of phlorizin binding should have decreased with increasing phlorizin 

concentrations). 

Lastly, and contrarily to Schemes I-II in Fig. 2 which have been used in the past (whether 

implicitly or explicitly) by Toggenburger et al. [49-501, Aronson [2], Turner and Silverman 156-571, 

Lever [26], and Restrepo and Kimrnich [40] to analyze their binding data, the rate constant k, 

carmot be related to rate-limiting steps io the transport cycle (for reasons discussed in the previous 

paragraph) or to the onset of phlorizin binding (as could be done from Scheme II in Fig. 2). 

Moreover, because a steady-state distribution of the different carrier forms involved in the transport 

cycle (including the rapidly bound phlorizin-carrier compIex) must have been reached at the time 

of initial binding measurements, the initial rates of phlorizin binding should be treated with the same 

caution as is usually done for their glucose transport counterpart The importance of these two 

remarks can be illustrated by the following example. It may indeed be correct to state that the initial 

rate of phlorizin binding is sensitive to the presence of a membrane potential because Scheme III 

in Fig. 2 would predict that the initial rate of phlorizin binding is directly proportional to the carrier 

species onto which phlorizin binding occurs in Table 2), as seems consistent with the change 

in the apparent B,, of initial binding that was noted in some of the studies where this parameter was 

measured [26,49]. However, similar results would be expected whether the membrane potential 

increases the rate of ftee-carrier recycling [2,26,50], the affinity of Na'binding to the cotransporter 

[21], or both [36]. Moreover, this scheme would also suggest a new possibility, namely that the rate 

constant k, itself may be modulated by membrane potential should the loosely-bound carrier- 

phlorizin complex be charged Similarly, under debinding conditions where the membrane potential 

was shown to have no effkct on the rate of phlorizin release [2,40,50], the consideration of Scheme 

III in Fig. 2 would suggest that k,is membrane potential independent but would not allow to draw 

any conclusion as to whether or not Na' debinding itself senses the electric field. 



3) Meaning of the slow isomerization step 

Since the importance of the slow isomerization step which characterizes Scheme III in Fig. 

2 has now been established with regards to a correct interpretation of the kinetics of phlorizin 

binding to SGLT, one may question the sigdicatlce of this step to get insights as to how phlorizin 

binding studies might help in understanding glu&se transport. 

The early studies of Diedrich [14,15] and Alvarado [I] suggested that phlorizin binding to 

SGLT involves both the glucose and aglucone moieties of the molecule, a characteristic feature that 

would explain the close to two orders of magnitude difference between the K, of phlorizin binding 

and the K, of glucose transport. Moreover, comparatively to phlorizin, phloretin was shown to 

inhibit SGLT with low affinity [1,14] and in a partially noncompetitive manner [I]. Because both 

of the glucose and phloretin binding sites present on the transporter should be directly accessible 

to glucose and phloretin for noncompetitive inhibition to occur, it would appear that the secondary 

attachment of phlorizin to the carrier protein through its aglucone moiety should either precede or 

itself represent the slow isomerization step consecutive to rapid equilibrium phlorizin binding. As 

discussed under Theory, either one of these two alternatives leads to the same formal representation 

illustrated by Scheme DI in Fig. 2. Still, we believe that the former alternative is more likely on the 

following grounds. 

It should be clearly understood fiom the start that the parameter K, (Table 3) is an apparent 

dissociation constant characterizing the initial, rapid equilibrium binding step (K, = K, [l+L], see 

Table 2), so that its numerical value is linked to the carrier-states distribution in the transport cycle 

at the time of phlorizin addition (accounted for by the equilibrium constant L in Scheme III of Fig. 

2). Accordingly, it can be assumed that the K, value of 15 pM determined for phlorizin inhibition 

of SGLT in our transport studies [32] also estimates the K,of phlorizin binding under the conditions 

of those experiments. Because the K, of glucose transport (100-120 irM) under the same 

experimental conditions [32] is some 6- to 8-fold higher than the above K, figure, it would appear 

that the interaction of phlorizin with the carrier already involved both of its glucose and aglucone 

moieties. It can thus be postulated that the rigidity so imposed to the glucose binding site would 

impair (but not preclude) its reorientation towards the intra vesicular space, so that the phlorizin 

molecule would now be occluded because the nontransported inhibitor canuot leave the glucose site. 

Y A different situation would occur when fiee glucose and fiee phloretin are both bound on the 
\ 



respective glucose and agluwne sites of the transport protein because the rigidity imposed by 

b phlorizin binding to both sites would be lost Slower transport might be the result, however, hence 

the partial noncompetitive nature of phloretin inhibition [I]. 

From this discussion, it would also appear that the effect of the aglucone site in increasing 

the binding affinity of phlorizin relatively to glukse has somehow been overestimated in the past 

because most studies compared the K, of glucose bansport estimated under initial rate conditions 

to K, (characterizing equilibrium binding) rather than &. As shown above, the aglucone binding 

site may account for some 6- to &fold increase only in phiorizin affinity. However, a 40- to 50-fold 

figure would be obtained if one takes into account the = Cfold difference in the K, and K, values 

(Table 3) which is entirely due to the presence of the slow isomerization step consecutive to 

phlorizin binding. 

4) Strengths and weaknesses o f  scheme lIl. 

Because both of the most simple schemes of phlorizin binding (see schemes I and 11 in Fig. 

2) failed to describe the progress curves of phlorizin uptake, and because the binding data at pH 6.0 

and 8.6 were fully consistent with the basic predictions of scheme III in Fig. 2, it must be 

provisionally accepted that the latter mechanistic model, in its simplest form, has basic features that 

should prove characteristic of more complex, and likely more realistic models. One such key 

element appears to be, as discwed in the previous section, a slow isomerization step that somehow 

traps the inhibitor within an occluded, phlorizin-bound carrier complex, so that phlorizin binding 

could be viewed as a "slow-motion movie" of Na' and glucose cotransport but for the fact that the 

inhibitor is not released inside BBMVs. The latter concept is illustrated in Fig. 7 which makes the 

parallel to glucose transport quite obvious when compared to Fig. 1A. 

In any case, it can be predicted that the occluded phlorizin molecule should not fieely 

exchange with the external medium and, as expected, slow debinding of phlorizin was observed 

whether triggered by tracer dilution alone or following BBMV injection into efflux media 

containing either 1 mM cold phloridn or 200 m M  D-glucose (Fig. 6). In contrast, however, Na' 

removal from the stop solution led to rapid phlorizin debinding (data not shown but see Results), 

in agreement with the previously reported obsewation that efflux is much faster in the absence than 

Ir in the presence of the activator ion [2,40,50,57]. We thus think that these findings should be highly 
& 



relevant to both phlorizin binding and glucose tramport mechanisms because they strongly suggest 

Ir that the experiments reported in Fig. 6 can hardly be explained as a whole should there be a single 

class only of Na' binding sites on the carrier protein. 

The latter conclusion follows in a logical way fiom the following considerations: i) Na' 

binding has to be- involved at a step prior to the isomerization step because Na' appears as an 

essential activator of phlorizin binding [33]; and ii) Na* binding also has to be involved at a step 

posterior to the occlusion step to explain the Na'dependence of phlorizin debinding. As an 

alternative to point (ii), further Na' binding could itself trigger (and, then., be part of) the slow 

isomerization step leading to phlorizin occlusion This second possibility appears less likely, 

however, because the last Na' to bind needs to exchange rapidly with the external medium if one 

wants to explain fast phlorizin debinding in the absence of external Na+. In any case, both 

alternatives point to: i) a minimum requirement of two Na' ions to give a consistent picture of the 

kinetics of phlorizin binding and debinding, a conclusion that would eventually eliminate a SGLT2 

protein f?om consideration; ii) a mechanism of phlorizin binding in which substrate addition to the 

carrier is ordered and follows the sequence Na' : phlorizin : Na: thus more complex than depicted 

by Scheme III in Figs. 2 and 7; and iii) a possible role of internal Na' in modulating the rate of 

phlorizin deocclusion. Both alternatives also leave,unanswered the question as to whether one or 

two Na' ions are involved at each of the rapid equilibrium and slow isomerization steps of phlorizin 

binding. Accordingly, the above picture: i) does not necessarily conflict with the 1 Na': 1 phlorizin 

stoichiometry determined by Toggenburger et al. [SO] under initial rate conditions of phlorizin 

binding although it rules out the associated proposal that the Na'-phlorizin-carrier complex may be 

nonfunctional for the very reason of not binding a second Na' [42,50]; and ii) is fully compatible 

with the 2 Na' : 1 ph1ori.zi.n stoichiometry estimated by Moran et al. [29] and Restrepo and Kimmich 

[40] under equilibrium binding conditions. Studies are now in progress in our laboratory to 

investigate whether or not this difference in coupling ratios reflects the fact that initial and 

equilibrium binding studies each describe one of the two different phases of phlorizin binding 

according to Scheme III in Fig. 2. 



5) Heterogeneity of glucose transport versus homogeneity of phlorizin binding: evidence 

for two transport modes through an oligomeric protein ? 

Our experimental [33] and theoretical (this paper) studies of phlorizin binding demonstrate 

that HAP binding in rabbit cortical BBMVs is homogeneous and reveals, at least within the 

experimental limits and relevant reserves disc& mder Seaion 1 above, a single tramport protein 

likely to represent rSGLTI. In contrast, glucose transport in the same preparation appears 

heterogeneous [32] although the substrate specificity (glucose and galactose transport), temperature 

dependence, and &'bition by phlorizin of HAG and LAG transport suggest that the two pathways 

may not be as M y  independent as would have been expected f?om the coexpression of rSGLTl and 

rSGLT2 proteins. in agreement with the concept of kinetic rather than molecular heterogeneity of 

transport, it now appears fiom Section 4 above that the existence of a minimurn of two Na'binding 

sites needs to be postulated to consistently account for the kinetics of phlorizin binding and 

debinding. If one takes into account the data of Peerce and Wright [37l suggesting the presence of 

single Na' and glucose bidding sites per polypeptide chain of the intestinal carrier (rSGLTI), the 

minimum requirement that may satis@ the latter hypothesis is a dimeric structure of the 

cotransporter. Indeed, the concept of a polymeric structure of SGLTl is also supported by 

inactivation radiation [4,45,47,5 11 as well as other studies [6,8,1 7,22-23,32,58], and a dimeric 

model of c o m p o r t  might be well suited to answer the question as to how homogeneous phlorizin 

binding could be reconciled with heterogeneous glucose transport. 

For example, in the allosteric (dimeric) mechanism of cotransport described by Chenu and 

Berteloot [8], it is postulated thzt glucose binding to the first subunit would induce a conformational 

change in the neighboring subunit such as  to decrease its affinity for binding of a second glucose 

molecule. Accordingly, the HAG and LAG transport pathways would result fiom the negative 

cooperativity between subunits, and the two transport routes would show predictable kinetic 

properties like hgh and low affinity for glucose, and 2 Na' : 1 glucose and 2 Na' : 2 glucose 

(equivalent experimentally to 1 Na+ : 1 glucose) stoichiometries at low and high substrate 

concentrations, respectively [8]. This situation would thus be equivalent, both on theoretical and 

physiological points of view, to that proposed by Turner and M o m  [52-541 within the hypothesis 

of two independent transporters [8]. In such a model, however, one may now have to postulate that 

r the homogeneity of HAP binding noted in our studies is the consequence of an absence of 



mperativity during binding of the non6ransported inhibitor, as seems supported by the observations 

of Koepsell et al. [22]. 

The presence of a slow isomerization step co~lsecutive to phlorizin binding that would mimic 

at a slower rate the outward to inward reorientation ofthe my-loaded Na'-glucose-carrier complex 

(see Fig. 1A and Fig. 7) suggests, however, that &e results of the phlorizin debindihg experiments 

would also fit nicely within the concept of the halfdf-the-sites reactivity mechanism of cotransport 

that was introduced by our group from a completely different perspective 181. According to this 

model, Na' and pblorizin binding to the transport protein would induce a slow outward to inward 

reorientation of the bound canier sites that would in turn drive in a outward configuration the 

previously inward-facing Na'and glucose sites Na' (and phloridn or glucose) binding to these new 

sites would just be able to stabilize this new carrier configuration (or allow for slow phloridn- 

phlorizin or glucose-phlorizin exchange). In a dimer model, the heterogeneity of glucose transport 

would be purely kinetic in nature (different combinations of Na' or Na' plus glucose binding and 

release could lead to different transport modes proceeding at different transport rates without any 

change in substrate affinities). In a tetramer model, both kinetic and cooperative effects could be 

observed (the properties of the cooperative dimer and those of the halfsf-the-sites reactivity dimer 

would be cumulated) [8]. 

Clearly, more studies will be needed to resolve the exact nature of the LAG pathway within 

the concept of a polymeric cotransporter. Quite relevant in this context, it should not be forgotten 

that the rapid filtration technique allowed us to reveal one part only of the phlorizin binding sites, 

and studies are now in progress in our laboratory to reveal the other class of binding sites. 



FOOTNOTES 

1. The abbreviations used are: AMG: BBMV: brush border membrane vesicles; BCA: 

bicinchoninic acid; FSRFA: fast-sampling, rapid-filtration apparatus; HAG: high affinity 

glucose; HAP: high affinity phlorizin; HPz: neutral form of phlorizin; LAG: low affinity 

glucose; LAP: low affinity phlorizin; MES: 2-p-morpholino]ethanesUlfonic acid; Pz - : 
ionized form of phlorizin; SER: standard error of regression; SGLT: Na+/D-glucose 

cotransport; Tris: tris[hydroxymethyl]aminornethane. 

2. It could be argued that the introduction of a rapid N, to N, transition into schemes I and II 

of Fig. 2 could have generated two extra schemes worth being considered in our theoretical 

studies. This was done indeed, but the mathematics involved in those extra schemes are not 

given in the present paper because timedependent characteristic solutions similar to those 

reported in Table 2 for schemes I and I1 were found. 
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LEGENDS TO TABLES 

Table 1: Carrier-states distribution relevant to Schemes Em in Fig. 2 in BBMV resuspended 

in the Na' medium (N 3, at time t = 0 of phlorizin addition m, and at the steady- 

state (equilibrium) of phlorizk bhding (N: ). Details of calculations are given in 

text. 

Table 2: Algebraic expressions of the kinetic parameters of phlorizin binding relevant to 

Schemes I-III in Fig. 2. Meaning of kinetic parameters and details of calculations 

are given in the text. 

Table 3: Summary of the kinetic parameters of phlorizin binding determined in [33] at 20C 

under conditions of pH 6.0 and 8.6. 

Table 4: Kinetic parameters of phlorizin binding determined from the analysis of the first- 

order rate constant describing the progress curves of phlorizin uptake at 20°C. The 

corresponding data is shown in Figs. 3 and 5 for pH 8.6 and pH 6.0 conditions, 

respectively. 

Table 5: Consistency tests of Scheme LII in Fig. 2. Details of calculations are given in text. 



LEGENDS TO FlGURES 

Figure 1: Kinetic mechanism of glucose (G) transport through rSGLTl and inhibition by 

phlorizin (Pz). A. General model as proposed by Parent et al. [36]; B. Reduced 

model descri'bing phlorizin binding in the absence of glucose and in the presence of 

saturating Na' concentrations in both the intra vesicular space (i) and the incubation 

medium (0). N,, : fkee carriers; N ,, : Na%amier complexes; N,, : Na+-glucose- 

carrier complexes; N ,: Na+-phlorizin-carrier complex More details are given in the 

text. 

Figure 2: The three most simple schemes of phlorizin (Pz) binding derived fiom the general 

model shown in Fig. 1B. K, and L are dissociation constants defined in the text. k, 

and hfl are microscopic rate constants characterizing reaction steps directly relevant 

to phlorizin binding. k,,, are the microscopic rate constant describing the 

reorientation of Na+-carrier complexes. The specific hypotheses pertinent to each 

scheme are discussed in the text. 

Figure 3: Concentration dependence of the apparent rate constant (k) of phlorizin binding 

at pH 8.6. Experimental conditions were as described in the legend to Fig. 3 in [33]. 

Uptake time courses shown in that figure were fitted to Equation (1)  in text. Inset: 

Uptake time courses were reanalyzed according to Equation (2) as justified in the 

text to extract the W a d e r  rate constant k, (data shown * SER) specific to the Na 2 

dependent, D-glucose sensitive phlorizin binding sites. Line shown in the main graph 

was drawn by eye. Curve shown in the inset is the best-fit line to the Michaelis- 

Menten type Equation (33) in text and kinetic parameters as given in Table 4. When 

not shown, the error bars were smaller that the symbol sizes. S + T on the x axis 

stand for the total concentration of cold + tracer phlorizin. 

Figure 4: Displacement curve of equilibrium phloridn binding at pH 8.6. Uptake time courses 

shown in Fig. 3 of [33] were readyzed according to Equation (2) as justified in the 



text to extract the steady-state value B:, specific to the Na'dependent, D-glucose 

sensitive phtorizin binding sites. The B: data is the same as that shown in Fig 4 of 

[33] after correction for the nonspecific component of phlorizin binding determined 

in those experiments. Curve shown is the best-fit h e  to Equation (4) with n = 1 and 

kinetic parameters given in the text: Note that in both cases, error bars were smaller 

than the symbol size. 

Figure 5: Concentration dependence of the apparent rate constant (u of phlorizin binding 

at pH 6.0. Experimental conditions were as described in the legend to Fig. 8 in [33]. 

Uptake time courses at pH 6.0 were fitted to Equation (1) in text. Inset: Uptake time 

courses were reanalyzed according to Equation (2) as justified in the text to extract 

the f b t a d e r  rate constant k, (data shown * SER) specific to the NaTdependent, D- 

glucose sensitive phlorizin binding sites. Line shown in the main graph was drawn 

by eye. Curve shown in the inset is the best-fit line to the Michaelis-Menten type 

Equation (33) in text and kinetic parameters as given in Table 4. When not shown, 

the error bars were smaller that the symbol sizes. S + T on the x axis stand for the 

total concentration of cold + tracer phlorizin. 

Figure 6: Time courses of phlorizin debinding (efflux) at pH 8.6 and room temperature (23-25 

"C). Detailed experimental conditions were as described in text. In A, BBMV were 

preincubated in the presence of 0.08 pM 3-phlorizin and either 0 (O,.), 3 (A), 12 

(A), or 1000 W(O) cold phlorizia Efflux were triggered by the addition of either 

17% ethanol (0) or 1 rnM cold phlorizin (all other conditions). In B, BBMV were 

preincubated in the presence of 0.08 pM %I-phlorizin, and efflux were triggered by 

the addition of either 17% ethanol (O), 200 mM D-glucose (a), or 1 rnM cold 

phlorizin (a). Data shown are the mean SD of 3 (B) or 5 (A) experiments 

performed under each condition. When not shown, error bars were smaller than the 

symbol sizes. Curves shown are the best-fit lines to Equation (3) with parameters 

discussed in text. 
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Figure 7: Kinetic mechanism of phlorizin binding illustrating the concept that phiorizin 

binding can be viewed as a "slow motion movie" of Na'/D-glucose cotransport. 

Notations are the same as in the legend to Fig. 1. The paraUelism to glucose transport 

is quite obvious when compared to Fig. IA, but note that the inhibitor is not 

transported. 
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ABSTRACT 
e The kinetics of intestinal and renal SGLTl were compared in rabbit brush border 
k 

membrane vesicles (BBMV) while keeping HC equilibrium or varying H* inward gradient The 

BBMV were isolated either from jejunum or the whole kidney cortex. The uptake measurements 

were performed using a fast-sampling, rapid-filtration apparatus (FSRFA, US patent # 5.330.7 17). 

The pH-response of the low affmity glucose (LAG) transport pathway was also evaluated. We 

have demonstrated that: i) the intestinal transporter showed a high pH-sensitivity of kinetic 

parameters at both pH conditions while the renal SGLTl (HAG transport pathway) was only 

sensitive in H'-gradient; ii) the pH-dependence of the & of intestinal and renal SGLTl followed 

different patterns; iii) the biphasic aspect of the VmJK,,, c w e s  suggested the presence of at least 

two H' binding sites with different affmities on the uanspon protein; iv) the pH-response of the 

HAG and LAG transport pathways were similar in both the H+-gradient and R-equilibrium 

conditions. 

These results unambiguously demonstrate a major difference between intestinal and renal 

transport functions of SGLTl according to pH. This leads us to suggest different expressions of 

the same protein in the two tissues that may result from a different post-transcriptional 

modification of SGLTl or a heteroassociation of SGLTl with other (membrane) proteins. 



As it was discussed in our previous paper (21,22), at this time, it is not yet conclusively 

and definitively resolved that Na+-D-glucose cotransport in the kidney cortex results fkom the 

expression of two independent transporters (according to the hypothesis of Turner and M o m  

[32-341) or from the allosteric functioning of a unique transporter SGLTl (according to the 

hypothesis of Chenu and Berteloot [6]). Fist hypothesis is supported by the clinical fmding that 

patients with glucose-galactose malabsorbtion, in which a single point mutation in the SGLTl 

cDNA fully accounts for the intestinal defect, do not show glucosuria D0,37]. In this issue, three 

clones were recently isolated from human (Hu WhSGLT2), [l 11, pig (SAATl-pSGLT2, [16], and 

rat rSGLT2 1381 kidney cDNA libraries and may in fact represent renal SGLT2 activity (see 

discussion in 16,25,38,2 1). 

However, glucose transport, glucose inhibition and phlorizin binding studies, carried out 

in our laboratory led us to conclude that transport heterogeneity most likely reflects different 

transport properties of SGLTl according to dosteric hypothesis rather than the presence of two 

transporters. This assump tion was also supported by inactivation radiation studies which showed 

that the intestinal and renal SGLT proteins may form an oligomeric complex [1,27,28.31]; in 

addition, a number of reports appeared [5,8,12,13].that challenge the interpretation of Turner and 

Moran's results [32-341. 

It is important to emphasize that the common point of these two alternative hypothesis 

is the assumption that a unique intestinal transport system and a renal HAG mnsport pathway 

represent a functional expression of the same protein SGLT1. This protein was showed to be 

identical in both tissues (20). Our recent demonstration of similar & values for phlorizin 

inhibition of glucose transport through HAG and LAG in rabbit intestinal BBMV strongly 

supports this last assumption. These Ki values lie within the range of K, reported by 

Toggenburger et al. [29]. Our results are also in agreement with the recent hypothesis [13] that 

different post-transcriptional modifications of a unique protein may occur in the S,/S, segment 

of the renal proximal tubule as compared to the S, segment, thus accounting for kinetic 

heterogeneity and apparent separation of the LAG and HAG pathways as it was shown in the 

experiments of Turner and Moran [32-341. This assumption is supported by a recent cloning of 

the regulatory RS1 subunit [36] which is able to induce kinetic heterogeneity of SGLTl 



expression in the Xenopus laevis oocyte. 

However, no attention was paid to the observed heterogeneity between the functional 

expression of intestinal and renal SGLTl carriers. As it was mentioned previously [21], the total 

transport capacity measured under our standard conditions (20 "C, 0 mV, and 150 mM Nai 

gradient) is comparable in rabbit renal and intestinal BBMV while the & value for HAG 

transport is 2.3 fold lower in the kidney as compared to the jejunum. It can be argued that such 

difference may be due to a diverse lipid composition andlor the physical state of the brush-border 

membrane in two tissues. However, q value of 139 p M  found in the rabbit jejunal BBMV and 

values of 100-200 [24] or 117-126 [36] reported for rabbit SGLTl cRNA-injected oocytes 

suongly suggest that the % difference between renal and intestinal BBMV reflects how rabbit 

SGLTl is expressed functionally in both tissues rather than how SGLTl activity is modulated 

by the lipid composition and/or the physical state of the two membranes. In agreement with this 

view, similar & values of 0.6-0.9 mM [19] and 0.8 m M  [IS] were estimated for hSGLTl in 

human jejunal BBMV [19] and cRNA-injected oocytes [15] while a K, of 0.3 mM (2-3 fold 

lower) was reported for human kidney HAG transport [35]. 

Finally, the coinjection of ARNm of pig-RS 1 subunit with rabbit-SGLT1 in the Xenopus 

laevis oocyte [36] induced, similarly to the observed difference in the BBMV, a decrease of the 

K, for HAG pathway as  compared to the & obtained when ARNm-SGLT1 alone was injected. 

However, it must be kept in mind that the presence of RS1 subunit was never demonstrated in 

the rabbit, and that rabbit RS 1 (if it does exist) may not induce a similar change on rabbit SGLTl 

functional expression in the Xenoptcs oocyte. 

It has been reported for cloned SGLTl [9] and in rabbit jejunal BBMV [lo] that H' can 

drive sugar transport through the NaC-D-glucose cotransporter. On the other hand, in the renal 

BBMV [22] phlorizin is able to bind to the Na*-D-glucose cotransporter in the absence of Na' 

by lowering pH to 6.0. However, in the BBMV of rat renal cortex, the Na+-D-glucose cotransport 

was insensitive to the changes in pH [18). It is unclear, from available data, if these controversial 

results are due to the difference between the: i) species, ii) tissues, or iii) the presence [18] or 

absence [9,10] of NaC. Thus, the comparison of intestinal and renal SGLTl response to the 

varying HC inward gradient or to varying iso-pH in the presence of constant or saturated Na+ 

inward gradient (Na+, = 150 mM) may provide an important information about proper 

t functioning of SGLTl in both tissues. 
& 



We, fust, present the comparative study of the pHeffect on the intestinal and renal 

SGLTl functional expression in the rabbit BBMV. This study was performed in the rabbit renal 

and intestinal brush-border membrane vesicles (BBMV) isolated from the whole kidney cortex 

and jejunum, using a fast-sampling, rapid-fdtration apparatus (FSRFA [3], US patent # 5,330,7 17) 

for uptake measurement No attempt was made in our studies to separate the HAG and LAG 

transport pathways according to regional differences along the proximal tubule on the rational 

that: i) a full separation may not be easily achieved by dissection alone [32,23]; ii) kinetic 

separation may only be apparent in the case of different post-transcriptional modifications 

[12,13]; iii) it is possible to analyze simultaneously the kinetic characteristics of the two transport 

pathway. 

In this paper we demonstrate the major differences between the intestinal and renal 

SGLTl functional expressions. We show that B gradient in the presence of Na' gradient has a 

different effect on the kinetic parameters of both transporters while the renal LAG transport 

pathway is affected in similar manner to HAG pathway. The simultaneous variation of H+ 

concentrations on both sides of a membrane further show a different pH-responsiveness for 

intestinal and renal SGLTl activities. The comparison of the pH-dependent curves of the kinetic 

panmeters with the Vm$& curves strongly suggests that at least two different H' target sites 

can be implicated from the outside and also from the inside of the BBMV to explain the 

observed change of kinetic parameters for intestinal SGLTl and renal HAG and LAG pathways. 



M A T E U L S  AND METHODS 

1) MateriaIs 

Rabbits were purchased from the "Ferme de Selection Cunipur" (St-Valerien, QuBbec). 

D-[ l -%(N) ]-glucose (specific activity 10- 15 Cilmmol) was 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 by Sigma and scintillation 

cocktail (B-blend) by ICN Biornedicals. Cellulose nitrate filters (12.5 mrn diameter, 0.65 pn pore 

size) were obtained from Micro Filtration Systems (MFS). AU other chemicals were of the 

highest purity available. 

2) Preparation of Brush Border Membrane Vesicles (BBMV) 

Large batches of renal BBMV were prepared from the whole kidney cortex of male, 2.0- 

2.5 kg New-Zealand white rabbits essentially ac described previously for the rabbit jejunum 

[2,6,17]. Briefly, cortex slices were introduced into the homogenate media (18 mM Tris-HEPES 

buffer pH 7.0 containing I m M  EDTA and 250 m M  sucrose) at a L:20 ratio (w:v), and 

homogenized at 4 "C in a Waring blender for 1 min at full speed. BBM were precipitated by 

addition of 10 mM MgClz [6.17], purified in a P, fraction [2], and resuspended in a minimal 

volume of 50 m M  HEPES-Tris buffer (pH 7.0) containing 300 m M  mannitol and 0.1 m M  MgSO, 

[6]. The P2 fractions were divided into 500 pl aiiquots and frozen in liquid & [6,17]. On the day 

of use, a suitable number of aliquots of frozen P, were thawed and diluted at a 1: 10 ratio (w:v) 

in the resuspension buffer (50 m M  HEPES-Tris buffer (pH 7.0-7.5) or MES-Tris (pH 6.0-6.5) 

and Tris-MES (pH 8.5) containing 0.1 m M  MgSO,, 300 mM mannitol, and 200 m M  KI) to 

which was added 3 pM valinornycin to ensure full equilibration of the cation [6,17]. BBMV were 

prepared as a final P4 pellet [2] and resuspended in the valinomycin-free resuspension buffer of 

appropriate pH at a protein concentration of 28-35 mg/ml [6]. To insure stability of the 

preparation over the course of the experiment, 25 pl aliquots of BBMV were frozen in liquid N, 

until the time of assay [6,17]. 

3) UptakeAssays 

Initial rates of Na+-dependent, 'H-D-glucose uptake were determined under zero-trans 
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gradient conditions of both ion and substrate using the automated FSRFA developed in our 

laboratory [3]. For each assay, 20 pJ of BBMV were thawed, prewarmed, and loaded into the 

apparatus. Uptake was initiated by injecting the vesicles into 480 pl of 50 mM HEPES-Tris 

buffer (pH 7.0-7.5) or MES-Tris (pH 6.0-6.5) and Tris-MES (pH 8.5)) conraining 0.1 m M  

MgSO,, 0.5 m M  amiloride, 300 m M  Mannitol, 50 m M  KI, 150 m M  NaI and 4 pkf tracer D- 

glucose. For kinetic parameter determinations, cold D-glucose concentrations were varied from 

0 to 200 mM; osrnolarity was kept constant by varying rnannitol concentrations to satisfy a total 

concentration of cold substrate + mannitol of 300 mM. Uptakes were performed in the 

thennostated chamber of the FSRFA [3] and determined by a %point automatic sequential 

sampling of the uptake mixture at I s intervals [6]. At each time point, 50 pl of the uptake 

mixture was injected into 1 rnl of ice-cold stop solution (50 m M  HEPES-Tris buffer (pH 7.0-7.5) 

or MES-Tris (pH 6.0-6.5) and Tris-MES (pH 8.5)) containing 0.1 m M  MgSO,, 300 mM 

mannitol, 1 m M  phlorizin, and 200 m M  of either NaCl or Choline chloride for Na+-gradient or 

NaVree conditions, respectively). The stopped mixture was then filtered through 0.65 pm 

cellulose nitrate filters, and the filters were washed three times with 1 rnl of ice-cold stop 

solution [3,6]. The substrate content of the vesicles was then determined by liquid scintillation 

counting as described previously [6] .  

Under the conditions of our uptake assays, the initial rates of 50 pM D-glucose uptake 

were linear with protein concenuations over the range 1-35 mg proteidml [6]. Protein was 

measured with the BCA assay kit using bovine serum albumin as a standard. 

4) Data analysis 

Four uptake time courses were run at each of the substrate concentrations used in the 

respective experiments. Initial rates of tracer transport (pmol . s" . mg-I protein) were determined 

over the 1-7 s time course of the assays by linear regression analysis as justified previously [6]. 

The kinetic parameters of glucose transport were estimated by nonlinear regression analysis of 

the initial rate data, thus assuming that the added cold substrate acts as an ideal competitive 

inhibitor of tracer transport [4,6,19]. The equations used corresponded to either one or two 

Michaelis-Menten components working in parallel with passive diffusion (refereed to, in the 

following, as the one-site or the two-site models, respectively) and have been both justified and 

given in full in a previous paper from our group [6]. Linear and nonlinear regression analysis 
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were performed using a commercial software (Emfitter. RJ. Leatherbanow, copyright 1987, 

Elsevier-Biosoft). Since both of the robust and explicit weighting routines of this software were 

used for data analysis, the errors associated with the kiaetic parameter values reported in this 

paper represent the standard errors of regression (SER) on these parameters. The figures were 

performed using the commercial software "P.Fit: (copyright 1990 Fig.P Software Corp., Biosoft). 



RESULTS 

1) pH-gradient conditions. 

In Fig. 1(A) and (B), we compare the effect of pH gradient on the kinetic parameters of 

intestinal SGLTl and renal HAG pathway. The vesicles were resuspended in the buffer of pH 

8.5 and incubated at 25" in the media of variable pHs as indicated in Materials and Methods. In 

the range of alcaline pH, as it can be seen from Fig.l(A), the &GC of the renal HAG pathway 

was sensitive to the presence of W gradient while intestinal SGLTl kept the same substrate 

affinity. At the same range of pH-gradient, the V,, of both transporters changes in a similar 

fashion (Fig.l(B)). In contrast, in the range of acidic pH, the LG" of the renal HAG pathway 

does not change anymore, while the Y, of intestinal SGLTl becomes highly sensitive to the H+ 

gradient (Fig. 1 (A)). At the same acidic pH-gradients, a slight decrease of V,, of the intestinal 

carrier contrasts with a greater decrease of V, for renal transport pathway. Moreover, a zone 

of the maximal pH-sensitivity for two V,,s is different for intestinal SGLTl and renal HAG 

pathway. 

2). iso-pH conditions. 

In the varying iso-pH experiments, the vesicles were resuspended at the same pH as the 

incubating media and pH values were taken in the same range as in the experiments of pH- 

gradient conditions. The shape of iso-pH-dependent curves of kinetic parameters (Fig.2 (A) and 

(B)) is quite different from those shown in Ag.1 (A) and (B). As it can be seen from the Fig. 

2(A), the substrate affinity of the renal HAG pathway becomes insensitive to different 

concentration of H* on both sides of a membrane, over the entire pH range. In contrast, the K, 

of intestinal SGLTl becomes highly sensitive to changes in pH and increases progressively with 

the lowering of pH. Fig.Z(B) shows the pH-responsiveness of the V, which differs not only 

with pH-gradient conditions but also between intestinal and renal SGLTl. The V,, of intestinal 

SGLTl is highly sensitive to H'; it increases at alcaline pH and decreases in acidic pH range, 

while the V,, for renal HAG pathway decreases only with pH below 7.0. 

3). Analysis of the V,,,$K, curves. 

Analysis of the VJK, curves clearly demonstrates a major difference not only between 

the pH response of both intestinal and renal SGLT1, (Fig3(A) and (B)), but also a different 

r behaviour of the same transporter according to experimental conditions. 



In the intestinal BBMV, variation of the V,, with constant K, in the range of alcaline 

pH-gradient (Fig.lA and B) results in the ascending of V A  curve at alcaline pH (Fig.3A). 

The relative stability of the V,, with simultaneous increase of &,, at acidic pH gradient (Fig. lA 

and B) is illustrated by a descending VmJ&,, curve in the same range of pH (Fig.3A). 

In the renal BBMV, the simultaneous inorease of the V,, and &, at alcaline pH-gradient 

(Fig. 1 A and B) explains the steadiness of V L  curves (Rg.3A). In contrast, constant Y, at 

acidic pH-gradient with simultaneously decreasing V,, results in slightly descending V m A  

curves (Fig. 3A). 

At iso-pH conditions, in the range of alcaline pH, the relalive stability of both intestinal 

and renal V n , L  curves (Fig.3B) has. however, a different origin: in the intestinal BBMV, it 

is due to the simultaneous increase of the V,, and &, while for renal SGLTI, it results from 

pH-insensitivity of both parameters (Fig.2A and B). Similarly, at acidic pH the descending of the 

V,Jr<, curves for both transporters results from a decrease of their V,,s. The %, however, 

increases for intestinal SGLTl or does not change for renal HAG pathway. 

4). The pH responsiveness of the LAG transport pathway. 

The pH responsiveness of the LAG transport pathway in the renal BBMV was also 

estimated (Fig.4A and B). At both pH gradient and pH equilibrium conditions the values 

could not be determined so accurately as for 9, values due to the high ratio HAGLAG and thus 

low contribution of LAG pathway in the total uptake measurements. As it can be seen, only at 

pH-gradient conditions, the kinetic parameters of LAG transport pathway were slightly affected. 

This effect of pH-gradient was less pronounced than that for HAG pathway but the pH-dependent 

curves for V,,? and L2 show a similar pattern with those for HAG pathway. The simultaneous 

change of both parameters at pH-gradient resulted in a steady Vma&, curve (Fig.5). The same 

curve was also obtained at iso-pH conditions; such pattern resulted from the insensitivity of the 

kinetic parameters. As can be seen (Fig.5.) the ratio V,&, (contribution of LAG pathway) 

is much lower than that for HAG pathway (Fig. 3.A and B.) 



DISCUSSION 

It has been reported for cloned SGLTl (9) and in rabbit jejunal BBMV (10) that H+ can 

drive sugar transport through the Na+-D-glucose cotransporter in the total absence of Na+, by 

imposition of a pH-gradient We have demonstrated previously in the renal BBMV (22) the 

ability of phlorizin to bind to the Na+-D-glucose couansporter in the absence of Na' and thus 

lower pH to 6.0. Overall, this result suggests that H+ is able to produce the effect of Na' to allow 

glucose accumulation or phlorizin binding. Considering a specific effect of H' on the SGLTI, 

we frst present a comparative study of the pH effect on the intestinal and renal functional 

expression of SGLTl in the rabbit BBMV. 

The major difference in the functional expression between the SGLTl of the intestine and 

the kidney can be seen from the change in the apparent K,,, of both carriers relative to each other 

despite of a similar change in the V,, of both transporters at the pH-gradient conditions (Fig. l A  

and B). The comparison of biphasic V, JK, curves (Fig.3A) with the pH-dependent curves of 

the kinetic parameters suggests that, at least two H+ target sites with different affinities, may be 

involved in the observed change of the Nat-D-glucose cotransport. One of the sites is more 

sensitive than the other since it is activated at alcaline pH. It modifies the SGLTl activity in non- 

competitive manner in the intestine and in uncompetitive manner in the kidney. The activation 

of the other site at acidic pH which is thus less sensitive to H+, modifies the SGLT activity in 

almost competitive manner in the intestine, while in the kidney this effect becomes non- 

competitive. At fust sight, this conclusion is consistent with those of Hirayama et al. [9] who 

suggested that H* and Na+ activate a carrier by the same mechanism. However, this assumption 

was based on the study at pH-gradient conditions, only, in the total absence of Na+ and thus does 

not allow to compare the curves of Na'- with H+-activated glucose transport in order to conclude 

that both ion activations of the transport use the same mechanism. On the other hand, the non- 

competitive effect of H* gradient on glucose transport at alcaline pH in the intestine and 

uncompetitive effect in the kidney may be difficult to reconcile with the Na'-like activation 

mechanism. SO, only one particular condition (in the intestine, at acidic pH) may be consistent 

with the assumption of Hirayma et al. (91, presuming that only one class of H' target site (with 

p& value lower than 7.0) is involved in pH-gradient conditions. In contrast, Hoshi et al. [I01 

r compared the Na+- with H*-activated transport (at low Na' concentration) in the toad's intestine 



and suggested a competitive inhibition of Na' binding by the H'. Their conclusion was based on 

the observation that in the presence of high Na+ concentration (100 mM) the lowering of pH 

below 7.0 does not affect the D-glucose transport contrary to the situation at low Na+ 

concentration. Our present result shows that in both intestinal and renal BBMV the D-glucose 

transport was modified in the presence of high Na' concentration (150 mM) when pH was 

lowered below 7.0. This discrepancy may be due to the species differences and unfortunately it 

was not tested for cloned rabbit SGLT1. 

In our recent paper (22), we discussed pHeffect on phlorizin binding and the possibility 

of substitution of Na+ by H+ to allow phlorizin binding in the absence of Na' at pH 6.0. We also 

evoked the possibility of the protonation of the substrate site itself in agreement with the 

suggestion of Vayro and Simmons [35a] that external acidic media are likely to titrate key amino- 

acids of the carrier involved in substrate recognition. Our present study shows an increase of K, 

at higher HC gradient which is consistent with an increased Q value for H'-dependent glucose 

transport through SGLTl expressed in Xenopris oocyte [9] and for H'-dependent phlorizin binding 

in the renal BBMV [22]. However, the simultaneous presence of Na' gradient used in this work 

was not considered in studies of Hirayama et al. for cloned SGLTl [9] and Hochi et al. for rabbit 

intestinal BBMV [LO]. On the other hand, phlorizin binding was measured at Na' and H' 

equilibrium conditions thus precluding any comparison of these kinetic parameters with 

previously reported data. This point of view may be justified by the comparison of kR at pH 

6.0 in the presence or absence of Na* [22]. It led us to suggest that carrier-H' complex assumes 

a conformation which is different from the carrier-Na+-H+ complex. However, this hypothesis 

may only be true in binding studies where the translocation step (which might also be H+- 

sensitive) is absent. This last assumption is consistent with the observation that, at iso-pH, in the 

presence of translocation step, the Glc affinity of the transporter almost did not change (Fig.2A, 

open circles) while, at iso-pH and at Na* equilibrium, the affinity of the carrier for phlorizin 

changed dramatically [22]. 

In our present work we can assume that Na* concentration was sufficiently high to 

saturate Na* binding site and that H* target site may be located elsewhere. For example, the 

change of pH may involve the protonation or deprotonation of certain amino acid residues which 

also may be involved in the formation of the hydrogen bond during substrate binding, as was 

i suggested by Diedrich for phlorizin (7); it can also lead to the formation of salt linkages at low 



pH which may contribute to the stability of a particular conformation of the carrier. Such a 

change should lower the affinity of the carrier simultaneously with the acceleration of the 

transition step. This explanation is in agreement with an increase in the &, and V,, for glucose 

transport observed at alcaline pH gradient in the kidney (Fig.lA and B). Furter increase of W 

concentration at pH lower than 7.0 should involve another mechanism to explain the observed 

change of kinetic parameters. It must be emphasized that despite of the presence of pH effect on 

both systems over the entire range of pH, the mechanism involved in the pH response is never 

the same for intestinal and renal SGLTl. 

On the other hand, we demonstrate that addition of internal H+ induces a dramatic change 

in pH-responsiveness of kine tic parameters of SGLT 1 compare to pH-gradient conditions. Still, 

this effect of internal H+ is quite different for intestinal and renal SGLTl activity, and it may be 

consistent with the earliest observations of transinhibition of glucose transport by internal NaC 

(7a,26). The presence of H+ inside the jejunal BBMV improves the pH sensitivity of SGLTl: at 

alcaiine pH K, and V,, increase simultaneously whereas K,,, increases and V,, decreases at pH 

lower than 7.0 (Fig.2A and B). In contrast, in the renal BBMV it appears that internal HC 

abolishes the effect of external H', (shown in Fig.1) resulting in the absence of effect on Y, of 

renal SGLTl over the entire pH range, while V,, slightly decreases at acidic pH, only. This 

result is in agreement with previous observations by Maegawa et al. [18] that Na+-D-glucose 

uptake by rat renal cortex BBMV was constant at iso-pH 6.0, 7.0 and 8.0. 

In the intestine, H' effect appears to be uncornpetitive for glucose transport; it 

simultaneously increases both parameters at alcaline pH and reduces the maximal velocity and 

affinity of the transporter at acidic pH. 

A slight descent of the renal V,JK,,, curve at acidic pH reflects a change of V,, only. 

This is compatible with the non-competitive inhibition of glucose transport and the K, at iso-pH 

is stabilized at the lower level compare to the pH-gradient conditions. This last observation shows 

that, at least for the kidney, no evidence exists to assume that internal Na+ may be replaced by 

H' since H+ effect on &., is not compatible with the phenomenon of the transinhibition of glucose 

transport by internal Na' [7a,26]. 

From the study based on one glucose concentration uptake measurements, which usually 

corresponds to V/K ratio, Maegawa et al. [18] concluded that renal D-glucose uanspon system 

I is insensitive to pH. In this study, both iso-pH and pH gradient V,JK,,, curves from renal BBMV 
C 
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(Fig.3A and B) also showed only a slight pBsensitivity. However, this insensitivity may result, 

(as in a case of iso-pH condition), from the steadiness of both kinetic parameters in agreement 

with the results of Maegawa et al. and, as in a case of pH-gradient condition, from a 

simultaneous increase of both parameters. This result demonstrates: i) a high pH sensitivity of 

the renal Glc cotransport and li) that a correct interpretation of the pH-dependence of Glc uptake 

in the kidney requires a measurement of the kinetic parameters at each pH value. As it can be 

also seen from Fig.3A and B the pH-dependent V& curves for intestinal and renal SGLT 1 

are not only different in shape but they do not superpose, thus demonstrating that the total 

transport capacity of both transporters is not the same. It should be noted, that the contribution 

for this difference comes essentially from the different V-s at iso-pH conditions. At pH- 

gradient, when both E Q  are similar (at extreme pH values) their V,& become different and vice 

versa at pH around 7.0 (Fig.3A and B). This observation is in agreement with our previous 

observations at pH 7.0 [2 I]. 

Finally, the V,.JY, curves of LAG pathway for both pH-gradient and iso-pH conditions 

(Fig.5) were steady. However, the origin of this stability is different since at pH-gradient both 

parameters change simultaneously, whereas, at iso-pH the LAG pathway is pH insensitive. The 

slight similarity can be observed in pH-responsiveness between HAG and LAG pathway and 

rejects the suggestion of Hoshi et aI. [lo] concerning the possibility of the presence of two 

separate carriers for D-glucose which are different in cation selectivity but equally sensitive to 

Pz. Henceforth, we can argue, at least for rabbit renal BBMV, that two transport pathways are 

equally sensitive to phlorizin [21] and also sensitive to external and internal H+ concentration. 

Our results are in agreement with the studies of H+-dependent glucose ftansport [35a] in the 

BBMV from rat rend outer cortex where. according to Turner and M o m  studies [32], 

predominate LAG pathway. i t  has been suggested [35a] that increased D-glucose transport rates 

observed in Nac-free acidic media may represent diffusive D-glucose flux via SGLT2 which 

undergoes allosteric modification by H'. This suggestion was based on the lack of potential 

dependence of the glucose transport in Na+-free acidic media or the low suppression of this non 

accumulative HVglucose transport by addition of FCCP [35a]. To our knowledge, our work is 

a fxst report of the pH effect on kinetic parameters of Na+-dependent glucose transport by LAG 

pathway and further studies are required to explain a mechanism of the pH responses of HAG 

f and LAG transport pathways. 



In conclusion, the results 

difference between intestinal and 

concentration (Fig.3.A and B). We 

presented in this paper 

renal SGLTl transport 

unambiguously 

activities as a 
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demonstrate the 

fknction of El+ 

suggest that this different functional expression of the same 

protein may be due to a different post-transcriptional modification of SGLTl in jejunal and renal 

proximal tubule brush-border membranes or -to a heteroassociation of SGLTl with other 

membrane proteins. These results strongly support our hypothesis that kinetic heterogeneity does 

not necessary corresponds to the functioning of different molecules but also may represent a 

different state of molecular aggregation [21]. 
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LEGENDs TO FIGURES 

Fig.l(A) and (B). Gradient-pH dependence of kinetic parameters of intestinal and renal 

HAG pathway. Vesicles were resuspended in buffer pH 8.5. The pH of incubating media only 

was changed. The compositions of resuspension buffer and incubating media was as described 

in Materials and Methods. Each point represents the kinetic parameter (& or V,) determined 

from non-linear regression analysis as described in Data analysis. 

Fige2(A) and (B). Iso-pH dependence of kinetic parameters of intestinal and renal IIAG 

pathway. The compositions of resuspension buffer and incubating media was as described in 

Materials and Methods. The pH of both resuspension buffer and incubating media were changed 

simultaneously to keep pH equal on each membrane side. Each point represents one of the kinetic 

parameters (K,,, or V,,) estimated from non linear regression analysis as was described in Data 

analysis. 

FigJ(A) and (B). V,JK, curves at gradient-pH and iso-pH conditions for intestinal and 

renal HAG pathways. Each point represents Vmd& ratio where V,, and I&, values are 

provided from the experiments shown in Fig.1 and Fig.2 (A and B). 

Fig.4 (A) and (B). Kinetic parameters of renal LAG pathway as a function of gradient-pH 

and iso-pH conditions. Each point represents the kinetic parameter (Y, or V,,) determined from 

nonlinear regression analysis simultaneously with the estimation of HAG kinetic parameters as 

described in Data analysis. 

Fig.5. V,JK, curves at gradient-pH and iso-pH conditions for renal LAG pathway. Each 

point represents Vmrr2/L1 ratio where V,,, and &, values are provided from the experiments 

shown in Fig.4(A and B). 
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CHAPITRE VI: DISCUSSION 



Commentaires g6n6raux 

Les observations cliniques relatives & la malabsorption intestinale du Glc et du Gal et 

la glycosurie renale ont btabli (Scriver et al., 1976) l'hedrogtWit6 mol6culaire du cotransport 

Na+-glucose renal. Celle-ci a ensuite btt? associ& ii Itht?t6rog~n6itt! cinetique du transport du Glc 

dans le tubule contourn6 proximal sugg&rt?e par Barfuss et Schafer (1981) et dbmontree par 

Turner et Moran sur vesicules de MBB i s o l h  du cortex entier ou de dgions plus sp&cifiques 

correspondant au conex externe (cellules du type S,) et B la medulla externe (cellules du type S,) 

(Turner et Moran, 1982a,b,c). Toutefois, cette equation entre hbt6rogen6itt5 molfkulaire renale et 

heterogenCig cinCtique dans le tubule proximal reste un sujet controversd puisqu'elle repose sur 

un certain nombre dihypoth2ses dont la va l id i~  reste 3 Btablir. C'est donc ce qui a constitue 

l'objectif principal de cette these dans laquelle nous concluons que l'h6t6rog6n8id cinetique du 

transport de Glc dans le tubule proximal refletenit I'expression d'un syseme unique de 

cotransport structure 01igomCrique plut6t que I'expression de deux systemes ind6pendants. 

Selon I'hypothese propode par Turner et Moran (1982a,b,c), I'h6tdrogeneite serait due 

l'expression fonctionnelle de deux transporteurs distincts: la voie HAG, assurCe par la pro the  

SGLT1, tel que suggert? par plusieurs auteurs (Kanai et al., 1994; Koepsell et Spangenberg, 1994; 

Mackenzie et al., 1994; Pajor et al., 1992; Silverman et al., 1993; You et al., 1995), et la voie 

LAG, assuree par un second transporteur. Selon des etudes recentes, cette demiere fonction 

poumit &me attribuCe 2 un transporteur de type SGLT2 dont trois molecules, Hu14, ntSGLT2 

ou SAATl ont ete respectivement donees h partir du rein hurnain (Kanai et al., 1994; Wells et 

al., 1992b), dv rein de rat (You et al., 1995) et des cellules LLC-PK, (Mackenzie et al., 1994). 

Selon notre hypothese, I'h6t6rogbnCit6 serait due au fonctio~ement aIlost6rique d' une 

proteine unique capable de s'exprimer selon deux modes de transport cinetiquement separables 

(Chenu et Berteloot, 1993; Koepsell et Spangenberg, 1994). Les voies HAG et LAG seraient 

l'expression fonctionnelle de SGLT1, susceptible d7&tre modulte par des facteurs differents tels 

que la presence d'une sous-unite r6gulauice RSl (Veyhl et al., 1993), ou l'existence d'une 

coopCrativit6 negative pour la liaison d'une seconde molecule du substrat sur un transporteur de 

suucture dimerique (Chenu et Berteloot, 1993). Les arguments justifiant cette conclusion seront 
r 

donc discutes dans les pages qui suivent. 



I VALIDATION DE L~APPROCHE EXPERIMENTALE 

Selon Turner et Moran (1982a,b,c), la localisation preferentielle des voies de transport 

HAG et LAG aux segments du tubule proximal originant respectivement de la medulla (q) et 

du cortex (S,) externes constituerait en soi une preuve de l'existence de deux transporteurs 

independants. Ces m a m a  auteurs reconnaissaient cependant qu'une telle separation anatomique 

n'btait pas parfaite, ce qu'ont confirme depuis plusieurs laboratoires (Blank et at.. 1989; Pajor 

et al., 1992; Koepsell et al., 1990). C'est la raison principale pour laquelle aucune tentative n'a 

Bte faite dans nos etudes cinetiques de &parer spatialement les voies de transport HAG et LAG 

et que nous avons optd pour une preparation de VMBB issue du cortex renal entier. De plus, sur 

le plan pratique, une telle prt?paration a l'avantage de produire une plus grande quantite de 

madriel et, donc, de permettre un plus grand nombre d'etudes susceptibles de mener B des 

rt?sultats statistiques fiables. I1 est egalement evident qu'une telle preparation permettrait de tester 

de w o n  directe les hypothBses A ITeffet que les voies de transport HAG et LAG repdsentent 

lTaxpression de deux systemes de transport independants ou, au contraire, I'expression d'une 

proteine unique pouvant fonctionner selon diff6rents modes. 

Le second aspect sur lequel nous avons port6 notre attention Btait l'utilisation de 

prt5parations stables de v&icules (Maenz et al., 1991) et un contr6le rigoureux des conditions 

experimentales comme la tempbrature, le pH, l'osmolarit6, la force ionique et le potentiel 

membranaire. Ce dernier 6tt5 clamp6 il 0 mV par l'utilisation des iodures qui diffusent tr6s 

rapidement 1 travers les membranes comparativement aux auues ions comme le Na*, le K4 et 

la choline (Berteloot, 1986). 

Enfin, pour assurer une analyse fiable des r6sultats, nous avons mesure les vitesses de 

transport du Glc et de liaison de la Pz en utilisant une approche dynamique (Berteloot et 

Semenza, 1990; Dorando et Crane, 1984) dam laquelle des prelkvements multiples d'6chantiUons 

sont effectues & partir d'un m&me melange eactionnel, ce qui a Bt6 rendu possible grke 

l'utilisation de 1'AFER (Berteloot et al., 1990; Malo et Berteloot, 1991; Chenu et Berteloot, 

1993). De plus, les paramttres cindtiques ont btt5 estimes par une analyse en regression non 

linbaire des vitesses initiales de transport du Glc et de liaison de la Pz, ainsi que de la liaison de 
v 

Pz I'bquilibre, selon le principe de l'inhibition competitive oh le traceur radioactif est d6placC 
\ 



des sites specifiques par le substrat froid (Malo et Berteloot, 199 1). Cette technique a l'avantage 

d'bviter toute transformation des donndes exp&imentales qui serait susceptible d'introduire des 

deviations art6factuelles de la linearite des graphes d' Eadie-Hofstee (Berteloot et d., 199 1,1990; 

Chenu et Berteloot. 1993; Malo et Berteloot, '1991). Dans ces conditions. la preparation de 

VMBB a partir d'un tr&s large Cchantillon de P, issu du cortex entier permet de minimiser les 

variations animales et d'assurer une grande reproductibilitt? des dsultats. Le faible kart entre les 

points exp6rimentaux de deux experiences differentes effectuees sur les VMBB issues du meme 

large echantillon de P2 (Chapitre 2. Figure 1; Chapitre 3. Tableau I.) demontre la validie d'une 

telle procedure exp&imentale. 

L'analyse des vitesxs initiales du transport renal (Chapitre 2, Figure 1.) confme les 

resultats de Turner et Moran (1982a,b,c) A I'effet que les cinCtiques de transport du Glc dam le 

cortex entier de lapin sont compatibles avec la presence de deux voies de transport HAG et LAG, 

telle qu'illustrt5e par la non linearit6 du graphe d'Eadie-Hofstee (encadre de Figure 1.). D'auue 

part, nous confirmons les r&ultats d'etudes pdcedentes (Alvarado, 1967; Bode et al., 1972; 

Chesney et al., 1974; Diedricb, 1966; Glossman et Neville, 1972; Silverman et Black, 1975; 

Turner et Moran, 1982a,c) en dCmontrant la presence de deux classes de sites de liaison de la Pz 

(Chapitre 3, Tableau 2.). 

11 est important de souligner que des prkparations Cquivdentes de VMBB d'origine 

intestinale chez I'homme (Malo et Berteloot, 1991) et le lapin (Chenu et Berteloot, 1993) ont 

demontre des cinktiques de transport du Glc parfaitement micha6liennes, donc compatibles avec 

la presence d'une seule classe de sites de transport. 

On peut donc conclure que notre approche experimentale et analytique est applicable aux 

cinetiques simples ou plus complexes et qu'il est donc possible de cornparer les cinetiques de 

transport du Glc dans le rein et l'intestin, d'une part, et entre les voies de transport HAG et LAG, 

d'autre part. 

Finalement, la m&me technique permet d'estimer directement la fraction diffusionnelle du 

transport par la mesure de captation du traceur B concentration saturante de Glc (200 mM) 

puisque la fraction mCdiee du transport est compl2tement deplacde dans ces conditions (Malo et 

al., 199 1). Ceci est confm6 par la con~panison de I'accumuIation de Glc en presence simultanee 
P 
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de Na' et de 200 m M  de Glc avec celle obtenue en absence compkte de Na+ (Chapitre 2, Figure 

2.). 

On peut donc conclure que nos pdparations de VMBB sont dkpourvues de voie de 

transport du Glc Na+-independantes et donc que: i) il n'y a pas de contamination significative par 

des MBL qui pourrait contribuer & l'hlt&ogbnt?ie cindtique observde; ii) les voies HAG et LAG 

sont toutes deux Na+-dependantes et le Na+ est un activateur essentiel du cotransport Na+-D- 

glucose e n d .  Cette demikre caractt5ristique a ete demontr6e pour SGLT1 (rev. Wright, 1993) et 

SGLT;! (Kanai et al., 1994; Mackenzie et al., 1994; You et al., 1995) clones de mike que pour 

SGLTl intestinal chez le lapin (Chenu et Berteloot, 1993) et l'homme (Malo et Berteloot, 199 1). 

1I.l.a) SGLTl intestinal et voie HAG r6naIe 

I1 hut souligner que le point comrnun des deux hypotheses sur l'origine de I'h6t6rogeneite 

cinetique du transport renal est le postulat que le systeme de transport intestinal et La voie HAG 

renale sont le resultat de I'expression fonctionnelle de la prodine SGLTl (Hediger et al., 1987; 

Coady et al., 1990) demontree commune aux deux tissus (Momson et al, 1991). Cependant, en 

compamt les parambtres cinetiques du SGLTl intestinal estirnb lors des etudes cin6tiques dans 

les VMBB de lapin (Chenu et Berteloot, 1993) avec ceux mesurh pour la voie HAG rende 

(Chapitre 2. Tableau I.), on peut constater qu'il existe une difference de 2.3 fois entre les 

affinids des deux transporteurs. Cette difference ne peut etre consideree comme une simple 

coihcidence puisqu'on observe la m6me difference de 2.3 fois entre Ie K, du transport dam le 

jejunum humain (0.6-0.9 mM) (Malo. 1991) et le 16,d de la voie HAG dam le rein humain (0.3 

mM) (Turner et Silverman, 1977). On pounait argumenter que l'affinite plus klevee du SGLTl 
r 

renal serait due B une difference de composition lipidique ou de fluidit6 membranaire entre les 
\ 
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deux tissus (Le Grimellec et al., 1992). Cependant, en cornparant les valeurs des Y, de rSGLTl 

exprimd dans les ovocytes (100-200 pM (Parent et a1.. 1992) ou 1 17- 126 pM (Veyhl et d., 1993)). 

dans les cellules COS-7 (150 pM (Birnir et al.,1990)) qui sont d6pourvues de transport Na'-D- 

glucose endoghe, ou dans les VMBB intestinales de lapin (139 (Chenu et Berteloot, 1993)). 

on peut constater que, malgre des compositions lipidiques membranaires differentes, lTaffinit6 du 

transporteur SGLTl n'est pas affecee. De rnEme, l'affinite du SGLTl humain clone et exprime 

dans l'ovocyte de Xenopus (0.8 mM) (Loo et al., 1993b) est du meme ordre de grandeur que 

celle estimee dans le jejunum humain (0.6-0.9 mM) (Malo et Berteloot, 1991). 

Ainsi, l'ensemble des resultats indique que la difference observee entre les K, des deux 

tissus reflete une difference dam I'expression fonctionnelle sans rapport avec la composition 

mem branaire. 

I1.l.b) nature possible de la voie LAG 

La nature de la voie LAG reste, jusqu'ik pdsent, un probkme irrc2solu. De nombreuses 

etudes (Blank et al., 1989; Gerardi-Laffin et al., 1993; Koepsell et al., 1990, 1994; Veyhl et al., 

1993) montrent que ITinterpr&ation propode par Turner et M o m  (1982 a,b,c) devrait Stre 

considerge comme une vision incomplete du phenomene de L'hBt6rogBn6ite. 

Trois rnolt?cules recemment clontes pdsentent les caract&-istiques genc2ralement 

attribuables 3 la voie LAG: une faible affinitd pour le substrat et une stoechiom&rie lNaC : 1Glc. 

Les clones HU 14-hSGLT2 (1.6 mM, Wells et al., 1992; Kanai et al., 1994) is016 du tissu renal 

humain, ntSGLT2 du rein de rat (3 mM, You et al., 1995) et SAAT1-pSGLT2 (1.7-4 mM, Kong 

et al., 1993; Mackenzie et al., 1994) isolt partir d'ADN complet des cellules LLC-PK, 

presentent tous ces caract&istiques. A present, il est difficile de determiner lequel des trois clones 

peut &re responsable de la voie LAG dans le rein, en admettant que l'httCrog6n6ite cinetique 

observee soit le resultat de la diversite moltculaire. Il faut souligner que, m&me si SAAT1- 

pSGLT2 est un bon candidat pour representer un second syseme de transport Na+-dependant du 

Glc, il n'existe actuellement aucune preuve expdrimentale directe demontrant qu'il assure le 

transport par la voie LAG. En plus, il a Bt6 ddmontrd que la distribution tissulaire de SAATl 

n'est pas exclusive au rein (Kong et at., 1993). 



Nous avons donc analys6 les caract6ristiques cinetiques de la voie LAG dans le but de 

les cornparer avec celles de la voie HAG et du SGLTl clone, d'une part, et avec celles 

determinees pour les trois clones c i l s  plus haut, d'autre part. 

U2. etudes du transport de galactose 

Nous demontrons ITh&&og6nbib5 du transport de Gal dans le rein de lapin (Chapitre 2, 

Figure 3.), confirmant ainsi les resultats de Turner et Moran (1982a) et de Roigaard-Petersen et 

al. (1986) dans les VMBB renales de lapin. Selon la premiere etude, basee sur l'inhibition du 

transport de Glc par le Gal, ies valeurs de & pour les voies HAG et LAG diff2rent de 27 B 30 

fois. Dans la seconde Ctude, malheureusement pas effectuee en condition de vitesses initiales, la 

determination des kG" des voies HAG et LAG montre une difference de 100 fois. Ces donnees 

sont donc cornparables au rapport de 55 fois pour les kGY deteminQ dans nos etudes (Chapitre 

2, Tableau 2.). En plus, les V,, du transport de Gal par les voies HAG et LAG sont similaires 

aux V,, du transport de Glc (Chapitre 2, Tableau 2.), demonuant ainsi que le Glc et le Gal 

partagent le m&me uansporteur et ce, pour les deux voies de transport I1 faut noter que des V,, 

identiques ont Ctd observes pour le Glc et le Gal dans les VMBB intestinales de lapin oh seule 

l'expression fonctionnelle de SGLTl a Bt6 obse~ee  (Chenu et Berteloot, 1993). 

En cornparant les & des deux voies de transport pour le Glc et le Gal dam les etudes de 

Roigaard-Petersen et al. sur VMBB dnales de lapin (1986), de Mackenzie et ai. sur SAATI- 

pSGLT2 (1994) et de Birnir et al. sur le SGLTl de lapin (1991), on peut constater que seule la 

voie LAG presente une discrimination rnarquQ entre les deux substrats. Au contraire, dam nos 

etudes au niveau &nal de meme que dam celles de Chenu et Berteloot au niveau intestinal 

(1993), le Glc est le substrat preferentiel pour les voies HAG et LAG renales et pour le rSGLTl 

intestinal. Cependant, le pouvoir discriminatoire des deux voies de transport n'est pas le mtme 

(4 fois pour HAG et 8 fois pour LAG (Chapitre 2, Tableau 2.), ce qui est compatible avec les 

resultats de Turner et Moran (1982a). 

Ceci pournit bien sfir &re utilise comme preuve de I'existence de deux transporteurs 

independants dam le rein. Cependant, ni HUM-hSGLT2 (Kanai et al., 1994), ni SGLTZ de rat 

(You et al., 1995) ne transportent le Gal de fa~on significative, alors que SAATI-pSGLT2 aurait 

un kGaL superieur h 20 m M  (Mackenzie et al., 1994). En r&.lit& lorsqu'il est recalcule A partir 



des valeurs relatives du courant induit par le transport du Gal et du Glc et des parametres 

cinetiques tels que publies par ces auteurs, le LGd atteint une valeur de 385 mM. Par 

cons8quent, on est en droit de considerer qu'aucun des trois clones actuels ne saurait 

correspondre la voie LAG observee dam no&e pdparation de VMBB. Par contre, la capacite 

de transporter le Gal est un fait reconnu pour SGLT1, si bien que nos r&ultats sont compatibles 

avec le concept d'un fonctionnement allost&ique de SGLTl (Chenu et Berteloot, 1993) si on 

admet que la structure moltculaire du substrat determine le type de changement conformatio~el 

induit Lors de sa liaison. Ainsi, tant l'affinite intrindque du transporteur que la coop6rativit6 

negative entre sous-unit& pourraient &we modifiees en fonction de la nature du substrat 

transport& d'oh un pouvoir discrirninatoire different entre Glc et Gal des voies HAG et LAG. 

11.3. Effet de la temperature 

Nos Ctudes concernant I'effet de la temperature sur le cotransport renal (Chapitre 2.) se 

diffkrencient des dtudes precedentes (Brasitus et al., 1979; De Smedt et Kinne, 1981; Kinne et 

al., 1975; Kippen et al., 1979) par le fait que, pour la premiere fois, nous avons estime la 

dependance en temperature des parametres cinetiques (V,, et K, pour les deux voies de 

bansport) alors que les etudes precddentes se sont basees sur la mesure des vitesses initiales il 

une seule concentration du substrat. Dans ces conditions, en mesurant le transport total, sans 

extraire les valeurs des parametres cindtiques susceptibles d'&e changes differemrnent en 

fonction de la temperature, I'interpdtation des courbes d 'hhenius ne peut &re que partielie, 

meme dans le cas d'un transporteur unique. L'avantage de notre approche reside donc dam la 

possibilite dlCvaluer simultan6rnent l'effet de la temperature sur Ies paramttres cinetiques de 

chacune des deux voies de transport dans la meme preparation de VMBB. 

II.3.a) HAG versus SGLTl intestinal et SGLTl don6 

Nous ddmonuons que les courbes d'hhenius construites partir des valeurs de V,, de 

HAG et LAG sont paralleles (Chapitre 2, Figure 7A.) et montrent donc une dependance en 

temperature identique pour les voies HAG et LAG. De plus, l'energie d'activation (EJ calculee 

est comparable & celle estimCe pour SGLTl exprime dam les VMBB intestinales de lapin en 
f 

assumant que la dependance en tenrp6rature est Linthire enue 20° et 35 *C (Chenu et Berteloot, 
* 



1993). Cette valeur de Ea, par coatre, est de 3 4 fois plus 6levee que celle d6terminee il partir 

des V, de rSGLT1 exprim6 dans l'ovocyte de Xenopus (Parent et Wright, 1993). En outre, les 

K, du SGLTl intestinal et de la voie HAG renale augmentent avec la temp6rature tandis que le 

K,,, du clone exprime dam l'ovocyte de xenoP& y est insensible. On peut donc remarquer que 

seules les E, des SGLTl exprimes dam les membranes naturelles des VMBB sont comparables. 

Pour le moment, i1 est difficile de conclure si cette difference de sensibilitt5 la 

temperature pour une mdme proteine exprimee dans des MBB ou des ovocytes est Ue: i) la 

difference des modkles experimentaux puisque les v&icules mernbranaires sont probablement 

moins affectees par les variations de temperature qu'un ovocyte; ou ii) B la presence de certaines 

composantes (par exemple, une sous-unite dgulatrice) qui sont naturellement absentes de la 

membrane de I'ovocyte. Ainsi, la co-injection de SGLTl avec la sous-unig RSI (Veyhl et al., 

1993) dans I'ovocyte de Xenoptrs est capable d'induire non seulement une h&erog6n&tt? de 

transport mais aussi une diminution concomitance du K, pour la voie HAG. Toutefois, cette 

observation doit 2tre extrapolee avec certaines reserves aux membranes naturelles cornme celle 

des VMBB, SGLT 1 ayant 6te clone chez le lapin et RS 1 dtant d'origine porcine. D'autre part, 

des Btudes recentes monuent que la regulation de l'activite de SGLTl est corrBlt5e avec sa 

concentration membnnaire (Shirazi-Beechey et al., 1991), independarnment du niveau 

d'abondance d' ARNm (Lescale-Matys et al., 1993), indiquant ainsi la possibilite de modifications 

post-transcriptionnelles. Quoiqu'il en soit, la similitude entre les K, mesures pour rSGLTl 

intestinal ou exprime dans les ovocytes de Xenopus suggere fortement que la difference de Y, 

observee entre SGLTl intestinal et la voie HAG dnale de lapin ne reside pas dans la 

composition lipidique ou 1'6tat physique membranaire. De plus, nos Btudes de la dependance en 

temperature permettent de proposer l'hypoth8se que des modifications post-transcriptionnelles 

pourraient etre la cause principale de cette difference. 

II.3.b) HAG versus LAG 

Si on admet que La voie LAG represente I'expression fonctionnelle d'une moltcule auue 

que SGLTI, il faut dors supposer que ce second transporteur prbente une Bnergie d'activalion 

comparable B celle de SGLT1 pour un cycle catalytique complet Cependant, des molCcules 
w 

comme le SGLTl du lapin et de I'homme, pour lesquelles il existe 84% d'identite et 98% de 
.L 



similitude dans les lquences en acides amin& (Wright, 1993)' monirent une dependance en 

tempdrature tr5s differente. Ainsi. si on suppose que la dependance en tempt!ature de ces deux 

transporteurs est lintaire enue 20" et 35 "C, 1'6nergie d'activation calcul6e pour hSGLTl (Malo 

et Berteloot. 199 1) est environ 3 fois plus petite que celle de rSGLTl (Chenu et Berteloot, 1993). 

De plus, I'affinitE de hSGLTl est insensible la tern@rature, contrairement B celle de rSGLT1, 

e t il a B te demontre que les valeurs des constantes de vitesse decrivant le wnspon via hSGLTl 

(Loo et al., 1993) et rSGLT1 (Parent et al., 1992a,b) sont dBi5rentes rnalgrc! un mhnisme 

cinetique similaire. Il apparait donc difficile d'admettre que des rnol&uIes aussi divergentes que 

Hu 14-hSGLT2 (59% d'identite avec hSGLTl (Kanai et al., 1994; Wells et al., 1992)) ou SAAT1- 

pSGLT2 (76% dTidentit6 avec SGLTl de lapin (Mackenzie et al., 1994)) puissent presenter une 

dependaxe en temflrature identique. 

11 faut souligner toukfois que le K, de la voie LAG est insensible la temperature, 

phenornene que nous avons observe pour la dependance en pH Cgalement. Jusqu'a pdsent, la 

cause de cette insensibilitt! la tempkrature et au pH reste inconnue, mais demeure compatible 

avec le modele allostt?rique, en admettant un effet de la temperature sur les interactions entre les 

sous-unites, et par cons&pent. sur la cooperativite. 

11.4. Effet du pH 

A notre connaissance, nos etudes sont les premibres du genre visant 21 Btudier I'effet du 

pH sur I'expression fonctionnelle de rSGLTl dans les tissus renal et intestinal. Cette com paraison 

a ttt5 effectuCe dans des conditions de gradient (Chapitre 5, Figure 1.) et dt6quiLibre (Chapitre 

5, Figure 2.) de pH, et ce en presence d'un gradient constant de Na+. 

I1.4.a) HAG versus SGLTl intestinal et SGLTl don6 

On peut constater que les V,, et les & du transporteur intestinal et de la voie de 

transport HAG renale sont sensibles aux H+ dans les deux conditions de pH. Cependant, la 

reponse au pH est differente dans les deux t h u s  et I'origine de cette difference pourrait 

s'expliquer par une action specifique des HI sur le transporteur lui-meme, ce qui a B J  dernontd 

auparavant (Hirayama et al., 1994; Hoshi e t al., 1986; Maegawa et al., 1988; Toggenburger et al., 
P 

1982). et non par un effet non-specifique des H+ sur l'dtat physique de la membrane. Les courbes 
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V, JK, en fonction du pH (Chapitre 5, Rgure 3.) illustrent bien la difference, non seulement 

entre SGLTl renal et intestinal, mais egalement dam leur reponse specifrque aux conditions de 

gradient et d'equilibre des W. Ainsi, on peut constater une relative insensibilig de la courbe 

V& B tous les pH (a l'exception de pH 6:O) pour la voie HAG renale, convairement au 

SGLTl intestinal. 

Actuellement, le mkanisme d'action des H+ demeure obscur, bien qu'il ait Ct.6 demon@ 

qu'une substitution du Na' par le H+ est possible (Hirayma et al., 1994; Hoshi et al., 1986; 

Chapitre 3, Tableau 2. et 3.). Cependant, la com@tition directe entre Na+ et H+ pour l'activation 

du transport n'a jamais bt6 v6rifide exp&imentalement. Des effets additionnels ii une simple 

substitution pourraient &tre envisages: i) la protonation ou la deprotonation de certains residus des 

acides amines senient susceptibles de modifier la conformation de la proteine et, ainsi, d'affecter 

les paramttres cinetiques du transport; ii) les ponts hydroghes impliquds lors de la liaison du 

substrat (Diedrich, 1963; Silverman, 1991) pourraient egalement btre la cible d'un excb ou d'un 

manque de H' dans le milieu d'incubation, modifiant ainsi le Y, sans necessairement intluencer 

V,,W 

I1 est important de noter que la forme en cloche des courbes V,JY, indique la presence 

de deux sites d'action des Hi dont les affinites aux Hc sont differentes. Puisque les courbes 

V,JK, en condition d'iso-pH sont toujours en forme de cloche mais la courbure est toutefois 

differente de ceile obtenue dam les conditions du gradient de pH (Chapitre 5, Figure 3). il est 

possible d'envisager la presence de deux sites d'action des H+ sur la surface interne du 

transporteur par andogie avec les conditions du gradient de pH. La nature de ces sites d'actions 

des H+ reste, cependant, a determiner afii de rendre l'interpdtation des rhultats plus fiable. 

Toutefois, le mecanisme d'action des X+ parait it& complexe puisque Vayro et Simmons (1996) 

n'ont pas reussi demontrer la dependance en gradient de H* du transport de Glc Pz-sensible en 

presence de FCCP ou du potentiel membranaire dans les VMBB issues du cortex exteme du rein 

de rat Selon les auteurs, l'acidig du milieu exteme suffit A stimuler Ie transport de caractere non- 

accumulatif ce qui est compatible avec nos observations (non publi6es). Neanmoins, 

indkpendarnment du mecanisme d'action des H' it est Bvident que le pH n'affecte pas le 

cotransport intestinal et la voie HAG renale de la meme Faqon. 
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II.4.b) HAG versus LAG 

Pour la premikre fois it notre connaissance, nos etudes etablissent la dependance en pH 

des parametres cinetiques de la voie de transport LAG (Chapitre 5, Figure 4.). Il faut admettre 

que la determination des parametres cinetiques de LAG n'est pas suffisamment pdcise puisque 

la contribution de la voie de transport HAG varie aux differents pH (Chapitre 5. Figure I et 2.) 

en modifiant le rapport des contributions HAGLAG dans le transport total mesure. Avec ces 

reserves, en cornparant les courbes de la ddpendance en pH des parametres cinetiques 

caract6risant les voies LAG et HAG (Chapitre 5, Figures 2 et 4.), on peut constater une certaine 

similitude dans la reponse des deux voies de transport au gradient de pH. De meme, en 

conditions iso-pH, la voie LAG perd sa sensibilite aux H' en m&me temps que la voie HAG. 

Cette rt5ponse similaire des deux voies de transport aux changements de pH efute la suggestion 

de Hoshi et al. (1986)' suite & l'observation d'une hornogenbite du transport W-dependant mais 

Pz-sensible dans les VMBB intestinales de lapin, quant il l'existence de deux transporteurs de Glc 

presentant une s6lectivitE cationique (H*Na+) differente malgn5 une sensibilite identique h la Pz. 

En plus, Vayro et Simmons (1996) ont demon& une sensibilitd aux H+ du transport de Glc Pz- 

sensible dam les VMBB issues du cortex exteme du rein de rat On admettant que la voie LAG 

est la seule a &tre prdsente dans le cortex externe il faut conciure la sensibilite de LAG au H'. 

En ddmontrant que le transport de Glc H'-dependant est stimuler par l'acidite du milieux externe 

independarnment de la presence du gradient de pH et le caractthe non-accurnulatif de ce transport 

les auteurs ont conclut que les H+ induisent des modifications allost6riques du syst2me de 

transport LAG. Cette conclusion est donc en accord avec le modele allosterique qui prevoit que 

la voie LAG est induite grace la coopCrativit6 negative entre les sous-unites. L'effet allost&ique 

des Ht permettrait Bgalement expliquer la faible precision des param&tres cinCtiques de la voie 

LAG. 

11 n'en reste pas moins que les observations cliniques relatives la malabsorption 

intestinale du Glc et du Gal et B la glycosurie renale suggerent l'existence dans le rein d'un 

second transporteur de Glc Na+-dependant puisque la disparition du transport intestinal n'est 

accompagnCe que d'une glycosurie partielle (Scriver et al., 1976). 

Une glycosurie massive (pres de 900 fois par rapport au contr6le) a dk  demontree chez 
< 

les souris homozygotes deficientes en HNFl (Pontoglio et al., 1996) et pr6sentant le syndrome 



de Fanconi caractkiss6 par un dysfonctionnernent gen6rai dans le TCP (Bergeron et d., 1995). 

Ce resultat indique que la reabsorption du Glc est restreinte au TCP. Pontoglio et a1.,(1996) 

demontrent qu'une telle glycosurie chez les souris deficientes en HNFl est accompagnee par la 

reduction de 2 fois du nombre de sites de liaison pour la Pz. Les etudes comparatives des 

cinetiques du transport de Glc et de la liaison de Pz dam les VMBB issues du rein des souris 

normales et deficientes en HNFl seront susceptibles d'apporter les nouveLles reponses 2 l'effet 

de l'hypo these de deux transporteurs distincts. 

En conclusion, nous apportons la preuve exp6rimentale que l'expression fonctio~elle de 

SGLTl dans l'intestin est differente de la voie HAG renale. ce qui est dO probablement a des 

modifications post-transcriptionnelles differentes dans ces deux tissus, et que les voies HAG et 

LAG semble d'Ctre affectees par le pH de facon similaire. 

11.5. ~ t u d e s  d yinhi bition par la phlorizine 

L'originalite de notre ttude sur ['inhibition du transport par la Pz r&ide dans son analyse 

simultanee sur HAG et LAG dans une meme preparation de BBMV (Chapitre 2, Figure 4.). Nous 

confirmons un m6canisme d'inhibition competitive du transport de Glc par la Pz quelle que soit 

la voie de transport (Chapitre 2, Figure 5.). Par conue nous dt5montrons pour la premiere fois que 

le pouvoir inhibiteur de la Pz est absolument equivalent pour les voies HAG et LAG (Chapitre 

2. Figure 6.). En apparence, ce dernier dsultat semble contredire les observations de Turner et 

M o m  (1982a.c) qui les ont amen& 2 conclure que la Pz inhibe mieux le transport dam les 

VMBB du cortex exteme (LAG) que de la medulla exteme (HAG). Toutefois, cette conclusion 

est basee sur: i) la pdsence du site LAP exclusivement dans les VMBB de la medulla exteme 

et ii) les differents Y d'inhibition du transport de Glc par la Pz &times dans les conditions 

d'echange de 1 m M  de Glc I'Cquilibre, ce qui contraste avec des K, d'inhibition de la liaison 

de Pz par le Glc identiques dans les deux populations de VMBB. En plus, dans leurs etudes plus 

recentes sur cellules LLC-PK, (Moran et al., 1988) qui, apparemment, n'expriment que SGLTl 

. (Ohta et al., 1990), le K, de liaison de la Pz est similaire 2 celui determine dam les VMBB du 

cortex exteme (1982~). I1 faut souligner que dans des conditions de gradient de Na' mais a une 
r' 

seule concentration de Glc, les Ki pour le transport dans tes deux populations de v&icules 



(Turner et Moran, 1982~) sont comparables aux valeurs d6terminees dans notre etude (Chapitre 

2, Figure 6.). I1 h u t  noter que des Ki identiques ont et6 observC dans les deux populations de 

VMBB de chien (Silverman et Speight, 1993). 

En comparant les valeurs de K, dbtemiintks dam nos etudes (15-16 @I) avec celles 

estimCes pour rSGLTl intestinal (5-30 pM) (Toggenburger et al., 1982) ou clone (5-15 pM) 

(Wright, 1993), on peut constater qu'ils sont incluts dam le m h e  ordre de grandeur. Par contre, 

nos valeurs de Ki sont differentes de celles observees pour SAATI-pSGLT2 (37 pM en absence 

de potentiel membranaire) (Mackenzie et al., 1994) et pour HUM-hSGLT2 (0.4 pM) (Kanai et 

al., 1994). Ainsi, nous pouvons conclure qu'en d6pit de la presence de deux voies de transport 

de G k  presentant des dfinites apparentes differentes, l'inhibiteur specifique qu'est la Pz affecte 

les voies HAG et LAG avec un pouvoir identique et des valeurs de Y comparables au & mesure 

pour SGLTI. LVhomogBnCit6 du phenomene d'inhibition reste compatible avec le rnodele 

allosterique (Chenu et Berteloot, 1993) en admettant que la structure moleculaire determine le 

type de changement conforrnationnel qui affecte le degre de la coopentivite entre les sous-unites. 

Dans le cas de la Pz. sa liaison conduirait A une perte de cette cooperativite. 

III.1. WiMrog6n6it6 de la liaison de Pz dans le rein 

En comparant nos valeurs d'inhibition du transport de GIc par la Pz (KJ avec celles de 

K, pour la liaison de Pz telles que determindes dans les VMBB renales de lapin (Tumer et 

Moran, 1982c) ou de chien (Turner et Silverman, 1981) et dans les cellules LLC-PK, (Moran et 

al., 1988)' nous avons constate qu'elles sont environ 10 fois plus grandes. De plus, malgd 

I'htt&ogCntite du transport de Glc, l'inhibition par la Pz est tres homoghe. Cette difference 

pourrait &ue due aux conditions experimentales dam lesquelles s'effectuent ces mesures puisque 

les K, sont determines en conditions de vitesse hitiale tandis que les K, sont estimes en condition 

d'equilibre (Chesney et al., 1974; Glossman et Neville, 1972). 

Si on suppose que les conditions expMmentales influent sur la mesure des constantes de 

dissocia~ion, il devient primordial de determiner les facteurs responsables d'un tel phtnornhe. 



On pounait ainsi suggerer que le Wsporteur existe sous des Btats conformationnels diffi5rents 

dam ces deux conditions exp&imentales ou que les valeurs differentes des K,, sont la 

consequence d'un mecanisme cinetique particulier. Par exemple, Toggenburger et al., (1982) ont 

demontrt? une diminution des K, de plus de 6 fois lorsqu'elles ont be deterrnint5es dans un 

intervalle de moins de 2 sec de la reaction d'inhibition sur VMBB intestinales de lapin. Puisque 

les conditions de gradient de Na' et de substrat ne sont pas changks de fa~on  importante pendant 

cet intervalle de temps, ce resultat semble favoriser la seconde alternative qu'il s'agit d'un 

mCcanisme particulier. 

Afin d'assurer une interpdtation correcte des Ctudes de la liaison de Pz, il est necessaire 

de choisir des conditions experimentales appropriees. PremKrement, de nombreuses dtudes 

tkmoignent de la presence de sites haute et faible affmid pour la liaison de Pz (HAP et LAP) 

dans les BBMV intestinales et renales (Alvarado, 1967; Bode et al., 1972; Chesney et al., 1974; 

Diedrich, 1966; Glossman et Neville, 1972; Silverman et Black, 1975). Deuxikmernent, la Pz est 

un acide Mble de p& 7.2 (Evans et al., 1980; Toggenburger et al., 1978), ce qui implique que 

la molecule est prhente sous formes neutre (KPz) et chargQ ndgativement (Pi )  pH 

physiologique. Puisque la plupart des dtudes prCc8dentes ont Ct6 faites a pH physiologique, on 

pourrait supposlr que la coexistence de deux formes differentes de Pz puisse contribuer 

I' hbterog6neite du phdnomene de liaison. 

En estimant un p& de 7.3 pour la Pz (Chapitre 3, Figure lB.), nous avons determine les 

conditions de pH auxquelles chacune des formes serait prCsente B 9596. Toutes les etudes sur le 

m6canisme de liaison de Pz ont donc W effectuees B pH 6.0 et 8.6. 

1II.l.a) effet du pH sur LAP 

En analysant la liaison de Pz I'equilibre, nous confmons les etudes precedentes 

(Alvarado, 1967; Bode et al., 1972; Chesney et al., 1974; Diedrich, 1966; Glossman et Neville, 

1972; Silverman et Black, 1975; Turner et Moran, 1982a,c) qui demontraient la pdsence de deux 

classes de sites de liaison HAP et LAP (Chapitre 3, Tableau 2.). L'originalitg de notre etude 

reside toutefois dans la demonstration que les sites HAP et LAP coexistent seulement a pH 6.0. 

Nous confmons egalement les caracteristiques cinetiques du site LAP (Chapitre 3, 

Tableau 2.) demontrC &re Na+-independant et Glc-insensible (Bode et al., 1972; Chesney et al., 



1974; Glossman et Neville, 1972). Nous ajoutons 

evidence de ce site depend du pH et est donc relit% 

protonation du site LAP hi-meme. La nature de ce 
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la preuve experimentale que la mise en 

soit B M a t  d'ionisation de la Pz, soit ii la 

site r a t e  incomue mais, en raison de son 

ind6pendance vis-a-vis du Na* et du Glc (Chapitre 3, Tableau 2.), notre attention a ett5 focalisee 

sur le site HAP appartenant de toute evidence au transporteur de Glc Na+-dependant. 

1II.l.b) effet du pH sur HAP 

Nous dCmontrons que les deux formes de Pz se Lient sur le transporteur de Glc Na+- 

dependant, quoiqu'avec des affinith differentes (Chapitre 3, Tableau 1. et 3.), et ce contrairement 

Zi la conclusion de Toggenburger et al. (1978) ii l'effet que seule la fonne acide de Pz (HPz) se 

lie au transporteur SGLTl dans les VMBB intestinales de lapin. Toutefois, les memes auteurs 

demontrent qu'avec une alcalinisation du milieu, le K, d'inhibition du transport par la Pz ainsi 

que le K, de liaison augmentent. Noue demonstration que les deux formes de Pz se lient sur un 

nombre similaire de sites de transport est en accord avec des Ctudes antCrieures qui demontrent, 

d'une part, que la position 4' dans l'anneau phenolique A de lTaglucone de la Pz n'est pas 

critique pour la liaison (Diedrich, 1963) et, d'autre part, que les spectres d'absorption des derives 

4'-dt5oxyphlorizine et para-phlorizine (4'-glucoside de Pz) ne montrent pas de changements 

conformationnels en fonction du pH. 

1II.l.c) implications pour la modClisation cinetique 

Nos observations sur la dependance en pH des K, de liaison de la Pz sont compatibles 

avec les resultats rapportant une diminution du K, d'inhibition du transport de Glc dans les 

VMBB de lapin (Toggenburger et al., 1978) ou d'intestin de crapaud (Hoshi et al., 1986) et du 

K, de liaison de la Pz (Toggenburger et al., 1978) lors de l'acidification du milieu. Ce 

changement de K, de liaison de la Pz en fonction du pH peut &tre dQ l'une des deux causes 

suivantes: i) le site de liaison presente une conformation plus favorable A la forme neutre (HPz) 

qu'3 la forme ionisCe (Pz'); ii) la liaison de la partie aglucone de la Pz est plus favorable lorsque 

le site correspondant sur le transporteur est lui-m8me protone. La premiere hypothese semble btre 

en contradiction avec les observations b l'effet que le transport W-dependant de Glc se produit 
f 

avec une affinite moindre qu'en presence de NaC (Hirayama et al., 1994)' de m&me qu'en 

presence sirnultanCe de gradients de Na* et de H* (Chapitre 5, Figure 1A.). Puisque nous avons 



'. observe le meme phenomene pour la liaison w-dependante versus Na+-dependante de la forme 

HPz (Chapitre 3, Tableaux 2 et 3.), nous proposons donc que la formation du complexe 

transporteur-H+ est moins favorable au substrat que celle du complexe transporteur-Na+. Ceci est 

compatible avec la liaison ordonnee des substrats lorsque I'ion activateur Na' se lie en premier. 

Nous confmons cette conclusion par la d6monstmtion d'une absence de liaison de la forme Pz' 

en absence complete de Na*. 

La seconde hypothb est en accord avec les etudes anterieures suggCrant une liaison de 

Pz par deux points d'attachement (Chapitre 1, Figure 6.) (Alvando, 1967; Diedrich, 1966, 1968). 

lTun des H+ du site pour l'aglucone formant un pont hydroghe lors de la liaison (Diedrich, 

1963). Par consequent, la deprotonation de ce site h pH basique serait en mesure d'affecter 

l'arnamge de la Pz par sa partie aglucone et ainsi destabiliser la liaison. 

Ainsi, nous pouvons conclure qu'en depit de la presence de deux voies de transport du 

Glc, une seule classe de sites Na'-dependants de liaison de Pz (HAP) est observke 2 lT6quilibre, 

ce qui est compatible avec les Ki identiques dCtermines pour les deux voies de transport. 

II1.2. Mkanisme de liaison de la Pz 

III.2.a) caract6ristiques principales 

La liaison de Pz dans le rein est un processus lent (Chesney et al., 1974; Glossman et 

Neville, 1972) contrairement au "turnover" du transporteur de Glc lors du transport (Kimmich, 

1990; Parent et Wright, 1993). D'autre part, la difference entre le Y d'inhibition de transport du 

Glc par la Pz et le K, de liaison de la Pz 3 l'gquilibre suggere un mhmisme plus complexe que 

celui d'une liaison en une seule &ape (Chapitre 4, schemas 1 et 2, Figure 2.). De plus, la 

constante de dissociation de la Pz correspondant aux vitesses initiales (ki ou kR) est environ 

6 fois plus grande (10-30 pM) que le K,, mesud l'equilibre (K, = 2-5 pM) (Tableaux 3 et 5). 

Par contre, elle est similaire au Ki d'inhibition du transport de Glc (15-16 pM). Toutefois, le fait 

que les constantes et K, soient plus petites que le Y, du transport de Glc suggere un 

attachement de la Pz en deux points (Alvarado, 1967; Diedrich, 1966, 1968) dks le d6but de la 

reaction (Chapitre 1, Figure 6.). Dans ces conditions, la dorientation du transporteur vers l'espace 
I 

intravt5siculaire pourrait &re amorcde sans pourtant cue achevee cause de la rigidit6 imposee 
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par la Pz LiCe en deux points. A I'oppo& de la Pz, si le Glc et la Pt se lient simultan&nenl 

I'absence de rigidit6 permettra une &orientation cornplZ!te et donc le transport du Glc. Dans ces 

conditions, la Pt inhiberait le transport de faqon non comp5titive, ce qui a ete demonut? par 

Alvarado ( 1967). 

L'effet stabilisateur de la liaison de la moitie aglucone de la Pz pourrait expliquer la 

baisse du K, et du bi par rapport au Y, de transport du Glc. Cependant, puisque le K, est 

encore plus petit (Chapitre 4, Tableau 3.) que le Ki, ceci indique la prhnce  d'une &ape 

cons6cutive ii la liaison de Pz (Chapitre 4, schbma 3, Figure 2.) conduisant une plus grande 

retention de l'inhibiteur (occlusion de la Pz). 

IXX.2.b) implications de ['&ape d'isombrisation lente 

LII.2. b. I) implications pour la caract6risation cinhtique 

En considerant la presence de I'etape d'isombrisation lente conduisant B une forme occluse 

(Chapitre 4, schema 3, Figure 2.), de nouvelles implications cinetiqua apparaissent. Par exemple, 

les parametres B,,, et K,, ne correspondent ni au nombre de sites (NT) B l'equilibre, ni ii 

l'affinite reelle de liaison sur le site puisque leurs expressions algebriques incluent les micro- 

constantes k, et k, caractbrisant l'btape d'isombrisation lente (Chapitre 4, Tableau 2.). Par 

consequent, seul Kb, peut Ctre considere comme une vraie constante de dissociation. Ainsi, B,,, 

K, et Bmai doivent Ctre consider& comme des constantes cin6tiques au m&me titre que les V,, 

et K, du transport Il serait donc possible dTexpliquer les variations d'un parametre comme Bmmi, 

gbneralement attribuees h un changement du nombre de sites de liaison, par le potentiel 

membranaire ou le gradient de Na' en conditions initiales (Lever et al., 1984; Toggenburger et 

al., 1978). D'auue part, lTh6t6rog&u5ite apparente du phtnornBne de liaison entre les conditions 

initiales et d'equilibre peut Etre dsolue par l'analyse des constantes de temps (k,,, incluant les 

k, et 163 pour lesquelles I'equilibre est atteint. Puisque la dependance des constantes de temps 

en fonction de la concentration de Pz est de type michdlien (Chapitre 4. Figures 3 et S.), cette 

analyse confirme I'hornogenditc? de la liaison de Pz dans le temps et souligne que la difference 

entre les parametres cinetiques estimes dans les deux conditions experimentales (initiale et h 

l'bquilibre) reflete le changement conformationnel de sites de liaison appartenant une mdme 



classe. Ainsi, pour la premiere fois nous proposons une explication pour un phenomkne qui 

jusqu78 present a 6te ignod par tous ceux qui ont BtudK la liaison de la Pz et donc demeure sans 

reponse, savoir la difference entre une inhibition instantanee du transport de Glc par la Pz et 

une liaison lente de la Pz avec un equilibre atkint aprh plusieurs minutes. 

LII.2. b.2) implications pour la mod6jisation cin6tique 

En considdrant la pdsence de l'etape d'isornbrisation lente, il est possible d'expliquer la 

lenteur des cinetiques de rellchernent de la Pz, considerablement acc6Mrees cependant en absence 

de Na+ dam la solution d'arret. On pourrait pdvok, en accord avec l'inhibition instantande du 

transport de Glc ou de la liaison de la Pz (Chapitre 3. Figure 2.) qu'en absence de forme occluse, 

une concentration saturante de Pz ou de Glc devrait deplacer le traceur instantanement, 

contrairement h ce qui est observe (Chapitre 4, Figure 6.). Le fait que I'absence de Na' dans la 

solution d'arret permet d'acc616rer la ddocclusion du site de liaison de Pz indique qu'un ion Na+ 

se lie postCrieurement 2 l'etape dlisomCrisation lente. Par consequent, il serait justifiable d'inclure 

la forme occluse dans un cycle plus complexe, selon le concept de demi-rCactivit6 des sites 

introduit pr6ccCdemment par Chenu et Berteloot (1993), au Lieu de considdrer I'occlusion comme 

une &ape finale et sans issue (Chapitre 4, schema 3, Figure 2.). En faveur de ce concept, on peut 

evoquer les considCrations suivantes: l'accbl6ration du relkhement de la Pz dans les conditions 

oh le Na+ est absent a Ct6 observee dam des etudes anterieui-es (Aronson, 1978; Restrepo et 

Kimrnich, 1986; Toggenburger et d., 1982; Turner et Silverman, 198 l), ce qui a conduit Bennett 

et Kimmich (1992) proposer un mod&le de liaison ordonnee Na' : Pz : Na+ tout fait 

compatible avec les observations d' Aronson (1978). En accord avec ce modi?le, nos dsultats 

permettent de preciser que le second Na' implique dans I'acceleration du reldchement de Pz doit 

se lier sur un site Na+ situe P l'exterieur du site occlus, puisque accessible, tandis que le premier 

Na+ precede la liaison et donc I~occlusion de la Pz. 

Considerant la presence de sites uniques, un pour le Na* et l'autre pour 1e Glc par chahe 

polypeptidique de SGLTl (Peerce et Wright, 193 ,  1986), nous sugg6rons donc que le 

transporteur de Glc Na+-dependant est au minimum un dimere fonctionnel. Selon le concept de 

demi-reactivite des sites, la liaison de Na+ et de Pz induirait on changernent conformationnel 

similaire ii celui induit par le Glc et conduirait A: i) une occlusion de Na' et de Pz et, ii) une 



r6orientation simultanee vers l'exdrieur des sites Na+ et Glc, pdcedemment orient& vers 

l'int6rieur. La liaison de Na' et Pz sur ces nouveaux sites aurait dors un effet stabilisateur sur 

cette nouvelle conformation ou permettrait un echange lent Pz-Pz entre ies deux type de sites. 

Ainsi, nous pouvons conclure que la' liaison de Pz Na+-dependante (HAP) est un 

phdnomkne homoghe dans les VMBB renales, le Na+ et le H+ 6tant susceptibles d'activer la 

liaison du substrat, propriee demontree pour le SGLTl (Hirayama et al., 1994). Les resultats sur 

la liaison ou le relkhement de Pz peuvent &tre expliquds en impliquant un minimum de deux 

sites pour le Na', ce qui est compatible avec la structure dimdrique du fransporteur. ConsidCrant 

I'existence de 1'Ctape d'isomtrisation lente, -1e modkle allosterique avec demi-reactivite des sites 

est le plus compatible avec l'ensemble des rhultats. Une observation corollaire suite des etudes 

de dissociation de la Pz met en relief le fait que la technique de filtration npide "classique" ne 

permet de mesurer que la forme occluse de Pz. 

IV.1. Conclusions 

L'hypothh selon laquelle l'het&ogtnBitt5 cinetique du cotransport Na+-D-glucose r6nal 

repose sur le fonctionnement de deux msporteurs distincts disposB en strie le long du tubule 

contourn6 proximal est bast5e sur des etudes anterieures (Turner e t Moran, 1982a,b,c). Cependant, 

cette hypothese ne tient pas compte de complexit~s suppl6mentaires apparues au cows des 

demieres annees qui suggerent une nature tant homooligomt?rique de la proteine SGLTl 

fonctionnelle qu'h6tdrooligomCrique par association probable avec des progines dgulauices dont 

la profdine RSI pourrait representer le premier membre d'une nouvelle famille de proteines. 

Notre devaluation des cinetiques du transport de Glc et de la liaison de Pz dans les VMBB 

renales de lapin a vise essentiellement h tester si l'het6rogknkite cinetique observee est plus 

compatible avec la presence de deux transporteurs independants (SGLTl et SGLT2) ou des 

modes fonctionnels differents d'un sysOme unique plus complexe (SGLT1 oligom6rique). Pris 



dans Leur ensemble, nos resultats sur VMBB dnales mettent en evidence des phenom$nes 

difficilement compatibles avec I'hypothh de deux transporteurs &tincts. 

1). Deux transporteurs diff6rents versus deux modes de fonctionnement d9un transporteur 

unique: 

i) le transport du Glc par les deux voies HAG et LAG est inhibd de f a ~ o n  comptitive par 

la Pz avec des K., identiques, contrairement aux systkmes SGLTl (Wright, 1993) et SGLT2 

(Kanai et al., 1994; Mackenzie et al.. 1994; You et al., 1995) don& qui demontrent des affinites 

differentes pour l'inhibiteur. 

ii) en absence de transport, une seule c1we de sites Na+-dependants et Glc-sensibles est 

mise en evidence lors d'etudes de la liaison de Pz et ce, en conditions d'equilibre ou de vitesses 

ini tiales. 

iii) les deux voies de transport HAG et LAG dtmontrent tgalement une dtpendance en 

temperature et en pH similaire, ce qui suggkre un lien fonctionnel etroit entre ies deux voies 

d ' absorption. 

iv) la compatibilite entre les valeurs de Y et de Li d'une part, et la difference entre K, 

et K, d'autre part, suggerent un mCcanisme particulier de liaison pour lequel nous proposons un 

modiYe de liaison en deux Btapes oh la liaison rapide de Pz est suivie par une isomtrisation lente 

du transporteur conduisant A l'occlusion de la Pz. Ce phenomtne peut donc &tre vue comme un 

cotransport de Pz Na+-dependant avec une translocation inachevee du substrat vers le milieu 

intravesiculaire. La vitesse B laquelle 1'6quilibre de liaison est atteint (&ape d'isomerisation) 

demontre une dependance michatlienne en fonction de la concentration de la Pz en dtpit des 

vitesses de cotransport par des voies HAG et LAG differentes de plus de 15 fois. 

2). SGLTl versus HAG rknale: 

i) le &, de transport par la voie HAG renale est plus petit que celui estime pour rSGLTl 

intestinal et les variations de K, en fonction du pH, tant en conditions d'tquilibre que de gradient 

de H+. sont Bgalement e s  differents dans les deux tissus 

ii) la sin~ilitude cntre les pmmbtres cindtiques de SGLTl intestinal et SGLTl exprime 

dans les ovocytes de Xenoprcs exclut la difference dans la composition lipidique membranaire 

autant qu'un fac teur determinant 
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Ces dsultats suggerent fonement la possibilite d'une expression differentielle de la meme 

proteine SGLTl dans Ie rein et l'intestin. La voie HAG n'est donc pas une expression exclusive 

de SGLT1. 

3). SGLT2 versus LAG renale. 

Le Gal est transport6 via les deux voies de transport HAG et LAG avec des V,, 

identiques b ceux du transport de Glc; ces &ultats demontrent que les deux substrats partagent 

les deux voies de transport, contrairement A la conclusion que le Gal n'est pratiquement pas 

transport6 par SGLT2 (Kanai et al.. 1994; Mackenzie et al., 1994; You et al., 1995). La voie 

LAG n'est donc pas une expression exclusive de SGLT2. 

4). Compatibilite avec une structure dimirique du cotransporteur. 

Nos observations de la dissociation lente de la Pz en conditions de concentration satwante 

de Pz ou de Glc, mais accelbree par I'absence de Na' dam la solution d'arrgt, suggerent 

l'implication d'un second ion Na' A une &ape posterieure B l'occlusion d'une mol~cule de Pz. 

Ce resultat est donc compatible avec une structure dimerique du cotransporteur dans laquelle 

deux classes de sites fonctionnent en opposition de phase selon le modele allosttrique demi- 

rtactivite des sites (Chenu et Berteloot, 1993). 

Ainsi, l'ensernble de nos r6sultals suggere que l'het&og6neite observde pour le transport 

du Glc dans les VMBB du cortex renal de lapin est de nature purernent cinetique et par 

consequent, qu'elle ne reflhe pas la diversite rnol~culaire, attendue de la presence des syst2mes 

SGLTl et SGLT2. Nos rdsultats, tant sur le transport du Glc et son inhibition par la Pz que sur 

la liaison de Pz elle-meme, sont entierement compatibles avec le modele allosb5rique A demi- 

reac tivitt! des sites. 

I1 faut admettre que cette conclusion est bade sur les etudes de transport de Glc dans les 

vt5sicules de MBB. Ce modtle experimental est loin de reproduire la situation in vivo pour 

exuapoler ces conclusions B des observations cliniques de la reabsorption renale chez les patients 

atteints de syndrome de malabsorption de Glc et de Gal. Malheureusement, I'heure actuelle on 

ne dispose pas suffisamment d'information sur le fonctionnernent et la localisation de pSGLT2 

dans le rein. Toutefois, certaines hypotheses peuvent etre propostes. 
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SGLT2(p) a ete clone & partir dTARNrn des ceilules LLC-PK, oh seul SGLTl s'exprime 

au niveau de MBB. On peut argumenter que la quantitt5 dTARNm ou le taux d'expression de 

SGLT;! B la membrane est faible et par consequent sa contribution au transport serait insuffisante 

pour &tre dBtectee exp6rimentalement. La mCme situation se produit, probablement, dam les 

ovocytes de Xenopus puisque la stimulation du transport de Glc suite I'injection dARNm- 

pSGLT2 est seulement tquivalente ii celle observee pour SGLT1. Cependant, puisqu'il devrait 

s'agir du transporteur haute capaciG on s'attendrait une stimulation plus forte, 3 moins que 

le taux d'expression dTARNm-pSGLT2 dam un ovocyte soit tres faible. On peut dgalement 

s'interrogr sur le taux d'expression dTARNm-pSGLT2 in vivo et sa localisation dans Ies tissus. 

Ainsi, il est possible que SGLT2 seul ne soit pas en mesure d'assurer le cotransport de Glc de 

haute capacite, ce quTon peut deduire de son expression dans des ovocytes. Par contre, la 

formation des differents complexes oligomdriques (SGLTUSGLTl) ou hCttrorntriques 

(SGLTlISGLT2 et/ou RS 1) serait susceptible d'augmenter ou de moduler la capacite du transport 

de Glc dam le PCT. Chez les patients atteints de syndrome de malabsorption de Glc et de Gal 

la poursuite de la reabsorption rtnale de Glc pourrait etre assuree par l'association de SGLTl 

mute avec RSI ou SGLT2 en ktablissant ainsi l'activite du cotransport. 

I1 faut souligner que le modtle allost&ique de cotransport Na'-dependant de Glc est 

compatible avec I'hBLerogtneite de la reabsorption de Glc le long du TCP en admettant que les 

associations de SGLTl avec dTautres molCcules ne soient pas les memes dans le pars convoluta 

et le pars recta. Ce modkle n'exclut pas, non plus, I'existence d'une hBterogCnCit6 mol~culaire 

des transporteurs SGLT dans Ie n6phron. 11 favorise plut6t un concept du fonctionnement d'un 

systeme rnoltculaire complexe oh I'unitt principale de base serait SGLTl dont l'expression 

fonctionnelle doit Etre predominante pour rester compatible avec les caractkristiques cinttiques 

observ6es pour les voies HAG et LAG et les cindtiques michaeliennes de la liaison de Pz. En 

attendant une information suppltrnentaire sur la caractkrisation fonctionnelle de SGLT2 et sa 

localisation tissulaire nous proposons un modtle de cotransport Na+-dependant par un complexe 

allosttrique en accord avec les donnCes expbrimentales. La structure de base de ce complexe 

reprtsente un homo- ou h6tBrodirnbre dont les sous-unit& fonctionnent en opposition de phase 

(Chenu et Berteloot, 1993) (Fig. 19). 
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Figure 19. Modele alIost6rique de cotransport Na+-D-glucose dam le rein. Le systeme de 
cotransport represente un homo- ou htterodimere dont les sous-unites fonctionnent en opposition 
de phase. (A) Une des sous-unites est orient& vers I'ext&ieur en perrnettant une rnoltcule de 
Na' puis de substnt (Glc, Pz) de se lier sur leur sites respectifs; (B) et (D) La liaison du substrat 
est suivie par une isomdrisation conduisant une occlusion du substrat et du Na+. Cette 
isomCrisation est accompagnee par une rt5orientation de I'inttrieur vers l'exterieur de la sous-unite 
voisine. Une seconde molecule de Na' peut alors se fixer; (8) La liaison de second Na' induirait 
une stabilisation de la nouvelle conformation irnposee par la rigidig de la mokule de Pz; (E) 
En absence de telle rigiditt? la translocation de NaC et de Glc est achevte accompagnee par 
I1occlusion de second Na'; (F) Le depart de Na' et de Glc du c6te interne induirait la dissociation 
et la liberation interne de second Na'. Ce depart sera suivie par une reorientation de la premiere 
sous-unite vers I'exterieur. La stoechiom&rie du transport via cette voie est de 2Na' : IGlc; (G) 
et ( C )  Si la concentration de substrat est &levee ou s'il existe u r n  possibilitr! d'h~t~roassociation 
de SGLTl avec d'autres proteines membranaires, la seconde molecule de Pz (C)  ou de Glc (G) 
pourrait sc tixer apds le second Na'; (H) et (I) Ces deux ttapes sont similaires aux (E) et (F). 
La stoechiomeuie du cotrzansport via cette voie est de 2Na+ : 2Glc. Une faible aftinitr! pour le 
substrat pourrait etre induite soit grke B la cooperativite negative entre les sous-unitesl soit par 
une h~tt5roassociation de SGLTl avec d'autres prodines membranaires. 
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IV.2. Perspectives 

de valider le modBle allostdrique il faudrait compl&er nos r&ulrats actuels par des 

Btudes comparatives des proprietes cinetiques du transport de Glc et de la liaison de Pz dam les 

VMBB dnales et intestindes, ces demieres pou'vant &re consider& comme un contr6le interne 

quant au comportement attendu de SGLT1. Cependant, pour assurer les Btudes fiables sur la 

liaison de la Pz dans l'intestin en raison de la prhence de la Pz-hydrolase il faudrait synth6tiser 

les analogues de la Pz reconnus exclusivement soit par la Pz-hydrolase comme para-Pz (Evans 

et al., 1980) soit, par Ie transporteur lui-mbme. 

Considerant le modele 2 demi-rtactivitt? des sites, il est clair que la technique de filtration 

rapide "classique" ne permet de mesurer que la forme occluse de Pz LiCe au site Glc du 

transporteur. Dans ce cas, l'incubation des vesicules en presence de la Pz et de radiotraceur 

directement dans les puits suivie d'une simple filtration au temps determine d'fviter les 

lavages consecutifs B la liaison de la Pz permettrait de mettre en evidence et de caract6riser les 

sites GIc accessibles 2 la surface, si tel est le cas. 

Selon nos etudes. un minimum d'un ion Naf est implique lors de la liaison de Pz et au 

moins un autre ion Naf intervient postdrieurement ii I'occlusion de Pz en accord avec le modhle 

propose par Bennett et Kimmich (1992, 1996). Cependant, l'emplacement et le r6le du second 

site Naf sont differents dans notre mod&le. Pour valider ce dernier, il devient donc ntcessaire de 

determiner la dtpendance en Na+ de la liaison de Pz et la stoechiomdtrie du couplage. Bien 

entendu, ces etudes devraient se faire il pH 8.6 avec estimation des paramhtres cinCtiques (B,,, 

B,,,, Kdi, K,, k, et k,,) en condition de gradient et d'bquilibre de Na', en presence et en 

absence de potentiel membranaire. Cette analyse compl2te permettra de verifier si la vitesse 

d' isomdrisation depend de ces pararnetres. 

Les experiences propodes ci-dessus visent directement B valider le modele de demi- 

reactivitk des sites par les Btudes cinetiques. D'autres approches combinant biologie molCculaire 

et expression dans les ovocytes de Xenoprrs sont susceptibles d'apporter des solutions quant la 

validit6 du modtle allost&ique. Par exemple, en injectant dans l'ovocyte les formes sauvage et 

mutee de SGLTl dont la derniere est inactive, il serait possible de moduler le transport par 

perturbation des associations naturelles entre sous-unites. Enfin, les anirnaux transgtniques 

deficients en SGLTl ou SGLT;? ou en SGLTllSGLT2 ensemble peuvent fournir une reponse sans 



ambiguite ssu le r6le de SGLTl et SGLT2 dans l*het&ogeneite du cotransport de Glc dam le 

rein. 
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