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Abstract. Using cotransporters as drug delivery vehiclescytes — Electrophysiology — Kinetics — Glucose de-
is a topic of continuing interest. We examined glucoserivatives

derivatives containing conjugated aromatic rings using

two isoforms of the N&glucose cotransporter: human

SGLT1 (hSGLT1) and pig SGLT3 (pSGLT3, SAAT1). Introduction

Our studies indicate that there is similarity between

SGLT1 and SGLT3 in the overall architecture of the The Na/sugar cotransporters SGLT1 and SGLT3 are
vestibule leading to the sugar-binding site but differencesnembers of the same gene family. The amino acid iden-
in translocation pathway interactions. Indican was transtity between hSGLT1 and pSGLT3 is 66% and topology
ported by hSGLT1 with higher affinity (K5 0.06 m) models suggest a common architecture of 14 transmem-
and 2-naphthylglucose with lower affinity (& 0.5 mv) branea-helices with several large loops (Turk & Wright,
than a-methyl-b-glucopyranoside MDG, 0.2 mwm). 1997). This difference in amino acid composition be-
Both were poorly transported (maximal velocities,)  tween SGLT1 and SGLT3 suggests that the transport
14% and 8% ofxMDG). Other compounds were inhibi- functions may be different. There are differences in the
tors (Kis 1-13 nw). In pSGLT3, indican and 2-naph- substrate selectivity of SGLT1 depending on the species
thylglucose were transported with higher affinity than (Hirayama et al., 1996): for example, p-nitropheyb-
aMDG (Ky s 0.9, 0.2 and 2.5 mnand relative }|,,,s of  glucose, a glucose derivative with one phenyl ring, was
80, 25 and 100%). Phenylglucose and arbutin werdransported by rat and human SGLT1 but it was an in-
transported with higher,|,,s (130 and 120%) and com- hibitor of the rabbit isoform. In addition, SGLT1 trans-
parable K s (8 and 1 mn). Increased affinity of indican ports both glucose and galactose whereas SGLT3 trans-
relative toaMDG suggests that nitrogen in the pyrrole ports glucose but not galactose (Mackenzie et al., 1996).
ring is favorable in both transporters. Higher affinity of Conjugation of poorly permeant compounds to glu-
2-naphthylglucose for pSGLT3 than hSGLT1 suggestsose or galactose may help these compounds to go
more extensive hydrophobic/aromatic interaction inthrough the enterocyte using a Mgugar cotransporter.
pSGLT3 than in hSGLT1. Our results indicate that This may improve intestinal absorption of poorly absorb-
bulky hydrophobic glucosides can be transported byable drugs (Mizuma et al., 1998). Previous studies using
hSGLT1 and pSGLT3, and discrimination betweenthe rabbit SGLT1 (Lostao et al., 1994) showed that
them is based on steric factors and requirements fophenylglucosides can behave as transported substrates,
H-bonding. This provides information for design of gly- nontransported inhibitors or noninteracting compounds
cosides with potential therapeutic value. depending on the nature and position of the chemical
group in the phenyl ring. Adding to those results, we
here provide more information about the chemical re-
quirements for a glucose derivative to be transported.
In addition, new ideas will be given about structure/
- function relationships because of the different affinity
Correspondence tdB. Hirayama and transport of the compounds by both cotransporters.
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Materials and Methods oMDG indican  esculin Pz oMDG
o -:{ —:1 —% -— -—
OCYTE PREPARATION
| - - YOY MAARL Y [,
Oocytes were obtained from aduenopus laevias previously de- [ o hl

scribed (Parent et al., 1992). They were injected with 50 ng of cRNA
(Ambion, Austin, TX) coding for the human Nélucose cotransporter
(hSGLT1, Hediger, Turk & Wright, 1989) or for the pig renal Ma
glucose cotransporter (0SAAT1, pSGLT3, Kong, Yet & Lever, 1993;
Mackenzie et al., 1994). Oocytes were maintained in Barth’s medium
supplemented with gentamycin (5 mg/ml), penicillin (100 units/ml)/
streptomycin (10Qug/ml), at 18°C for from 3—6 days until used.

AROMATIC GLYCOSIDES

All sugar conjugates were obtained from Sigma (St. Louis, M&®).

methylp-glucopyranoside §MDG), phenylf3-p-glucopyranoside |
(PG), 4-hydroxyphenyp-p-glucopyranoside (arbutin), 2-naphthgi- 100nA
D-glucopyranoside (2-NaphGlu), phloretin@p-glucopyranoside 5 min
(phlorizin, Pz), 8-hydroxyquinolin@-b-glucopyranoside (8-HQ), U

4-methylumbelliferylg-p-glucopyranoside (4-MU), 6,7-dihydroxy-
coumaring-p-glucopyranoside (esculin), indoxy-p-glucopyra-

noside (indican), 1-naphthy-p-galactopyranoside (1-NaphGal), and T
2-naphthylg-p-galactopyranoside (2-NaphGal).
All other chemicals were obtained from Sigma, Research Organ- esculin

ics (Cleveland, OH) or GibcoBRL (Gaithersburg, MD).
Fig. 1. Na" current was measured in a single hSGLT1 injected oocyte
in the presence of different glycosides. The membrane potential was
ELECTROPHYSIOLOGYEXPERIMENTS clamped at -50 mV. The dotted horizontal line indicates the baseline
current in N& medium in the absence of substrate. The addition of 1
Experiments were performed at 22°C using the 2-electrode voltagemm aMDG and 2 nu indican induced inward currents, 100vnPz
clamp method in a rapid perfusion chamber as previously describededuced the baseline current and 1@ Esculin did not produce a
(Lostao et al., 1994). The membrane potential was normally held aturrent but inhibited theMDG current by 30%. After the addition of
-50 mV, but in some cases the voltage was —=70 mV, and stepped foeach sugar, the oocyte was washed out if-fae medium (black box)
100 msec from +50 to =150 mV in 20 mV decrements. The experi-followed by Na medium (blank box).
ments were controlled and data acquired using pClamp software. Con-
tinuous current data was recorded using Axoscope (both from Axon
Instruments, Foster City, CA). current generated in transporter-expressing oocytes. Fig-

For the transported glycosides, the steady-state sugar-dependelr]tre 1 shows an example of a continuous current record
currents %) were obtained at each voltage and glycoside concentratio P

as the difference between the current measured at steady-state in thSINg hSGLT1 voltage-clamped to =50 mV. Initially the
presence and absence of the glycoside. The apparent affinity consta@®OCyte was bathed in a 100mNaCl buffer, and when 1
(K%.9) and the maximal current for saturating sugty,{) were ob- mm aMDG was added to the bath an inward current was
tained by fitting the steady-state currents at each membrane potential igenerated over baseline by =870 nA. This is the result of
the equation: [1) = I nax [S)/(Kos + [S]), using the nonlinear fiting sy gar: N4 cotransport in which 2 Naions are cotrans-
method in _SlgmaPIot (SPSS, Chicago, IL) where [S] is the gly005|dep0rted simultaneously with one sugar, generating a cur-
concentration. It was previously shown for SGLT1 that the apparent . . :
affinity, Ky 5 is a fair approximation for the binding affinity {k'ks,) rent O_f positive Charg_e into the Oocyte_(MaCkenZIet Loo
(Parent et al., 1992). & Wright, 1998). Indican (2 m) also induced an in-
For inhibitors the apparent inhibition constant,\kvas deter- ~ ward current (20% of theMDG transport, 200ss.870

mined at each membrane potential by measuring the difference benA) indicating that it (as well as 2-NaphGlogt showi),
tween theaMDG current in the presence of the blocker and in its was a transportable substrate. In contrast, esculin (10
:bsenge. tThese tvgl;x]gebs_t vxcljekr)e tfll'f tolEq- _[dl] erg] ] isthth‘? ﬁ?:)gtar'mm) had no apparent effect on the current, but this com-
ependent current inhibite e glycoside an is the inhibitor L
cogcentration. dMDG] was 0.34/1 nv ?o)r/ hSGLT1 and 4.0 m for poun(_j W.as .a'.‘ inhibitor of N$Su9ar cotransport. 10wm
PSGLT3, esculin inhibited the 1 m «MDG current by [25%.

7 mm 1-NaphGal, 7 mn 2-NaphGal, 20 m 8-HQ and 10

mm 4-MU showed the same behavior as esculin: inhibi-
Results tion of 1 mv «MDG current but neither inward current

nor inhibition of the baseline current. Phlorizin, the
The type of interaction of the glucose- and galactosecharacteristic competitive inhibitor of Néglucose co-
conjugates was initially determined by measuring thetransporters (Toggenburger et al., 1982) reduced the
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baseline current, a consequence of its inhibition of thealso mostly transported by pSGLT3, and both of the
sugar-uncoupled ‘leak’ current of Nahrough hSGLT1 Na“-dependent glucose cotransporters are capable of
(Umbach, Coady & Wright, 1990). Similar experiments transporting glycosides at least as large as 2-naplfthyl-
with pSGLT3 also showed that indican and 2-NaphGlup-glucose (estimated maximum dimensions 11A x 5A x
were transported, 4-MU and 8-HQ were inhibitors, and4A). Some of these compounds have apparent affinities
esculin and the Naphthyl-galactosides did not signifi-higher than that for the model sugaMDG. Additions
cantly interact with pSGLT3 (Table). to the aromatic rings decreased affinity in both transport-
Kinetics studies were then performed to obtain theers.
apparent affinities (s and maximal currents (L).
Figure 2 (upper panel) showeMDG and indican Na
inward currents at different concentrations, from 0.01 toAFFINITY FOR GLUCOSIDES
2 mm, in a single hSGLT1-expressing oocyte clamped at
=70 mV. Apparent affinity (Eqg. [1]) values were not In hSGLT1 the affinity (we will stipulate that our usage
voltage sensitive between —150 and —10 mV. These reof ‘affinity’ is actually the apparent affinity for transport
sults indicated a 5-fold higher affinity of indican gk  or inhibition) for the transported glycosides increased in
for hSGLT1 but a 7-fold lower maximal current than the order: esculin < 4-MU < 8-HQ < PG < arbutin <
aMDG. In pSGLT3 (lower plot) the K s and |8 for  2-NaphGlu <aMDG < glucose < indican < phlorizin
both compounds were comparable. (Table). SGLT1 behaves as if it has a hydrophobic/
In addition, kinetics for phenyg-p-glucose and ar- aromatic region in the vestibule in the vicinity of binding
butin were measured in hSGLT1 and pSGLT3. Bothsite Carbon 1 (C1) of the pyranose ring, however the size
hSGLT1 and pSGLT3 identified the same compounds asnd details of its architecture remain to be established.
transported substrates, but the nature of the interactionkhis feature is the reason that attaching an aromatic ring
were different, for example, phenglb-glucose, a poor via a B-linkage can create a transported substrate,
affinity substrate of both hSGLT1 and pSGLT3 (1.6 andwhereas disaccharides are ignored anlihked gluco-
7.9 mv) was poorly transported in hSGLT1 (25% of sides are poorly recognized (Landau, Bernstein & Wil-
aMDG |,,,,) but well transported in pSGLT3 (130% of son, 1962; Mizuma, Ohta & Awazu, 1994; Lostao et al.,
aMDG |,,,). Kinetic parameters for transport including 1994). The high affinity of indican and 2-naphthylglu-
2-NaphGlu, and arbutin are summarized in the Table. cose, compared taMDG and the inhibitors 4-MU,
Apparent inhibition constants (Kwere estimated 6-HQ and esculin, suggests a model in which a signifi-
for sugar analogues by determining the concentratiorcant portion of binding strength is derived from hydro-
dependence of inhibition of theMDG-dependent close phobic interactions, whereas discrimination of an accept-
to the K, 5 for each transporter. Figure 3 shows that forable structurevs. ones that will not bind, is determined
8-hydroxyquinolineB-p-glucoside the Kfor hSGLT1 by the H-bonding interactions between the vestibule and
was 6 nv, but the affinity of pSGLT3 was very low, so groups decorating the aromatic rings and steric interac-
at the highest concentration (20Mnonly 25% of the tions. In rabbit SGLT1, the affinity and transportability
aMDG current was inhibited, suggesting g & (M0  of phenyl glucose increased with the addition of a —-OH
mmM. The order of affinities (highest affinity to lowest) in in thepara-position (factor of 3 for i sand 1.5 for },,,),
hSGLT1 was Pz >> 1-NaphGal > 8-H& 4-MU =  and we have previously shown that tbetho-position
2-naphGal > esculinsgeTable). In pSGLT3 the order accommodates H-bond acceptors but not donors (Lostao
was Pz >> 4-MU > 8-HQ (Table), with no interaction of et al., 1994). In hSGLT1, the addition ofpara-OH did
esculin or the two galactosides. not affect affinity but increased the . This process of
substrate identification bears striking similarity to that of
the sugar-transporting porins (reviewed by Jap and
Discussion Walian (1998)).
In pSGLT3 the affinity for the same set of glyco-
The two transporters hSGLT1 and pSGLT3 aresides increased in the order: 8-HQ < 4-MU < PG <
homologous and share a common architecture, but thejlucose <aMDG < arbutin < indican < 2-NaphGlu <
functional details are different. We can obtain informa- phlorizin (Esculin did not interact with SGLT3) (Table).
tion about the binding and cotransport mechanisms byAs in SGLT1, it appears to be a hydrophobic/aromatic
comparing how these transporters interact (affinity andsurface outside of the sugar binding site which interacts
translocation) with a set of glycosides. In this study wewith B-linked aromatic rings and a capacity for H-
only usedB-linked glycosides and galactosides becauséonding that increased the affinity for arbutin (1.21)n
it has been demonstrated that, while SGLT3 transportsompared to PG (7.9 m). Increasing the size of the
bulky a-linked glucosides, SGLT1 does not (Lostao etaromatic moiety to indican and 2-NaphthylGlu, resulted
al., 1994; Mackenzie et al., 1996). in a further increase in affinity (K5 = 0.9 and 0.2 m),
The compounds transported by hSGLT1 weresuggesting that the larger aromatic systems were
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Table. Summary of glycoside kinetics in hSGLT1 and pSGLT3

hSGLT1 pSGLT3
A | ma{%0) K (Mmm) Compound Structure ma(%0) K (Mmm)
100 0.2, 4 D-Glucose 100 s

o,
o
o] o]
o o

100 0.2, p-Galactose - >>20Q,;,

[=]
o
o
o o

100 0.3:7 a-Methyl-p-glucose 100 2.§3 "

o,
o
o o
() o
2
&

90 3.3y 3-O-Methyl-glucose ND Nlg.4

o
o,

o
Fo o

8 0.5+0.2 2-NaphthyB-p-glucose 25+3 0.2+0.01
14 0.06 £0.01 Indican 80 0.9+0.2
Glu/%
25 1.6+0.2 Phenyg-p-glucose 130 79+05
A
74 1.3+0.2 Arbutin on 120 12+01
am’ol
B K; (mm) Compound Structure Kmm)
- 0.00022;, Phlorizin " " - 0.00%;,
{T]
- 9+3 4-Methylumbelliferylg-p-glucose " - 33+%1
Glumooﬂ
- 62 8-Hydroxyquinoling3-p-glucose - 4o
2
- 13+4 Esculin - NI
HO, 0, 0
G[um
- 1+0.3 1-NaphthyB-bp-galactose - NI
G-/%
- 10+£2 2-Naphthyl3-p-galactose - NI
SO

(A) Glycosides transportedB) Glycosides nontransported (note that galactose is not transported by SGLT3). The data from this study are combine
with data obtained with similar methods in previous studies (references in subscripts). Note that phlorizin affinity is reportedKasetids are

mean +sem from at least 3 oocytes from at least 2 different donor frags= not determinedyi = no consistent significant effect at maximum
solubility of test glycoside. (Mackenzie et al. 1994; Hirayama et al., 1996; Mackenzie et al., 1996; Hirayama et al. 1997).
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oMDG 100 ¢
500 I e 499 £8 DA
hSGLT1 Kos 0304002 mM
] 801 pSGLT3
400 -
)
| 5 60 -
~ 300 8
g 2 o
200 | Indican e hSGLT1
I 71 £3 DA 20
| Kos 006+ 001 mM
100 . . .
0 T T T 1
N 0 5 10 15 20
0 0 05 1 15 2 [8-Hydroxyquinoline-Glc], mM
[ substrate], mM Fig. 3. Apparent inhibition constant (X of 8-HQ for hSGLT1 and
pSGLT3. TheaMDG current inhibited was determined for each con-
centration of 8-HQ, and the inhibition constant was estimated by fitting
the data to Eq. [1].
i aMDG
60 +
pSGLT3 i(’“os 22;30_;AmM The highest affinity inhibitor was phlorizin for both
50 transporters, with affinities from 600-1,000 times that of
glucose. The phlorizin affinity of SGLT1 is 40 times
40 higher (K = 0.22 uMm, Hirayama et al., 1996) than that
Indican of SGLT3 (K; = 9 um, Mackenzie et al., 1996). This is
~ 30] I, 64%8 nA similar to the ratio of affinities for glucose in the two
) K, 1705 mM transporters (SGLT1:SGLTZ 30:1). We note that the
™ 20 characterization of phlorizin, or other compounds, as an
inhibitor is an operational definition. Previous studies
10 |e suggest that phlorizin may be transported at a very low
rate by SGLT1 (Lostao et al., 1994), and Panayotova-
0 ' ' ' ' " Heiermann et al. (1996) described a SGLT1-SGLT3 chi-
0 ! 2 3 4 5 meric transporter in which phlorizin was the highest af-
[substrate], mM finity transported substrate.

) o o SGLT1 has a higher affinity for sugar than SGLT3,
F'gt' 2{-;2?“;3 ;f\/'”fsae” :r: T:g’f";i ggdeaign";e’o?tthaé m;’:ga”e however the SGLT3 sugar-binding site is more selective.

otenti - . X .
Eurrents onaMDG and indicgn concentrgtion in hSGLT1- (upper The Ko 5 0f SGLT1 foraMDG, for example, i€D.3 mw,
panel) and pSGLT3-injected (lower panel) oocytes. Kinetic constants<COmpared td 2.5 mu for SGLT3, however SGLT3 does
were obtained according to experimental procedures. Similar result§0t bind or transport galactose or 3-O-methylglucose
were obtained with oocytes from different frogs. The results are sum{Table). What do these differences tell us about how
marized in the Table. (The maximal currents recorded are a function Ofsugar conjugates bind to the transporter? The lack of
_pro_te_in expression levels, which depend on the batch of oocytes and thg\teraction of the naphthylgalactosides with pSGLT3
individual cIS)ne; the turnover number for h\SGLT1 and pSGLT3 are indicates that the primary discrimination for sugar
both (B0 sec* at -150 mV,unpublished results. . . L7 .

conjugates is the sugar-binding site. 2-naphthylglucose

showed a 30-fold increase in apparent affinity compared
stabilized in the binding site. The 2-fold increase in af-to glucose. This indicates that binding of the naphthyl
finity for «MDG (K, 5 = 2.5 mv) over glucose (K 5 = moiety in the vestibule lowered the free energy of the
6 mv) may also be a reflection of an increase in stability system. 2-Naphthylgalactose, however, was ignored by
in the binding site due to hydrophobic interactions of thepSGLT3, and this indicates that the contribution by the
methyl group with the vestibule. Increasing the numbemaphthyl group to binding energy was insignificant com-
of —OH, =0, or —CH;, groups to the 2-naphthyl ring pared to the discrimination against the galactose moiety.
(4-MU and esculin) reduced affinity. This may be due to Interestingly, the 1-naphGal and 2-naphGal were
incompatible H-bonding requirements, steric effects ininhibitors of hSGLT1, and the affinity of 2-naphGal
the vestibule or, particularly in the case of esculin, con-was 20-fold lower than the glucoside (Table). The rea-
formational restrictions due to the proximity of the —OH son for this discrepancy is not yet understood, but it is
group to glucose (Table). possible that the orientation of glucose in the binding site
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(Lostao et al., 1994). Addingpara-OH to PG (arbutin)
increased the,|., by 50%, suggesting that the translo-
cation through the protein also involved H-bonding. The
same characteristics were observed for hSGLT1, where
the |« increased in the order: 2-NaphGlu < indican <
PG < arbutin < glucoseyMDG (Table). Increasing the
number of functional groups on 2-NaphGlu allowed
binding but turned the compound into an inhibitor, sug-
gesting that the placement of the groups was incompat-
ible with the translocation pathway.

There appears to be differences in the translocation
pathway between hSGLT1 and pSGLT3. (i) All the
simple sugars that SGLT3 transports have the same |
but the Table shows that addition of an aromatic ring
increased the,|,, of the PG conjugate to 130% of the
[ max fOr aMDG. Addition of apara-OH had no signifi-

Fig. 4. Conformational searches about the glycosidic bond of all of thecant effect on },.(or affinity). (ii) Increasing the size of
compounds used in this study. After the initial structures were relaxedthe conjugate reduced turnover rate, so for pSGL.I.3 |
charges were a;signed to the atoms using the A'Ml semi-empiric3}gr indican was 80% of Joxfor eMDG, whereas J, ,, for
method, and the final structures were determined using the MM+ force

- 0 i
field (Hyperchem, Hypercube, Ontario, Canada) using these atomi;2 NaphthyIGIu was 25% suggesting that the pyrrOIG

charges. The 7 lowest energy structures were compared with the crystﬁItrogen in the first aromatic ring is involved in a favor-

structures of 4-methylumbellifernB-o-glucopyranoside (GEMDOR) able interaction in the translocation pathway. In
and salicin (CIZWOX) deposited in the Cambridge Structural Data-hSGLT1 the effects on,],, were much more dramatic,
base. As the differences in energy between the different conformation@jecreasing to 14 and 8% thlx for aMDG. pSGLT3
was small, we compared the structures which had torsions closest t8id not tolerate additional functional groups on 2-
that of the first ring of 4-MU. The structures were superimposed on theNathlu or the influence of nitrogen in the second aro-
pyranose ring oxygen 5, carbon 1 and oxygen 1. ..

matic ring of 8-HQ.

Several groups have investigated the possibilities of

is slightly different from that of galactose to accommo- using SG'_‘Tl and SGLTS3 as drug delivery vehlclgs. Re-
date the different configuration of the —OH at C4, and cent studies demonstrateq transport of acetamlnqphen—
this results in a greater degree of incompatibility in the9/Ucose by rat SGLT1 (Mizuma et al., 1998) and ifos-
vestibule, which is reflected in a lower apparent affinity. f@mide mustard-glucoside by SGLT3 (Vehyl et al,
The Fig. 4 compares the 3-D structures of the test.998). We would expect that acetaminophem-
compounds. The aromatic rings of the transported sub@ucose would bind to SGLT1 because of the favorable
strates (arbutin, indican and 2-naphthyl-glucose) ardlacement of the aromatic ring on C1, and thara-
shaded. Pandl shows that the area of the aromatic rings Placement of the nitrogen serves a similar H-binding role
or substituent groups of the nontransported compoundas the para-OH of arbutin. The carbonyl and aliphatic
extend beyond the boundaries defined by indican andportions are compatible with the requirements for aro-
2-NaphGlu, suggesting a size limit for transport of ap-matic and hydrophobic interactions in this region. The
proximately 5A x 4A. PaneB is a side view of the similarity in requirements for transport by SGLT3 also
overlay. All of the aromatic rings are predicted to lie in suggest that acetaminophen-glucoside should be a good
the same plane, except esculin, which projects out of theéubstrate. On the other hand, ifosfamide mustard-
plane by[B0°. This may account for the lower affinity glucoside was well transported by SGLT3 (k= 1.1
of hSGLT1 for esculin binding because the aromatic surmm, and V,,, [b-fold lower thanaMDG, Vehyl et al.,
face is not in contact with the vestibule. The lack of 1998) but was not transported by human or rabbit
interaction with pSGLT3 may be the result of a steric SGLT1. Our data suggest that the charged/polar nature
conflict preventing binding of the glucose moiety. of the phosphate is incompatible with the hydrophobic
region of the vestibule. Future interactions with SGLT3
will provide further information on the characteristics of
TRANSLOCATION OF THESUGAR the binding transport pathway.
What steps in the transport process account for these
It has been previously shown for rabbit SGLT1 that effects on transport? According to our 6-state alternating
maximal transport velocity (l,,) is not correlated to the access model of cotransport (Parent et al., 1992; Loo et
affinity for either the underivatized transported sugarsal., 1998; Loo et al., 2000) the affected rate constants are
(Birnir, Loo & Wright, 1991), or the aromatic glucosides confined to substrate binding/release or translocation of




A. Diez-Sampedro et al.: Interaction of Glycosides with SGLT1/3

the fully loaded transporter. (The ion-binding and trans-

location of the empty transporter are unaffected.) This is
because the ion-driven cotransporters behave as if &°

least one cation binds first, inducing a conformational

change in the protein at the sugar binding site, the result

of which is to increase affinity for sugar. Binding of
sugar in turn induces a conformational change that re
sults in reorientation of the binding sites to now face the

117

Loo, D.D.F., Eskandari, S., Hirayama, B.A., Wright, E.M. 2000. A
kinetic model for secondary active transpoi presg

o, D.D.F., Hirayama, B.A., Gallardo, E.M., Lam, J.T., Turk, E.,
Wright, E.M. 1998. Conformational changes couple'dad glu-
cose transportProc. Natl. Acad. Sci. USA5:7789-7794

stao, M.P., Hirayama, B.A., Loo, D.D.F., Wright, E.M. 1994,
Phenylglucosides and the Nglucose cotransporter (SGLT1):
- Analysis of interactions]. Membrane Biol142:161-170
Mackenzie, B., Loo, D.D.F., Panayotova-Heiermann, M., Wright, E.M.

interior of the cell, where the substrates are released. 1996. Biophysical characteristics of the pig kidney*Ntucose

At this point it is not possible to differentiate between

these steps. So, for example, for a nontransported com_
pound that binds to the transporter, the defect could be in

cotransporter SGLT2 reveal a common mechanism for SGLT1 and
SGLT2.J. Biol. Chem271:32678-32683

ckenzie, B., Loo, D.D.F., Wright, E.M. 1998. Relationship between
Na*/glucose cotransporter (SGLT1) currents and fluxesMem-

either the translocation of substrate release steps. OUr prane Biol. 162:101—106
continuing studies are investigating in detail how thesewackenzie, B., Panayotova-Heiermann, M., Loo, D.D.F., Lever, J.E.,

compounds affect the transporter by exploiting the bio-
physical characteristics of SGLT1.
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