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Abstract. Functional characterization of Na*-p-glu-
cose cotransport in intestine and kidney indicates the ex-
istence of heterogeneous Na'-D-glucose cotransport
systems. Target size analysis of the transporting unit
and model analysis of substrate binding have been per-
formed and proteins have been cloned which mediate
(SGLT1) and modulate (RS1) the expression of Na®-D-
glucose cotransport. The experiments support the hy-
pothesis that functional Na*-p-glucose cotransport sys-
tems in mammals are composed of two SGLT1-type
subunits and may contain one or two RS1-type pro-
teins. SGLT1 contains up to twelve membrane-span-
ning a-helices, whereas RS1 is a hydrophilic extracel-
lular protein which is anchored in the brush-border
membrane by a hydrophobic ¢-helix at the C-terminus.
SGLT1 alone is able to translocate glucose together
with sodium; however, RS1 increases the VmaX of trans-
port expressed by SGLT1. In addition, the biphasic glu-
cose dependence of transport, which is typical for kid-
ney and has been often observed in intestine, was only
obtained after coexpression of SGLT1 and RS1.

Introduction

In the late 1950’s, sodinm-dependent glucose uptake
was detected in intestinal epithelial cells [17, 83], and
in 1960, Crane [15] formulated the hypothesis that the
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uptake may be energized by the Na*t-gradient across the
cell membrane. Since that time, Na*-p-glucose co-
transport has been extensively investigated by trans-
port and binding measurements and by biochemical
procedures (for earlier reviews, see [12, 47, 53, 54, 87,
91, 93, 109]). By cloning an integral membrane protein
from rabbit small intestine (SGLT1) which mediates
Na*-coupled transport of D-glucose [34], Wright and
collaborators made an important step in investigating
Na*-p-glucose cotransport on a molecular basis.
SGLT1 was also detected in kidney [68] and SGLT1-
homologous clones, which mediate Na*-dependent
transport of nucleosides [77], myo-inositol [56] and ala-
nine [55], were isolated. Functional studies on SGLT1-
protein expressed in different systems [6, 7, 42, 94]
showed that SGLT1 expresses Na*-D-glucose cotrans-
port which exhibits a Michaelis Menten-type transport
kinetic and one type of phlorizin inhibition site. The
characteristics of the expressed transport are different
from those observed in vivo since high and low affini-
ty transport and binding sites of glucose and phlorizin
were detected in different regions of kidney and in in-
testine [19, 25, 31, 45, 51, 60, 61]. Using a monoclon-
al antibody which alters phlorizin binding to the Na*-
D-glucose cotransport system, we recently cloned a
membrane-associated protein which changes the
Michaelis Menten-type glucose dependence of Na*-p-
glucose cotransport expressed by SGLT1 to the complex
glucose dependence observed in vivo and alters the
voltage dependence of glucose transport [96, 111, 112].

In this review, we compile functional data which
characterize the properties of Nat-D-glucose cotransport
systems in kidney and intestine. In addition, genetic and
biochemical experiments are summarized in which com-
ponents of Na*-D-glucose cotransport systems were
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identified and described. Since the subunit composition
of the Na*-p-glucose cotransporter has not been com-
pletely determined and the molecular basis for the het-
erogeneity of Na®-p-glucose cotransporters in different
localizations has not been defined, the available data
serve as basis to develop a hypothesis on the molecu-
lar structure of Na*-D-glucose cotransport systems and
to speculate on structural elements which are responsi-
ble for transporter heterogeneity.

The Basic Functional Properties of Na*t-p-Glucose
Cotransport Systems Have Been Determined

For more than thirty years sodium-dependent glucose
transport has been studied. Early uptake measurements
performed with tissue slices, with whole organs or by
micropuncture techniques elucidated the sodium de-
pendence, substrate specificity, electrogenicity and phlo-
rizin inhibition of sodium-dependent glucose uptake
(for reviews, see [53, 89, 91]). After methods were de-
veloped to measure transport in membrane vesicles with
controlled solutes on both sides of the membrane, it was
demonstrated that sodium gradients energize the up-
take of D-glucose and that glucose gradients may drive
sodium uptake [39, 50, 70]. The glucose and the sodi-
um dependence of the transport was characterized and
the stoichiometry between cotransported sodium and
D-glucose was determined, using brush-border mem-
brane vesicles from renal proximal tubules and small in-
testine [46, 49, 106-108]. The transporter translocates
D-glucose together with one or two sodium ions, and is
not influenced by anions. It accepts sugar molecules in
the *C, chair conformation of p-glucose and the OH
groups at C,, C,, C,, and C; appear to be important for
transport [90, 92, 110]. Phlorizin, a polycyclic glyco-
side, is a competitive inhibitor of the Na*-D-glucose co-
transporter which binds only to the extracellular side of
the transporter and is not translocated (for review, see
[53]). Competitive inhibition of phiorizin binding by D-
glucose and by the phloretin moiety of phlorizin sug-
gests that phlorizin interacts not only at the substrate
binding site but also at a nearby hydrophobic protein do-
main [51]. The dissociation constant of phlorizin bind-
ing is more than two orders of magnitude smaller than
the apparent K, s for D-glucose uptake. It is decreased
by sodium and (in the presence of sodium) by an inside
negative membrane potential which may increase the
affinity of sodium binding to the transporter [82]. The
inside negative membrane potential accelerates the on-
set of phlorizin binding but does not alter the debind-
ing of phlorizin [2, 103]. Recently, different models
were fitted to families of onset-curves of phlorizin bind-
ing to brush-border membrane vesicles from porcine re-
nal outer cortex (early segments of proximal tubules)
and outer medulla (late segments of proximal tubules)

[51]. For a good fit, two coexisting Na*-dependent
phlorizin binding sites with a stoichiometry of 1:1 had
to be assumed in both kidney regions.

Genetic Diseases and Functional Data Suggest the
Existence of Heterogeneous Na™-p-Glucose
Cotransporter Systems

Mammals are supposed to contain two or more hetero-
geneous Na'-D-glucose cotransport systems since in
man genetic defects have been observed in which renal
and intestinal transport is preferentially or selectively
impaired. In glucose-galactose malabsorption, small
intestinal transport is out of action, whereas renal trans-
port is only slightly affected [20, 59, 64]. At variance
in renal glycosuria, Na®-D-glucose cotransport in the
kidney is defective and the small intestinal transport is
not altered [20, 86]. The data suggest that two or more
structurally different Na®-D-glucose cotransporters are
present in kidney and that one of these is identical to the
small intestinal transporter. Two Na*-p-glucose co-
transport systems with some difference in substrate
specificity were also suggested from glucose uptake
measurements which were performed by micropunc-
ture along the proximal tubule and by uptake measure-
ments in brush-border membrane vesicles isolated from
small intestine or from proximal tubules of different kid-
ney regions [3, 31, 81, 106, 107]. One Na*-p-glucose
cotransport system which has been described as a low
affinity high capacity system, was observed in outer re-
nal cortex. It exhibits a high apparent half-maximal ac-
tivation by D-glucose, a relatively high maximal velo-
city of uptake, and shows an apparent 1:1 stoichiome-
try of sodium and glucose. The other system which has
been described as a high affinity low capacity system,
exhibits a lower apparent half-maximal activation by D-
glucose and a smaller V___value. This system exists in
small intestine and in outer renal medulla (late seg-
ments of proximal tubules) and has an apparent
Na'/glucose stoichiometry of 2:1.

Recent glucose transport and phlorizin binding
measurements showed that the situation is more com-
plex. Thus, transport measurements in brush-border
membrane vesicles from pig and rat kidney showed that
high and low affinity uptake can be distinguished in both
outer cortex and outer medulla. Therefore, appropriate
experimental conditions have to be used and a suffi-
ciently large range of substrate concentrations has to be
tested {8, 51]. The low affinity transport activity pre-
dominates in outer cortex and the high affinity transport
activity in outer medulla. Since phlorizin binding mea-
surements showed that two types of sodium-dependent
high affinity phlorizin binding sites exist in both kidney
regions with a stoichiometry of about 1:1, the hypoth-
esis was raised that each functional transport molecule
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contains a low and high affinity substrate site [51].
Small structural differences of transporter components
in different kidney regions and different small intesti-
nal segments may be responsible for the observed het-
erogeneity in transport.

There is an ongoing discussion whether heteroge-
neous Na™-D-glucose cotransport systems exist in small
intestine. Thus, some authors observed low and high
affinity transport in fetal but not in adult small intestine
[60, 61] whereas others described low and high affini-
ty transport also in the adult [10, 11, 19, 25, 31, 42].
Notwithstanding that there may be species differences
and that in some studies an inappropriate data analysis
may have led to an overestimation of transport hetero-
geneity [62], the combined experimental evidence sug-
gests that heterogeneous transport activity also exists in
intestine. Heterogeneous transport may be only de-
tectable under some optimal experimental conditions
which may be species dependent. Thus, at variance to
porcine outer medulla, we did not detect heterogeneous
Na*-p-glucose transport in porcine outer cortex when
the membrane potential was clamped to zero (see Fig.
11 in [51]). As shown in kidney and also in intestine,
heterogeneous transport activity is supposed to be due
to coexisting low and high affinity substrate binding
sites since also in intestine two types of Nat-dependent
phlorizin binding sites have been observed [23] which
appear to be present in the tips of the microvilli and in
the crypts (see biphasic Scatchard plots in Fig. 3 of
[24]).

Transporter Components with Molecular Masses
around 70 kD Have Been Identified

Many attempts have been made to identify components
of Nat-D-glucose cotransport systems by labeling ex-
periments with side-group specific reagents, covalent-
ly binding substrate analogues and monoclonal anti-
bodies (for review, see [53]). That a polypeptide with
a molecular mass around 70 kD is a component of the
intestinal Na™-D-glucose cotransport system was first
suggested from experiments of Semenza and coworkers
[27, 41, 85] and was demonstrated more unambiguous-
ly by Peerce and Wright [78, 79} who used affinity la-
beling with the side-group specific reagent fluorescein
isothiocyanate. Components of renal Na*-D-glucose co-
transport systems were identified by affinity labeling
with a covalently binding D-glucose analogue [73, 74]
and by monoclonal antibodies which alter Na™-p-glu-
cose cotransport and/or high affinity phlorizin binding
and react in Western blots [52, 117]. Also in these
studies, a polypeptide with an apparent molecular mass
around 70 kD was identified as a component of the
transporter. A polypeptide with a molecular weight of
around 45,000, which was also labeled by the glucose

analogue and by several monoclonal antibodies, may be
a splitting product of the M 70,000 polypeptide. Some
experiments suggested heterogeneity of the labeled M,
70,000 polypeptide [74]. However, since the resolution
of hydrophobic and glycosylated proteins in SDS poly-
acrylamide gels is limited, it cannot be decided whether
one, two, or several polypeptides have been identified.

An Integral Membrane Protein (SGLT1) Has Been
Cloned which Translocates Sodium Together
with D-Glucose

Using the method of expression cloning, Wright and
coworkers [34] cloned an integral membrane protein
which performs cotransport of sodium and glucose.
Starting from poly(A)* mRNA of rabbit intestine which
increased the Na™-dependent methyl-a-D-glucopyrano-
side (AMG) transport in oocytes of Xenopus laevis over
the endogeneous transport activity [113, 114], they iso-
lated an mRNA fraction with an increased transport-ex-
pressing activity [35] and prepared a cDNA-library
which was screened for clones that mediate Na*-de-
pendent AMG uptake. A clone termed SGLT1 was
isolated which increased AMG uptake in Xenopus
oocytes drastically. Since by SGLT1 Na™-p-glucose co-
transport was also expressed in systems where no en-
dogeneous transport has been detected [6, 7, 94], SGLT1
protein is most probably sufficient to perform cotrans-
port of sodium and D-glucose. SGLT1 encodes a pro-
tein containing eleven or twelve putative membrane-
spanning o-helices. It contains 662 amino acids, has a
molecular mass of 73,080 D and is glycosylated at as-
paragine 248 [36]. SGLT1 was originally isolated from
rabbit intestine but occurs also in kidney where the ex-
pression of an identical protein was detected [14, 68].
From human intestine, Wright and coworkers [37]
cloned a SGLT1-homologous protein which contains
84% amino acids identical to SGLT1 and was also ca-
pable of expressing highly active Nat-p-glucose co-
transport [37]. This gene was localized on the distal g
arm of chromosome 22 [33]. In two children from one
family which suffer from the recessive disease glu-
cose/galactose malabsorption, a unique homozygous
single base exchange was detected which results in an
exchange of aspartate at position 28 to asparagine [104].
Since in glucose/galactose malabsorption the intestinal
transport is abolished, whereas renal transport is only
slightly impaired, the data show that SGLT1 is an in-
dispensible part of the intestinal Na*-D-glucose co-
transport and that the bulk of renal D-glucose reab-
sorption is performed by a different system. When the
glucose dependence and the phlorizin inhibition of
SGLT1-expressed Na*t-D-glucose cotransport was mea-
sured, a simple Michaelis-Menten kinetic and one type
of phlorizin inhibition site were always obtained [6,
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42,111, 112]. This is apparently different from the sit-
uation in vivo where transport kinetics with two D-glu-
cose activation sites and two phlorizin binding sites
were observed in different localizations (see above).

The Functional Molecular Mass of Na™-p-Glucose
Cotransport Systems Is around 300 kD

To determine the functional molecular mass of the in-
testinal and renal Na*-D-glucose cotransport system,
radiation inactivation experiments have been performed
by many laboratories. For the functional unit of phlo-
rizin binding, a molecular mass of 110,000 or 230,000
has been reported [58, 105] whereas the molecular mass
for Nat-D-glucose cotransport was consistently deter-
mined to be around 300,000 [4, 58, 98, 101]. Togeth-
er with the data obtained from affinity labeling and
cloning of Nat-p-glucose cotransporter components,
the results from radiation inactivation suggest that the
functional Na™*-D-glucose cotransport systems in intes-
tine and kidney are oligomeric proteins and that not all
components of the systems are essential for phlorizin
binding. The kinetic data on sodium-dependent glucose
transport and phlorizin binding, together with the com-
plex effects of D-glucose and phlorizin on affinity la-
beling of the renal Na*t-D-glucose cotransport system by
a covalently binding analogue of cyclosporin [51, 119],
suggest that the transporter contains two substrate bind-
ing components which are supposed to be SGLT1-type
polypeptides. Since we have cloned a protein with a
molecular mass around 70 kD (RS1) which interacts
with SGLT1-type proteins and alters Na™-D-glucose
cotransport expressed by SGLT1 (see below), the Na™-
D-glucose cotransport system is anticipated to be a het-
ero-oligomer which contains SGLT1-type and RS1-type
polypeptides.

SGLT1-Homologous Proteins Mediate Na™
Cotransport of Nucleosides, Alanine, and
Myo-inositol

Some sequence similarity between SGLT1 and the bac-
terial Na™-dependent transporters for proline and pan-
tothenate [37, 43, 72] suggests common ancestry. In the
last few years, several clones with high homology to
SGLT1 were isolated from mammalian tissues which
are members of a family of Nat-cotransport systems
(Table). Three other families of Na* cotransporters
have been described. One family is homologous to the
Na*-gamma aminobutyric acid cotransporter GAT1 and
contains Na™ cotransporters for different neurotrans-
mitters, a Na*-betaine cotransporter and a Na™-choline
cotransporter [28, 84]. The second family contains
three different Na™-L-glutamate cotransporters and has
common ancestry with glutamate transporters of bacte-

Table. Members of the SGLT-family

Clone Ident. Function Tissue
(origin) AS with distribution
SGLTI1

SGLTI1 Cotransp. of Na* Small intestine,

(rabbit) and glucose kidney: outer
medulla, cortex

Hul4 58% Unknown, cotransp.  Kidney: cortex,

(man) of Na%t and outer medulla
glucose small intestine

SNST1 61%

Cotransp. of Na*

Kidney cortex,

(rabbit) and nucleosides heart muscle
SMIT 46% Cotransp. of Na* Kidney: inner
(dog) and myo-inositol medulla, cortex

SAATI T4%
(pig)

Cotransp. of Na*
and amino acids

brain
Kidney, small
intestine, spleen

liver, skeletal
muscle

The ¢cDNA-sequences of clones are reported in references 34
(SGLT1), 115 (Hul4), 77 (SNST1), 56 (SMIT) and 55 (SAAT1).

ria [44, 80, 100], whereas a Nat-phosphate cotrans-
porter [116] belongs apparently to a third family. The
members of the SGLT1-family (Table) were identified
by hybridization with SGLT1 or by expression cloning.
For two of the clones (Hul4, SNST1) which were iden-
tified by hybridization, some functional activity could
be demonstrated. Hul4 is probably derived from kid-
ney cortex and mediates small activity of Na*-depen-
dent glucose transport in Xenopus oocytes [115]. Thus,
Hul4 may be a component of the low affinity Na®-p-
glucose cotransport system from renal cortex but it may
be also a component of a Na*t-cotransport system with
a nonidentified main substrate. Since SNST1 mediates
some Na'-dependent uridine uptake, it is supposed to
be a component of a Na*t-nucleoside cotransport system.
The SGLT1-homologous clones identified by expression
cloning showed high expression of Na™-dependent up-
take of myo-inositol [56] and alanine [55]. The data
show that the SGLT1 family contains different Na™ co-
transporters and is not restricted to Na*-cotransport
systems for sugars.

Na*-Cotransport Systems for Glucose and Amino
Acids Are Supposed to Interact

In the 1970’s, Alvarado [1] raised the hypothesis of a
“polyfunctional carrier for Na*-coupled transport” on
the basis of data which showed inhibition of Na*-de-
pendent amino acid uptake by sugars. Since it could not
be excluded that the observed interactions between sodi-
um-dependent sugar and amino acid uptake were indi-
rectly mediated by mutual effects on the membrane po-
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tential and/or the sodium gradient [48, 71], this hy-
pothesis was dropped until immunological experiments
showed that amino acids are able to alter the structure
of the Na*-D-glucose cotransporter under equilibrium
conditions [52]. These studies were performed with a
monoclonal antibody (R5A3 in [52]) which is directed
against a component of the Na*-p-glucose cotransporter
since it inhibits Nat-dependent D-glucose uptake and
high affinity phlorizin binding in brush-border mem-
brane vesicles. In the presence of Na*, binding of
R5A3 to brush-border membrane proteins was increased
by D-glucose but not by b-mannose. In the absence of
D-glucose, antibody binding was not influenced by -
alanine. However, if D-glucose was present L-alanine
reduced the binding of RSA3 in a concentration-de-
pendent manner. The data show that R5A3 binds to an
epitope of the Na*-p-glucose cotransporter which un-
dergoes conformational changes induced by L-alanine.
We have started experiments to investigate the effect of
L-alanine on Na*-D-glucose cotransport in which indi-
rect effects via the membrane potential and/or Na™ gra-
dients are avoided. Thus, poly(A")mRNA from rat in-
testine was injected into oocytes of X. laevis and the in-
fluence of L-alanine on sodium-dependent uptake of
methyl o-D-glucopyranoside (AMG) was measured un-
der conditions where the Nat-gradient was not altered
and the membrane potential was clamped. In these ex-
periments, Na*-D-glucose cotransport was stimulated by
L-alanine in a concentration-dependent manner (un-
published data). Together with the antibody data, these
results strongly suggest functional interactions between
the Na'-cotransport systems for D-glucose and L-ala-
nine.

Na*-p-Glucose Cotransport Systems
Are Regulated

The regulation of Na*-D-glucose cotransport has been
investigated in LLCPK |-cells which are derived from
kidney [66, 67, 76] and in small intestine [10, 18, 21,
24,32, 65, 88]. In both systems, carbohydrates induce
opposite effects on Na*-D-glucose cotransport. Since
the regulation of a cell line observed in tissue culture
may not represent the complex regulatory process in vi-
vo, we restrict our discussion to the data from small in-
testine. In small intestine Na*-D-glucose cotransport is
upregulated during streptozotocin-induced diabetes [9,
65], by the hormones 1,25-dihydroxycholecalciferol
and 17a-methyltestosterone [18, 32] and by carbohy-
drate-rich diets [21, 22, 24, 88].

Before discussing the diet-induced regulation, some
remarks on the normal distribution of the intestinal
Na*-p-glucose cotransporter should be made. Thus,
Na*-p-glucose cotransport has been detected in duode-
num, jejunum and ileum. The highest maximal veloc-

ity of transport, concentration of phlorizin binding sites
and concentrations of transporter components were ob-
served in mid-jejunum where the D-glucose concentra-
tion is normally higher than in the other small intesti-
nal segments [16, 29, 40]. Along the crypt-villus axis
where the enterocytes undergo increasing stages of mat-
uration, different functional activities of the Na*t-D-
glucose cotransporter and different concentrations of
transporter components and related mRNAs were de-
tected. Already in the crypts, some mRNA with ho-
mology to the recently cloned Na*-p-glucose trans-
porting protein SGLT1 was found [26, 95}, some anti-
body binding to transporter components was observed
(see [29]) and Fig. 2b in [102]) and some Na*-depen-
dent phlorizin binding was measured [21, 24]. At vari-
ance, no Na*-p-glucose cotransport activity could be de-
tected in the crypts [95, 99]. Phlorizin binding and
SGLTI1-homologous mRNA increased rapidly at the
crypt-villus junction [24, 26, 95], whereas Na*t-D-glu-
cose cotransport activity starts at the mid-villus region
and increases towards the tips of the villi. The data
show that Na™-p-glucose cotransport is neither strictly
correlated to phlorizin binding nor to the concentration
of SGLT1-homologous mRNA.

Carbohydrate-rich diets stimulate Na*-p-glucose
cotransport activity, phlorizin binding and the amount
of SGLT1-homologous mRNA [21, 24, 88]. The sug-
ar-induced stimulation of transport activity is supposed
to be due to an increase of transporter demsity since
some parallel increase of the V__ of transport and of
phlorizin binding sites was observed [22]. This upreg-
ulation is post-transcriptional since it is correlated with
the concentration of SGLT1 protein in the plasma mem-
brane [88] but not with the amount of SGLT1-homolo-
gous mRNA [57]. The post-transcriptional regulation
may be due to chemical modification(s) of SGLTI
which may alter membrane insertion and/or protein
turnover. Another possibility is that the regulation is
mediated by a second component of the transport sys-
tem. We favor this explanation since we have cloned
a protein which associates with SGLT1-type proteins
and induces apparent high and low affinity D-glucose
transport sites. It has also been shown that in vivo dur-
ing starvation, high and low affinity Na*-dependent
glucose transport activities are differentially altered
[10]. Also, data have been reported which show that the
relationship between high and low affinity phlorizin
binding sites in mouse small intestine changes during a
carbohydrate-rich diet (see Fig. 35 in [24]).

Na*-p-Glucose Cotransport Systems Probably
Contain Regulatory Subunits

Recently, monoclonal antibodies against Na*-p-glu-
cose cotransport systems were prepared which alter
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sodium-dependent D-glucose transport and/or sodium-
dependent high affinity phlorizin binding [30, 38, 52,
117]. One monoclonal antibody directed against a
brush-border membrane protein with an apparent mol-
ecular weight around 70,000 (see R4A6 in [52]) in-
creased high affinity phlorizin binding to renal and in-
testinal brush-border membrane proteins but did not
bind to expressed SGLT1 protein. To characterize the
antigenic protein of R4A6, an expression library of
porcine kidney cortex was screened. A cDNA clone
(eventually called RS1) was obtained which encodes a
protein with 623 amino acids and has a molecular mass
of 66,832 [96, 112]. RS1 protein turned out to be rel-
atively hydrophilic and to contain one single hy-
drophobic t-helix at the very C-terminus which is sup-
posed to be the membrane-anchor of RS1. This o-he-
lix could be membrane spanning. In this case, the two
N-terminal amino acids of RS1 are predicted to be ex-
posed to the intracellular side. By expression of RS1
in reticulocyte-lysates, a polypeptide with an apparent
molecular mass of 70 kD was obtained which was
specifically recognized by R4A6. Since R4A6 binds to
the extracellular side of the renal and intestinal brush-
border membrane {29, 52], the predominant part of RS1
is localized on the extracellular membrane side. Im-
munohistochemistry with antibodies against RS1 and
SGLT1 showed that RS1 (or RS1-homologous proteins)
and SGLT1 (or SGLT1-homologous proteins) are lo-
calized in the brush-border membrane [112]. Native
polyacrylamide gels revealed that antibodies against
RS1 and SGLT! react with a polypeptide oligomer with
a molecular mass around 300 kD. This suggests that
SGLT1-type and RS1-type proteins form oligomers in
the membrane.

RS1 was expressed in oocytes of X. laevis. Non-
injected oocytes exhibit low activity of endogeneous
Na™-p-glucose cotransport [113, 114] which varies in
different batches of oocytes. The endogeneous glucose
transport is supposed to be mediated by a transport sys-
tem containing SGLT1-type transporting proteins but
no RS1-type subunit(s), since oocytes contain SGLT1-
homologous mRNA but no mRNA with homology to
RS1 [112]. After injecting RS1-cRNA into Xenopus
oocytes, the low endogeneous Na'-p-glucose cotrans-
port was increased. Immunohistochemistry with anti-
body R4A6 showed that expressed RS1 protein is in-
corporated into the plasma membrane. To investigate
more specifically whether expressed SGLT1 interacts
with expressed RS1, coinjection experiments with RS1-
c¢RNA and SGLT1-cRNA were performed, and the ef-
fect of RS1 on glucose transport expressed by SGLT1
was determined. When RS1-cRNA was injected with
a small amount of SGLT1-cRNA, an up to 40-fold in-
crease of expressed Na*-D-glucose cotransport was ob-
served. Stimulation of expressed Na'-D-glucose co-
transport was observed when the molar ratio between in-

jected RS1-cRNA and SGLTI1-cRNA was around 2,
whereas no effects were detected when the molar ratio
between the injected cRNA’s of RS1 and SGLT1 was
below 0.5 or above 8 [112]. We were able to demon-
strate that the effects of RS1-cRNA on glucose transport
are due to an interaction of RS1 and SGLT1 protein in
the oocyte plasma membrane by showing that the trans-
port kinetics and potential dependence of Na*-D-glucose
cotransport expressed by SGLT1 was altered by coin-
jection of RS1-cRNA. Thus, measuring the AMG de-
pendence of expressed Na*-D-glucose cotransport after
injection of different amounts of SGLT1-cRNA, a sim-
ple Michaelis-Menten-type kinetic relationship was ob-
tained which exhibited a K, ; value of about 100 um and
V ax Values which increased with the amount of inject-
ed cRNA. The AMG dependence of transport obtained
after coinjection of RS1-cRNA and SGLT1-cRNA at a
molar ratio of 2 was significantly different. Thus, af-
ter coinjection, for AMG-transport expressed by dif-
ferent amounts of SGLT1-cRNA two apparent transport
sites were obtained as has been described in kidney and
intestine: One K, ; value was around 20 M and the oth-
er around 1 mM [112]. If SGLT1-cRNA was injected
with an excess of RS1-cRNA, the same AMG depen-
dence of transport was measured as after injection of
SGLT1-cRNA alone. The data suggest that Na™-p-
glucose cotransport systems contain RS1-type subunits
in addition to the transporting SGLT1-type subunits.
Figure 1 shows a model by which the role of SGLT1 and
RS1 in Na*-p-glucose cotransport may be explained.
Thus, a Na*-p-glucose cotransport system may be on-
ly composed of SGLT1-type subunits. Such systems
may exist endogenously in the Xenopus occytes and in
fish (see below) or may be generated by expression of
SGLT]1 alone (Fig. 1a). In mammalian kidney and in-
testine or after coinjection of SGLT1-cRNA with a stoi-
chiometric amount of RS1-cRNA into occytes, RS1-
polypeptides may associate with part of the SGLT1
polypeptides (Fig. 10). The SGLT1/RS1-complexes
may associate tightly with SGLT1 monomers. This as-
sociation may result in cooperative interactions between
the glucose transport sites, and high and low affinity
glucose activation of transport may be distinguished.
After coinjection of SGLT1-cRNA and excess RS1-
c¢RNA, one RS1-polypeptide may associate per SGLT1
polypeptide (Fig. 1¢). The association between the
RS1/SGLTI1 complexes may be weak and may not lead
to cooperative interactions between the D-glucose bind-
ing sites. In this case, the glucose dependence of trans-
port may be similar as after injection of SGLT1 alone.

In trying to determine the specificity of RS1, we in-
vestigated whether RS1 altered other endogeneous trans-
port systems in Xenopus oocytes and performed coex-
pression experiments of RS1 with nonrelated transport
proteins and with another Na*-cotransporter from the
SGLTI1 family. No effects of RS1 on the endogeneous
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Fig. 1. Model for the interaction of expressed SGLT1- and RS1-type
polypeptides. Na*-p-glucose cotransport is expressed in Xenopus
oocytes by injection of SGLT1-cRNA alone (a), by injection of stoi-
chiometric amounts of SGLT1-cRNA and RS1-cRNA () or by in-
jection of SGLT1-cRNA plus excess of RS1-cRNA (¢). Double lines
indicate interaction sites between the SGLT1 polypeptides. The ex-
tracellular and intracellular faces of the plasma membrane are labeled
by o and i, respectively. D-glucose binding sites with high affinity
(U), intermediate affinity (U) and low affinity (u) are indicated.

activities of the (Na* + K*) pump and the Na*-L-glu-
tamate cotransporter [97] were detected. Although
many different ratios of coinjected cRNAs were tested,
no effect of RS1 on expression of glucose transport by
the facilitated diffusion transporter GLUT1 [69] and
on expression of gamma-aminobutyric acid (GABA)
transport by the Nat-GABA cotransporter GAT1 [28]
were observed. At variance, myo-inositol transport ex-
pressed by the SGLT1-homologous Na*-myo-inositol
cotransporter SMIT [56] was increased significantly
when RS1-cRNA was coinjected at a molar ratio of 2
[112]. The species and tissue distribution of RS1-related
cRNA was investigated by Northern blots and PCR ex-
periments. RS1-homologous mRNAs were found in
different mammals (rat, rabbit, pig, man) but not in
Xenopus oocytes [112] and fish (A.I. Morrison, and
H. Koepsell, unpublished data). RS1-homologous
mRNAs were detected in renal outer cortex and outer
medulla (pig, rabbit, man), in small intestine (pig, rab-
bit, sheep, man), in liver (pig), in spleen (pig) and in
LLCPK, cells. No RSl1-related mRNA could be de-
tected in Xenopus oocytes, renal inner medulla, skele-
tal muscle, heart muscle and MDCK cells.

The data indicate that RS1 interacts specifically
with SGLT1-type proteins which are components of
Na*-cotransport systems for sugars and other organic
compounds. They suggest that Nat-p-glucose co-
transport systems in kidney and intestine contain RS1-
homologous subunits which may have a regulatory func-
tion since (i) a monoclonal antibody against RS1 alters
Na™'-dependent high affinity phlorizin binding which is
specific for Na®-D-glucose cotransport systems; (ii)
RS1-homologous mRNA was observed in the localiza-
tions where Na'-D-glucose cotransport has been de-
scribed, and (iii) the biphasic glucose dependence of
Na*-p-glucose cotransport which is typical for kidney
and has also been described in intestine was only ob-
served by coexpression of SGLT1 and RS1 and not by
expression of SGLT1 alone. Since it was found that
RS1-homologous mRNAs are not present in inner renal
medulla and in MDCK cells which contain the Na™-
myo-inositol cotransport protein SMIT, the interaction
of RS1 with SMIT has to be explained by the structur-
al similarity of SMIT to SGLT1 rather than indicating
that the Na*t-myo-inositol cotransport system contains
a RS1-type regulatory subunit. A similar observation
has been made with the B-subunit of the (HT + K™)
ATPase which interacts with the o-subunit of the (Na™
+ K*)-ATPase [75].

Since RS1-homologous mRNAs were found in liv-
er and spleen where Na* -D-glucose cotransport has not
been described, RS1-type proteins may be components
of SGLT1-type cotransporters for different substrates.
Recent cloning experiments in intestine showed that
RS1 is one of several homologous proteins. Thus, spe-
cific RS1-type proteins may be components of specific
SGLT1-type transporters. The identification of the
SGLT1 isoforms and RS1 isoforms which form specif-
ic Na*t-cotransport systems in different localizations is
a challenging task for future investigations. The avail-
able functional and structural data on Na*-p-glucose co-
transport systems suggest that Nat-p-glucose cotrans-
port systems are hetero-oligomers which contain at min-
imum two SGLTI1-type subunits and one or two
RS1-type subunits. Whereas the SGLT1-type subunits
are the transporting proteins, the RS1-type subunits
may modulate the cooperative interactions of the
SGLTI-subunits. It is also possible that RS1-type sub-
units play a role in the membrane insertion of the trans-
porter as has been described for the B-subunit of the
(Na®™ + K*)-ATPase [63].

Many integral proteins which are capable of per-
forming solute transport have been identified by ex-
pression cloning. Considering our data on the RSI-type
subunit of the Na'-pD-glucose cotransport system, the
question arises whether some of the other transport sys-
tems may also contain regulatory subunits. This idea is
supported by recent reports on a hydrophilic protein
which contains one hydrophobic o-helix at the N-ter-
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minus and increases the expression of sodium indepen-
dent uptake of neutral and dibasic amino acids in Xeno-
pus oocytes [5, 118].

Conclusions

Taking the functional data on Na*-p-glucose cotrans-
port and on phlorizin binding, together with the data
from target size analysis and with the genetic data, it ap-
pears to be probable that mammalian Na™-D-glucose co-
transport systems are hetero-oligomers containing two
SGLT1-type and one or two RS1-type subunits. Dif-
ferent combinations of SGLT1-type subunits and RS1-
type subunits may form the heterogeneous Na*-p-glu-
cose cotransport systems in kidney and intestine or
other different Na*-cotransport systems containing
SGLT1-type transporting subunits. Crosstalk between
different SGLT1-type Na™-cotransport systems may oc-
cur if heterologous SGLT1-type transporting proteins
exist within a Na*-cotransport system. The role of the
RS1-type subunits for the expression and regulation of
functional transport systems has to be determined.
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