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Abstract. We have previously shown that the regu-
latory protein RS1, cloned from pig, rabbit and hu-
man (RSC1A1), is localized intracellularly and
inhibits the transcription of the Na+-D-glucose co-
transporter SGLT1 in LLC-PK1 cells. We also re-
ported that transport activities of human SGLT1
(hSGLT1) and human organic cation transporter
hOCT2 expressed in Xenopus oocytes were decreased
upon co-expression of human RS1 (hRS1). The pre-
sent paper indicates that the glucose transporter
GLUT1 and the peptide transporter PEPT1 are not
influenced by hRS1. Voltage-clamp experiments in
oocytes expressing hSGLT1 demonstrated that hRS1
reduced the maximal substrate-induced currents but
did not change substrate activation, membrane po-
tential dependence, Na+ dependence or substrate se-
lectivity of hSGLT1. Co-expression experiments with
a dominant-negative dynamin mutant showed that
the posttranslational inhibition of hSGLT1 by hRS1
was dependent on the function of dynamin. Finally,
we observed that hRS1 changed the short-term effect
of protein kinase C (PKC) on hSGLT1. Whereas the
PKC activators phorbol-12-myristate-13-acetate
(PMA) and sn-1,2-dioctanoyl glycerol (DOG) in-
creased a-methyl glucose (AMG) uptake expressed
by hSGLT1 alone as described earlier, PMA and
DOG decreased AMG uptake mediated by hSGLT1
when hRS1 was co-expressed. Taken together, these
data indicate that hRS1 modulates dynamin-de-
pendent trafficking of intracellular vesicles containing

hSGLT1 in Xenopus oocytes, and modulates PKC-
dependent short-term regulation of this transporter.
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Introduction

After many solute transporters in the plasma mem-
branehave been cloned and functionally characterized,
the factors regulating their expression and functional
activities have become a main topic in transporter re-
search. In addition to transcription, mRNA stability
and translation, posttranslational processes may be
regulated. These posttranslational regulations include
changes of transporter activity within the plasma
membrane, transfer from the Golgi apparatus to the
plasma membrane, retrieval from the plasma mem-
brane, recycling and degradation. Posttranslational
regulation may be mediated by modifications of the
transporter itself, through interacting proteins or by
modification of proteins that are involved in trans-
porter turnover or recycling. In this paper, we investi-
gate the function of the intracellular protein RS1
(RSC1A1) which is encoded by an intronless single-
copy gene, and is involved in the regulation of theNa+-
D-glucose cotransporter SGLT1 (Veyhl et al., 1993;
Lambotte et al., 1996; Reinhardt et al., 1999). RS1 is a
67–68 kDa polypeptide that was cloned from pig,
rabbit and human, with �70% amino-acid identity
between these three species (Veyhl et al., 1993; Lam-
botte et al., 1996; Reinhardt et al., 1999). RS1 of all
three species contains consensus sequences for protein
kinase C, casein kinase II, and a ubiquitin-associated
(UBA) domain (Reinhardt et al., 1999). Originally, we
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had suggested that RS1 might be a regulatory subunit
(RS) of SGLT1. That hypothesis was based on tracer-
flux measurements in Xenopus laevis oocytes co-ex-
pressing RS1 and SGLT1, which suggested that RS1
actedonSGLT1byaffecting both themaximal velocity
Vmax and the apparent Km value for glucose (Veyhl et
al., 1993; Lambotte et al., 1996). However, this inter-
pretationwas abandonedbecausewe found thatRS1 is
localized intracellularly and that human RS1 (hRS1)
also changed the expression of the human organic
cation transporter hOCT2, which has no structural
similarity to SGLT1 (Reinhardt et al., 1999). Further
experiments in Xenopus oocytes showed that co-ex-
pression of hRS1 with human SGLT1 (hRS1) de-
creased the Vmax of glucose transport in parallel with
the amount of hSGLT1 protein present in the plasma
membrane (Valentin et al., 2000). In that study, we also
observed that expression of hRS1 decreased plasma
membrane surface area. These data suggested that
hRS1 alters the equilibrium between endo- and exo-
cytosis of membrane vesicles, including those which
contain SGLT1 (Valentin et al., 2000). This finding
could not explain, however, the previous finding that
co-expression of RS1 changed the apparent Km of
SGLT1 for glucose (Veyhl et al., 1993; Lambotte et al.,
1996).Recently,we found that a fusionprotein of green
fluorescent protein (GFP) and pRS1 migrated into the
nucleus, and that nuclei of LLC-PK1 cells contained
degradation products of pRS1 (unpublished data). In
agreement with the nuclear localization of pRS1, we
observed that RS1 inhibited the transcription of
SGLT1 in LLC-PK1 cells (Korn et al., 2001).

The present paper shows that the effect of hRS1
is selective inasmuch hRS1 inhibits some structurally
different plasma membrane transporters, whereas
several other transporters are not affected. It further
indicates that the effects of hRS1 on the expression of
hSGLT1 in Xenopus oocytes do not require tran-
scription of additional proteins. We also found that
hRS1 does not affect the kinetic properties of
hSGLT1; the previously observed effect of hRS1 on
the apparent Km values of hSGLT1 for a-methyl
glucose (AMG) could be attributed to a glucose- and
time-dependent increase of the inhibition by hRS1.
Most importantly, we show that downregulation of
hSGLT1 by co-expression of hRS1 is dependent on
dynamin, and that protein kinase C potentiates the
effect of hRS1 within minutes.

Materials and Methods

PLASMIDS

DNA of rat wild-type dynamin (DyWt) and dominant-negative

mutant of dynamin (DyMu) (Obar et al., 1990) were digested with

SspI and KpnI and cloned into the oocyte expression vector pOG2

cut with SmaI and KpnI (Arndt et al., 2001).

IN VITRO SYNTHESIS OF cRNA

For injections into Xenopus oocytes, m7G(5¢)ppp(5¢)G-capped

cRNA was prepared, purified, evaluated and stored as described

earlier (Veyhl et al., 1993). To prepare sense cRNA from hRS1

(Lambotte et al., 1996), rbSGLT1 (Hediger et al., 1987), hSGLT1

(Hediger, Turk & Wright, 1989), rOCT1 (Gründemann et al.,

1994), rOCT2 (Okuda et al., 1996), hOCT2 (Gorboulev et al.,

1997), hGLUT1 (Mueckler &1 Lodisch, 1986), hPEPT1 (Liang

et al., 1995), wild-type (DyWT) and mutant dynamin 1 from rat

(DyMu) (Damke et al., 1994; Herskovits et al., 1993; Obar et al.,

1990), the respective purified plasmids were linearized with NotI

(rbSGLT1, hOCT2, hPEPT1, DyWt, DyMu), EcoRI (hSGLT1),

XbaI (hRS1), and HindIII (hGLUT1). cRNA was synthesized us-

ing T3 polymerase (rbSGLT1, hSGLT1), T7 polymerase (hOCT2,

hRS1, hPEPT1, DyWT, DyMu) or SP6 polymerase (rOCT1,

rOCT2, hOCT2, hGLUT1) as described earlier (Veyhl et al., 1993).

cRNAs were prepared employing the ‘‘mMESSAGE mMA-

CHINE’’ kit (Ambion, Austin, TX), using ammonium acetate

precipitation. cRNA concentrations were estimated from ethidium

bromide-stained agarose gels using polynucleotide marker as

standards (Gründemann & Koepsell, 1994).

EXPRESSION OF TRANSPORTERS IN XENOPUS OOCYTES

Stage V–VI oocytes were obtained by partial ovariectomy from

female Xenopus laevis, selected and injected with cRNAs or water

as described earlier (Veyhl et al., 1993). Per oocyte, we injected 50

nl of water (control) or 50 nl of water containing transporter

cRNAs alone (the indicated amounts in Fig. 1a, 2.5 ng in Figs. 1b–

7) or together with hRS1-cRNA (the indicated amounts in Fig. 1b,

7.5 ng in Figs. 2–7). For protein expression, the injected oocytes

were incubated for 2–3 days at 16�C in ORi buffer (in mM: 5

HEPES-Tris, pH 7.4, 100 NaCl, 3 KCl, 2 CaCl2 and 1 MgCl2)

containing 50 mg/l gentamycin. In part of the experiments, 50 mg/l

of the transcription inhibitor actinomycin D were added to the

incubation medium. For protein kinase C (PKC) stimulation, oo-

cytes were injected with the respective cRNAs and incubated for 3

days in the presence of actinomycin D. Then, one group of oocytes

was incubated for 2 min with 1 lM phorbol-12-myristate-13-acetate

(PMA) and washed with ORi buffer. Thereafter, tracer uptake of

[14C]AMG was measured over a time period of 15 min. Alterna-

tively, after 3 days incubation, oocytes were injected with 50 nl of I-

ORi buffer (in mM: 5 HEPES-Tris, pH 7.4, 100 KCl, 3 NaCl, 2

CaCl2 and 1 MgCl2) or with I-ORi buffer containing 20 lM sn-1,2-

dioctanoylglycerol (DOG). These oocytes were incubated for 30

min and uptake of [14C]AMG was measured over 15 min.

TRACER-FLUX EXPERIMENTS

Uptake of [14C]AMG mediated by SGLT1 from human and rabbit

was measured as described earlier (Veyhl et al., 1993). Oocytes

expressing SGLT1 and water-injected or non-injected control

oocytes were incubated for 15 min (Figs. 1–4) or for the indicated

time periods (Fig. 7) in ORi buffer supplemented with 50 lM

[14C]AMG without or with 200 lM phlorizin. After washing, the

oocytes were solubilized in 5% SDS, and analyzed by scintillation

counting. In the presence of phlorizin, tracer uptake in oocytes

expressing SGLT1 was similar to tracer uptake in water-injected

oocytes and less than 5% of uptake in the absence of phlorizin. The

AMG uptake indicated in Fig. 1 represents phlorizin-inhibitable

uptake, whereas uptake in Figs. 2–4 and 7 represents the uptake in

SGLT1 expressing oocytes minus the uptake measured in water-

injected control oocytes. Uptake of [14C]tetraethylammonium

(TEA) in oocytes expressing the organic cation transporters
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rOCT1, rOCT2 or hOCT2 was measured as described (Gorboulev

et al., 1997; Arndt et al., 2001). For these measurements, oocytes

were incubated for 15 min with 100 lM [14C]TEA in the absence or

presence of 100 lM cyanine863. The cyanine863 inhibitable uptake

was calculated. It was identical to the TEA uptake in oocytes

expressing rOCT1, rOCT2 or hOCT2 minus TEA uptake in water-

injected oocytes. Uptake of 2-deoxy-D-[3H]-glucose by the Na+-

independent human glucose transporter GLUT1 (hGLUT1)

(Mueckler & Lodish, 1986) was measured by incubating oocytes

expressing hGLUT1 or water-injected oocytes for 15 min with HT-

buffer (in mM: 5 HEPES-Tris, pH 7.5, 85 tetramethylammonium

chloride, 3 KCl, 2 CaCl2, and 1 MgCl2) containing 1 mM of

2-deoxy-D-[3H]-glucose plus 49 mM mannitol, 1 mM 2-deoxy-D-

[3H]-glucose plus 48.5 mM mannitol and 0.5 mM phloretin, or 1 mM

2-deoxy-D-[3H]-glucose plus 49 mM unlabeled 2-deoxy-D-glucose.

In hGLUT1-expressing oocytes, 2-deoxy-D-[3H]-glucose uptake

measured in the presence of 0.5 mM phloretin or in the presence of

49 mM 2-deoxy-D-glucose was similar to the uptake measured in

water-injected oocytes. Uptake of glycylsarcosine by the human

peptide transporter hPEPT1 was measured by incubating oocytes

expressing hPEPT1 and water-injected oocytes for 15 min in ORi

buffer adjusted to pH 6.5 supplemented with 500 lM [3H]glycyl-

sarcosine (Liang et al., 1995). The difference between uptake in

oocytes injected with hPEPT1 cRNA and uptake in water-injected

oocytes was calculated. Control experiments showed that the gly-

cylsarcosine uptake at pH 6.5 was 2-fold higher compared to the

uptake at pH 7.5. The presented uptake in individual experiments

represents mean ± SEM values computed from measurements in 8–

10 oocytes of each group. All experiments were performed with 2 to

4 different batches of oocytes.

MEASUREMENT OF SUBSTRATE-INDUCED CURRENTS

Two-electrode voltage-clamp measurements in oocytes expressing

hSGLT1 were performed 3–5 days after cRNA injection, as de-

scribed in detail previously (Arndt et al., 2001). For the electro-

physiological experiments, oocytes were bathed in ORi, and

membrane voltage was held at �50 mV. Current/voltage (I/V)

curves were obtained in the absence and presence of 10 mM AMG

by stepping membrane voltage from �50 mV to various voltages

ranging from �150 to +50 mV. For measurements involving

solutions with Na+ concentrations below 100 mM, NaCl was

replaced isosmotically by choline chloride. To determine the af-

finity of hSGLT1 for the substrate AMG, AMG was added to

ORi buffer at various concentrations up to 10 mM. To determine

the affinity of hSGLT1 for the inhibitor phlorizin, we added

Fig. 1. Inhibition of hSGLT1 by co-expression of hRS1 in Xenopus

oocytes does not depend on transcription. Oocytes were injected

with the indicated concentrations of hSGLT1-cRNA (a) or with 2.5

ng of hSGLT1-cRNA plus various amounts of hRS1-cRNA (b)

and incubated for 3 days either in ORi (�) or ORi containing 50

lg/ml actinomycin D (·). Then, we measured the uptake of

[14C]AMG (50 lM for 15 min) in the absence or presence of 200 lM

phlorizin. Typical experiments out of two (a) or three (b) are pre-

sented. Data points are means ± SEM of phlorizin-inhibitable

uptake without and with phlorizin.

Fig. 2. hRS1 selectively inhibits some, but not all plasma mem-

brane transporters by posttranslational mechanisms. Oocytes were

injected with 2.5 ng of the respective transporter-cRNAs (bottom)

with or without 7.5 ng of hRS1-cRNA or with water, and incu-

bated for 3 days in the presence of actinomycin D. Then, we

measured uptake of suitable substrates over 15 min (hSGLT1,

rbSGLT1: 50 lM [14C]AMG; hPEPT1: 500 lM [3H]glycyl-sarcosine

at pH 6.5; hGLUT1: 1 mM 2-deoxy-D-[3H]glucose in the absence

and presence of 0.5 mM phloretin; rOCT1, rOCT2, hOCT2: 100 lM

[14C]TEA). Bars indicate the inhibition of uptake by hRS1 that was

computed after correction for endogenous uptake in water-injected

control oocytes (hSGLT1, rbSGLT1, hPEPT1, rOCT1, rOCT2,

hOCT2) or after correction for endogenous uptake measured in the

presence of 0.5 mM phloretin (hGLUT1). A typical experiment out

of three is shown. In this experiment, the following transport rates

were obtained after correction for endogenous uptake (in pmol ·
oocyte�1 · 15 min�1): 70 ± 7 for hSGLT1, 120 ± 11 for rbSGLT1,

126 ± 11 for hPEPT1, 89 ± 7 for hGLUT1, 88 ± 7 for hOCT2, 25

± 3 for rOCT1, and 60 ± 5 for rOCT2.
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phlorizin at various concentrations up to 3 lM to ORi buffer

containing a fixed concentration of AMG (1 mM). Substrate-in-

duced currents were obtained by subtracting the currents in the

absence of substrate from the currents observed in the presence of

substrate.

BIOCHEMICALS

Methyl-a-D-[14C]glucopyranoside (AMG; 11.7 GBq/mmol) and 2-

Deoxy-1-[3H]glucose (407 GBq/mmol) were obtained from Amer-

sham Biosciences (Freiburg, Germany); glycyl-2-[3H]-sarcosine

(2.22 TBq/mmol) and [14C]tetraethylammonium (TEA; 2.0 GBq/

mmol) from Biotrend (Köln, Germany); actinomycin D, phorbol-

12-myristate-13-acetate (PMA), sn-1,2-dioctanoyl-glycerol (DOG),

and phloretin from Sigma (Deisenhofen, Germany). The other

chemicals and enzymes were obtained as described earlier (Veyhl

et al., 1993; Arndt et al., 2001).

STATISTICS

Results are presented as arithmetic means ± SEM. In tracer-flux

measurements, each data point represents the difference between

the mean uptake in 8–10 oocytes expressing the respective

transporter and the mean uptake in 8–10 control oocytes from

the same oocyte batch that were injected with water or with

hSGLT1-cRNA and measured in the presence of phlorizin. In

Figs. 1–4 and in Fig. 7, one representative experiment out of

three or four are shown. In the presented voltage-clamp exper-

iments, each data point indicates the mean current ± SEM from

4–6 individual oocytes. Unpaired Student’s t-test was used to test

for a difference between mean values. The Hill equation was

fitted to the substrate activation and inhibition curves of AMG

induced currents.

Results

EFFECT OF hRS1 ON hSGLT1 IS NOT BLOCKED BY

ACTINOMYCIN D

We have previously demonstrated that RS1 can act as
modulator of transcription in LLC-PK1 cells (Korn
et al., 2001). Analogously, the observed effects of
hRS1 on the expression of heterologous hSGLT1
cRNA in Xenopus oocytes might depend on hRS1-
induced transcriptional changes of endogenous pro-
teins that are involved in post-transcriptional regu-
lation of hSGLT1. For this reason, we investigated
whether the expression of Na+-D-glucose cotransport

Fig. 3. Effect of hRS1 on hSGLT1 in Xenopus oocytes depends on

the presence of functionally intact dynamin. Oocytes were injected

with water, with cRNA of hSGLT1 (2.5 ng), hRS1 (7.5 ng), dyn-

amin wildtype (DyWt, 10 ng) or dynamin mutant (DyMu, 10 ng) as

indicated (bottom labels) and incubated for 3 days in the presence

of actinomycin D. Then, we measured uptake of 50 lM AMG for

15 min. Bars indicate uptake computed after subtraction of en-

dogenous uptake in water-injected oocytes. A typical experiment

out of four is presented. *P< 0.05, **P< 0.001. The inhibition of

AMG uptake by hRS1 was largely reduced after co-expression of

dominant-negative dynamin mutant.

Fig. 4. Co-expression of hRS1 modulates the effect of protein

kinase C on hSGLT1. Oocytes expressing hSGLT1 with or without

hRS1 for 3 days in the presence of actinomycin D were incubated

for 2 min with 1 lM PMA (a) or injected with 1 pmole of DOG per

oocyte, and then incubated for 30 min (b). Then, we measured

uptake of 50 lM [14C]AMG over 15 min. Typical experiments are

shown. Bars indicate AMG uptake computed after correction for

endogenous uptake in water-injected oocytes. *P < 0.05, **P <

0.01.
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by hSGLT1, without and with co-expression of
hRS1, was changed when 50 mg/l of actinomycin D
was added while incubating the cRNA-injected
oocytes for expression. Actinomycin D is a potent
inhibitor of transcription (Buller & White, 1990;
Scheer, 1987; Krishek, Moss & Smart, 1996). The

presence of actinomycin D did neither influence the
expression of Na+-D-glucose cotransport by hSGLT1
alone (Fig. 1a) nor the inhibition of hSGLT1-ex-
pressed Na+-D-glucose cotransport by hRS1 (Fig.
1b). In the absence and presence of actinomycin, co-
expression of hRS1 and hSGLT1 led to the typical
reduction of Na+-dependent D-glucose uptake
(Lambotte et al., 1996). Similarly, actinomycin D did
not affect the inhibition by hRS1 of organic cation
transport by hOCT2 (data not shown). These data
indicate that the effects of hRS1 on the expression of
the transport activities of hSGLT1 and hOCT2 are
independent of effects of hRS1 on the transcription of
endogenous proteins.

EFFECT OF HUMAN RS1 ON OTHER PLASMA

MEMBRANE TRANSPORTERS

Previously, we showed that hRS1 inhibits the ex-
pression not only of hSGLT, but also of the organic
cation transporter hOCT2 (Reinhardt et al., 1999).
Because hSGLT1 and hOCT2 have no overall struc-
tural similarity, we examined the selectivity of hRS1
in several further transporters (Fig. 2). To detect with
higher sensitivity any putative effects of hRS1 on
expressed transport activities, we injected relatively
small amounts of transporter cRNAs (2.5 ng per
oocyte) that were in a range where expressed trans-
port was correlated to the amount of injected cRNAs
(see e.g., Fig. 1a). The amount chosen for co-injected
hRS1-cRNA (7.5 ng per oocyte) largely inhibited
AMG transport expressed by hSGLT1 (Fig. 1b). To
detect hRS1-induced changes independently, whether
they reflect changes in maximal transport rates or Km

values, the uptake measurements were performed
using substrate concentrations below or around the
apparent Km values of the respective transporters.

Fig. 2 shows that co-expression of hRS1 led to a
drastic inhibition of AMG uptake via hSGLT1 or
rbSGLT1, and of TEA uptake via rOCT2, hOCT2 or
rOCT1. In contrast, glycylsarcosine uptake via
hPEPT1 and uptake of 2-deoxy-D-glucose via
hGLUT1 were not significantly inhibited by hRS1.
These data show that the effect of hRS1 exhibits,
similar to that of pRS1, some selectivity for plasma
membrane transporters, and that this selectivity does
not correlate with the degree of overall structural
similarity between the transporters.

COEXPRESSION OF A DOMINANT-NEGATIVE DYNAMIN

MUTANT BLOCKS THE EFFECT OF hRS1 ON hSGLT1

We observed previously in Xenopus oocytes that the
inhibition of hSGLT1-mediated AMG uptake upon
co-expression of hRS1 was correlated with decreased
amounts of hSGLT1 protein in the plasma membrane
and with a decrease of total plasma membrane area
(Lambotte et al., 1996; Valentin et al., 2000). These

Fig. 5. hRS1 does not alter membrane potential-dependence of

substrate-induced currents in oocytes expressing hSGLT1. Steady-

state current-voltage relations of currents induced by 10 mM AMG

were determined in oocytes expressing either hSGLT1 alone (a) or

together with hRS1 (b) in the absence of actinomycin D. Open and

closed symbols in a and b represent currents in the absence and

presence of AMG, respectively. (c) The data of a and b in nor-

malized form (expressed as fractions of I�90 mV, i.e., the current

induced by 10 mM at �90 mV). The data points represent mean ±

SEM from 4–6 oocytes.
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data suggested that hRS1 induces changes in endo- or
exocytotic processes that are involved in regulation
and/or turnover of SGLT1. For this reason we in-
vestigated whether the effects of hRS1 are dependent
on the presence of functionally intact dynamin.
Dynamin is a member of a large family of proteins
that are involved in membrane fission and vesicular
trafficking; three isoforms and various splice variants
of dynamin are known (van der Bliek et al., 1993).
Dynamins are GTPases and are found at the plasma
membrane, at early endosomes, and at the trans-
Golgi network. They are involved in receptor-medi-
ated endocytosis, synaptic vesicle recycling, caveolae
internalization, and vesicle trafficking from the Golgi
(Hinshaw, 2000). After binding GTP, several dyn-
amin molecules form a ring around the neck of
membrane in- or evaginations; upon GTP hydrolysis,
this ring effects membrane fission and vesicle release
(Hinshaw, 1999; McNiven et al., 2000). Overexpres-
sion of dynamin mutants with a disrupted GTP-
binding domain such as Lys44Ala mutant of rat
dynamin I (DyMu) inhibit internalization of plasma

membrane vesicles during endocytosis and release of
vesicles from the trans-Golgi network during exocy-
tosis (Herskovits et al., 1993; Damke et al., 1994;
Jones et al., 1998; van der Bliek, 1999; Hinshaw,
2000; Kreitzer et al., 2000).

To test whether dynamin is required for the ac-
tion of hRS1 upon hSGLT1, we coinjected cRNA
either of wild-type dynamin I (DyWt) or of the
‘‘dominant-negative’’ dynamin I mutant (DyMu) to-
gether with cRNA of hSGLT1 alone or of hSGLT1
and hRS1. Figure 3 shows one representative exper-
iment out of four. In oocytes expressing hSGLT1, the
uptake of AMG was not significantly changed by co-
expression of either wild-type (DyWt) or dominant-
negative dynamin (DyMu). Co-expressing hRS1
together with hSGLT1 resulted in the characteristic
inhibition of AMG uptake. Notably, this inhibition
was greatly reduced by co-expression of dominant-
negative dynamin (inhibition without vs. with DyMu:
78 ± 12% vs. 39 ± 11%, mean ± SEM from four
independent experiments, P < 0.01). Co-expression
of DyWt-cRNA enhanced the inhibitory effect of
hRS1 on AMG uptake via hSGLT1 in two out of
four experiments (e.g., in the experiment shown in
Fig. 3). These data indicate that dynamin is necessary
for inhibition of hSGLT1 by hRS1. A requirement of
dynamin, in turn, supports the conclusion that hRS1
acts by reducing the number of hSGLT1 molecules in
the plasma membrane (Valentin et al., 2000).

STIMULATION OF PROTEIN KINASE C
MODULATES THE EFFECT OF hRS1 ON SGLT1

hRS1 contains four consensus sequences for phos-
phorylation by protein kinase C that are conserved in
RS1 from pig and rabbit (Reinhardt et al., 1999). On
the other hand, it is known that the activity of
hSGLT1 expressed in Xenopus laevis oocytes was
increased after stimulation of protein kinase C
(Hirsch, Loo & Wright, 1996). Therefore, we in-
vestigated whether the effect of hRS1 on hSGLT1 can
be influenced by PKC. In the experiment shown in
Fig. 4, we examined whether the PKC activators
phorbol-12-myristate-13-acetate (PMA) and sn-1,2-
dioctanoyl glycerol (DOG) modulate the effect of
hRS1 on hSGLT1. Three days after injection of the
respective cRNAs, some oocytes were incubated for 2
min with 1 lM PMA, immediately followed by
measurement of [14C]AMG uptake as described
above. Other oocytes were injected with 1 pmole of
DOG each (corresponding to a final intracellular
DOG concentration of �1 lM). In this case,
[I4C]AMG uptake was measured after 30 min.

Fig. 4 shows that PMA or DOG each individu-
ally stimulated AMG uptake by hSGLT1 consider-
ably by 40% and 32%, respectively, in keeping with a
previous report (Hirsch et al., 1996). In oocytes co-
expressing hSGLT1 and hRS1, PMA or DOG each

Fig. 6. hRS1 does not alter the concentration dependence of

AMG-induced currents in oocytes expressing hSGLT1. Oocytes

expressing hSGLT1 (a) or hSGLT1 plus hRS1 (b) in the absence of

actinomycin D were clamped to �50 mV, �70 mV or �90 mV and

superfused with increasing concentrations of AMG. AMG-induced

currents (I) were normalized individually to the currents induced in

the same oocyte by 10 mM AMG at �90 mV (Imax). The points

represent mean values ± SEM from 4–6 oocytes.
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individually decreased AMG uptake by SGLT1
considerably compared to unstimulated oocytes (see
Fig. 4). In three experiments of expressing SGLT1
and hRS1, PMA and DOG reduced AMG uptake (by

44 ± 12% and 35 ± 12%, respectively; P < 0.01).
Thus, PMA or DOG may affect hSGLT1 in opposite
directions, depending on whether hRS1 is present or
not. The data indicate that hRS1 is involved in pro-
tein kinase C-dependent short-term regulation of
hSGLT1.

REEVALUATION OF THE EFFECT OF hRS1 ON THE

KINETIC PROPERTIES OF hSGLT1

Our finding that the inhibition of AMG uptake by
hRS1 was dynamin-dependent suggested that hRS1
modulates endocytosis and/or exocytosis of SGLT1.
This is in apparent conflict with the previously de-
scribed observation that hRS1 decreased the Km of
hSGLT1 for AMG in uptake experiments because an
effect on substrate affinity suggests a modification of
SGLT1 within the plasma membrane rather than
changes in the amount of SGLT1 (Veyhl et al., 1993;
Lambotte et al., 1996).

To test for the possibility that the reported effect
of hRS1 on the K0.5 might be due to an effect of hRS1
on the transcription of an endogenous regulator, we
compared the substrate-concentration dependence of
AMG uptake in oocytes expressing either hSGLT1
alone, or together with hRS1 in the presence or ab-
sence of actinomycin D. We found again that uptake
of [14C]AMG for 1 h (Veyhl et al., 1993; Lambotte et
al., 1996) exhibited significantly lower K0.5 in oocytes
co-expressing hSGLT1 and hRS1, as compared to
oocytes expressing hSGLT1 alone; this effect was not
affected by the absence or presence of actinomycin D
in the 2–3 days between cRNA injection and uptake
measurements (data not shown).

To determine whether the changes of the K0.5

caused by the co-expression of hRS1 were due to an
effect of hRS1 on the membrane potential, we com-
pared substrate-induced currents (10 mM AMG for
30 sec) in oocytes expressing hSGLT1 without (Fig.
5a) and with co-expression of hRS1 (Fig. 5b), using
the two-electrode voltage-clamp method. In water-
injected control oocytes, substrate-induced currents
were always smaller than 3 nA (not shown). In oocytes
expressing hSGLT1, 10 mM AMG induced currents
that were membrane potential-dependent as expected
(Loo et al., 1993), i.e., more negative potentials were
associated with larger absolute currents (�256.6 ±
47.1 nA at �150 mV vs. �135.2 ± 21.8 nA at �50
mV). Co-expression of hRS1 greatly reduced these
currents (�108.1 ± 15.6 nA at �150 mV, and �68.2
nA ± 25.2 n at �50 mV). Figure 5c displays the
currents induced by 10 mM AMG at various mem-
brane potentials between �10 mV and �90 mV.
These data show that hRS1 did not alter the potential
dependence of AMG transport.

The concentration dependence of AMG-induced
currents at �90 mV, �70 mV or �50 mV is shown for
oocytes expressing hSGLT1 (Fig. 6a) or co-express-

Fig. 7. Effects of hRS1 on the time dependence of expressed Na+–

glucose cotransport at low and high AMG concentration. Oocytes

were injected with 2.5 ng hSGLT1-cRNA (�) or 2.5 ng hSGLT1-

cRNA plus 2.5 ng hRS-cRNA (•) and incubated for 3 days in the

absence of actinomycin D. The phlorizin inhibitable uptake of 50

lM (a), 1 mM (b) or 5 mM [14C]AMG (c) was measured at different

times of incubation and corrected for the endogenous uptake in

water-injected oocytes. The insets represent the inhibition of ex-

pressed Na+-D-glucose transport by hRS1.
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ing hSGLT1 and hRS1 (Fig. 6b). In oocytes co-ex-
pressing hSGLT1 and hRS1, AMG-induced currents
were decreased as compared to oocytes expressing
hSGLT1 alone, in keeping with the effect of hRS1 on
[14C]AMG uptake (Fig. 5). In contrast to 1-hour
uptake of [14C]AMG, measurements of the AMG-
induced currents showed no significant effect of hRS1
on the K0.5 of hSGLT1 for AMG (K0.5 for AMG
without hRS1 vs. with hRS1: �90 mV: 0.65 ± 0.06
mM vs. 0.61 ± 0.04 mM; �70 mV: 0.61 ± 0.08 mM vs.
0.79 ± 0.09 mM; �50 mV: 1.1 ± 0.15 mM vs. 1.28 ±
0.19 mM). Hill coefficients ranged from 0.75 to 1.15.
The apparent K0.5 values decreased with hyperpo-
larizing membrane potentials as described earlier
(Hirayama et al., 1996).

We also investigated whether hRS1 has an effect
on the affinity of hSGLT1 for phlorizin. Co-expres-
sion of hSGLT1 and hRS1 resulted in inhibition of
AMG-induced currents as for the experiment shown
in Fig. 5. At �70 mV, 3 lM phlorizin inhibited the
currents induced by 1 mM AMG by more than 95% in
oocytes expressing hSGLT1 either alone or together
with hRS1. The IC50 and Hill coefficients for phlor-
izin inhibition were not significantly different for
oocytes expressing hSGLT1 alone as compared to
oocytes co-expressing hSGLT1 and hRS1 (IC50/Hill
coefficient without vs. with hRS1 at �70 mV: 102.3 ±
6.8 nM/0.96 ± 0.05 vs. 125.3 ± 17.6 nM/0.75 ± 0.06).
Na+ activation of AMG-induced currents was de-
termined at �70 mV by applying pulses of 1 mM

AMG at various Na+ concentrations replacing Na+

by choline. We found that the Na+ activation of
AMG transport by hSGLT1 was not significantly
changed by hRS1 (K0.5/Hill coefficient without vs.
with hRS1: 41.8 ± 1.9 mM/1.57 ± 0.11 vs. 44.4 mM

± 1.7 mM/1.64 ± 0.06).
Finally, we investigated whether the substrate

specificity of hSGLT1, which is able to translocate a
variety of sugar analogues (Hirayama et al., 1996),
was changed by co-expression of hRS1. We expressed
hSGLT1 alone and together with hRS1, as described
for Fig. 5, and confirmed the presence of the char-
acteristic inhibition of AMG-induced currents by
hRS1. Individual oocytes clamped to �70 mV were
successively superfused with 1 mM solutions each of
D-glucose, AMG, D-galactose, 3-O-methyl-D-gluco-
pyranoside, b-D-allose, D-mannitol and D-xylose. We
found that hRS1 does not change the selectivity of
hSGLT1 (substrate-induced currents relative to 1 mM

D-glucose, without vs. with hRS1: AMG 0.96 ± 0.22
vs. 0.92 ± 0.08 > D-galactose 0.72 ± 0.22 vs. 0.80 ±
0.08 > 3-O-methyl-D-glucopyranoside 0.48 ± 0.14
vs. 0.50 ± 0.05 > b-D-allose 0.06 ± 0.02 vs. 0.08 ±
0.03 > D-mannitol 0.02 ± 0.03 vs. 0.01 ± 0.02).

Because the electrophysiological measurements
showed virtually no effect of hRS1 on the kinetic
properties of hSGLT1 other than Imax, we tried to
identify the reason for the apparent affinity change

observed in the tracer-flux measurements. Membrane
potential was not significantly different when hRS1
was expressed alone or together with hSGLT1; a
small transport-induced depolarization observed in
oocytes co-expressing hRS1 and hSGLT1 did not
explain the decrease in apparent K0.5 (data not
shown). However, the apparent affinity change after
co-expression of hRS1 was no longer detectable when
uptake time was reduced from 1 h to 5 min (K0.5

without vs. with hRS1: 0.50 ± 0.08 mM vs. 0.45 ±
0.03 mM). The effect of hRS on Vmax was still ob-
served (Vmax without vs. with hRS1: 25.2 ± 2.2 pmol
· oocyte�1 · 5 min�1 vs. 9.8 ± 0.04 pmol · oocyte�1

· 5 min�1).
In the experiment shown in Fig. 7, we determined

the time course for [14C]AMG uptake at three dif-
ferent concentrations of AMG in oocytes expressing
either hSGLT1 alone or together with hRS1. In these
experiments, we co-injected a smaller amount of
hRS1-cRNA, which induced only an about 50% in-
hibition in order to obtain uptake rates that were
sufficiently high to support accurate measurements
even with short uptake periods. With 50 lM AMG,
uptake was nearly linear over 60 min in oocytes ex-
pressing either hSGLT1 or hSGLT1 plus hRS1 (Fig.
7a). With 1 mM or 5 mM AMG, uptake was linear
over 60 min in oocytes expressing hSGLT1 alone
(Figs. 7b, c). In contrast, the uptake rate of 1 mM or 5
mM AMG significantly decreased with time when
hSGLT1 and hRS1 were co-expressed (Figs. 7b, c).
The data suggest that the degree of inhibition by
hRS1 increased with time and AMG concentrations
(see inserts in Figs. 7a-c). The increase of hRS1-in-
duced inhibition between 5 min and 30 min of incu-
bation was 5 ± 3%, 19 ± 6%, and 23 ± 6% for
glucose uptake measured with 50 lM, 1 mM or 5 mM

AMG, respectively (P < 0.05 for difference between
50 lM and 5 mM AMG). The glucose- and hRS1-
dependent effect on the time course of AMG uptake
explains our previously observed effect of hRS1 on
the K0.5 of hSGLT1 for AMG in which uptake was
measured over a 1-h period.

Discussion

In this paper, we further investigate the role of hRS1
as a modulator of membrane transport. Our ap-
proach was to measure the effect of hRS1 on the
activity of various membrane transporters in Xenopus
oocytes in the presence of a dominant-negative dyn-
amin mutant, a transcription blocker and activators
of protein kinase C. Our results provide new insights
regarding the post-transcriptional mechanisms by
which RS1 modulates expression or activity of plas-
ma membrane transporters. After the cloning and
first characterization of RS1 from pig and human,
several further properties of RS1 emerged that com-
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pletely transformed our initial ideas as to the function
of this protein.

For instance, we found that RS1 is an intracel-
lular protein and potentially associated with the
plasma membrane, rather than a membrane-associ-
ated extracellular protein as initially assumed (Val-
entin et al., 2000). Moreover, we observed that hRS1
may modulate not only SGLT1, but also other
transporters without structural similarity to SGLT1
(Reinhardt et al., 1999). A physiologically important
role of RS1 was suggested by the observation that the
well-known upregulation of SGLT1 in LLC-PK1 cells
upon reaching confluency was prevented by overex-
pression of RS1, but increased by inhibition of en-
dogenous RS1 expression via an antisense strategy
(Korn et al., 2001). A further striking observation
was that reduction of endogenous pRS1 increased the
transcription of SGLT1 in LLC-PK1 cells tenfold
(Korn et al., 2001). This suggested a direct or indirect
effect of RS1 in the nucleus. Finally, using fusion RS1
proteins with green fluorescent protein and immuno-
cytochemistry, we recently found that RS1 is not only
localized at the plasma membrane but is also present
around and within the nucleus (unpublished data).

In the present study, we conducted further co-
expression experiments in Xenopus oocytes because
this experimental setting allows to analyze post-
transcriptional effects of RS1. We used human RS1
because co-expression of hRS1 with hSGLT1 resulted
in a concentration-dependent decrease of expressed
glucose transport, whereas the co-expression of pRS1
or rbRS1 together with rbSGLT1 induced more
complex effects that were concentration-dependent
and biphasic (Veyhl et al., 1993; Lambotte et al.,
1996; Reinhardt et al., 1999). Since pRS1 inhibits
transcription of pSGLT1 in LLC-PK1 cells (Korn et
al., 2001) we tested whether the effects of hRS1 on the
expression of transporters may be mediated by hRS1-
induced changes in transcription of regulatory oocyte
proteins. Our results, however, exclude this possibil-
ity: the effects of hRS1 on the expression of hSGLT1
or hOCT2 were similar in the presence or absence of
the transcription inhibitor actinomycin D.

The observation that hRS1 inhibited transporters
without structural similarity to SGLT1 raised the
possibility that hRS1 changes the plasma membrane
turnover and thereby inevitably alters the membrane
concentration of all integral membrane proteins as
well. For pRS1, this possibility had been excluded
since pRS1 did not alter the expression of the glucose
transporter hGLUT1 and the Na+/Cl� GABA-co-
transporter GAT1 (Veyhl et al., 1993). However,
membrane capacitance measurements showed that
plasma membrane surface area of oocytes was de-
creased after expression of hRS1 (Valentin et al.,
2000), suggesting a less specific effect of hRS1. We
found that co-expression of hRS1 did not affect
substrate uptake by the peptide transporter hPEPT1

or by the glucose transporter hGLUT1, but inhibited
SGLT1 from two species and two subtypes of the rat
organic cation transporter. This indicates selectivity
of hRS1 for a group of transporters that have no
overall structural similarity. So far, the selectivity of
hRS1 is poorly characterized, and the molecular basis
for the apparent selectivity of hRS1 is not under-
stood. The association of RS1 with the plasma
membrane and the dependence of hRS1-action on
dynamin (see below) strongly suggest that post-
transcriptional effects of hRS1 are mainly directed at
proteins in or at the plasma membrane. The apparent
selectivity could be explained by sorting of different
groups of membrane proteins into different types of
endocytotic vesicles or trans-Golgi vesicles. hRS1
may only modulate endocytosis or exocytosis of one
type of vesicles that is dependent on the function of
dynamin. Another possibility is that hRS1 interacts
directly or indirectly with a protein domain that is
common to various transporters such as phosphory-
lation or ubiquitinylation sites. The interaction of
RS1 with ubiquitinated proteins or ubiquitination is
an attractive possibility because the RS1 proteins
cloned so far contain a conserved ubiquitin-associ-
ated (UBA) domain at the C-terminus (Valentin et
al., 2000), and preliminary data suggest binding of
ubiquitin to this domain (unpublished data). UBA
domains have been described in proteins with various
functions. These are proteins that are involved in
pathways utilizing ubiquitination and phosphoryla-
tion, DNA repair proteins and suppressors of protein
degradation in the proteasome (Hofmann & Bucher,
1996; Miao et al., 2000; Clarke et al., 2001). Inter-
estingly, it has been reported that endocytosis of re-
ceptors, plasma membrane transporters and ion
channels may be regulated by monoubiquitination
(Hicke & Riezman, 1996; Strous et al., 1996; Hicke,
1997, 2001; Rotin, Staub & Haguenauer-Tsapis,
2000; Dunn & Hicke, 2001).

Considering the various, hitherto unclear post-
transcriptional mechanisms that might underlie the
observed effects of RS1, our finding in the present
paper that the inhibition of hSGLT1 by hRS1 is de-
pendent on the presence of functionally intact dyna-
min represents a significant step forward. Dynamin is
required for pinching off the vesicles that are budding
from the plasma membrane during endocytosis
(Herskovits et al., 1993; Damke et al., 1994, 1996),
for vesicle transport from endosomes to the Golgi
apparatus (Llorente et al., 1998; Nicoziani et al.,
2000), and probably also for vesicle trafficking from
the Golgi apparatus to the plasma membrane (Jones
et al., 1998; Hinshaw, 2000; Kreitzer et al., 2000).
Because co-expression of dominant-negative dynam-
in with hSGLT1 per se had no effect on glucose
transport in the absence of RS1, the amount of
hSGLT1 in the plasma membrane might not be sig-
nificantly changed by inhibition of dynamin-de-
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pendent trafficking of hSGLT1. The observation that
co-expression of wildtype dynamin I increased the
inhibitory effect of hRS1 on the hSGLT1, whereas
co-expression of the dominant-negative dynamin
mutant decreased that effect, implies that the effect of
hRS1 is either due to a stimulation of endocytic re-
trieval of hSGLT1 from the plasma membrane, or to
an inhibition of hSGLT1 trafficking from the Golgi
and insertion into the plasma membrane. It is less
probable but cannot be excluded that hRS1 inhibits
or stimulates several dynamin-dependent processes
but that the stimulation of the endocytosis or the
inhibition on trafficking from the Golgi dominates.
Immunohistochemical investigation of the effects of
RS1 on the intracellular distribution of SGLT1 may
help to identify the site where hRS1 acts post-tran-
scriptionally.

Electrophysiological measurements showed that
co-expression of hRS1 inhibited the maximal velocity
of hSGLT1, but had no significant effect on its ap-
parent K0.5, in contrast to a previous report using
tracer flux measurements and an incubation time of 1
h. We observed that the inhibitory effect of hRS1 on
AMG uptake by hSGLT1 increased with increasing
AMG concentrations in the time course of the uptake
measurements. This unexpected observation showed
that hRS1 does not change the functional properties
of hSGLT1 in the way we previously assumed.
Rather, it is consistent with our interpretation that
hRS1 changes the dynamin dependent equilibrium
between SGLT1 associated with intracellular vesicles
and SGLT1 within the plasma membrane. The AMG
dependence of the regulation of SGLT1 expression by
hRS1 deserves a further detailed investigation. It
could be due to energy dependence of RS1 function
and AMG-induced decrease of the intracellular ATP
level.

Finally, we observed that the expression of
hRS1 differentially affected the effect of PKC stim-
ulation on AMG transport by hSGLT1. Without
hRS1, glucose uptake by hSGLT1 was increased
upon stimulation of PKC by PMA or DOG. In
contrast, in the presence of hRS1, glucose uptake by
hSGLT1 was decreased by PMA or DOG. Impor-
tantly, the inhibitory effect of the PKC activators in
the presence of hRS1 was induced within minutes,
showing for the first time that hRS1 participates in
the short-term regulation of a plasma membrane
transporter. Transport activities measured in all
previous co-expression experiments reflect the dy-
namic equilibrium between hSGLT1 within the
plasma membrane and intracellular vesicles that had
been built up during the two or three days of ex-
pression. This equilibrium may have been mainly
influenced by vesicle trafficking from the Golgi,
degradation or other long-term intracellular regula-
tions. The hRS1-dependent short-term effect of
DOG or PMA on the Na+-D-glucose cotransport is

supposed to represent a PKC effect on the modu-
lation of endocytosis by hRS1 rather than an effect
on hRS1 acting on trafficking from the Golgi or on
the stability of hRS1.

Taken together, our data show that hRS1 mod-
ulates the turnover of plasma membrane proteins via
dynamin-dependent processes and participates in
short-term regulation of plasma membrane trans-
porters.

This study was supported by the Deutsche Forschungsgemein-

schaft (SFB 487, grant C1).
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