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Abstract. In order to define potential interaction sites of Key words: Phlorizin — sodiume-glucose cotransport
SGLT1 with the transport inhibitor phlorizin, mutagen- — Structure-function relation — Transport site — Ex-
esis studies were performed in a hydrophobic region ofracellular loops
loop 13 (aa 604-610), located extracellularly, close to
the C-terminus. COS 7 cells were transiently transfectegntroduction
with the mutants and the kinetic parameterscahethyl-
p-glucopyranoside (AMG) uptake into the cells were in- Phlorizin, a glycoside present in the bark of fruit trees, is
vestigated. Replacement of the respective amino acidé well known inhibitor of renalb-glucose transport.
with lysine reduced the maximal uptake rate: Y604K Since the first observations of Lotspeich (1961), Died-
showed 2.2%, L606K 48.4%, F607K 15.1%, C608K rich has extended the studies employing various ana-
13.1%, G609K 14.1%, and L610K 17.2% of control. In logues (1963, 1972) and recently in our laboratory a
all mutants the apparekt for phlorizin increased at least Pharmacophore model of phlorizin has been developed
by a factor of 5 compared to the wild-tyjse of 4.6 + 0.7 (Wielert-Badt et al., 2000). In various transport and bind-
pmol/l; most striking changes were observed for Y604K ing studies it has been shown that phlorizin inhibits so-
(K; = 75.3 +19.0umol/l) and C608K K, = 83.6+13.9 dium-D-glucose cotransport in a competitive manner
pmol/l). Replacement of these amino acids with a non{(Bode, Baumann, Diedrich, 1972; Diedrich, 1963; Fra-
polar amino acid instead of lysine such as in Y604F,sch etal. 1970; Lin & Hahn, 1983; Vick et al. 1973) and
Y604G and C608A showed markedly higher affinities it is postulated that both, the sugar binding site of the
for phlorizin. In cells expressing the mutants the apparentransporter and a binding site for the aglucone moiety,
afﬁnity of AMG uptake for the sugar was not statistica”y are involved in the interaction of the carrier with the
different from that of the wild typeK,,, = 0.8 + 0.2 inhibitor (Wielert-Badt et al., 2000). Thereby, hydrogen
mmol/l). bonds (mainly for the sugar moiety) as well as hydro-
These studies suggest that the region between amir@hobic interactions (mainly for the aglucone moiety)
acids 604 and 610 is involved in the interaction betweerhave been invoked.
SGLT1 and phlorizin, probably by providing a hydro- It also has been reported that cysteines play a major
phobic pocket for one of the aromatic rings of the aglu-role in this process since N-ethylmaleimide (NEM) has
cone moiety of the glycoside. been shown to inhibit phlorizin binding and that NEM-
reactive sites can be protected by the presence of phlo-
rizin (Kinne, 1976; Thomas, Kinne, Frohnert, 1971,
- Turner & George, 1983; Turner & George, 1984). Recent
Correspondence toR.K.H. Kinne; email: rolf.kinne@mpi-dortmund. ~ Studies from our laboratory employing site-directed mu-
mpg.de tagenesis support this notion (unpublished observations).
o _ _ The regions of the transporter protein that are involved in
Department of .Eplthellal Cell Physiology, Max-Planck-Institute for this interaction have, however, not yet been unequivo-
Molecular Physiology, Otto-Hahn-Str. 11, 44227 Dortmund, GermanycaIIy identified.
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protein and probably involves the transmembrane heliceBHOOK™-2 (Invitrogene, NV Leek, Holland) digested with the same
10-13. Thus, the peptide |OOpS Connecting these helice&hzymes. Final plasmids were purified through Qiagen endotoxin-free
are most likely involved in the binding of phlorizin to the P!asmid Maxi Kit (Qiagen, Hilden, Germany).
carrier. Since recent studies on the topology of the trans-
porter (Lin et aI.,_1_999), immunoprecipitation (Linetal, celi CULTURE AND TRANSIENT TRANSFECTION
1998), the reactivity of cysteines to MTSET, and mo-
Iecular recognition force microscopy (L_mpUb_“Shed 0b-cos 7 cells were subcultured in six-well culture plates to 80% con-
servations) suggest an extracellular orientation of loofluency. Transient transfection was performed by using the activated-
13, we concentrated in the studies presented below ofendrimer transfection reagent SuperFect™ (Qiagen). Post-transfection
hydrophobic amino acids located in this loop. By site- time was 48 hours. The efficiency of transfection was tested in COS 7
directed mutagenesis the character of the amino-acid Si(ff”s that were simultaneously transfected with the pHooK&¢2

hai ltered d th ffect of th | asmid expressin@-galactosidase under identical conditions (Invit-
chains V\,/as _a ered an € eiiect o e_Se rep acgmen §gen, Carlsbad, CA). The transiently transfected COS 7 cells were
on the kinetic constants of AMG'Upta-.ke into transiently stained with the-galactosidase staining kit (Invitrogen) according to
transfected COS 7 cells was investigated. The resulte manufacturer's manual. The transfection efficiency was calculated
obtained suggest that the region between aa 604 and 61§ obtaining the ratio between the number of blue cells and the total
in loop 13 plays a significant role in the interaction of number of cells. A transfection efficiency of 35-40% was found for the
phlorizin with the transporter. wild type and all mutants.

Materials and Methods a-METHYL-D-GLUCOPYRANOSIDE UPTAKE

Prior to the transport assays COS 7 cells were incubated-iglacose-
MUTAGENESIS OFSGLT1cDNA free medium for 2 hours at 37°C to remove the extracellotglucose

and to reduce the intracellular glucose concentratoivethyl-p-
All mutants were prepared by site-directed mutagenesis using Chameglucopyranoside uptake was measured at 37°C in KRH (Krebs-Ringer-
leon™ Double-Stranded Site-Directed Mutagenesis kit (Stratagene, LMIEPES)-Na medium or KRH-N-methylglucamine medium at a con-
Jolla, CA). The following primers with mutated nucleotides (under- centration of 0.1 mmol/l AMG in the absence and presence of 0.5

lined) were used for mutagenesis: mmol/l phlorizin (Lin et al., 1998). The solutions containeg.€i/ml
of the isotope. For mutants exhibiting low uptake rates the amount of
D553A, 5-CTTCACCAAGCCCATTCCAGCTGTGCATCTCTAT- isotope was increased tqu&i/ml. The KRH-Na medium contained in
CGTCTGTGC-3 mmol/l: 120 NaCl, 4.7 KCl, 2.2 CaGJl 1.2 MgC}, and 10 HEPES, the

pH was adjusted to 7.4 with Tris-base. In the N-methylglucamine me-

D572A, 5-GCAAAGAGGAGCGCATTGCCTTGGATGCAGGAG- dium NaCl was replaced by N-methylglucamine and the pH was ad-

AGG-3 justed with HCI. The transport was stopped after incubation for 15 min
at 37°C by removing the medium and rinsing with ice-cold KRH-Na
buffer containing 0.5 mmol/l phlorizin.

In kinetic measurements for the determination of the appa¢gnt

two substrate concentrations, in most cases 0.05 mnfglylgnd 2
mmol/l AMG (S,) were used. Assuming that the Michaelis-Menten
equation is valid under these experimental conditions for the sodium-
dependent AMG-uptake, the following equation was used to calcu-
late K,

Y604G, 5-GGATTCTTCAGGCGGGCGGAGACCTGTTTTGTG-
GGCTG-3

Y604F, 8-TTCTTCAGGCGGGCQTCGACCTG GTGGGCTG-3

Y604K, 5-GGATTCTTCAGGCGGGCBAGGACCTGTTTTGTG-
GGCTG-3

L606K, 5-CAGGCGGGCCTATGARAGTTTTGTGGGCTGGAC-3

Kn=5"S (Vo= V)/ (V1S -V, §). @
F607K, B-CGGGCCTATGACCTRAG TGTGGGCTGGACCAG-3

To determine the appare§ for phlorizin, two concentrations 0.5
C608K, 3-GCCTATGACCTGTTTARAG GGGCTGGACCAGGATA- pwmol/l (1,) and 10pwmol/l (1,) of phlorizin, were used at the low AMG

AG-3' concentrationK; was calculated according to the equation:
G609K, 5-GCCTATGACCTGTTTTGTRAG CTGGACCAGGAT- K=K, (Vg 1=V - 1)7(S+K,) - (Vg = Vi), )
AAG-3’

assuming competitive inhibition. To calculate the maximal uptake rate

L610K, 5-GACCTGTTTTGTGGRAG GACCAGGATAAGGGA- (Ryay the apparenk,, values derived from the equation above were

CCCAAG-3 used:
PLASMID CONSTRUCTION Rinax™ (Kin *+S)) - (Va/Sy) o ®)
For preparation of mutants, plasmid pSGLT1 (2207 bp rabbit-DNA) Rnax= (Kn + $) - (V2/S,). 4)
was used. After mutagenesis all mutants were confirmed by DNA
sequencing and cloned from plasmid pSGLT1 digested Witidl |l Each experiment was repeated several times on different days. Mean

and Xba restriction enzymes, and ligated into expression plasmidvalues +sem are given throughout the paper.
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Fig. 1. Effect of the introduction of lysine in the
positions 604-610 of SGLT1 on Nalependent
AMG-uptake into COS 7 cells transiently
transfected with the indicated mutants. The AMG
concentration was 0.1 mmol/l. Mean values from 4
experiments are given. (W¥ wild type SGLT1).

AMG-Uptake (nmoles/mg/15 min)
r
o

IsoLATION oF RNA AND NORTHERN ment from thebp-glyceraldehyde-3-phosphate dehydro-
BLoT HYBRIDIZATION genase from COS 7 cells was used for hybridization
under identical conditions. In these screening experi-

gen, Hilden, Germany). Five micrograms of RNA were loaded on anjavels of MRNA (lata not showp

1.2% agarose gel in the presence of 16% formaldehyde. After electro-
phoresis RNAs were transferred on nylon membrane (Boehringer Mann-
heim GmbH, Germany), hybridized with the 1200 Npal fragment
from sgltl gene labeled with digoxigenin (Boehringer Mannheim
GmbH, Germany). As control a 450 bp PCR-amplified fragment from
the p-glyceraldehyde-3-phosphate dehydrogenase from COS 7 cell$n order to determine hydrophobic regions constituting
was used for hybridization under identical conditions. potential phlorizin binding sites we first analyzed loop
13 with regard to the existence of clusters of aromatic
amino acids. Using the Kyte and Doolittle (Kyte & Doo-
lottle, 1982) algorithm the area with the highest hydro-
The COS 7 cell line (SV40 transformed) was purchased from the EulPhObiCity was found to be located between aa 604 and
ropean Collection of Cell Culture Center, Salisbury, UKC-AMG 610. We therefore chose these amino acids for site-
(specific activity 261 mCi/mmol) was obtained from NEN (Boston, directed mutagenesis studies.
MA, USA). Phlorizin was obtained from Sigma (Steinheim, Germany).
It was dissolved in ethanol as a stock solution at a concentration of 10
mmol/l and kept at —20°C. Other chemicals were of the highest purityEFFECT OFEREPLACING AMINO AciDs 604 To 610 BY
commercially available. LYSINE ON THE KINETIC PARAMETERS OF AMG-UPTAKE

INTO TRANSIENTLY TRANSFECTEDCOS 7 G&LLS

HYDROPHOBICITY ANALYSIS OF Loor13

MATERIALS

Results ]
In Fig. 1 the uptake of AMG by COS 7 cells transfected

with Y604K, L606K, F607K, C608K, G609K, or L610K
TRANSFECTION AND EXPRESSION is shown. All replacements decreased the cellular uptake.
The most prominent effect was observed for Y604K.
To be sure that all constructed plasmids were success- In a more detailed kinetic study summarized in
fully transcribed, mutants of loop 13éeTable 1 and 2) Table 1 the cells transfected with the mutants show also
were transiently transfected into COS 7 cells as delower maximal uptake rates. Since, as described below,
scribed in Methods. Expression at the transcriptionalthese reductions do not correlate with changes in the
level was examined by Northern blot analysis using 120Mther kinetic parameters, they were not further investi-
bp Ncol-fragment of thesgltl gene as a probe for hy- gated.
bridization. As a control a 450 bp PCR amplified frag- As depicted in Table 1 these replacements also
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Table 1. Kinetic properties of AMG-uptake into COS 7 cells tran- the carrier or whether the introduction of lysine caused
siently transfected with SGLT1 mutants: Mutants from the region Y604 the observed shift in apparent affinity. As shown in Table
to L 610 in which the respective amino acid was replaced by lysine 2, replacement by nonpolar amino acids as in Y604G or

Mutant ApparenK, Apparentk, Maximal Number of Y604F reconstituted the normal hig_h affinity for phlori-
Phlorizin AMG uptake rate experiments  ZiN. After an exchange of C608 against alanine the trans-
(wmol/ly (mmol/l) (nmoles/mg porter exhibited still a lower affinity than the wild type
protein/15 min) but the apparent affinity was strikingly higher than that

of C608K. Thus, in both instances, the presence of lysine

%24}( 7‘;-23:3';0 i’%’ioﬁ 103";:?07'1 12 in these positions and not the loss of the original amino
L60GK 26.9+69 12+01 499 + 19.2 4 acids seems to induce the functional changes of the trans-
F607K 485+76 1.6+05 15.6 2.4 6 porter.

C608K 83.6+13.9 0.7+0.3 13.5+2.6 6

G609K 60.2+4.8 3611 145+6.1 7

L610K 30.6+33 19+12 17.7 £13.4 4 EFFeCT OFMUTATIONS IN AMINO AciDs 604 1o 610 ON

THE APPARENTAFFINITY TO AMG

Interestingly, as also shown in Table 1, none of the mu-
tations changed significantly the apparent affinity of the
. . . transport system for the sugar AMG. This result suggests
mlgé?lgtr?ll?nherc:]gin ézewaeegagir?érgl;(;h%:vﬂ(%(%p}(eén dthat mainly the interaction of the transport protein with
C608K Withgin the s%rin of amino acids from tyrosine at the aglucone part of the phlorizin molecule was changed
' g y %y the point mutations. It also indicates that the sodium

strongly affected the affinity of the transporter for phlo-
rizin. The apparenk; values for phlorizin were at least

604, leucine at 606, phenylalanine at 607, cysteine al;. . . .
X ; ffinity of the transporter is not altered drastically by the
608, glycine at 609 and leucine at 610, the apparen anipulations since a change in sodium affinity would

affinity for phlorizin shows two minima, one at Y604K . -
and one at C608K. Then the affinity increases again.be expected to cause also a change in AMG affinity.

Thus, a tentative sequence for the loss of affinity can be
compiled. It starts with C608K, followed by Y604K,
G609K, F607K, L610K, and L606K.

Complete dose response curves for the inhibition ofI h di dab . ids f .
AMG-uptake into COS 7 cells transfected with the vari- n the studies presented above, amino acids from position

ous mutants are shown in Fig. 2. Here, Y604K and604 to position 610 were identified as a region of loop 13

G609K, showed no inhibition in the range of phlorizin yvhere the introduction of a strongly hydrophilic lysine

concentrations tested. AMG uptake by F607K C608Kmstead of the original amino acid with low hydrophilic-
and L610K cells was increasingly inhibited by phlorizin. |tyGIfi_|r_istt|carl]lly 'rgdléc?d ttkle :I\}c/)lpéar_:_ak?t .aIme'Ity tpf thfe
Thus, except for the cysteine mutant, the same tentativ 0 phiorizin but not to - | hentroguction o

order of potency as derived from the experiments pre-b eiklys[r(;e ris[due :jepfresenti_bothr,] an |n_tfroduct|on of a
sented above is obtained, in which only two concentra21'<Y SIC€ chain and of a positive charge, It oné assumes

tions of phlorizin were used and a fully competitive na- that the terminal amino group is protonated. With regard

P to the size of the amino-acid side chain, tyrosine at 604
ture of inhibition was assumeddeMethods). The ex- ) ') '
periments presented in Fig. 2 were performed at a high (éeucme at 606. and 610. and p.henylalanlne. at 607 are
mmol/l) AMG concentration. Under these conditions comparable with the lysine residue. Thus, in these_ln-
mainly the aglucone part of the phlorizin molecule Con_stances, m_qst pro_bably the change from a hy<_:lrophob|cto
tributes to the interaction with the carrier. Therefore the2 hydrophlllc moiety can be made responsible for t.he
apparenk; values from Table 1 and tHE, values that change in the reactivity of the transporter to phlorizin.

can be derived from the dose response curves can geor the tyrosine in position '604 the change in polarity is
compared only to a limited extent. most extreme from a negatively charged hydroxyl group

to a positively charged amino group. This might explain
the very strong effect on the apparent phlorizin affinity.

Discussion

EFFECT OFOTHER MUTATIONS ON THE APPARENT For the glycine at position 609, which also plays a major
PHLORIZIN AFFINITY OF AMG-UPTAKE INTO role in determining the affinity for phlorizin, the in-
TRANSIENTLY TRANSFECTEDCOS 7 GLLS creased size of the side chain as well as the introduction

of a positive charge might contribute to the observed
For the two positions at which an introduction of lysine effect. This glycine is immediately adjacent to cysteine
showed the strongest effect on the phlorizin sensitivity,608, the replacement of which also reduces the phlorizin
we further investigated whether the original amino acidaffinity. Since we have recently found that this cysteine
itself was essential for the interaction of phlorizin with forms a disulfide bond with cysteine 255 in loop 5 (un-
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Fig. 2. Dose-response curves of phlorizin inhibition of sodium-dependent AMG-uptake into COS 7 cells transiently transfected with plasmids of
various mutants of SGLT1, in which lysine had been introduced. The AMG-uptake into the cells was measured in the presence of 5 mmol/l
a-methyl-p-glucopyranoside with or without 120nmNaCl. The uptake in the presence of various phlorizin concentrations was compared to the
uptake in the absence of phlorizin (set as 100%). Mean values from 4 experiments are gives. (Wa type SGLT1).

T_able 2. Kinetic pro_perties of AMG-uptake into COS 7 cel!s tran- quction of the hydrophilic lysine group impedes the co-
siently tran_sfect_ed with SGLTl_mutan_ts. Mu_tants from the region Y604operation of the adjacent hydrophobic side chains in
and C608 in which the respective amino acid was replaced by nonpolar L. - . oy
amino acids phlorizin-binding, whereas alanine, due to it's nonpolar

character, does not disturb this process.

Mutant ~ Apparenk; ApparentK,, Maximal Phlorizin consists of a pyranoside ring and two aro-
Phlorizin AMG uptake rate _ _ matic rings joined by an alkyl spacer. According to pre-
(wmoll) (mmoll) (nmoles/mg protein/15 min) ;o5 studies [Wielert Badt et al., 2000], hydrogen bonds
WT 46423 08+02 103.4 + 30.1 fr.om the 2-, 3-, 4-, and 6-hydroxyl group of the pyrano-
V604G 3.8+04  0.4+0.1 78.7+7.9 side ring and from the '4 and 8-OH groups of the
Y604F  4.4+08  0.6+0.2 120.9+7.6 aromatic ring adjacent to the sugar moiety, and hydro-
C608A 10.2+25  0.7£02 40.3+5.9 phobic elements in the same two structures are involved

in phlorizin binding. Our studies have identified one re-
gion of the SGLT1 molecule that might be involved in
the hydrophobic interactions with phlorizin. Probably an
published data), the lysine side chain in the position 609nteraction with one of the aromatic rings of the aglucone
might lead to pronounced changes in the arrangement afccurs since the AMG-affinity of the transporter was not
these two loops and/or the conformation of loop 13. affected by the point mutations, making a change in the
With regard to cysteine 608 it is noteworthy that the b-glucose binding site unlikely. Additional studies are
replacement by lysine has a larger effect on the apparemtecessary using, for example, protein crystallography or
phlorizin affinity than the replacement by alanine. How- NMR technology to identify the interacting partners of
ever, both mutants have a lower affinity for phlorizin the inhibitor molecule and of the protein and to provide
than the wild type. This phenomenon might be explainednformation on the conformation and dimensions of the
by the assumption that the removal of the disulfide bondnteraction site.
already interferes with phlorizin binding—as suggested = Furthermore, the reason for the reduced maximal
by Turner and George (1983, 1984)—but that the intro-uptake rate of most of the cells transfected with a mutant

Results derived from 4 experiments are shown.
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