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ABSTRACT:. Our goal was to identify pairs of charged residues in the membrane domains of tihe Na
glucose cotransporter (SGLT1) that form salt bridges, to obtain information about packing of the
transmembrane helices. The strategy was to neutralize Glu225, Asp273, Asp294, and Lys321 in helices
6—8, express the mutants in oocytes, meastf@]{oMDG uptake, and then attempt to find second-site
mutations of opposite charge that restored functioMDG uptake by E225A was identical to that by
SGLT1, whereas transport was reduced by over 90% for D273A, D294A, and K321A and was not restored
in the double mutants D273A/K321A or D294A/K321A. This suggested that K321 did not form salt
bridges with D273 or D294 and that E225 was not involved in salt-bridging. Neutralization of K321
dramatically changed the Nainiport and Na/glucose cotransport kinetics. The maximum rate of uniport

in K321A increased 35-fold with a decrease in the apparent affinity for*l\(aac’c\)'f';‘3+ 70 vs 3 mM) and no

change in apparent Haffinity (Kg_; 0.5uM). The change in Naaffinity caused at+50 mV shift in the
charge/voltage@/V) and relaxation time constant)(voltage curves in the presteady-state kinetics. The
presteady-state kinetics infHemained unchanged. The lower Naffinity resulted also in a 200-fold
increase in the appareiy s for cMDG and phlorizin. Replacements of K321 with alanine, valine,
glutamine, arginine, or glutamic acid residues changed the steady-state kinetics in a similar way. Therefore,
we suggest that K321 determines, directly or indirectly, (i) the rate and selectivity of SGLT1 uniport
activity and (ii) the apparent affinities of SGLT1 for Naand indirectly sugar in the cotransport mode.

Understanding the relationship between structure and K311, K321, K336) or negative (D273, D294) charge is
function of Na'-dependent substrate transporters is of major conserved among all isoforms and homologous members of
importance, since this class of membrane proteins suppliesthe family. The same region is a “hot spot” for mutations
cells with essential nutrients. Turk et al, @) proposed that  in human SGLT1 (W276L, C292Y, Q295R, R300S, and
the secondary structure for the Ndependent glucose A304V; 6—8) that cause glucosegalactose malabsorption.
cotransporter family (SGLT1)s composed of 14-helical Even inVibrio parahaemolyticuSGLT (9) residues K321,
membrane spans. Charged and polar residues within theR300, and K305 are conserved. According to the SGLT1
transmembrane domain could be involved in the SGLT topology model {), amino acids E225, D273, and D294
conformational changes and/or Nainding. However, since  reside adjacent to helix 8 and are potential candidates as
the presence of positive or negative charges in the dielectriccharged-pair partners with K321 (Figure 1). Therefore we
environment of the membrane is energetically unfavorable, tested for interactions between K321 and E225, D273, or
membrane charges often feature as partners in “charge-paiD294. Electrophysiological and flux analysis of rabbit
neutralization” with another membrane countercharge. Salt SGLT1 and K321 mutants indicated that K321 modulates
bridges have been reported for both globutahelical the Na" uniport and Na/sugar cotransport kinetics of SGLT1
proteins 8) and membrane proteind,(5). but it does not form salt bridges with the residues D273,

Here we have focused on charged residues in a highly D294, or E225.
conserved domain of SGLT1, i.e., in and around transmem-
brane helices 7 and 8. In this region (amino acids-273 EXPERIMENTAL PROCEDURES
336 in rabbit SGLT1) every positive (R300, K305, H309,  Molecular Biology. A construct containing the cDNA
sequence for rabbit SGLT1 in pGEM3E&f(10) was used
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NS25554. directed by synthetic oligonucleotide primers applying a two-
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of aMDG, Na', or Ht giving 50% of the maximum rate of cotransport; ! ! )
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uniport. CTGAQCKGTGCACCAGTACC; K321A, AGGAACAT-
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FiGURe 1. Secondary structure model for SGLTIL).(Shown are 3 2 g § § § § §
the residues mutated in this study, E225, K321, D294, and D273, @ = = . = =
and those studied previously, D28, D176, R427, and R&99,( Qo b=y
10, 20). Note that in an earlier secondary structure model D273 a a

was predicted to be in the membrane. FiGURE 2: Total uptakes measured in 5 “C-aMDG. Sugar

. transport was assayettdj in 50 uM of “C-oMDG, 4—7 days after
AGGCATCACOGCCAGGTACCCACACAG; K321E, AGG- injectri)on of SGLTl)grﬁr?utant étRNA into the oocytes. Ti¥e asterisk
AACATAGGCATCACCTCCAGGTACCCACACAG; indicates sugar concentration of 1001. For each mutant the data
K321R, AGGAACATAGGCATCACCTCAGGTACCCA- were normalized to the sugar transport by SGLT1 in the same batch
CACAG,; K321Q, AGGAACATAGGCATCACCTGCAG- of oocyte. Errors represent SEM,= 4.

GTACCCACACAG,; K321V, AGGAACATAGGCATCAC-
CACCAGGTACCCACACAG. To create the double mutant D294A/K321A. Western blot analysis (not shown) verified
D273A/K321A, the recombinant D273A plasmid was cut that these mutant proteins were produced within the cell in
with Kpnl/Hincll and used as vector recipient. The plasmid amounts comparable to SGLT1. Electrophysiological analy-
construct for the K321A mutation was cut with the same Sis of both sugar-induced currents and presteady-state cur-
restriction endonucleases and the DNA fragment was reli- rents in the absence of sugar confirmed the uptake results
gated into the vector recipient. The double mutant D294A/ and further demonstrated that (1) the kinetics of sugar
K321A was obtained by introducing &tu/Kpnl fragment transport for E225A was similar to those of the wild type
carrying the D294A mutation in th8tu/Kpnl-cut plasmid (KS“QDG ~ 0.2 mM, KiPZ ~ 5 uM), (2) the K321A protein
with mutation K321A. All mutations and sequences of was present in the plasma membrane (see below), and (3)
subcloned DNA were verified by sequencing with the there was little expression of D273A, D294A, or D273A/
Sequenase kit from U.S. Biochemical Corp. The mutagenic K321A in the oocyte plasma membrane, i®nax < 2 NC
DNA templates were linearized witcoRl and transcribed  and I2¥P® < 100 nA at 46-100 mM aMDG (15).
in vitro from the SP6 RNA polymerase promoter (MEGA-  K321A Steady-State Sugar Cotranspdfigure 3A shows
script kit, Ambion, Austin, TX). the two components of the currents associated with SGLT1:
Transport Assays and Electrophysiology. Xenameytes g Na “leak” in the absence of sugar and a sugar-induced
were injected with 50 ng of either wild-type or mutant cCRNA  steady-state inward Nacurrent. Shown are continuous
and kept at 18°C for 5-10 days {2). Na'-dependent  currents from oocytes from the same donor expressing
aMDG uptake was measured by a radioactive tracer tech-rhSGLT1 and K321A at-50 mV, when N& and sugar were
nique (L3). Electrophysiological measurements were made sequentially added to the external solution. The leak current
with a two-microelectrode voltage clamp(( 14). Toobtain  was estimated by substitution of external*Nay choline
current/voltage relationships, membrane voltage was steppethnd was greater for K321A<130 nA) than for the wild-
for 100-500 ms from the holding potentialV{) to test type (—55 nA). The current induced by 10 m¥MDG was
potentials ¥;) ranging betweer-150 and+50 mV. Steady-  much larger for wild type£210 nA) than for K321A, even
state and presteady-state kinetic parameters were calculategit 100 mMaMDG (—108 nA).

by nonlinear regression analysis (see figure legends) by 1he currentivoltage relations of the Nizak and the sugar-
applying the fitting routines in ENZFITTER (Elsevier- inqyced current generated by SGLT1 and the mutant are
Biosoft, Cambridge, U.K.) and Sigma Plot (Jandel Scientific, gnown in Figure 3. In both SGLT1 and K321A, the leak
San Rgfael, (?A). All experimepts were repeated at least .,rrents increased with voltage and [ia(5—100 mM).
three times with oocytes from different donor frogs. For SGLT1 this current saturated at the most negative
RESULTS potential <150 mV), but for K321 the leak current showed
a supralinear increase with hyperpolarization. For the two
Mutation of Charged ResiduesWe have neutralized proteins, there was a difference in the ratio of the sugar-
E225, D273, D294, and K321 (Figure 1) by site-directed induced to the leak currents. For SGLT1 the current induced
mutagenesis, expressed the mutants in oocytes, and measurdgy 10 mM oMDG in 100 mM NaCl 600 nA at—150
[**C]-aMDG uptake (Figure 2). Sugar transport was identi- mV) was 1 order of magnitude larger than the current in the
cal to that of the wild type for E225A, reduced more than absence of sugar—{75 nA). In 15 oocytes expressing
90% for D273A and K321A, and eliminated for D294A. The SGLT1 the Na leak current was 18%t 4% of the total
transport inhibition observed for D273A, K321A, and D294A current measured in the presence of saturating sugar. For
was not restored in the double mutants D273A/K321A and K321A (Figure 3C) the leak current was comparable in
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L min. e FIGURE 4: Nat/sugar cotransport by wild-type and K321A. (A)
""""""" Apparent affinities fomMDG in NaCl. The external Naconcen-
V¢ (mV) tration [Na'], was fixed at 100 mM while theoqfMDG], was varied.
B 150 100 50 0 For wild type pMDG], was (in millimolar) 0.015, 0.03, 0.06, 0.12,

0.25, 0.5, 1, 5, or 20; and for K321A (in millimolar), 0.5, 1, 5, 10,
~— 0 20, 40, 60, 80, or 100. At each membrane potential the measured
NaCl aMDG-induced currents were fitted to the equatidn =
a MDG aMDG aMDG

Imax [OMDGJ/(K's - + [aMDG]), wherelgz,~ is the apparent

maximal current at saturatingVIDG concentrations ank3° is

the sugar concentration at 50Bfa . At —150 mV theKg%°®
SGLT1 350 was 0.2+ 0.03 mM for wild type and 43t 10 mM for K321A.
Error bars are standard errors of the ¥it; was—50 mV. Similar
parameters described two additional experiments. (B) Apparent
affinities for Na". TheaMDG-induced currents were measured as
a function of [Na],. [Na*], was varied between 0 and 100 mM,
whereas ¢MDG], was maintained at 10 mM for SGLT1 and 100
+oMDG TmA) [ -700 mM for K321A. [Na'], for wild-type was (in millimolar) 0, 5, 10,
20, 50, 70, or 100 and for K321A (in millimolar) 0, 2.5, 5, 10, 20,
Vi (mV) 40, 60, 70, 80, 90, or 100. The sugar-dependerit darents were

-150 -100 -50 0 fitted to the Hill equationl = INEINa YY) + [Na']D).
C —_ 1IN is the maximal current at saturating Naoncentrations,
KN is the value of [Na], at 50% IN* and n is the Hill
coefficient for N&'. Kgfi: at—150 mV was 6% 8 mM for K321A
NaCl and 3.5+ 1.5 mM for SGLT1.

Given the magnitude of the leak currents, up-tb600 nA,

— -300 it was not possible to obtain cotransport kinetics for K321A

K321A in Li* or H*.

Figure 4 summarizes the apparent affinity constats

+ oMDG for sugar and Na Kgg"® for K321A (43 £ 10 mM at
1(mA) L 600 —150 mV) was approximately 200-fold higher than for

Nat T
Ficure 3: Current/voltage relationships for wild type and K321A. SGIEIT]'l' At 31553: T\é th(:/lKO-E’ 1gor f/IGLI\-/ll—IéL)GwatSh Slgtr;:flt
(A) Current records from single oocytes expressing roSGLT1 and ¢anty ‘ower 3. -2 Mviin 10 mMa ) than a
K321A showingaMDG-induced N& inward currentsV, = —50 for K321A (69 £ 8 mM in 100 mM aMDG). The Hill
mV. The dashed line represents the baseline in 100 mM choline coefficients were 1.4t 0.5 for K321A and 1.8t 0.5 for

chloride. Subsequent addition of 10 miMDG (rbSGLT1) or 100 : a
mM aMDG (K321A) induced large inward currents. (B) Current/ S.(IdeTl (err(érs represent errors of :heh ];lt)' |TK€-5 dfor d
voltage (/V) relationships of the rbSGLT1 steady-state currents. WIId-lype and mutant proteins were slightly voltage-depend-

The curves for Nauniport currents were obtained as the difference €nt, increasing to 18- 5 mM and 76+ 14 mM at—50 mV.
of the steady-state currents in the absence and presence of differenty thjs pair of experimentsl,m‘;; was —290 + 20 nA for

[Nat]s: 5 (¥), 20 (#), 50 (@), or 100 @) mM. Thel/V curve of _ ;
the ngar-induced Nainward currents®) is the difference of the K321A and—590+ 50 nA for SGLT1. In a second series

steady-state currents in the presence and absence of JNVHDG. for K321A the KB‘? was 53+ 5 mM and the Hill
(1A% relqtionships of the K321A steady-state currehtgcurves coefficient was 1.9+ 0.2
were obtained as described in panel B, except that[Naas 20 Leak Pathway Figure 5 shows the apparent affinity

(v), 60 (a), 100 @), and 150 ®) mM, and theaMDG-induced

currents were measured in 100 MAMDG (0). constants for Naand H" leaks through SGLT1 and K321A.

. . The ko values for N& (k)2 or H' (k!'y) were obtained
- 0, 0.5 0.
nma:ggl)tude to the sugar-induced current, 53%4% (SEM, by fitting the steady-state inward currents to the Hill equation

. u
H* and Li* have been shown to be able to substitute for (Figure 4B). Thekgs for SGLT1 was 2.5+ 0.9 mM at
Na* in SGLT1, showing both L'i and H' leak and sugar-  —150 mV, whereag;: for K321A at this voltage was 71
induced currentsl, 17). For K321A addition of 100 mM &+ 5 mM. The Na Hill coefficient for K321A was 3.1+
oMDG to 100 mM LiCl or 3.16uM H* (choline pH 5.5) 0.6 (2.1+ 0.2 for rbSGLT1) andx‘;‘; was—290 + 23 nA
generated only small currents-110 nA at —150 mV). (—98 £ 2 nA for rbSGLT1).
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Ficure 5: Leak pathway for SGLT1 and K321A. (A) Apparent

affinities for the sugar-independent Na&urrents (cg"a;). In the
absence oftMDG, the [Na'], for wild-type and K321A was varied
between 0 and 100 mM [N#, and the difference of the currents
in Na* and choline was fitted to the Hill equation (Figure 3B). At

—150 mVk)2 for SGLT1 was 2.5+ 0.9 mM, and for K321A, 71
+ 5 mM, SEM, n = 3. (B) Apparent affinities for the sugar-

independent H current (c'g;) External [H], were 0.031, 0.1,

0.316, 1.0, and 3.16M. k!; for SGLT1 was 0.5 0.04uM (n
= 2), and for K321A it was 0.35% 0.04uM (n = 5).

Increasing the external Hconcentration from 0.0316 to
10 uM induced K321A leak currents up to1800 nA, with

an apparentcg'.:3 = 0.35+ 0.04uM and Hill coefficient of
1.8 + 0.1, at—150 mV (SEM,n = 5). Calculated""

max

values at—150 mV for K321A were betweer-400 and
—1800 nA, and for rbSGLT1,-200 to —300 nA. The
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FIGURE 6: Presteady-state charge translocations associated with
rbSGLT1 and K321A. (A) Presteady-state currents from a SGLT1-
expressing oocyte where the membrane voltage was hetd @d

mV and then jumped for 100 ms t650 (upper trace) ane-10

results obtained on oocytes expressing rbSGLT1 were MV (lower trace). (B) Same recording as presented in panel A but

similar, i.e.,k; = 0.514 0.04uM, 1) = —253+ 16 nA,
andn= 1.4+ 0.32 (Figure 4B). Inward leak currents were
also detected in 100 mM LICH100 to—600 nA at—150
mV) for SGLT1 and K321A, and the magnitude of the leak
currents were in the sequenceddk > Litieak > Natjeax for

both the wild-type and mutant proteins.

Are the changes in kinetics observed for K321A caused
by the inserted alanine or by the loss of the lysine at this

from an oocyte expressing K321A. (C) Kinetics of the presteady-
state current relaxation. The time constants of relaxation in 100
mM NacCl for the on-current transients) for each tested membrane
potential {/;) were obtained by fitting the measured currditt¢

the equationl = ;&= + le™" + I, wherel; is the oocyte
capacitive current with time constant, | is the K321A transient
current with time constant, before decaying to the steady-state
current (s9. (D) Charge/voltage relationship of the current tran-
sients. The integrals of the off-transient currei@$ due to K321A
were plotted as a function of the applied test volts#g&he smooth
curve was obtained by fitting the charge/voltage relationship at

position? To answer this question we replaced K321 with [Nat*], =100 mM to the Boltzmann equationQ( Qny) = Qmal
charged (K321R, K321E), polar (K321Q), or neutral (K321V) [1 + exp(V; — Vo.5ZHRT]. Qmax = (Quep — Qnyp) is the maximal
residues. The conservative substitution K321R caused acharge transferQqe, and Qny, are the charge movements at the

phenotype close to that of K321A. The Naurrents had
the same amplitude as teMDG-induced inward currents:
—138 nA in the presence and126 nA in the absence of
100 mM oaMDG at —150 mV, with an increase oetg_‘}f to
514+ 10 mM andK3Y°° to 64+ 29 mM at—150 mV. The
errors of the fits illustrated that 200 mM NaCl and 150 mM
sugar were not sufficient to saturate transport. Similarly to
K321A, the K321R mutant steady-state kinetics in protons
were close to these for SGLTkK; = 0.74 £ 0.06 uM,

I = —679+ 34 nA,n= 15+ 0.15, andV; = —150
mV). Addition of 100 mMaMDG inhibited the inward H
leak currents by 3650 nA. Similar results were observed
for K321E, K321Q, and K321V mutantx}2 > 80 mM
Nat, K$%°¢ >100 mMaMDG). For these mutants the'H
affinity remained in the range typical for SGLTlKg;
varied between 0.72 0.1 uM (K321E) and 1.3+ 0.1 uM
(K321V) with I'"” > —1000 nA andn > 1 atV; = —150
mV.

depolarizing and hyperpolarizing limitdy 5 is the potential for 50%
Qmax Z is the apparent valence of the movable charge, Rn,
and T have their usual meanings.

Presteady-State Currentdn the absence of sugar, K321A
and SGLT1 exhibited presteady-state currents after step
changes in membrane voltage in both™N&igure 6A,B)
and H' (not shown). For K321A the relaxation of the current
transients in Na was described by a monoexponential
function with a time constantr) of 22 ms at+50 mV. In
100 mM Na 7 followed a bell-shaped relationship i,
(Figure 6C), similar in shape to SGLT1, but with a peak at
a more positiveVy [Tmax~ +50 mV vs ~1 mV (10)].
Lowering the external [Ng, to 10 mM shifted the voltage
for Tmax from K321A to —37 mV, comparable to the shift
for SGLT1 (18).

The charge/voltageQ/V) relationship in 100 mM [N&],

did not saturate at positive potentials for K321A (Figure 6D)
and so evaluation of the Boltzmann paramete@saf
maximal charge transferred;apparent valence of the charge
transferred; and/y s,voltage for 50%Qmay Was performed
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Table 1: Summary of Parameters Describing Steady-State Kinetics with approaches ranging from site-directed mutagené8js (

atV, = —150 mV 20) and construction of chimera2) to truncation of the
affinities _conditions rabbit SGLT1 K321A protein @2) and the study of functional defects in mutant

o ~ VDG 25 09mM e Ep—y proteins found in patients with glucosgalactose malab-
K‘,’ﬁ « : =m m sorption {7, 8). These studies suggest that the C-terminal
Kos +aMDG 3.5+ 1.5mM 69:£ 8 mM five helices of the protein determine sugar selectivity, affinity
(10 mMoMDG) (100 MMaMDG) : ' '

and permeation2(l, 22).

Kos —aMDG  0.51+0.04uM  0.35+0.04uM Another powerful approach to study the helical packing

KNG Nat 0.2 mM 43 mM of membrane proteins is to identify pairs of charged residues
in hydrophobic domains4( 5). The strategy is to identify

ki _(i\l,\j;G 1.5+05uM 850+ 50uM functionally important charged residues, neutralize them by

KP? Na* 1uM 700 uM site-directed mutagenesis, and find second-site mutations of
+aMDG (100 mMMaMDG) (100 mMMaMDG) oppositely charged residues that restore function. In this

ki H* 10uM ~80uM study we have neutralized two charged residues (K321A and
—oMDG D294A) in transmembrane helices 7 and 8, a highly

at lower N& concentrations. At lower Nathe Q/V curve ~ conserved region in the SGLT1 gene familg),(and
shifts into a working range (see reff8). The kinetic examined the function of the mutant proteins. The D294A

parameters of charge transfer at 10 mM NaCl in an oocyte Mutant was not functionally expressed in the plasma

with Igw'\;EG — —170 nA at—150 mV wereVys = —37 & 3 membrane and func_tlon was not restored in the double mutant
MV, Qrax= 13+ 0.8 nC, andz~ 1. The SGLT1 values at D294A/K321A. This suggests that D294 does not form a
10 r’nM Na" wereVys = '—88 MV, Qmax = 13 NC, andz = salt bridge with K321 and rescue trafficking to the plasma
1.1+ 0.1 (= 4) (18). ’ ' membrane and functional activity. Mutation of E225 at the

The apparent cotransporter turnover rates for SGLT1 extracellular end of helix 6 did not affect the kinetics of
isoforms, defined by the ratif¥°C at —150 MV toQuax at SGLT1, suggesting that this residue is not involved in
] max

saturating Na vary in the rare;)g(ge from 25-4 for rabbit intramolecular salt bridging. As anticipated, there is no

SGLT1 (30 st for rat SGLT1) to 57 st for human SGLT1 interaction between K321 and another acidic residue, D273,
(14). The cotransporter turnover rate for K321A wag5 in the hydrophilic loop between helices 6 and 7. While
1 oMDG _ . neutralization of D273 reduced transport activity below 10%
st (at 10 mM NaCl,l;.5"/Qmax = —170 nA/13 nC; at 20 . L

| |2MDG; na / of wild type due to a trafficking defect, there was no
mM NacCl, | Qmax = —236 nA/16 nC). significant transport by the double mutant D273A/K321A,

max
ALpH 5.5 in choline chloride the presteady-state currents i.e., the trafficking defect in D273 is not due to disruption
of a salt bridge with K321.

for SGLT1 and K321A relaxed with comparable time

constants 170 ms at—150 mV). For both proteins the , ,
transient currents relaxed faster with more positive voltages _According to the secondary structure model (Figure 1),
and reached 35 ms (K321A) and 40 ms (rhSGLT1)}&0 Fherg is only one other audlc; residue in the hydrop_hoblc
mV. 74 was independent of voltage betweeh50 mV and !ntenor of SGLT1: E503 in helix 12. However, this regldge
+50 mV (100 ms for K321A; 60 ms for rbSGLT1). The IS more Ilkely to form an mtramembrane charged pair with
charge moved by the SGLT1 at pH 5.5 during the onset of R499 than with K321. Neutralization of R499 reduced both
the pulse was described by a Boltzmann relation Wi the delivery of the cotransporter to the plasma membrane

= —52 mV,z= 1.0+ 0.1, andQmax = 10 nC. Therefore ~ and its affinity for sugar 7). Previous studies2() also
the cotransport turnover number for SGLT1 irf I(_laMDG/ demonstrated that neutralization of R427 in helix 10 elimi-

max S .
Qma) Was>35 s, The presteady-state parameters measured nated transport due to a trafficking defect. Although it cannot

on an individual K321A expressing oocyte as determined be excluded that mutant R427A is incorrectly folded due to

from the OFF transients wei,s = —58 mV, z = 0.6 & disruption of a potential salt bridge, preliminary results
0.05 andQmax = 37 nC. ' ' ' suggest that the negatively charged counterpart of R427 is

Phlorizin. The plant glucoside phlorizin is a competitive probably not residue D273. The double mutant D273A/

blocker of Nai/glucose cotransport, charge translocation, and IFtQ?SZZIA; LemgLT;?JrS]::EgryZitf;z: ?g3d2it1ioi2 ?)f;?é)nrt?ei\l/llyail\r?\?o?vled
:ehs?inlfa?lédﬁﬁtthhvéagr.esgi Cngcasr:&tr;gnggﬁgyarcémg in electrostatic interactions with the negatively charged D176
for rbSGLTL in Na is ~1 «M (12) and in protons-10 uM in helix 5, since a negative charge at this position is not
(19); see Table 1. The apparemtfor phlorizin inhibition Sg(s:i;sbigl)::;es%ug?dILocro(;Ot;allgitFZ)c;réertrglgcglsm:r)(ti-{)rljneofr:rsr;o-
of the leak pathway in 3.16M protons was 8.5 0.5uM 9 9 P )
(n = 2) for SGLTL and 88+ 11 uM (n = 3) for K321A lecular level was the mutation of aspartate 28 (D28) in human
The apparempz for the SGLTlPI:Ia leak current was 1'5 SGLT1 @). Replacement of D28 with other amino acids
05 . .
+0.54M (n = 2) and 850+ 50 uM (n = 3) for K321A. (D28N, D28Q, D28E, and D28A) reduced dramatically the

sugar transport (K. Hager and E. M. Wright, unpublished
The apparenk;™” values for N&/aMDG cotransport were  Jp<or avions)  This suggests that the residue at position 28
~700 1M for K321A and~1 «M for the wild type (Table ) 99 P

1) is not involved in salt bridging.

' The kinetics of N&/glucose cotransport were dramatically
DISCUSSION changed by the K321A mutation: the apparent affinity for
The structural determinant(s) of the Nglucose cotrans-  sugar decreased by 200-foldJ{"® increased from 0.2 to

porter function has become an intense area of investigation,43 mM) and the apparent affinity for Nadecreased by a
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comparable amountK{;‘f;+ increased from 3.5 to 69 mM)
(Table 1). The apparent inhibitory constant for phlorizin
(Table 1) also increased from 1 to 70M1. The increase in
Kg_‘? for the mutant was identical to that for Nauniport
(see below), and we suggest that the decrease Traliaity
accounts for the decrease in sugar and phlorizin affinity. This
indicates that K321 is, directly or indirectly, involved in
determining the Na&a affinity of both the uniport and
cotransport functions of SGLT1 and the magnitude of the
Na' leak. Thel®YP%/Q,., ratios indicate that the K321A
mutation does not alter the cotransport turnover numbab(
s1). Although Lit and H™ are both able to drive sugar
cotransport through SGLTLLE, 17) and K321A, it was not
possible to carry out kinetic analysis of fLiand Hf

cotransport by the mutant simply because the currents

induced by 100 mMuxMDG were too small relative to the
uniporter currents.

Biochemistry, Vol. 37, No. 29, 19980527

On the basis of the decrease of the apparent affinity for
Na" by K321A, one would expect that there would be a shift
of thet/V andQ/V relations toward more negative potentials.
However, it is important to keep in mind that there are two
alterations that could affect K321A presteady-state cur-
rents: (1) the decrease in the Nlainding and (2) the large
increase in the Nialeak. Computer simulations of our six-
state kinetic model for Ndglucose cotranspor26) showed
that while a decrease in Nabinding at the external
membrane surface shifts th&/ andQ/V curves to negative
potentials, the greater effect is caused by the decreasetin Na
binding at the internal membrane surface. Such a decrease
predicts a shift of ther/V and Q/V relations to positive
potentials as observed in Figure 6C,D and would also account
for the supralinearity of the Naleak and steady-staiéV
curves of the sugar-coupled current (Figure 3C).

In summary, this study of charged residues in the most

The SGLT1 leak pathway was first identified as a h|gh|y conserved region of SGLT1 does not pI’OVide evidence
phlorizin-sensitive, N&-dependent current in the absence of for salt bridges between K321 and E225, D273, or D294.
sugar £3), and it is now recognized that leak currents are a However, replacement of K321 with alanine, valine, glutamic

common feature of cotransporteBl). More recently it has

acid, glutamine, or arginine showed that this lysine residue,

been demonstrated that the SGLT1 leak current is carrieddirectly or indirectly, plays a major role in both determining

by Na' (25) and that H can substitute for Nain both leak
and cotransportl@). The present study further demonstrates

that the leak (i) is saturablec2 = 2.5 mM, k}; = 0.5
uM), (i) exhibits Hill coefficients>1 for both Na and H',
and (iii) has a cation selectivity in the orderHNa > Li
at —150 mV. The turnover number for the Néeak was

about 5 st (IN* at —150 mMVQnma), about 20% of that for
Na'/glucose cotransport (259, consistent with the six-
state model for SGLT12€). The turnover number for the
H* leak was higher than for Nabut how much higher is
unknown because the'H/V curve did not saturate at150
mV. Additional evidence suggesting that the leak is a
uniporter is that the activation energy for the leak is 30 kcal/
mol (27).

The leak currents for K321A were-3 times higher than
for SGLT1 in both N& and H (Figure 3A). However, the

k) increased from 3 to 70 mM while!; did not change
(0.4 vs 0.5uM) (Table 1). This suggests that K321
modulates, directly or indirectly, the N&1* selectivity and
turnover of the uniport activity. The Naurnover number
was higher for K321A than for SGLT1>(20 vs 5 s1).
Analysis of the presteady-state currents for K321A showed
that in 100 mM Na the Vo5 and the voltage fotm.x move
+50 mV compared to SGLT1, whereas there was no
difference intmax between the presteady-state currents for
K321A and wild-type (Figure 6). Parenthetically, the 1000-
fold higher affinity for the H uniport than for N& uniport

(1 uM vs 3 mM) and the 10-fold difference in(100—200

ms vs =20 ms) may be explained by an increase in the
rate constant for Hbinding (i») and a decrease in the rate
constant for H dissociation Kz;). Phlorizin, the specific
Na'-dependent inhibitor of Ndglucose cotransporig, 19),

is also a potent blocker of SGLT1 uniport activi®3j. The
Kipzvalues were 1.5 and 1M for the Na" and H" currents
through SGLT1 and 850 and 8M for K321A (Table 1).
The decrease in phlorizin affinity for K321A in the presence
of Nat is consistent with the decrease inNatfinity, while

the decrease in the'Haffinity might suggest a direct effect
on phlorizin binding.

the turnover and cation selectivity of SGLT1 uniport activity
and the Na and sugar binding during cotransporter activity.
The kinetics of the currents recorded in the absence of
substrate provide evidence that the leak currents are due to
SGLT1 behaving as a uniporter with 2 cations transported/
cycle. This is consistent with the predictions of the six-
state model Z6).
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