J. Membrane Biol. 153, 181-194 (1996) The Journal of
Membrane
Biology

© Springer-Verlag New York Inc. 1996

Sugar Transport Heterogeneity in the Kidney: Two Independent Transporters or
Different Transport Modes through an Oligomeric Protein? 1. Glucose Transport Studies

N. Oulianova, A. Berteloot
Membrane Transport Research Group, Department of Physiology, Faculty of Medicine, Uhiderblientreal, CP 6128, succursale
“Centre-Ville,” Montreal (Québec) Canada H3C 3J7

Received: 25 October 1995/Revised: 10 June 1996

Abstract. The kinetics of Na/b-glucose cotransport somehow modulated, maybe through heteroassociatior
(SGLT) were reevaluated in rabbit renal brush bordemwith (a) regulatory subunit(s) that might also contribute

membrane vesicles isolated from the whole kidney cor-quite significantly to sugar transport heterogeneity in the
tex using a fast-sampling, rapid-filtration apparatuskidney proximal tubule.

(FSRFA, US patent#5,330,717) for uptake measure-

ments. Qur results con_firm SGLT heterogeneity in .thisKey words: Na'-dependent sugar transport — Substrate
preparation, and both high (HAG) and low (LAG) affin- gnecificity — Phlorizin inhibition — Temperature de-

ity glucose transport pathways can be separated over ﬂ]ﬁ‘endence — Membrane vesicles (rabbit kidney)
15-30°C range of temperatures. It is further shown that:

(i) Na* is an essential activator of both HAG and LAG;
(ii) similar energies of activation can be estimated fromntroduction
the linear Arrhenius plots constructed from ¥e,, data

of HAG and LAG, thus suggesting that the lipid com- |, the “Na* gradient hypothesis” regarding transcellular
position and/or the physical state of the membrane do nofpsorption of sugars by intestinal and renal epithelial
affect much the functioning of SGLT; (i) simila¥ma,  cells [15], glucose s first accumulated within the cell by
values are observed for glucose and galactose transpQttcondary active transport through the apical brush bor-
through HAG and LAG, thus demonstrating that the two yor membrane (BBMJ. Over the last 25 years, studies
s_u_bs.trat_es share the same carrier agen.c?es; and (iV) phIB'sing BBM vesicles (BBMV) [6, 51, 53, 69] and isolated
rizin inhibits both HAG and LAG competitively and with - ¢¢)157126] have greatly contributed to the characterization
equal potency; = 15um). Individually, these data do 4 Na*-dependenp-glucose cotransport (SGLT) in terms
not allow us to resolve conclusively whether the kinetic 5t \\pstrate and inhibitor specificities, Nactivation,
heterogeneity of SGLT results from the expression in th,embrane potential dependency, and mechanism of co-
proximal tubule of either two independent transporterstransport_ It has been generally assumed, up to the early
(rSGLT1 and rSGLT2) or from a unique transporter gighiies, that SGLT expression in mammals is homoge-
(rSGLT1) showing allosteric kinetics. Altogether and neqys[15). However, the studies of Barfuss and Schafer
compared to the kinetic characteristics of the cIoneom using the isolated perfused tubule technique, and
SGLT1 and SGLT2 systems, they do point to @ numbelynse of Turner and Moran [59-61] in renal BBMV,
of inconsistencies that lead us to conclude the latter pos-

sibility, although it is recognized that the two alternatives

are not mutually exclusive. It is further suggested, from

the differences in th&,,, values of HAG transport in the 1 Abbreviations: AMG: a-methylglucose; BBM: brush border mem-
kidney as compared to the small intestine and SGLTPrane; BBMV: brush border membrane vesicles; BCA: bicinchoninic

i «in, e acid; EDTA: ethylenediaminetetraacetic acid; FSRFA: fast-sampling,
cRNA-injected oacytes, that renal SGLT1 activity Is rapid-filtration apparatus; HAG: high affinity glucose; HAP: high af-

finity phlorizin; HEPES: N-[2-hydroxyethyl]piperazine-N2-

ethanesulfonic acid]; LAG: low affinity glucose; LAP: low affinity
_ phlorizin; SER: standard error of regression; SGLT:"Meglucose
Correspondence toA. Berteloot cotransport; Tris: trislhydroxymethyllaminomethane.
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which both demonstrated kinetic heterogeneity of SGLTwhich resembles to some extent that of the medullary
along the rabbit proximal tubule, seem to have put athick ascending loop [24]. Still, the recent finding that
definitive end to this assumption. Still, the molecular patients with glucose-galactose malabsorption do not
basis of this heterogeneity has not been firmly estabshow glucosuria [58, 70] should be taken as strong evi-
lished yet. dence for molecular heterogeneity of SGLT systems in
Genetic defects of SGLT systems are expressed ithe kidney.
selective congenital glucose/galactose malabsorption by It would thus appear that the main question to ad-
the small intestine and familial renal glycosuria, and adress at this time is not whether there is more than one
minimum of two SGLT genes appear necessary to exSGLT system in the kidney but rather whether the kinetic
plain the clinical findings [16, 50]. The studies of Turner heterogeneity observed in BBMV isolated from the kid-
and Moran [59-61] were interpreted along these lineney cortex and/or medulla is the unique and direct con-
and it was concluded that there exists both high-affinitysequence of this molecular diversity. Indeed, the validity
glucose (HAGK,, = 0.35 mv) and low-affinity glucose of the latter equation rests on a number of assumptions
(LAG, K., = 6 mm) pathways in the kidney with distinct that may require thorough examination. For example, in
kinetic properties and expression patterns along thé¢he years following Turner and Moran’s studies [59-61],
proximal tubule. According to these authors [59-61],a number of papers appeared that also reported SGLT
the LAG system would (i) be found predominantly in the heterogeneity in intestinal BBMV [10, 18, 20]. How-
outer cortex (proximal convoluted tubule, S1 and S2 cellever, a careful reevaluation of such studies using similar
types), (ii) handle galactose very poorly, (iii) presentpreparations from the human [38], rabbit [13], and
high-affinity phlorizin (HAP) binding sites, and (iv) guinea-pig [37] small intestines clearly indicated that
demonstrat a 1 N&:1 glucose stoichiometry. In con- SGLT1 is the only glucose carrier involved in these tis-
trast, the HAG system would (i) be found predominantly sues, and the latter conclusion is strongly supported by
in the outer medulla (late proximal straight tubule, S3the concomitant demonstration that patients with glu-
cell-types), (ii) handle both glucose and galactose, (iii)cose-galactose malabsorption bear a single point muta:
present low affinity phlorizin (LAP) binding sites, and tion in the SGLT1-cDNA that fully accounts for the in-
(iv) demonstrag a 2 Nd:1 glucose stoichiometry. Since testinal defect [58, 70]. On a theoretical point of view
then, the latter system has been ascribed to the expreto, it should be appreciated that kinetic heterogeneity
sion in the kidney of the SGLT1 gene [14, 40-41], amay also result from particular transport mechanisms
cloned entity first isolated from the rabbit (rSGLT1, relating to either monomeric [6, 18, 26, 51, 53] or oligo-
[21]) and human (hSGLT1, [22]) small intestines and meric proteins [13, 29, 30]. Indeed, following the dem-
shown to have the kinetic characteristics expected for thenstration by inactivation radiation studies that the intes-
HAG pathway usingn vitro expression systems [7, 45, tinal and renal SGLT proteins may form oligomeric com-
65, 69]. There is some controversy, however, as tqlexes [2, 55-56, 62], a number of reports appeared [8,
which of the three clones recently isolated from humanl19, 29-30, 66] that challenged the interpretation of
(Hul4-hSGLT2, [25, 68]), pig (SAAT1-pSGLT2, [31, Turner and Moran’s results [59-61]. In agreement with
35]), and rat (rat SGLT2 [71]) kidney cDNA libraries such studies, Chenu and Berteloot [13] proposed a quite
might in fact represent the former system: (i) sugar-simple dimeric model of cotransport with mixed positive
evoked currents in Hul4-hSGLT2 cRNA-injected oo- and negative cooperativities for Nand glucose bind-
cytes wee < 1 nA[25], in contrast to those of 1000-2000 ing, respectively, that may fully account for the kinetic
nA observed for SGLT1 and SAAT1-pSGLT2 [35]; (i) properties usually taken as evidence for the existence of
the close relationship of Nadependent nucleoside co- two distinct SGLT transport systems: (i) upward devia-
transport to Hul4 and the substantial evolutionary distions from linearity in Eadie-Hofstee plots, (ii) different
tance of Hul4 from the established SGLTs suggest thaa’:glucose stoichiometries at low and high sugar con-
Hul4 is a nucleoside carrier [48]; (iii) the expression of centrations, and (iii) partial inhibition by substrate ana-
SAAT1-pSGLT2 mRNA was reported to be strong in logues and/or inhibitors. While the first two predictions
intestine, spleen, liver, and muscle but low in kidneyof this model could not be demonstrated in the rabbit
[31], so that it has even been proposed that SAAT14ejunum [13] and hSGLT1-cRNA injected oocytes [12],
pSGLT2 be renamed SGLT3 [71]; and (iv) to our knowl- results that do not rule out, however, a polymeric struc-
edge, the localization of SAAT1-pSGLT2 along the ture of the SGLT1 protein [13], it has been shown since
nephron has yet to be established, a quite important mathat the extent of cooperativity between subunits may be
ter in view of the recent demonstration of SGLT activity modulated through their association with RS1-type pro-
in dog distal thick ascending limbs [67]; indeed, SAAT1- teins which can be found in the small intestine (pig,
pSGLT2 was cloned from the pig kidney cell line LLC- rabbit, sheep, man) and in both the renal outer cortex and
PK, [31] showing functional differentiation patterns of outer medulla (pig, rabbit, man) [30, 66]. Finally, the
proximal tubule cells [33, 47] but hormonal sensitivity possibility that the anatomical separation achieved by
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Turner and Moran [59—61] may only be apparent shouldMaterials and Methods

also be considered. As noted by the authors themselves

although never addressed, the possibility remains that thﬁl

two SGLT pathways observed in their studies are, in fact, ATERIALS

r,m_imfeSt_at'onS of the same tranqurt protein in CIIﬁerem‘Rabbits were purchased from the Maple Lane Farm (Clifford, Ontario)
lipid environments [59]. Moreover, it would also appear or the “Ferme de Section Cunipur’ (St-Valeien, Quidec). o-[1-
from recent studies that the regulation of SGLT1 activity *H(N)]-glucose (specific activity 10-15 Ci/mmol) was supplied by
is post-transcriptional since it is correlated with the pro-New England Nuclear (NEN), the BCA (bicinchoninic acid) protein
tein concentration in the BBM membrane [52] but not @ssay kit by Pierce, unlabeledglucose by Sigma, phlorizin and ul-

. _ trapure salts by Aldrich, and amiloride hydrochloride and scintillation
with the amount of homOIOgous MRNA [32]' Accord cocktail (3-blend) by ICN Biomedicals. Cellulose nitrate filters (12.5

ingly, the studies of Pajor et al. [44] provide molecular mm diameter, 0.6fwm pore size) were obtained from Micro Filtration
evidence for two SGLTs in the rabbit kidney that should systems (MFS). All other chemicals were of the highest purity avail-
be considered as indirect evidence only and they do natble.
rule out the possibility of different post-transcriptional
modifications (whether related or not to the differential
expression of RS1-like polypeptides) of a unique protein
in the S1/S2 as Compared to the S3 segments of th@arge batches of renal BBMV were prepared from the whole kidney
proximal tubule. It thus seems fair to conclude that thecortex of male, 2.0-2.5 kg New-Zealand white rabbits essentially as
“two independent carrier hypothesis” of Turner and described previously for the rabbit jejunum [3, 13, 36]. Briefly, cortex
Moran [59_61] is not the sole interpretation of their ki- slices were introduced into the homogenate media (#8+BPES-Tris
netic data and, as such, needs further reassessment. buffer pH 7.0 containing 1 m EDTA and 250 nu sucrose) at a 1:20
. . . ratio (w:v), and homogenized at 4°C in a Waring blender for 1 min at

In this paper, we Fhus reevaluat_ed the kinetics OffuII speed. BBM were precipitated by addition of 10unMgCl,, [13,
renal SGLT using rabbit renal BBMV isolated from the 36], purified in a R fraction [3], and resuspended in a minimal volume
whole kidney cortex and a fast-sampling, rapid-filtration of 50 mu HEPES-Tris buffer (pH 7.0) containing 300mannitol and
apparatus (FSRFA [5], US pate#ts, 330, 717) for up- 0.1 mv MgSO, [13]. The B, fractions were divided into 500l ali-
take measurements. It should be emphasized that no dtUOtS and frozen in liquid N[13, 36]. On the day of use, a suitable

; ; ber of aliquots of frozenRvere thawed and diluted at a 1:10 ratio
tempt was made in our studies to separate the HAG anf"™ q . .
p P Ww:V) in the resuspension buffer (5SOMTHEPES-Tris buffer (pH 7.0)

LAG transport pathways according to reglonal dlffer-. containing 0.1 mM MgSQ 300 ma mannitol, and 200 m KI) to

ences along 'the proximal tUbU|e_ on th? ratlonalg that:_(')Nhich was added gm valinomycin to ensure full equilibration of the

a full separation may not be easily achieved by dissectioration [13, 36]. BBMV were prepared as a final pellet [3] and

alone, as acknowledged by Turner and Moran [59, 61] irresuspended in the valinomycin-free resuspension buffer at a protein

their original studies and clearly indicated by the morecopcentration of 28-35 mg/ml [13}. To ensqre stability of the prepa-

recent work of Pajor et al. [44] and Silverman et al. [54], F3tion over the course of the experiment,i2liquots of BBMV were

.. . . P . frozen in liquid N, until the time of assay [13, 36].

(ii) the low yield in BBMV which is expected following

anatomical separation would preclude extensive kinetic

studies to be performed, (iii) kinetic separation may onlyUPTAKE ASSAYS

be apparentdee discussion aboyeand (iv) it would be

possible to analyze simultaneously the kinetic characterinitial rates of Na-dependent’H-o-glucose uptake were determined

istics of the two transport pathways with respect to a_under zero-trans gradient cond_ltlons of both ion and substrate using the
" . . . automated FSRFA developed in our laboratory [5]. For each assay, 20

number of critical issues relatlng to the 'nV.OIVe.ment of wl of BBMV were thawed, prewarmed, and loaded into the apparatus.

the SGLT1 and SGLT2 transport systems in this prepayptake was initiated by injecting the vesicles into 4800f 50 mum

ration. While our results do confirm the kinetic hetero- HEPES-Tris buffer (pH 7.0) containing (in ) 0.1 MgSQ, 0.5

geneity of SGLT in kidney BBMYV, it is also shown that amiloride, 300 mannitol, 50 K, 150 of either Nal or choline iodide for

_Na‘-gradient or N&free conditions, respectively, and i4m tracer
both of the HAG and LAG transport pathways demon

_ . N _ D-glucose or galactose. For kinetic parameter determinations, 12 con-
strate similar energies of activatiog for a full cata centrations of cold-glucose or galactose were used (0, 0.01, 0.025,

lytic cycle, accept galactose as an alternative substrat,,s 1 25 0.5, 1, 2, 5, 10, and 208)rand osmolarity was kept
and are inhibited competitively by phlorizin with identi- constant by varying mannitol concentrations to satisfy a total concen-
calK; values. Comparisons of HAG expression in rabbittration of cold substrate + mannitol of 300/m For phlorizin inhibition
intestinal and renal BBMV, and of SGLT characteristics studies, the uptake media also contained 0.5, 1, 5, 10, 30, ans 50

in renal BBMV vs. cRNA-injected oocytes expressing the SGLT inhibitor. Uptakes were performed in the thermostated
the cloned SGLT1 and SGLT2 systems lead us to Conghamber of the FSRFA [5] and determined by a 9-point automatic

sequential sampling of the uptake mixture at 1-sec intervals [13]. At

clude that the kinetic heterogeneity observed in our SIUd_each time point, 5@l of the uptake mixture was injected into 1 ml of

ies most likely reflects dlfferent tranqurt properties Ofice—cold stop solution (50 mn HEPES-Tris buffer (pH 7.0) containing
rSGLT1 rather than coexpression of distinct rSGLT1 andin mw): 0.1 MgSQ, 300 mannitol, 1 phlorizin, and 200 of either NaCl
rSGLT2 proteins. or choline chloride for N&gradient or Na-free conditions, respec-

PrREPARATION OF BRUSH BORDER MEMBRANE VESICLES



184 N. Oulianova and A. Berteloot: Sugar Transport Heterogeneity in the Kidney

tively). The stopped mixture was then filtered through Ou66 cellu- 1.50 - .
lose nitrate filters, and the filters were washed three times with 1 ml of
ice-cold stop solution [5, 13]. The substrate content of the vesicles was
then determined by liquid scintillation counting as described previously
(13]. 1.00 1
Under the conditions of our uptake assays, the initial rates of 50
wM D-glucose uptake were linear with protein concentrations over thew _

1.25 +

. mg™ protein)

protein)

{pmol . s™*

-1

0 S 100 15 200 250 300 30

. mg

0.75 -
range 1-35 mg protein/ml [13]. Protein was measured with the BCA >
assay kit using bovine serum albumin as a standard. '» 050
o 0.25 T=20°
DATA ANALYSIS E |
Y Y .

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 transpgrt ( [glucosel (mM)

pmol- sec*- mg™* protein) were determined over the 1-7-sec time

course of the assays by linear (15-25°C) or polynomial (30°C) regresFig. 1. SGLT heterogeneity in renal BBMV at 20°C. BBMV were
sion analysis as justified previously [13]. The kinetic parameters ofresuspended in 50 MHEPES-Tris buffer (pH 7.0) containing 0.1vm
glucose and galactose transport were estimated by nonlinear regressidfgS0O,, 300 mv mannitol, and 200 m KI. The uptake medium con-
analysis of the initial rate data, thus assuming that the added coldained (final concentrations): 50NMHEPES-Tris buffer (pH 7.0), 0.1
substrate acts as an ideal competitive inhibitor of tracer transport [6, 131nM MgSQ,, 0.5 mv amiloride, 100 nw mannitol, 50 nw KI, 150 mv

38]. The equations used corresponded to either one or two MichaelisNal, 4 um p-(*H)glucose, and 0-200mglucose. Osmolarity was kept
Menten components working in parallel with passive diffusion (re- constant by varying mannitol concentrations to satisfy a total concen-
ferred to in the following as the one-site or the two-sites models,tration of glucose + mannitol of 200w Values shown are the mean
respectively) and have been both justified and given in full in a pre-initial rates +SER determined from five uptake time courses recorded
vious paper from our group, as well as the strategy aimed at mode#t each substrate concentration as described in the extarfd @)
discrimination [13]. The best model fit to the data is reported in eachrepresent two independent experiments. Missing error bars were
of the figures, and an Eadie-Hofstee transformation of the carrier-smaller than the symbol size. The full lines shown are the best-fit
mediated process is also presented where appropriate for visual agurves corresponding to the two-sites model, and the broken lines
praisal of the goodness of fit [6, 13, 38]. Linear and nonlinear regres-represent the 95% confidence interval of the regressions. All kinetic
sion analyses were performed using a commercial software (Enzfitterparameters are given in Table 1. Inset: Eadie-Hofstee plot of the car-
R.J. Leatherbarrow, copyright 1987, Elsevier-Biosoft). Since both ofrier-mediated component of SGLT constructed from the nonlinear re-
the robust and explicit weighting routines of this software were used forgression analysis of the pooled data with kinetic parameters as given in
data analysis, the errors associated wijtlleterminations and kinetic ~ Table 1. Broken lines represent the individual contribution of the HAG
parameter values reported in this paper represent the standard errors @fd LAG transport pathways to total transport. Error bars were volun-
regressionER) on these parameters. When shown, the evaluation oftarily omitted for clarity of the figure.

the 95% confidence intervals was performed using the commercial

software “P.Fit” (copyright 1990 Fig.P Software, Biosoft).

0.001 0.01 0.1 1 10 100 1000

heterogeneity of SGLT in rabbit renal BBMV purified
from the whole kidney cortex is best emphasized by the
Eadie-Hofstee transformation of the pooled data (inset of
Fig. 1 with kinetic parameters as given in Table 1).

Results

HETEROGENEITY OFSGLT IN RENAL BBMV

The dependence of the initial rates of trapeglucose (4  TRANSPORTHETEROGENEITY AND NA"-INDEPENDENT

M) transport upon increasing cold substrate concentraGLUCOSE TRANSPORT

tions is shown in Fig. 1 for two similar experiments

performed at 20°C using different batches of BBMV and The possibility that glucose transport in renal BBMV
cold glucose concentrations. In both experiments, thenight occur in the complete absence of'N&l, 23] was
initial rate data were best described by the two-sitesevaluated by comparing: (i) tracerglucose uptake (4
model equation, and the kinetic parameter values corream) in the presence of 150 mNa*® and 200 nm cold
sponding to the HAG and LAG transport pathways areglucose, experimental conditions which should give, ac-
given in Table 1. The reproducibility of our kinetic ap- cording to the kinetic parameter values of Table 1, a
proach appears very good, as also clearly demonstrateéliable estimate of the diffusional component of trans-
in Fig. 1 where it can be appreciated that the two fits areport, and (ii) tracep-glucose uptake (4m) in the pres-
not significantly different from each other at the 95% ence of 150 ma choline substituted for Na experimen-
confidence level. The uptake time courses generated aal conditions that provide, as clearly indicated by the
each of the glucose concentrations tested in the two indisplacement curve in Fig. 1, the highest sensitivity for
dependent experiments were thus pooled to determine measuring any carrier-mediated transport. As illustrated
unigue set of initial rates of tracer uptake. The kineticin Fig. 2, the uptake data under conditions (i) and (ii)
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Table 1. Kinetic parameters of SGLT transport at 20°C in rabbit renal BBMV isolated from
the whole kidney cortex

Kinetic Experiment 1 Experiment 2 Pooled data
parameters
Vmaxl

(pmol. sec* mg* protein) 147+ 15 205+ 4.0 17.1+ 24
KmI

(M) 54 + 6 68 12 60 + 8
Vmax2

(pmol. sec* mg™* protein) 147 +21 95 +23 119 +22
Km2

(mm) 2.7+ 05 2.0+ 0.8 2.3+ 0.6
ko

(pmol. sec* mg™* protein. 1Y) 53+ 1.4 9.2+ 1.7 7.7+ 16

Values shown were determined from the data presented in Fig. 1.

1.2 7 HETEROGENEITY OFNA™-D-GALACTOSE COTRANSPORT IN
® RENAL BBMV

: = 1.0
S Hul4 [68], a human cDNA claimed to represent hNSGLT2
s 2 [25], and SAAT1, a cDNA cloned from LLC-PKcells
S [31] and later proposed to represent pSGLT2 [35], were
§ IE’ reported not to transport or to transport very weatdy
o . galactose, respectively, when expressed@mopus lae-
55 visoocytes. As shown in Fig. 3, however, heterogeneity
s & of both p-glucose andb-galactose transport could be
= readily observed at 25°C in our renal BBMV prepara-

tions. Moreover, Table 2 indicates that high and low

! affinity galactose transport occurred wit,,, values
_ similar to those of HAG and LAG transport, thus show-
Time (sec) ing that the two substrates do share the two transport

Fig. 2. Transport heterogeneity and Nmdependent glucose trans- pathways. Interestingly too, galactose was transported

port. BBMV were resuspended as described in the legend to Fig. 1. Th(\:Nlth lower affinity than glucose thr(_)UQh both pathways;
uptake media contained (final concentrations): 50 HMEPES-Tris ~however, theK,, for galactose relative to glucose trans-

buffer (pH 7.0), 0.1 m MgS0,, 0.5 mv amiloride, 50 nw K, 4.24 M port through the HAG and LAG routes were increased by

p-(H) glucose, and either 100nmmannitol, 200 nw glucose and 150 3.9- and 7.8-fold, respectively.

mm Nal (@) or 300 mu mannitol and 150 m choline iodide O). Ten

uptake time courses were recorded at 20°C under each of these experi-

mental conditions. The linear regression lings<(a- t+ b) shownare ~ PHLORIZIN INHIBITION OF SGLT IN RENAL BBMV

the best-fit lines over all individual data points in each experiment.

52%;9552‘)’”0 %jrzag”leée(r);g%‘;_‘"a'nzefjc_(;;gﬁ_;gp_rl°;fc':;n;’-g‘g%:—: Based on phlorizin inhibition studies of SGLT in rabbit

0.026 ,)"0.257 + 0.0170). ' ' 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 [61]. In agreement with Turner

were not significantly different from each other at the and Moran’s studies [61], an Ig value= 1 pm was

95% confidence level, thus clearly demonstrating thatestimated for phlorizin inhibition otx-methylglucose

Na* is mandatory for glucose transport through the HAG (AMG) transport through Hu14/hSGLT2 [25] (this value

and LAG pathways, and that Réndependent transport is equivalent tK; = 0.4 um when assuming competitive

does not contribute in any way to SGLT heterogeneity.inhibition and considering both the AMG concentration

Moreover, the mean slope value of 0.039 + 0.003of 2 mm used and the&,, value of 1.6 nw for AMG

pmol- sect- mg* protein estimated for the pooled data transport reported in the studies of Kanai et al. [25]).

in Fig. 2 is equivalent to &y value of 9.20 £ 0.07 In contrastK; values of 16—1&w (at holding membrane

pmol- sec*- mg™ protein. ma™* in these experiments, potentialsV,, of -110 to -50 mV) or= 37 uMm (atV,, =

in agreement with the data in Table 1 at 20°C. -10 mV) were determined for phlorizin inhibition of
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[glucose] (®) or [galactose] (0) (mM) [glucose] (mM)

Fig. 3. Heterogeneity of Nap-galactose cotransport in renal BBMV  Fig 4. Phiorizin inhibition of SGLT in renal BBMV at 25°C. Experi-

at 25°C. Experimental conditions were as described in the legend t@nental conditions were as described in the legend to Fig. 1 except that
Fig. 1 (@) or galactose was substituted for glucose in the uptake medi"’bhlorizin concentrations of 0%), 1 (O), 10 (A), and 50 @®) um were

(O). Values shown are the mean initial rates +SER determined fromyqged to the uptake media. Values shown are the mean initial rates
five uptake time courses recorded at each substrate concentration 3SR determined from four uptake time courses recorded at each sub-
described in the text. Error bars were smaller than the symbol sizegrate concentration as described in the text. Error bars were smaller
Lines shown are the best-fit curves corresponding to the two-site§han the symbol size. Lines shown are the best-fit curves corresponding
model. All kinetic parameters are given in Table IBset: Eadie- {5 the two-sites model. All kinetic parameters are given in Table 3.

Hofstee plot of the carrier-mediated components of gluceand  |nset: Eadie-Hofstee plot of the carrier-mediated component of SGLT.
galactose ©) transport.

Table 2. Kinetic parameters of glucose and galactose transport at 25°dng that phlorlzm inhibits competltlvely the two transport

in rabbit renal BBMV isolated from the whole kidney cortex

pathways (it should be noted that the meégp,,, and
V,haxz Values of 4 + 6 and 524 + 49 pmolsec*- mg™?

Kinetic Substrate protein, respectively, compare fairly well to those deter-
parameters mined in Table 2 for a different membrane preparation).
Glucose Galactose  Therefore, the apparent Michaelis constarks) (in
v Table 3 were fitted to Equation (1) in whidk,, and K,
max1l 1 H
(pmol. sect mg™® protein) 56 + 65 + 4 have their usual meanings.
KmI
(M) 99 +11 384 +16 (1)
v, Ka=Km-[1+g ()
(pmol. sec* mg™* protein) 546 +49 633 +95 !
K"EﬁnM) 27+ 05 211+ 49 These results are shown in Fig. 6 from whikh,, and
Ko K, values of 0.113 + 0.007 and 3.3 £ 0.2vuncould be
(pmol. sect mg™ protein. m1™?) 16.7+ 4.2 145+ 2.7 estimated for HAG and LAG transport, respectively, in

agreement with the results of Table 2. Interestingly,
however, similaK; values of 15.3 £ 3.0 and 14.5 £ 2.2
M were observed for phlorizin inhibition of the two
SGLT pathways.

Values shown were determined from the data presented in Fig. 3.

AMG transport through pSGLT2 [35], and these values
thus appear higher than th& values of 6-10um esti-
mated for rSGLT1 [7, 65, 69]. TEMPERATURE EFFECTS

This question was thus reevaluated in our rabbit re-
nal BBMV preparations by repeating at 25°C the experi-The temperature dependence of SGLT has been analyze
ments of Fig. 1 for different concentrations of phlorizin. in rat [27], hog [17] and rabbit [28] renal BBMV. Non-
The initial rate data were best-fitted to the two-siteslinear Arrhenius plots were found showing either a tran-
model equation as shown in Fig. 4 for representativesition temperature at 15°C [17, 27] or curvilinearity [28]
concentrations of phlorizin, and the corresponding ki-over the whole range of temperatures. Since these earl
netic parameter values are given in Table 3. Figure Studies did not resolve the HAG and LAG transport path-
clearly indicates that th¥,,,,, of both HAG and LAG ways, such nonlinear plots are compatible with SGLT
transport were unaffected by phlorizin, thus demonstratheterogeneity in renal BBMV, as also inferred from the
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Table 3. Effects of phlorizin on the kinetic parameters of SGLT transport at 25°C in rabbit renal BBMV isolated from the whole kidney corte

Kinetic [Phlorizin] (um)
parameters

0 0.5 1 5 10 30 50
Vmaxl
(pmol. sec* mg™* protein) 51 + 9 42 += 9 42 +10 33 + 10 42 +£10 36 + 15 4 £ 12
Kal
(M) 119 +19 130 +26 120 +28 122 + 33 234 +44 390 +130 447 102
Vmax2
(pmol. sec* mg™ protein) 515 +49 433 +43 545 +45 556 +134 586 +57 503 + 57 528 + 89
KaZ
(mm) 3.6+ 0.7 3.6+ 0.7 3.2+ 0.6 45+ 15 6.1+ 1.1 91+ 24 156+ 54
ko

(pmol. sec* mg* protein. v 257+ 1.3 243+ 14 238+ 1.3 340+ 48 207+ 1.0 218+ 12 234+ 18

Values shown were determined from the data presented in Fig. 4.
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Fig. 5. Mechanism of SGLT inhibition by phlorizin. The kinetic pa-

rametersV,,.. given in Table 3 were plotted against phlorizin concen- [Phlorizin] (uM)

trations. The linear regression lines and 95% confidence intervals

shown demonstrate that phlorizin has no effect orMhg of the HAG  Fig. 6. K; determination of SGLT inhibition by phlorizin. The kinetic
(@) and LAG (O) transport pathways, thus indicating the competitive parameter«,, given in Table 3 were plotted against phlorizin concen-
nature of transport inhibition through both pathways. trations. The linear regression lines shown are the best-fit lines corre-
sponding to Equation (1) in the text, and the identical intercepts of these
lines on the x axis demonstrate that the HA@, full line) and LAG

(O, dotted line) transport pathways are inhibited with equal potency by

studies of Brot-Laroche et al. [10] in guinea-pig intesti- phlorizin, Estimatedk, values are given in the text

nal BBMV where a LAG transport pathway seemed to be
activated at higher temperatures.

This hypothesis was tested in our renal BBMV + 3.1 and 40.2 + 2.2 kcalK™*-mol™* for HAG and
preparations as follows. Experiments similar to those ofLAG, respectively, Fig. &); and (iii) anE, value of 25.7
Fig. 1 were repeated at 15 and 30°C. The kinetic data at 2.1 kcal- K™*- mol™ can be estimated from thi,,,
these two temperatures could be best resolved when adata relative to HAG transport (FigB7 closed circles)
suming a two-sites model with kinetic parameters aswhich falls within the range off, = 18.0 + 3.4
given in Table 4. It was then possible to construct thekcal- K™ - mol™ that can be calculated for passive dif-
Arrhenius plots pertaining to the kinetic parameters defusion of glucose (Fig. B, open triangles).
termined in Tables 1-4 (Fig. 7) from which the following
observations can be made: (i) linear plots are obtained )
over the 15-30°C range of temperatures for all kineticP'SCussion
parameters, although theé, of the LAG transport path-
way proves to be quite insensitive to temperature (meaiGeENERAL COMMENTS
value = 2.9 + 0.5 mu, Fig. 7B, open circles); (ii) similar
E, values can be determined from thg,,, data pertain- In this paper, the kinetics of SGLT were reevaluated in
ing to the HAG and LAG transport pathways,(= 45.0  rabbit renal BBMV isolated from the whole kidney cor-
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Table 4. Kinetic parameters of SGLT transport at 15 and 30°C in weighted, nonlinear regression analysis of the initial rate
rabbit renal BBMV isolated from the whole kidney cortex data relative to tracer concentration that precludes undue
transformations of the experimental data and avoids a

E;:Z::eters Temperature number of complications associated with it [5, 6, 13, 38],
15°C 30°C and (iii) paid particular attention to the stability of the

vesicle preparation [36] and to the control of tempera-

Vinaxa ture, pH, osmolarity, ionic strength, and membrane po-

(pmol. sec* mg™* protein) 41+ 03 365 + 87  tential which was clamped to 0 mV using iodide as a

K highly permeant anion [4]. From the results of Fig. 1 and

V(’*M) 29 %3 311 = 38 Table 1 at 20°C, and Tables 2-3 at 25°C, it can be

”E;erml. sec* mg™? protein) 49 +10 1457 +139  concluded thatthe use of BBMV prepared from the same
Koo large batch of P fractions minimizes animal-to-animal

(mm) 32+ 038 3.1+ 1.1 variations of uptake data and that our experimental con-

ko ditions ensure high reproducibility of the results. There-

(pmol. sec* mg™ protein. mv™Y) 3.6+ 0.4 178+ 13  fore, meaningful comparisons can be made between ex-

. o o , eriments without costly and time-consuming data rep-
Experimental conditions were as described in the legend to Fig.1, an cation

kinetic parameters were estimated by nonlinear regression analysis as L. .
indicated in the text. It is important to emphasize next that SGLT hetero-
geneity was observed in rabbit kidney BBMV under ex-
perimental conditions that failed to reveal similar hetero-
A 35- geneity in equivalent preparations from the rabbit [13]

20 and human [38] jejunum. The present studies thus vali-
date further our kinetic approach aimed at resolving mul-
] ticomponent transport systems [6, 13, 38] and confirm
>'g‘ 2.0 9 those of Turner and Moran [59] showing that the initial
o 151 t rate data in the whole kidney cortex is compatible with
S $ the presence of both HAG and LAG transport pathways.
7 Still, the K, values reported in Tables 1 (20°C) and 4
0.5 - (15°C) appear lower than those of 0.35 and 61 pme-
00 | . : : : i viously estimated at 17°C in a similar preparation for
HAG and LAG transport, respectively [59]. This appar-
B ent discrepancy can be easily resolved from the consid-
251 eration that Turner and Moran'’s data [59] were obtained
~ 204 at a 40 nm Na" concentration rather than the saturating
; s 1 Na" concentration of the 150 mused throughout our
. B A experiments [60, 61].
£ ) T I
= e
- %; ? {I’ J SGLT EXPRESSION INRABBIT RENAL AND
007 INTESTINAL BBMV

Because a cDNA clone with full identity to intestinal
rSGLT1 has been isolated from the rabbit kidney cortex
Fig. 7. Temperature effects on glucose transport through the HBJG ( [40], it can be assumed, as also done by a number of
LAG (O), and diffusional {) pathways in renal BBMV. Arrhenius ~ authors [25, 30, 35, 44, 54, 71], that the HAG pathway
plots were constructed for thé, . (A), andK,,andk;, (B) values given  should represent the functional expression of the SGLT1
in Tables 1-4. The slope of the linear regression lines shown allow theyrotein in this tissue. In this respect, Naas found to
calculation of the energies of activatiof,j given in the text (slope= be an essential activator of SGLT in the rabbit kidney
“BJ2.3'R). (Fig. 2), a property clearly demonstrated for rSGLTL1 in
the small intestine [13]. Still, under symmetrical condi-
tex, and it should be emphasized first that our kinetictions (20°C, 0 mV, and 150 mNa" gradient), theK,
experiments: (i) involved a dynamic approach [6, 18] invalue of HAG transport is some 2.3- + 0.4-fold lower in
which the true initial rates of transport were determinedthe former as compared to the latter tissue (60utv8in
from 4 to 5 uptake time courses recorded under all exTable 1vs.139 + 5um in [13], respectively). It can thus
perimental conditions with a FSRFA [5, 13, 38], (i) be concluded that this highly significant difference
evaluated the kinetic parameters of transport byshould reflect how rSGLT1 is expressed functionally in

(1/T) x 10° (k™)
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renal as compared to intestinal BBMV. Interestingly, ativity is correlated with the protein concentration in the
similar difference is seen in man for HAG transport in BBM membrane [52] but not with the amount of ho-
the jejunum K, = 0.6-0.9 nm in [38]) and the kidney mologous mRNA [32]. The nature of this modification
(K,,=0.3 mv in [63]). Therefore, these data point to the cannot be assessed at this time. Still, the decrease in thi
fact that the same SGLT1 gene leads to differential exK, value associated with rSGLT1 (HAG) expression in
pression of the SGLT1 protein in the two tissues. the kidney (60 + 8um, Table 1), and the apparition of a
One is thus led to question whether rSGLT1 activity LAG pathway in this tissuel(,, = 2.9 + 0.5 nm, mean
is modulated by the lipid composition and/or the physicalof the six experiments performed at different tempera-
state of the membrane. A conclusive answer to thidures), are features which are indeed reminiscent of those
question may not be given at this time. However, thereported by Veyhl et al. [66] upon coinjection of RS1
following pieces of evidence point out to a minor role of With rSGLT1 into Xenopusoocytes: under these condi-
this two elements in affecting SGLT1 activity: (i) it is tions, theK, of rSGLT1 decreased from 117-126 to
quite remarkable that similag,,, values have been re- 17-29um and a low-affinity pathway wittK, value of
ported for SGLT1 expression in intestinal BBM¢ee 0-9-1.9 m appeared [66]. Unfortunately, however, the
values reported above) and oocytes injected withfange ofKy, values reported for SAAT1-pSGLT2 (1.7—-
rISGLT1-cRNA (100_200 [45] and 117-126 [Gﬁlﬂ) or 4.0 mv in [35]),.HU14-h.SGLT2 (16 m n [25]), and rat
hSGLT1-cRNA (0.8 [34] and 1.2 [12] m); (ii) the tem- SGLT2 (3 mm in [71]) in cRNA—lnjected oocytes also '
perature studies of Fig. 7 show linear Arrhenius plots forSNcompasses that determined for the LAG pathway in
the V.., (E, = 45.0 + 3.1 kcatK™*-mol®) and Kk, e above studies.
(25.7 + 2.1 kcatK™*-mol™) data regarding glucose
transport through the renal HAG pathway; and (jii) if one KINETIC CHARACTERISTICS OF THERENAL
also assumes linearity in the Arrhenius plots of intestinallAG PATHWAY

SGLT1 between 20 and 35°C, quite similgyvalues of i , . .
32.7 and 15.8 kcalk ™1 - mol't can be calculated from Following Turner and Moran’s hypothesis [59-61] in

our previous studies in rabbit jejunal BBMV [13] for the \;Vehr:(t:h d??ﬁnf:?ﬂ?;r?sggrtaggsk:n?s pf‘;g"‘l’gﬁ rwr?;sldbreegr:e;is
Vmax @Nd K, data, respectively. Indeed, our conclusion>* : ! :
contrasts with that of previous studies in which: (i) the cribed to the expression of a SGLT2 protein [25, 35, 71]

Arrhenius plots were constructed from the initial rate that has yet to be cloned in the rabbit. However, this

data estimated at one substrate concentration only [9, ﬁ,lmple equation ignores the following facts: (i) a number

27-28], and (i) the renal HAG and LAG pathways were of inactivation radiation studies agree that the intestinal

not resolved [17, 27-28]. Because initial rate equationsand renal SGLT proteins may form oligomeric com-

of transport mechanisms are complex functions of bot lexes [2, 55-56, 62, (ii) a number of reports appeared
. por P . , 19, 29-30, 66] that challenge the interpretation of
microscopic constants and substrate concentrations, al

. qif ¢ rate-limit ¢ ¢ . rner and Moran’s results [59-61]; (iii) Chenu and
since dirrerent rate-limiting St€ps may govern ransportgq oot [13] proposed a quite simple dimeric model of
activity at different temperatures, linear Arrhenius plots

I d under th diti cotransport that may fully account for the kinetic prop-
are not usually expected under these conditions, eveBrjeq usually taken as evidence for the existence of two

When_ considering the simplest case of a unique transpoffictinet SGLT transport systems; and (iv) in agreement
protein. Therefore, thés, values of 45.0 + 3.1 keal ity this model, it was suggested that the extent of co-
K™ -mol™ determined in our studies from théna  gperativity between subunits might be modulated
data (Fig. A_)l may 91nly be compared to those of 17.4- through their association with RS1-type proteins [30,
21.0 keal K™= - mol™ calculated from the @ values of  gg]. Moreover, as discussed in the Introduction, there is
Parent et al. [46] pertaining to theé., of ISGLT1 in  some controversy in the literature as to which of the three
cRNA-injected oocytes. In contrast also to the studies of|ones recently isolated from kidney libraries [31, 68, 71]
Parent et al. [46], the,, of HAG transport in renal might in fact qualify to represent SGLT2 activity [25, 35,
BBMV shows a strong temperature dependence (Fig71]. The question arises, then, as to what extent could
7B). The reason for these differences is not obvious athe kinetic heterogeneity observed in BBMV isolated
this time but for the fact that such experiments are morgrom the kidney cortex and/or medulla be the sole con-
difficult to perform in oocytes studies [46]. sequence of the proposed molecular diversity and, as
The conclusion above that the lipid composition dgiscussed in details below, our studies do point out a

and/or the physical state of the membrane do not affechumber of inconsistencies with regard to this hypothesis.
much the functioning of rSGLT1 would suggest that

post-transcriptional modifications of the protein may beGalactose Transport Studies

responsible for the differential expression of rSGLTL1 in

the small intestine and the kidney, in agreement withlt was reported by Turner and Moran [59] that galactose
recent studies showing that the regulation of SGLT1 acis a poor inhibitor of glucose transport through LAG as
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compared to HAG, and; values of 54—-77 and 2.0-2.6 galactose transport characteristics between the putative
mm (ratio of 27—30-fold) can be estimated from the dataSGLT2s and the rabbit renal LAG pathway that might
of Table 2 in [59] for the former and the latter pathways, eventually be accounted for by species differences. Still,
respectively. Similarly, Roigaard-Petersen et al. [49]the available evidence also suggests that galactose trans
separated low (outer corte,,, = 15 mv) and high (outer port is a distinctive property of the SGLT1 protein, so
medulla, K,, = 0.15 nmwm) affinity galactose transport that our kidney results are also compatible with the con-
pathways (ratio of 100-fold) in the rabbit kidney. Quali- cept that HAG and LAG transport might represent two
tatively at least, then, our results agree with these previdifferent transport modes through the same rSGLT1 pro-
ous studies (ratio of 55-foldseeTable 2) and bring fur-  tein. In the dimeric model of Chenu and Berteloot [13],
ther evidence, from the similav,,,, values of glucose a possible interpretation would be that a higher negative
and galactose transport through both of the HAG andctooperativity is associated with galactose as compared tc
LAG pathways (Table 2), that the two substrates do sharglucose binding to a second substrate site (subunit). In-
the same transport routes. Moreover, in contrast to theleed, the rate of the conformational change induced upon
finding of preferential glucose uptake through LAG only binding of the first substrate molecule to the transporter
[49] and through SAAT1-pSGLT2 [35] as compared to might be linked to the structure of a pyranose ring.
rSGLT1 [7], our studies clearly indicate, in agreement

with those of Turner and Moran [47] in the kidney, that pp|orizin Inhibition Studies

glucose is the preferred substrate of both intestinal

rSGLT1 [13] (theKy, for galactose as compared to glu- It should be emphasized first that our studies appear as

cose transport was reduced 2.9-fold in these studies) arm :
~“the most complete ones to date that ever tried to deter-
the renal HAG and LAG pathways (Table 2). These dls'mine simultaneously the inhibitory effect of phlorizin on

crepancies may mdged relate to the facts that: (i) th AG and LAG transport pathways in BBMV isolated
Kinetic SZIUd'E.ES. 9f| ngaard-P_etersen et .‘."1" r[]49] were nc; rom the whole kidney cortex. Our results confirm be-
(é(_)n_e un ?r ?Itcliad rate fctl)lndltlonls, 3”%&') t fe IStUd'eS 0 yond any doubt that phlorizin inhibits competitively re-
irnir et al. [7] did not fu y resolved th&, of glucose 1, g 7 through both pathways (Fig. 5) and demon-
and galactose transport in rSGLT1-CRNA injected 00'strate, quite unexpectedly in fact, that phlorizin is equally

cytes. Still, in the present studies, the apparent afflnltypotent at inhibiting the two glucose transport routes (Fig.

of galactosevs. glucose transport through LAG was de- 6). One is thus led to question the experimental evidence

creased by 7.8-fold as compared to 3.9-fold only through . served to establish the notion that the rabbit kid-

HAG (Table 2), and these results also agree qualitativel ; ;
with those of Turner and Moran [59] (ratios of 9-13- and)f;]?i/b;'i'gs ti/nghll_c?ric;ir? athways should show differential

6—7-fold can be estimated in outer cortex and medulla, It turns out that Turner and Moran [59] concluded

respectively). Quite obviously, then, these results COUIC}irst that phlorizin is less effective in inhibiting-glucose

be taken as evidence for o distinct and lndependenﬁux in outer medullary vesicles than in the outer cortical

glucose transporters. However: (i) neither Hul4- . ; e
preparation when looking at phlorizin inhibition of glu-
hSGLT2 [25] nor rat SGLT2 [71] seems to transport cose transport in the two BBMV populations. This con-

gglgcl_t?;,e stg any S|gn|f|tc?jn;[ etxtent, a?d (I“) tSAAnt'hclusion does not seem to be justified, however, because
P | [ff.]';/va?( refozroe 9 hranspor galactose VIV' their data of Table 2 in [59] merely report on phlorizin
very low affinity (K, mv); however, a more real- inhibition at a fixed glucose concentration of MmAc-

Istic K.m value of 385 u would account for the data of cordingly, from the relative inhibition values reported in
Fig. 1 in [35] as can be calculated from the current valuesthat Table (60 m NaCl inward gradient at 17°C) and the

and kinetic parameters of sugar transport given in the,; .. : :
text? [35]. Accordingly, there is a major difference in the %Qﬁgg %?rgrgitlelrsa?]fdggjiciz(;’\t/lracnasr;]) %r; g(;\;?cnullgtgﬁ]ét

10-100 wm phlorizin for the outer cortical and outer
medullary tissues, respectively. Interestingly, these val-
ues are not that different from ours (131, Fig. 6) and
could well have been taken as evidence for similar sen-
sitivities of the HAG and LAG transport systems relative
to phlorizin inhibition.

In further studies performed under equilibrium ex-

2 At a holding potential of -50 mV, th&,,, of a-methylglucose trans-
portis 1.7 nm and a substrate concentration of 20 induced a current
of 560 nA [35]. Anl ., value of 608 nA can thus be calculated from
the Michaelis-Menten Equation (2)

I 20

T7+20 % @

In the same occyte and at the same holding potential, 2@afactose

induced a current of 30 nA, so thatka, of 385 mv can be estimated 608+ 20 _
for galactose transport from the Michaelis-Menten Equation (3) Kmn+20

30 ©)
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change conditions (60 m NaCl and 1 nm glucose), then, as to what extent could those conflictory results (i)
Turner and Moran [61] were able to resolve consiskent reflect the fact that phlorizin may bind to different con-
(1.48 M) andK; (1.36 m) values for phlorizin binding  formational states of the transporter(s) under these two
and phlorizin inhibition of glucose transport in the outer sets of experimental conditions or, alternatively, (ii) be a
cortex but failed to do so in the outer medulla. Still, direct consequence of the phlorizin binding mechanism
because a low affinity binding componeity(= 102um itself. In this respect, it should be noted that Toggen-
at 37°C and 60 m NaCl equilibrated across the BBMV) burger et al. [57] reported that large differences could be
could be observed in BBMV isolated from the latter observed in the time course of phlorizin binding in renal
tissue, and becauseg 5 value of 51um was determined  vs. intestinal BBMV from rat and rabbit, and that the
for phlorizin inhibition of 1 mv glucose transport under binding velocity appeared to correlate with tgandK;
equilibrium exchange conditions (20°C and 60vm values. Quite interestingly too, the apparkntalues in
NaCl) in this preparation, it was concluded that HAG the rabbit small intestine decreased from 40%0at 0.1
transport should be associated with LAP binding. Thesesec to approx. fum in the time interval 1.3-1.8 sec [57].
two data sets are internally inconsistent, however: (i) arhose questions were specifically addressed in the fol-
Kgs value higher than thé&, value would have been lowing two papers [42—43] where it is shown that: (i)
expected in the equilibrium exchange experiments (angbhlorizin binding studies in the whole rabbit kidney cor-
the more so since K, value higher than 10Qm would  tex appear homogeneous, (ii) the differenc&jpvalues
be likely upon decreasing the temperature from 37 toobserved under initial rate and equilibrium conditions is
17°C); and (ii) theK, 5 value does not tell much about a characteristic feature of the phlorizin binding mecha-
the K; and/orK, values in the absence &f, value for  nism itself, and (i) theK, values of 12—3@wm estimated
glucose transport (for example, thg 5 value of 51um under initial binding conditions are in the range of e
is fully compatible under the conditions of those experi-value of 15um (Fig. 6) reported in this paper.
ments with aKy and/orK; value of 15um for an asso- It is quite remarkable, then, that oly andK; val-
ciated K., value of 0.4 nm as reported for HAG by ues: (i) lie within the range of 5-3(m determined by
Turner and Moran [59, 61]). Moreover, in the LLC-PK Toggenburger et al. [57] in rabbit intestinal BBMV (un-
cell line which seems to express SGLT1 almost exclu-der initial rate conditions at room temperature, and in the
sively [41], Moran et al. [39] reporteld, values of phlo-  presence of a 100 minward N&-gradient, higheiK,
rizin binding at 37°C that increase from 0.2 to 2. for ~ values were observed at decreasing membrane potentiz
Na" concentrations decreasing from 500 to 10&.m while similar Ky andK; values were estimated for phlo-
Similarly in the dog [54],K; values of= 0.9 pm were  rizin binding and phlorizin inhibition of glucose trans-
reported for phlorizin inhibition of SGLT under Na  port), (ii) are similar to those determined in rSGLT1
gradient conditions (150 m NaSCN, 25°C) in both of cRNA-injected oocytes (5—-1pM in [69]), but (iii) are
the outer cortical and outer medullary tissues. Howeverlower and higher, respectively, than those reported for
these results contrast with the phlorizin binding studiesSAAT1-pSGLT2-mRNA (37wm at =10 mV but decreas-
of Turner and Silverman [64] in the same species ining to = 16 um at hyperpolarizing potentials of —70 to
which both HAP K4 = 1 um) and LAP Ky = 26 pm) =110 mV in [35]) and Hul4-hSGLT2-mRNAK({ = 0.4
sites were found in the whole kidney cortex (10&m M as could be calculated from the data of Kanai et al.
NacCl equilibrated across the BBMV, 37°C). [25]) injected oocytes. It can thus be concluded that our
It thus seems fair to conclude that the situation is farresults on phlorizin inhibition of SGLT (and binding
from clear at this time, so that further insights to resolve[42—43]) in rabbit renal BBMV are compatible with the
those questions should come from the comparison oknown expression of rSGLT1 in the small intestine [21]
transport inhibition and phlorizin binding studies on the and the kidney [14, 40-41], so that our kidney results are
same preparation. Moreover, an interesting observatioalso compatible with the concept that HAG and LAG
that stems from the above discussion is thatkhealue = may represent two different transport modes through the
of 15 um found in our studies is close to one order of same rSGLT1 protein. In the dimeric model of Chenu
magnitude higher than th€, values of phlorizin binding and Berteloot [13], a possible interpretation would be
usually recorded in the rabbit [61] and dog [64] kidneys, that phlorizin binding, in contrast to glucose and galac-
and in LLC-PK; cells [39]. Indeed, part of the discrep- tose binding during transport, would occur in the absence
ancy with the latter studies may be accounted for byof significant cooperativity between subunits, as also
differences in assay conditions (temperature; Nan-  suggested in the pig by the work of Koepsell et al. [29].
centrations). Quite importantly, however, because the Indeed, it could be argued that our kinetic studies
K4 values of phlorizin binding in the kidney are usually may not be able to distinguish clo$e values for the
determined at equilibrium (incubation times of 5 min or phlorizin inhibition of glucose transport through rSGLT1
more) while theK; values of SGLT inhibition are deter- and rSGLT2 proteins. This is true only within the 95%
mined under initial rate conditions, the question arisesconfidence intervals of thK; values determined in Fig.
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6 for the HAG (9.8-20.2um) and LAG (11.1-17.9uMm) of whether SGLT in the whole kidney cortex results from

pathways (esults not shown It could be argued as well the expression in the proximal tubule of two independent
that phlorizin interaction with a SGLT2 protein may vary transporters (rSGLT1 and rSGLT2) or from the expres-
quite widely from species to species, a possibility thatsion of a unique transporter (rSGLT1) showing allosteric
cannot be readily evaluated at this time. Still, in bothkinetics. When taken together, however, they do point
cases, should rSGLT2 represent the LAG transport patheut a number of inconsistencies as to: (i) the kinetic
way in our BBMV preparations, it can be stated that thisparameters of rSGLT1 expression in the small intestine
transporter would have phlorizin binding properties simi-[13] and cRNA-injected oocytes [45, 66] as compared to
lar to those of rSGLT1 in spite of a 27- and 55-fold the kidney (this study), and (ii) the substrate specificity
difference in transport affinities for glucose and galac-and the phlorizin inhibition characteristics usually asso-

tose, respectively (Table 2). ciated with SGLT1 and SGLT2 activities [25, 35, 59—
61]. One is thus left with either of the following two
Temperature Studies alternatives which are not necessarily mutually exclu-

sive: (i) rSGLT1 and rSGLT2 are coexpressed in renal
To fully appreciate the results of FigAshowing similar  BBMV but structural similarities [35] give them a num-
E, for the renal HAG and LAG pathways, let us first ber of overlapping functional characteristics; (ii)
consider the temperature dependence of two closely reSGLT1 activity is somehow modulated, for example
lated proteins like rSGLT1 and hSGLTL1 (there is 84%through association with (a) regulatory subunit(s), as
identity and 94% similarity into the amino acid se- would be compatible with the studies of Koepsell's
quences of the two transporters [69]). From our earliergroup [30, 66], such as masking rSGLT2 expression.
studies in human jejunal BBMV [38], and if we assume The first consideration may be difficult to reconcile with
linearity of the Arrhenius plots over the range 20-35°Cthe conclusion that two closely related proteins like
of temperatures, it would appear that #ig of hNSGLT1 ~ hSGLT1 and rSGLT1 present very different behavior
is insensitive to temperature and that a I&yof 11.0  relative to temperature effects in the small intestine when
kcal- mol™ can be calculated from th¥,,,, data. the HAG and LAG pathways show simil&, for a full
Clearly, the picture is quite different from that observed catalytic cycle in the kidney. The second consideration,
in rabbit jejunal BBMV [13] and discussed earlier, so however, in conjunction with the dimeric structure pro-
that the important conclusion to be drawn from such aposed by Koepsell et al. [29-30] and the kinetic features
comparison is that closely related proteins may showbf the dimeric model proposed by Chenu and Berteloot
very different responses to temperature. Accordingly[13], could well account for the results presented in these
the temperature dependence (or the lack thereof) of thetudies, as discussed above for each experiment. Still
kinetic parameters and thg, values estimated from the presence of (a) regulatory subunit(s) may complicate
them may essentially reflect a property of the kinetic quite significantly the above picture since the binding of
mechanism itself. Indeed, Loo et al. [34] have shownthe subunit(s) to a dimeric SGLT1 may not be stoichio-
salient differences in the rate constant values charactemetric [30, 66]. It can thus be suggested that such a
izing a similar kinetic mechanism of sugar transportheteroassociation might also contribute quite signifi-

through hSGLT1 and rSGLT1. Accordingly, it may be cantly to sugar transport heterogeneity in the kidney
quite difficult to assume, from the simil&, values im-  proximal tubule.
plicated in a full catalytic cycle leading to glucose trans-

port through the HAG and LAG pathways in the kidney This research was supported by grant MT-7607 from the Medical Re-
(Fig. 7A), that the two transport routes would correspondsearch Council of Canada. N.O. was supported by a fellowship from the
to SGLT1 and SGLT2 (there is only 59% or 76% identity GRTM. The technical assistance of Mrs. C. Leroy has been greatly
between Hul4/hSGLT2 and hSGLT1 [25, 68] or appreciated.

pSGLT2 and pSGLT1 [35], respectively). Rather, our
temperature studies demonstrate a higher increase with
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