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Na'/Glucose Cotransporter, rISGLT1, Enhances Binding Affinity forNa
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ABSTRACT. Using cysteine mutagenesis and chemical modification by methanethiosulfonate derivatives,
it was demonstrated that the external putative loop, joining transmembrane segments (TWN&pfV
rabbit Na'/glucose cotransporter, rSGLT1, forms part of a"Nanding and voltage sensing domain.
Within this region, exposure to cationic (2-aminoethyl)methanethiosulfonate hydrobromide (MTSEA)
inhibited F163C, A166C, and L173C, but anionic sodium (2-sulfonatoethyl)methanethiosulfonate (MTSES)
had no effect. Unexpectedly, MTSEA had no effect on Q170C; however, MTSES profoundly altered
Q170C charge transfer and turnover, leaving Idad sugar binding affinity unchanged, but mutation of
glutamine to anionic glutamate (Q170E) shiftégk to positive potentials, suggesting enhanced Bfinity.

To clarify the role of glutamine 170 in Nanteraction, we embarked on a more detailed investigation of
Q170E using the two-microelectrode voltage clamping@nopusoocytes. Compared to wild-type (wt)
rSGLT1, Q170E exhibits (i) a 2-fold decrease in methyb-glucopyranoside affinity {150 to —90

mV), (ii) a 5-fold increase in Naaffinity (—150 to—100 mV) with less voltage dependency, (iii) reduced
Na' leak, and (iv) two transient current decay constants;(zsion) COMpared to threerfis, Tmedium Tsiow)

for wt, and computer simulation of Q170E pre-steady-state currents with a four-state kinetic model yields
parameters similar to wt SGLT1, except for a reduced Meabinding rate constant compared to wt.
Taken together, the data strengthen the conclusion that residue 170 lies inttipatNaay and provide

the first evidence that it participates in determiningtNmnding.

The rabbit intestinal N&glucose carrier (rSGLT1)(1) presence of Na(but not sugar substrate), are inhibited with
serves as an excellent model system to explore mechanismeither excess sugar or the inhibitor phloridzin (pz). Pre-
of ion-coupled transport. Expression of cloned SGLT1 in steady-state currents contain information about transition
Xenopus lagis oocytes and the use of the two-microelectrode states involved in Nabinding/debinding and reorientation
voltage clamp technique have been particularly informative. of empty carrier across the membrade ).

Steady-state, sugar-induced inward *Neurrents of the Site-directed mutagenesis, as well as comparison of the
cotransporter yield affinity values for Na and sugar  functional behavior of wt SGLT1 from different species, has
substrate, as well as estimates of substrate coupling stoichiqidentified amino acids of functional importance inMsugar
ometry @, 3). Pre-steady-state current traces, acquired in the cotransport). Also, the C-terminal half of the transporter,
specifically the region comprised of transmembrane segments
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! Abbreviations: SGLT1, high-affinity Naglucose cotransporter;  extracellular loop connecting TM's IV is substituted by
rSGLT1, rabbit SGLT1; hSGLT1, human SGLT1; wt SGLT1, wild-  cysteine, rSGLT1 becomes sensitive to inhibition by the

e SGLT1; TM, transmembrane segmentMG, methyl o-D- . . e -
gﬁcopyramside; bz phloridzirk s, subsgatengl:‘/lfinity cong’tanKD, cationic, cysteine-specific sulfhydryl reagent (2-aminoethyl)-

phloridzin affinity constant;Ky,, Na“ affinity constant;z, decay methanethiosulfonate hydrobromide (MTSEA) 10). De-
constantys, slow decay constanty,, medium decay constant;, fast tailed electrophysiological characterization of F163C, A166C,

decay constant, holding potentialV;, test potentialVo s, potential and L173C led to the proposal that these residues in the
at which charge transfer is half-comple@sax the maximum charge

transferredQuep charge due to depolarizing puls&iy, charge due ~ Putative loop joining TM IV and TM V are critically
to hyperpolarizing pulsesi. maximal substrate-induced current; involved in the N& binding and voltage-sensing properties
Hill coefficient; z, steady-state valencey, apparent valence of charge  of SGLT1 ).

movementk, substrate turnover numbd;, rate constant of transition - . . .
from statei to statej, without voltage or ion dependenck;, rate Recent characterization of another cysteine mutant in this

constant of transition from staieto statej, with voltage and/or ion  loop, Q170C {1), demonstrated that changes in polarity and
tdeliﬁngen'iﬁ: ML? m?fthantethﬁ%lgla(tze: MTSEtSH Sl)OdIL::E] (2-tshl4|f0n|a-charge at position 170 result in quite different functional
oethyl)methanethiosulfonate; , (2-aminoethyl)methanethiosul- ; ;
fonate hydrobromide; MTSET, [2-(trimethylammonium)ethyllmetha- consequences co_mpared tO what is observed following
nethiosulfonate bromide; DTT, dithiothreitol: Q17@&es Q170C chemical modification at positions 163, 166, and 173, almost

rSGLT1 reacted with MTSES. certainly reflecting the structural complexity of this region
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of the Na interaction domainq1). Of particular interestis M. Hediger) was subcloned into the remainiBgoRI site.

the fact that reaction with cationic MTSEA has no effect on The Q170E and Q170C mutations were generated via the
Q170C function, but introducing negative charge at position megaprimer protocol of polymerase chain reaction mutagen-
170 by reacting with anionic sodium (2-sulfonatoethyl)- esis as described previously and confirmed by sequencing
methanethiosulfonate (MTSES) causes marked reduction in(9).

steady-state sugar-induced inward "Neurrents, without Oocyte PreparationX. laevis were anesthetized in a 0.2%
affecting Na or sugar substrate affinity(11). Neither of  a4ue0us solution of 3-aminobenzoic acid ethyl ester. Gravid
the cationic agents MTSEAD( 11) nor membrane imper-  oyarian sacs were removed and then carefully drawn to
meant [2-(trimethylammonium)ethylmethanethiosulfonate expose oocytes and allow access to solution. The oocytes
bromide (M_TSET) (1) affects Q170C function,'but both  \vere digested for 2560 min with 2 mg/mL type IV
protect against MTSES. Reaction of Q170C with MTSES ¢q|jagenase (Sigma, Oakville, Ontario, Canada). Collagenase
reduces charge transfer and also causes&6®% decrease 55 dissolved in modified Barth’s saline (MBS) solution
in Q170C turnover, as well as reducing the*Naak (11). supplemented with Mgl MBS/Mg2* consists of 0.88 mM

In a recent publication, we presented limited electrophysi- NaCl, 1.0 mM KCI, 2.4 mM NaHCQ 15.0 mM HEPES
ologic data for a glutamine to glutamate mutation at position NaOH, and 1.0 mM MgG| pH 7.4. Postharvest/digestion
170 (Q170E) in rSGLT1X1). Similar to MTSES-reacted  care involved Leibovitz solution (Sigma) supplemented with

Q170C, introduction of negatively charged glutamate also 10 mM HEPES, 20 mg of gentamycin, and 0.184 g of
leads to reduced turnovetY). But, instead of an effect on | glutamine, pH 7.4, with 10 mM NaOH.

chargt\a/trapsfer, .tthe muttau?_n lprolducoes S]Shgt O.f th? tlaoltz— Oocyte Injection Q170E rSGLT1 cDNA was delivered
mann Vo to positive potentials (1). On the basis of the ey cleus, via the animal pole, of the defolliculated

evidence in refl1, we deduced that position 170 of rSGLT1 : .
A o X : L . oocytes at a concentration of 60 ng/ The injected oocytes
is situated within the Nainteraction domain in the putative were stored at 1618 °C for 4 days or more in Leibovitz

?o?fanbsetcv)vr?;nfuﬁgﬂti;nli\é S?JT)dst;/r;ti:Itl ?nflﬁjﬁlcoe% ts)ui:]]o(t;:ﬁl;_ solution of the same composition as that used immediately
P y y following collagenase treatment. Previously, it was described

P 9 b y T-antigen, middle T-antigen, and small T-antigen was co-

decided to undertake a more comprehensive evaluation of. . .
the steady-state and pre-steady-state behavior of Q170E toInJeCteol with the Q170C rSGLT1 cDNA to overcome poor

. . expression levels of Q170Q@1); however, mouse T-antigen
compare with wt rSGLT1, Q170C, and Q170C reacted with . e .
MTSES (Q170Girses). plasmid co-injection was not employed with Q170E cDNA,

. . _ . L since Q170E typically has expression levels greater than wt
The present study, combined with previous investigations .| gT11.

(12), confirms that position 170 in rSGLTL1 is functionally
highly sensitive to introduction of negative charge. Replace- _ ) .
ment of glutamine by glutamate (Q170E) results in the carrier r_ecord_m_gs were pen_‘ormfed usm%a GleneCIamdp =00 am_pl_|-
assuming a preferred outward conformational state compared'€'» Pigidata 12008 interface, and pClamp 9.0 data acquisi-
to wt rSGLT, leading to complete charge transfed) (Both tion software (Axon Instru'ments Inc., Umgn City, CA).
Q170Gurses (11) and Q170E exhibit substantial reduction ©OOCYtes were impaled with 15@m borosilicate glass
in carrier turnover without increasing the duration of empty Capillary tubes (World Precision Instruments, Sarasota, FL).
carrier or Nd binding/debinding transitions, implying that 1€ capillary tubes were filled wit3 M KCI solution.
the observed reduction in turnover is due to a rate-limiting COCYtes with resting potentials more positive thaB0 mvV
step occurring in that portion of the transport cycle that Were discarded. Ellglble oocytes were ponstantly superfused
involves debinding of Naand glucose at the inside face of With & voltage clamping solution consisting of 100 mM NaCl,
the membrane. 2 mM KCI, 1 mM MgCL, 1 mM CaC}, and 10 mM

But the most interesting functional consequence of the HEPES-Tris base (pH 7.4). This voltage clamping solution

) T ) . e was used for all experiments, with the exception of"Na
glutamine to glutamate mutation is an increase in blidnity titrations and certain pre-steady-state experiments, which
reflected in (i) a marked shift in the Boltzmary s to P y P ’

" : - . examined N& dependence. The rate of superfusion was
positive potentialsX1), (ii) a Kna Voltage dependency which . . .
exhibits a much more rapid rate of decreasknat negative approximately 3.5 mL/min. The oocyte was held at a holding

voltages than either Q170C or wt rSGLT1 ancheix lower potential,Vy, of =50 mV and then was subjected to a series
Kna value over the range-50 to —150 mV, and (i) of voltage test pulsesV:. The current responses were

computer simulations in which the major change is a decreaserecorded with a sampling interval of 208 for steady-state

in Na" dissociation rate. Taken together, the data offer further Zﬁg?ré?;eqt;é %ga?:(fa?sr sger;asrgr?tprr?i(t:gg darj(sjtzt&é ?Jr?;ftasy ener-
confirmation that residue 170 lies in the Npathway, as atedyb t.he cotrans or?er in rez onse toyste ing the vo?ta e
previously suggested.{), but also advance the first evidence y P ’ P pping 9

that residue 170 participates in determining"N@nding. I;OST ;ﬁ?sgglilrgigitsegntﬂ ?:;go nT\y tir:]rofgho"ri gigg;\(/)f

MATERIALS AND METHODS increments. The “off” currents represent the reCiprocal
current responses when the voltage step is discontinued and
Molecular Biology The eukaryotic expression vector returned to the holding potentiab-50 mV. For those
pMT3 (provided by the Genetics Institute, Boston, MA) was experiments which required a more accurate measurement
treated withPst and Kpnl to extract the multiple cloning  of charge transfer, the step function test pulse was replaced
site, generating pMT4. The cDNA of rSGLT1 (provided by by a 5 msramp (L1). The array of ramp pulses mirrors that

Two-Microelectrode Voltage Clamoltage clamping and
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of the step protocol. The ramp protocol avoids conditions
of measuring apparatus saturation, which typically occurs
at early times of the step clamp, when large capacitive S
currents are produced. Thus, the ramp protocol ensure
complete recovery of charge transfer over the entire range
of voltages, including the extreme range of depolarizing and
hyperpolarizing potentials.

Steady-state parameters were determined with the differ-
ence in the steady-state currents obtained before and after
exposure to the substrate of interest. Steady-state currents
were acquired with test pulses of 300 ms duration. The final __ 400
150 ms of a test pulse was selected, and the average curreng
value of this range was acquired. The average current values—
were plotted versus [substrate] and eq 1 was fit to the curve:

OFF

0
-50
-100
-150
1200 -
-150 mV

-400 ]

I = 1ol SI(S]" + Ko 5) (1)

T
80

in which S is the substrate of investigation (NaxMG), 190
Imax iS the maximal current induced at saturating [substrate],
n is the Hill coefficient, andy s is the Michaelis constant,
which is the [S] at whichl = I./2, which serves as an
approximation of substrate affinity. The calculation of
substrate affinity values used thg.x values of—150 mV

test pulses.

time (ms)

FiIGurRe 1: Representative transient “off’ currents of Q170E
rSGLT1 for a 30 mV poststep potential. (A) The waveform used
to generate the Q170E transient currents, displayed in (B). The
prestep potentials were from150 to 90 mV, in 10 mV increments,
and were applied for a 150 ms duration before the step=ad to
allow the system to stabilize. At= 0 ms, the desired poststep
potential was applied; the representative waveform of (A) has a

The_pre-steady-state curre_n_t of an expressing oocyte ISpoststep potential of 30 mV. The poststep potential is applied for
comprised of both a nonspecific component, due to 0ocyte 3 150 ms duration, from = 0 to t = 150 ms. (B) An array of

membrane capacitance, and an SGLT1-specific componentQ170E rSGLT1 poststep transient currents, generated with the
Isolation of the SGLT1-specific component was accom- waveform described in (A).

plished with phloridzin (pz), which is an SGLT1 inhibitor.
The current recordings acquired in the presence of saturatin
pz (200uM) were subtracted from the recordings acquired

e e ey sig  protocl reported b K el n 20021
pulses of .the game val)lljes as erFr)1poned in steady-stat Instead of fittin_g eachQ(Vi) curve with the tw'o-stalte
rotocols; however, the test pulses were of a 150 ms durationeBOltzr-nann re_l_at|on, th&(Vy) curves are summed via point-
P i ' o ; ph lished b ‘by-point addition of current to provide an aggreg&/;)
Baseline correction for each trace was accomplishe Y curve. The aggregat®(V;) curve is then fitted with a two-
State Boltzmann relation. Such an aggregate data set offers
an enhanced signal-to-noise ratio; signal-to-noise ratio
increases with the square root of the number of contributing
€data sets. For an aggregd@déV;) curve of 22 oocytes, and
using the approximation that there is no substantial difference
in expression level, then the signal-to-noise ratio is §fjR

= (22)Y?SNRyg = (4.7)SNR,¢. The fitting with the two-
state Boltzmann relation is performed with ORIGIN 6.0,
which provides estimates of the standard errors for the
parameters. The error is = (Cix?)*? where isC; is the
diagonal element of the varianceovariance matrix. The

relation to arrive at parameter values and then calculating
gaverage values and standard errors for each parameter. The
pre-steady-state parameters for Q170E rSLGT1 were derived

the steady-state region fron= 145 ms tot = 150 ms. The
rSGLT1 pre-steady-state currents for edgtvere integrated
over the entire course of the trace to calculate the total charg
transferred by the cotransporter. The chaf@ewas plotted

as a function of the test pulses, and th€§¥,) curves were
fitted to the two-state Boltzmann relation:

Q= —Ne7[1 + expeuV; — Vo) + Qued  (2)
whereQ is the total charge transferreQyuep is the charge
due to depolarizing pulses,is the elementary charge,is variance-covariance matrix is defined & = (F' x F)1,
the apparent valence of the movable chardgs is the  whereF is the Jacobiaffi; = 6f(xy, Xai, -..; P1, P2, --.)l0p, in
potential at which half of the total charge transfer is complete, which f is the fitting function for the data set values of the
and N is the number of cotransporters expressed at the independent variables = xii, X; = Xa, ...).
surface. The ternu = F/RT, F is Faraday’s constanR is Transient Current Measuremerftransient decay param-
the gas constant, antdis absolute temperature. eters of Q170E off currents were derived with the protocol

The initial mathematical operations were performed with illustrated in Figure 1; this protocol was described in detail
Clampfit (Axon Instruments, Foster City, CA). Results were by Krofchick and Silverman in 200318). The holding
filtered via a 1 kHz, 5 point Gaussian filter. Additional curve potential, Vi, was —50 mV; this potential was maintained

fitting was performed in Origin 6.0 with the Levenberg
Marquardt algorithm.

The pre-steady-state parameters for Q170C rSGLT1, firs
reported in 2004X1), were calculated by fitting th&(V;)
curves of individual oocytes with the two-state Boltzmann

between experiments. From50 mV, the potential was
stepped to an array of prestep potentials, or “on” potentials.
t The prestep potentials were froml50 to 90 mV, in 10 mV
increments, and were applied for a 150 ms duration to allow
the system to equilibrate. After 150 ms, the desired poststep
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potential, or off potential, was applied. A set of poststep optimizing 12 parameters: 6 rate constakjsafid 6 valences
potentials was used from-150 to 90 mV, in 20 mV (2). The likelihood of determining a global minimum was
increments; the representative waveform of Figure 1A has aenhanced with an array of initial values for the parameters.
poststep potential of 30 mV. The poststep potential is applied Each parameter had two starting values, resulting*fn=2

for a 150 ms duration froh= 0 ms, in Figure 1, td = 150 4096 optimizations.

ms. Figure 1B shows the first 100 ms of the traces. The State Model Equationd he four-state model of Krofchick
resulting array of poststep transient currents, generated withand Silverman13) was simulated with the following set of
the waveform described, is analyzed for pre-steady-statedifferential equations:

parameters. The settling time of the voltage clamp was

determined by measuring the oocyte membrane potential as N, = =K Ny + KN, (3a)
a function of time. Voltage steps, ranging from 70 to 240
mV, were investigated. Final potentials were attained from Ny' = KioNp = (Koz + KN, + KgoN; - (3b)
0.6 ms (70 mV jump) to 1.3 ms (240 mV jump) after the
onset of the clamp. Transient currents prior to the settling Ng' = KN, = (Kgg + KgpNg + KygNy  (30)
of the clamp were removed before fitting.

Fitting Decay CurrentsEach current trace of a poststep Ny = KggN3 — KygNy (3d)
potential was fitted, fromt = 0 tot = 150 ms, to a first-
order exponential decay, a second-order exponential decay, N=N;+N,+N;+ N, (3e)

and a third-order exponential decay. The order of exponential ) )

decay at which the? value demonstrated no change, or at in WhichNis the total number of expressed transporters and
which the higher order terms became meaningless, wasNi is the number of transporters in state Byring rate theory
discarded for the previous order of decay. Extremely large Was used to factor voltage dependendg,of the rate

or small time constants, amplitude values, or large error constants 14):

values associated with such parameters precluded the validity

of a particular order of decay. Several criteria were consid- K= 12e212uv Ko = ki€ Y (42)
ered when deciding upon an order of decay. Typically, higher v oy

order of decay was accepted if 8 value decreased by Kpg = Ky Kgp = kg e 2 (4b)
~10% or more, compared to the previous lower order fit.

Also, a higher order fit was only deemed valid if the trends Koy = kg€ Kua= ke 2 (4c)

observed for such parameters as time constants and amplitude

values were consistent over a range of poststep potentialsn which u = F/RT, whereF is Faraday’s constanR is the

(13). Finally, the residuals had to demonstrate a definitive gas constant, antlis temperature in Kelvin. A temperature

improvement at the highest order fit. The complete details of 295 K (24°C) was used, resulting inwaof 0.0394 mV%.

of the technique are provided by Krofchick and Silverman The voltage dependence of each rate constant is characterized

(13). by a valence valuez, which is without units. The charge
State Model SimulationsState model simulations used movement associated with a single transition€€Ci. ) is

transient currents recorded Wi 5 msramp protocol and a  the sum of the forward and reverse voltage dependencies:

holding potential of-50 mV. Att = 0 ms the membrane

potential was altered linearly over 5 ms, from th60 mV Z=211 %4 (5)

holding potential to an array of postramp potentialst At

150 ms, the membrane potential was restoree-50 mV

via another 5 ms ramp. The employment of a ramp avoids , _ _ _

saturation of the measuring apparatus, thereby allowingI = SZ KNy = KagNo)  Z,(Kogp = KopNg) +

detection of all current at early times; consequently, transients Z3(K3aN; — KygNy) (6)

can be fit fromt = 0 instead ot = ~1 ms. Acquired traces

were low pass filtered at 1 kHz. Currents following the initial

ramp, fromt = 0 tot = 150 ms, were baseline adjusted

with the mean current calculated between 145 and 150 ms.

Membrane current was calculated with the equation:

in which e is the elementary charge. For simulations, the
level of expressionl\, was calculated from th@nax of the
Boltzmann distribution using the expression:

Currents following the second ramp, froim= 150 tot = _ :
300 ms, were baseline adjusted with the mean current N=Qual 2+ 2+ 2+ ... +2) ()
calculated from 295 to 300 ms. Fast-Slow-Fast Model of the SGLT1 Four-State Tran-

Simulations were performed with the commercially avail- - giont Systemchen et al. in 1996 successfully modeled the
able software package ModelMaker 3 (ModelKinetix, Old  ¢5r_state system for wt hRSGLT1, with the assumption that
Beaconsfield, Buckinghamshire, U.K.). Solutions were based {ha second transition is the rate-limiting st@). (Krofchick

upon the four-state model of Krofchick and Silvermas)( and Silverman demonstrated the validity of this model for

There were no assumptions of Nelependence for any of 4 5G| T1 (13). This assumption can be described by the
the rate constants. Examination of Ndependent data, relation:

involving 10 and 100 mM N& was employed to discern

Na-dependent transitions. Transient currents at five pos- Ko+ Ky > Ko+ Ky <Ky + Kyg (8)
tramp membrane potentials 6f130,—90, —10, 20, and 50

mV were simulated and fit simultaneously from 0 to 50 ms With this scenario, simple expressions for the time constants
and from 150 to 200 ms. The overafl was minimized by are derived %):
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7, = 1K, + Ky (9a)
7, = L/(K,of + K30) (9b)
73 = 1Ky, + Kyo) (9¢)
=K /(K +K,) (9d)
0= Ky (Kgy + Ky (0 £

Statistical Comparisons of Mean¥he mean values of
parameters are presented with standard deviation (rtean
SD). Comparisons of parameters, drawn between wild-type
and Q170C rSGLT1, were tested with a two-saniplest
for independent samples with equal variances. Comparisons
of parameters, before and after exposure to sulfhydryl-
specific compounds in the same oocyte, were tested with
the pairedt-test.

RESULTS

Steady-State Behir of Q170E. As described in the
Materials and Methods section, 300 ms test pulses are
routinely employed in steady-state experiments, and theg
steady-state currents are analyzed over the time frame fromg
150 to 300 ms. These protracted currents allow optimized ~*
determination of the average current value during the steady- z~

300+

250 1

200

150 +

100
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o -

T T T
6 8 10

state region of the traces.

The aMG-induced inward Na currents of Q170E were
measured over a range aMG concentrations; eachMG
bathing solution had a saturating [Naof 100 mM. The
resulting currentl( versus voltage\{;) curves were trans-
formed to |l versus §iIMG], and the MichaelisMenten
relationship was then fitted to these curves to derive the
Michaelis constany. Q170EKy, values, derived with three
oocytes, were plotted as a function of potential, as displayed
in Figure 2. The voltage dependence of Q1 00&G affinity
displays trends similar to those of Q170C1( and wt
rSGLT1 ©, 10). The average Q170EMG Ky value for
the voltage-independent range fremi50 to—90 mV is 0.29
4+ 0.01 mM ( = 3). For the same voltage range150 to
—90 mV, the averageMG Ky, for Q170C is 0.10+ 0.01
mM (n = 4) (11), and the average value for wt rSGLT1
oMG Ky is 0.15+ 0.024 mM q = 3) (9). The Q170EKy
value is significantly different from both of thi€y values
of Q170C and wt rSGLT1p < 0.0005), representing an
~2-fold decrease in sugar affinity.

Previously, it was reported that tigV;) curve of Q170E
and its fitted Boltzmann relation are significantly shifted to
positive potentials compared to those of Q17Q0/(s =
~40 mV) and wt rISGLT1AVys= ~25 mV) (11), a finding
consistent with enhanced Nainding. To further explore
the Q170E interaction with Nia we carried out a series of
Na' titration experiments.

The current versus [N curves (obtained at saturating
10 mM aMG), for a representative expressing oocyte, are
displayed in Figure 3A. The Hill equation was fitted to these
curves, for three oocytes, which permitted derivation of the
Hill coefficients and Na affinity values Kns). The Hill
coefficients displayed voltage dependence froffb0 to—10
mV (data not shown). The values ranged from a maximum
of 2.3+ 0.35, for—120 mV, to a minimum of 1.4+ 0.01,

2 4
[aMG] (mM)
B 0.6~
0.4 1 [ ]
&: [ ]
@ 034 m 'R .
Q L [ ] [ ]
% L A |
0.2 4
) N ) M I M 1
-160 -120 -80 -40 0

v, (mv)

FIGURE 2: Steady-state kinetics of Q170E: Determinatiorkef
theaMG affinity value of Q170E rSGLT1. Expressing oocytes were
voltage-clamped, andMG titrations were performed using solu-
tions with saturating 100 mM NaandaMG concentrations ranging
from 0 to 10 mM. All titration solutions were of pH 7.4. (A) Typical
results from a single oocyte showindgMG dependence of Q170E
steady-state currents fot values of—150,—-120,-90, —60, and
—30 mV. The data from theMG titration were transformed to
examine theaMG dependence of the steady-state currents/for
values, ranging from-150 to—10 mV, inclusive. Each curve was
fitted with the Michaelis-Menten equation, = I {SJ/([S] + Ko.5),
wherelnax = current at—150 mV, to yield values for affinityly
(Ko.s). (B) Voltage dependence of theMG affinity of Q170E. The
V¢'s from —150 to—10 mV, inclusive, are plotted versuaY1G].

for —40 mV, suggesting that Q170E has a stoichiometry of
at least two Nd&/transport cycle, the same as wt rSGLT1.

The Q170EKy, values were plotted as a function of
potential, as displayed in Figure 3B. The Naffinity of
Q170E is greater than the affinities of either Q170C or wt
rSGLT1. The Q170Ky, values display voltage dependency
such that N& affinity decreases (i.eKya values increase)
with increasing positive potentials. Although Q170LCLY
and wt rSGLT1 8, 9, 10) also exhibit decreasing Na
affinities with increasing positive potentials, the Q17K
voltage dependence is significantly different from that
observed for Q170C and wt rSGLT1. Figure 3B presents a
comparison of the voltage dependency of kg values of
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Ficure 3: Steady-state kinetics of Q170E: DeterminatiorKgf,

the Na" affinity of Q170E rSLGT1. Expressing oocytes were
voltage-clamped, and Nditrations were performed using solutions
with saturatinggMG (10 mM) and Nd concentrations ranging from

0 to 100 mM. The voltage-clamping solutions were supplemented
with appropriate concentrations of choline to provide a cation
concentration of 100 mM. All titration solutions were of pH 7.4.
(A) Typical results from a single oocyte showing Ndependence

of Q170E steady-state currents fgrvalues of—150,—120,—90,
—60, and —30 mV. The data from the Na titration were
transformed to examine Nalependence of the steady-state currents
for V; values, ranging from-150 to—10 mV, inclusive. Each curve
was fitted with the Hill equationl, = I,,{Na]"/([Nat]" + Ko 5",
wherelna = current at—=150 mV, to yield values for affinityKya,

and the Hill coefficient,n. (B) Voltage dependence of the Na
affinity of Q170E @). The voltage dependence of Naffinity of
Q170C @) is also provided for comparison. Th&'s from —150

to —10 mV, inclusive, are plotted versus [NaExponential analysis
yieldedr values of 35 for Q170E and 65 for Q170C.

Q170C and Q170E. The marked shift of the Q17K
curve to positive potentials relative to that for Q170C, the

T
-120
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of charge and polarity at 170 on the Neeak. The negative
ethylsulfonate of Q170Grsesreduces Naleak by more than
50% compared to Q170CQ71). To permit a comparison of
Q170E leak current to wt leak, the N&ak was normalized
by fitting the correspondin@(V;) curves with a two-state
Boltzmann relation to derive th®mnax TheQmaxServed as a
gauge of expression. As with Q17Qfses the Q170E
mutation reduces the Ndeak by greater than 50% (data
not shown).

Thus, in marked contrast to Q170C or Q1¢Q&xs which
show little change in substrate affinity either for sugar or
Na’, Q170E demonstrates2-fold reduction in sugar affinity
and a significant increase in Naffinity (~5-fold from —50
to —150 mV).

Pre-Steady-State Behiar of Q170E. Q170E Charge-
Transfer CharacteristicsPre-steady-state parameters for
Q170E were previously published, which were derived from
the data of four oocyted (). To provide a more robust data
set to be used for comparison with computer modeling
simulationsQ versusV; data from 22 oocytes were combined
with a point-by-point addition of charge to create an
aggregat&)(Vy) curve (Figure 4). As described by Krofchick
et al. (12), an aggregat®(V;) curve offers the benefit of
enhanced signal-to-noise ratio; signal-to-noise ratio increases
by the square root of the number of trials comprising the
data set. The aggrega®¥V;) curve was fitted with a two-
state Boltzmann relation to obtain the various pre-steady-
state parameters [note: the two-state Boltzmann relation fit
derived with Origin 6.0 is not shown; instead, tQ¢V,) fits
displayed in Figure 4 are the simulated two-state Boltzmann
relation fits, which will be addressed in the section on model
simulations]. The Q170B)(V;) curve and fitted Boltzmann
relation reveal a shift oV 5 to positive potentials with a
mean value of 21.4 1.4 mV (h = 22);z= 1.18+ 0.05.
Q170EQuedQmaxis 91+ 3%, which is significantly different
from the wt value of 86t 2% (p < 0.005) and demonstrates
that the Q170E mutation elicits a cotransporter conforma-
tional distribution with a greater number of cotransporters
at the outside-facing conformation, compared to wi/iat
—50 mV. Qnyp saturation and an unchangedalue suggest
that the Q170E mutation has very little effect on charge
transfer, unlike Q170(rses

The Na dependence of the relative contributionsf,
and Quep t0 Qmax Was next investigated. Figure 5 presents
the Q170EQ(V:) curves for 100 and 10 mM Naobtained
from three oocytes. Lowering [N&to 10 mM results in
loss of charge in th@qepregion. This loss is expected since
reducing external Nacauses proportionate increases in the
number of inward-facing cotransporters, at th&0 mV
holding potential. With fewer cotransporters in an outside-
facing conformation a¥, —50 mV, there will be less charge
generated by cotransporters moving to an inside-facing
conformation with depolarizing pulses. This lossJg,with
decreasing external [Ng was previously observed with

rapid exponential decline, and the near voltage independenceé)170C and wt rSGLT11(1). For conservation of charge we

over hyperpolarization potentials provide convincing evi-

would expect that loss iQqep Would be regained iy,

dence that the presence of the negatively charged glutamatesince cotransporters in an inside-facing conformatiol,at
residue at position 170 has substantially increased apparent-50 mV would move to an outside-facing conformation with

Na' affinity.

The effect of the Q170E mutation on Ndeak was
considered. The 170 residue is near the" Niateraction
region Q); therefore, it is informative to observe the effects

hyperpolarizing pulses. Inspection of Figure 5 shows that
there is indeed a gain in the hyperpolarizing region when
the external [N4] is reduced to 10 mM. Therefore, when

[Na']is reduced to 10 mM, there is a preservation of charge
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FT T T T T T L L N L L L B LB Ficure 5: Comparison of the effects of 10 and 100 mM*Ngon
’ 'o v the Q(Vy) curves of Q170E rSLGT1. Th@(V;) curves were acquired

- V,(mV) in 10 and 100 mM Na with the same oocyte. A ramp protocol
was employed, as described in the Materials and Methods section.
The Q(Vy) curves were summed for each [NaThree expressing
= oocytes were used. (Inset) TKEV,) curves for each [Ng were
B I (nA) L © zeroed and normalized to the 100 mM N@(Vy) for a direct
B o comparison of th&qax values.

= o0 mM Na" Q(W,) curve is 103% compared to the deriv@glax
Co© of the 100 mM Na curve. For comparison, charge recovery
» — for wt under identical conditions is 81% and for Q170C is

22% (L1).

Time Constants of Pre-Steady-State Currents for Q170E.
T R R M R R MR As described in the Materials and Methods section and
V (mV illustrated in Figure 1, an off current protocol3) was

t (mV) employed to determine the time constants of pre-steady-state

currents. This protocol takes advantage of the fact that rates

of decay are exclusively a function of the poststep potential.

Therefore, each poststep potential generates a family of
-2E4 curves with the same time constants, allowing for accurate
analysis as described in the Materials and Methods section.
Figure 6 shows a representative decay current for Q170E
-3E4 rSGLT1,; specifically, the decay current is that of a prestep
potential of—130 mV to a poststep potential of 30 mV, with
a 100 mM Nd perfusion solution. The transient current was
fitted with first-, second-, and third-order decay exponentials,
FIGURE 4: ExperimentalQ versus V; curves andsimulated which are presented in Figure 6. Inspection of Figure 6A

_‘?ggzg(ggﬂrgﬁg;&;’igf%g%{%‘-ﬁgé ‘;Or;lrggraers‘g nlt(e) dmm#t?]e reveals that a first-order decay exponential, represented with
circular data pointQ(V;) curves were derived with a ramp protocol a solid line, is inadequate to properly fit the transient. Figure

as described in the Materials and Methods section. The ramp 6B displays the first-, second-, and third-order exponential
protocol usedv;'s from —150 to 90 mV, in 10 mV increments.  fits on a different time scale, from 0 to 10 ms. For clarity,

The currents were baseline-adjusted from 145 ms tot = 150 the data have been removed from Figure 6B, leaving only
ms. Integration was then performed from 0 to 150 ms. An enhanced o exponential fits. Figure 6B demonstrates that a second-

signal-to-noise ratio was achieved via the summation of individual der d tial fits the dat Il and that
Q(Vy) curves to yield an aggregatg(Vy) curve. The simulated oraer decay exponential Tits the data very well an ata

Boltzmann relations were achieved with the substitution of the third-order decay exponential offers no further benefit;
parameter values displayed in Table 1 into eqs-®@and then indeed, the second- and third-order fits overlap. The suf-
solving for the eigenvalues of the system using Maple 9(89 ficiency of the second-order fit for the-130 to 30 mV

The aggregat@(Vy) curve for 100 mM N&, n = 22 oocytes, and  yansient is further confirmed by calculation of the residuals
the simulated Boltzmann relation. (B) The aggregat¥;) curve . . .
for 10 mM Naf, n = 6 oocytes, and the simulated Boltzmann (difference between data and th_e b_est f_lt), for the f_|rst-,
relation. second-, and third-order exponential fits, displayed in Figure

7. Figure 7A is the residual calculation for the first-order

transfer for Q170E rSLGTL1. The inset of Figure 5 displays exponential fit; there are nonrandom regions at early times,
the same Q170B)(V,) curves for 100 and 10 mM Naafter up to~50 ms. Therefore, first-order exponential decay does
being zeroed and normalized to the 100 mM"Narve, and not accurately describe the current trace of Figure 6. The
demonstrates conservation of charge at reduced][N#&e second-order residual calculation, presented in Figure 7B,
derived Qmax from the fitted Boltzmann relation of the 10 demonstrates random oscillations for the full time course,

:
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Ficure 6: Comparison of various orders of exponential decay fits :E 21
to a transient decay. The transient decay is that of a prestep potential 1 ° % % % i[ E
of —130 mV to a poststep potential of 30 mV. (A) First- (solid 15 - ® % IS °
line), second- (dashed line), and third-order (dotted line) fits are { s = ® ©
presented with the decay trace. The first-order decay exponential 0 —r
fitis clearly inadequate to describe the transient. (B) The exponential -150 -100 -50 0 50 100
fits of (A) are presented on a different scale, from 0 to 10 ms, to V. (mV)
give a better view of the second- and third-order fits. The actual !
data points have been removed to provide clarity. FiGURE 8. Voltage and Na dependencies of the decay constants
I, derived for Q170E rSGLT1 transient currents: (@&)slow decay
constant; (B)rm, medium decay constant. The valuerofs the
0 number of different oocytes in which measurements were success-
A fully carried out at a given off potentiaV;. Error bars represent
50 standard deviation for data points wf 3, and forn = 2, points
are the average value and error bars represent the range of the
' ' ' ' ' difference. @) 100 mM Na data set:V; —110 mV,n = 5; \/s
z —150,—130,—90, —70, and—50 mV, n = 4; Vs —30, —10, 10,
£ , B 30, 50, and 70 mVp = 3;V; 90 mV,n = 1. (O) 10 mM Na" data
2 set: Vy's —150, 10, 30, and 50 m\h = 1; Vy's —130,—110,—90,
3 1° —70, and—10 mV, n = 2; \/'s —50 and—30 mV,n = 3.
@ 20 T T T 1

10 Q170E with wt SGLT1 with regard to pre-steady-state
o c function, we have retained the nomenclature used fod @t (
101 and denote the second-order decay exponentials obtained
2 from Q170E transient analyses asow, the slow decay
0 "% 4 e 8 100 constant, andmes the medium decay constant.

time (ms) The voltage dependencies of the decay constants of Q170E
FiGURe 7: The fit residuals. First- (A), second- (B), and third- are presented in Figure 8. Noteworthy is the fact tiggt is

order (C) fit residuals for the-130 mV prestep, 30 mV poststep on i
potential transient presented in Figure 6. The residuals are calculate ecreased by about 50%, i.e2x faster compared tsow

as data minus fit. A good fit results in noise only, so the residual 10f Q170C (1) or wt (13), and is essentially voltage
oscillates randomly about the zero axis. The residual of the first- independent at negative potentials at 100 mM Naterest-
order exponential decay fit has regions, which are nonrandom. jngly, at 10 mM N&, 74, becomes voltage dependent,
E&\gg\/ir,t;]rilﬁj_sgr%oer}df-iﬂge;ufgg;ﬁ{?guas.reS|duaI comprised of random incre_asing_ at hyperpolarizing potentials. Q_uaIiFat?ver, the
relationship ofrsew, Under high and low N3 is similar to
which indicates adequate fitting. Indeed, the third-order that of wt (13), except thatsow is reduced and there is less
residual calculation of Figure 7C is identical to the second voltage dependency at the higherNabncentrationtyeqis
order. relatively unchanged in magnitude and also exhibits voltage
In preViOUS analyses of wt SGLT1, the transients were dependency as previous|y observed for m)(
defined by three time constants, (Tsiows Tmes and Trasy), ) )
representing, respectively, slow, medium, and fast transitions. 1 1€ Q170E rSGLT1 experimentally resolved time con-
The glutamine to glutamate mutation (Q170E) has altered stan'Fs are mtergstlng, when considered in the context of the
the transition states of the transporter so that, under the saméréviously published turnover values for Q170E and wt
experimental conditions and apparatus as used to evaluatéSGLT1. The turnover value of Q170E was determined to
wt SGLT1, thetws is detectable in Q170E but too fast to be 11.6+ 2.5 s* (11) compared to a wt turnover number
measure with any confidence. Instead, at all depolarizing  0f 22.8+ 0.5 s* (10). Consequently, the measured decrease
traces, two time constants dominate. These conform to thein Q170E decay constants, in the present study, suggests that
slow and medium time constants previously defined for wt. the transition states associated with*Nanding/debinding
Therefore, for consistency and to facilitate comparison of or reorientation of empty carrier are not rate limiting.
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Computer Model Simulations of Q170E Pre-Steady-State = 50 / A
Currents. Computer model simulations were employed to E -501< 7 A
gain further insight into the functional differences between < -1%0
Q170E rSGLT1 and wt rSGLTL1. Although transient current 800
analysis of Q170E resolved two, instead of three decay
components, we chose a four-state model (depicted in Figure
10), under the assumption that a third transition was present
but too fast for detection; also a four-state model was
thoroughly examined by Chen et al. for wt hSGLT) and 7
by Krofchick and Silverman for wt rSLGT118) and 130mv
therefore provided a valuable initial reference. -4004

Transient currents were recorded for postramp potentials
of —130,—90, —10, 20, and 50 mV for [N4's of 10 and
100 mM. These experimental currents were fitted with
simulated model currents. Naependence was not assigned ]
to any of the transitions; Nadependent transitions become 400 -
evident when a given parameter has two different values for
different [Na']'s. A rate constant governing an ion binding

50 mV

400 -

-130 mV

-800 - 50 mV
800 -

I (nA)

. . . . 04 C
event is described with the equation:
-400
k=K[A]"
in which A is the ion species’ is the rate constant in the R S 5'61'150 S —
absence of ion, and is the order of the binding event. fime (ms)

Therefore, if [N&] is reduced from 100 to 10 mM, a rate ) ! _ )
constant describing a first-order binding event will decrease Ficure 9: Modeling ramp protocol with the experimental transient

10-fold, whereas a rate constant describing a second-ordef#ér?rgss?ggtsc'm‘ﬂeﬁfsdiﬁ”{g”;é’?ghgg%’?gm;%s%jgti?]g:rnerate

binding event will decrease 100'f9|d- ) ramp was applied from the, of =50 mV to postramp potentials
Figure 9 compares the experimental transient current of —130,—90, —10, 20, and 50 mV. At = 150 ms, another 5 ms
recordings obtained for postramp potentials-df30, —90, linear ramp was used to restore potentiaH60 mV. Postramp

—10, 20, and 50 mV for 10 and 100 mM Nawith currents potentials more hyperpolarizing tharb0 mV generated negative
o transient currents; postramp potentials more depolarizing-ttih
simulated by the four-state model. Table 1 presents a mV generated positive transient currents. (B) The experimental and

summary of representative model parameters for Q170E simulated transient currents of Q170E rSGLT1 for 100 mM Na
rSLGT1 at 10 and 100 mM Na The results of the (C) The experimental and simulated transient currents of Q170E
multiparametric fitting are typical of the fits achieved with rSGLT1 for 10 mM Na.

four different oocytes for 100 mM Naand three different

mM Na' data with the same set of parameters, except for [Na*]  kiz ko ks ke ks  Kis
ki, ko1, andkys, which required assignment of different values gi170ersGLT1 100 85 240 45 45 200 1900
for 100 and 10 mM Na conditions. 10 360 600 100 45 200 1900

The Q170E parameter values in Table 1 were entered into N
egs 9a-e, and the eigenvalues of the system were solved NaTl 22 Zn %8 Z2 % %
using the software Maple 9.00 (Waterloo Maple Inc., Q170ErSGLT1 100 024 056 0 0 00 042
Waterloo, Ontario, Canada) in order to reconstruct Q170E 10024 05 0 0 00 042

experimental pre-steady-state results [i&YV;) curves and [Na'] keolkay ko/Kaz kaa'kas

7 versusV curves]. The theoreticalversusV plots revealed ISGLTE 100 0.367 4167 0.868
that the magnitudes and voltage dependencies of both the 10 20.9

andry, are well simulated with the solution sets of Table 1 ~ Q170ErSGLT1 100 0.354 1.00 0.105
for both 100 and 10 mM Na (data not shown). The 10 0600 222

amplitudes of the theoretical decay constants also simulate @Parameter values are from Krofchick and Silvermag) (

the experimental amplitudes to a reasonable degree (data not

shown). The least successful fit was the simulatggrofile The two curves share similafy s andz values and exhibit

for 10 mM Na', which was comparable in magnitude no saturation at experimental depolarizivi¢s. The curves

(~0.7-1.5 ms) to experimental data, but with a different deviate in the extreme hyperpolarizing region. The experi-

voltage dependency. This disparity in the voltage dependencemental data display an inflection point at-110 mV, but

is likely a consequence of the speed of the transition; i.e., the simulated Boltzmann relation does not. This may indicate

the transition is slow enough to detect but is too fast to an experimental anomaly or that the system is not yet

resolve with great accuracy. saturating. However, because this particular mutant has a
As displayed in Figure 4, the simulated Boltzmann tendency toward an outside-facing conformational state, as

relations conform well to the experimental data for both 100 evidenced by th@ue/Quta data, saturation is expected within

and 10 mM Na. TheQ(V;) curve and simulated Boltzmann the experimental range. To further examine the question of

relation for 100 mM Na& are particularly in good agreement.  saturation, the simulated Boltzmann relation was extrapolated
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in Maple 9.00, well past-150 mV, to —500 mV (Figure It is interesting to compare consequences to rSGLT1

4A inset). The simulated Boltzmann relation predicts satura- function when negative charge is introduced at position 170

tion beyond—150 mV. It is unlikely, then, that lack of via different means: MTSES reacted Q170C (Q1¢f¢9),

saturation is responsible for the inflection point. with a lengthy ethylsulfonate group at cysteine 17Q)(
The Q170EQ(V) data and the simulated Boltzmann Versus the glutamine to glutamic acid mutation (Q170E),

relation for 10 mM Na exhibit good overall concurrence. ~ characterized in the present study.

The hyperpolarizing region, in particular, demonstrates good ~ There are similarities in Q170E and Q17@Gesfunction:

agreement, indicating lack of saturation. The depolarizing (i) Both Q170Grses(11) and Q170E exhibit reduced Na

region also is reasonable, with both ®év;) curve and the leak.

simulated Boltzmann curve indicating lack of saturation in (i) Both Q170Gyrsesand Q170E exhibit reduced turnover

the region. However, the simulated Boltzmann curve shows number, although the turnover of Q17@fsesis reduced to

less charge in the depolarizing region. This suggests that thea greater degreel{).

model may be underestimating one or manealues of the (iif) Both Q170Gursesand Q170E exhibit transient current

empty carrier transitions. decay constants which are either unchanged (QL789
Comparison of the multiparametric fittings of the pre- (11) orare faster (Q170E) compared to those of wt rSGLTL,

steady-state currents for Q170E and wt rSGLT1, displayed IMPlying that reduced turnover number is due to an effect

in Table 1, indicates that the principal effect of the glutamine &t @ rate-limiting step preceding formation of the inside-

to glutamate mutation is reflected in thekz; ratio. As facing empty carrier, & and is not due to effects on the

expected and exemplified for wt, when the‘Neoncentration tran_5|tlpns of empty carrier reorientation or Nainding/

is reduced by a factor of 1@y, the binding rate for N, debinding. o _

should decrease by roughly the same amount and the ratio Several informative differences in Q170E and Q1wf¥es

kioke1 will increase 10 times, which is observed in Table 1. function also emerged: . o

But for Q170E, when the sodium concentration is reduced (i) There are differences in the substrate affinity values

by a factor of 10, the observed change in kigk ratio is for Q170E and Q170fses Following exposure to MTSES,

less than two times, suggesting that the mutation has resultedhe inward Na currents of Q170C are reduced by ap-
in an increase irk,y, the on rate, or binding rate, for Na proximately half. Such low levels of current do not afford

sufficient resolution for sugar titration experiments; therefore,
DISCUSSION oMG affinity values are not available for Q17Q&es
However, titration experiments were performed with pz,

The objective in the present study was to expand inves- which is the competitive inhibitor of SGLT1. Values of pz
tigation of Q170E function to help to clarify the role of affinity serve as a means to gauge effects on the sugar
glutamine 170 within the Nainteraction domaing; 10). In interaction domain. The pz titrations showed that Q47Q&
this context, it is useful to contrast the properties of Q170E and wt rSGLT1 have equivalent pz affinity valués, (11);
with Q170C in the absence and presence of chemical Q170G,rses also has a comparable Naffinity compared
modification by MTS reagents. Before undertaking a detailed to wt (11). However, sugar affinity is reduced for Q170E
comparison, however, it is important to recall that neither by a factor of~2, while Na affinity is increased by a factor
the mildly membrane-permeant MTSEA nor membrane- of ~5 with a marked shift in th&y, versus voltage curve
impermeant compounds MTSES and MTSET exert any toward positive potentials.
influence on wt rSGLT1 functiony 10). (i) The voltage-dependent charge-transfer characteristics,

In previous studies9 11), it was demonstrated that as gauged by th@(V;) curves, are different for Q17Qses
exposure to anionic MTSES profoundly alters Q170C and Q170E. For Q17Qses there is a substantial reduction
rSGLT1, while cationic MTSEA and MTSET are each in charge transfer; for Q170E, charge transfer is complete,
without effect, yet block the action of MTSEShere are but the BoltzmannVys is shifted to positive potentials,
two possible explanations for this protective effect: (i) consistent with increased affinity for Ng11).
MTSET and MTSEA react with the exogenous cysteine at  (iii) Finally, although transient currents of Q170C are
170, directly blocking MTSES accessibility/reactivity, or (ii) reduced significantly following MTSES exposure, thereby
MTSES accessibility/reactivity to exogenous cysteine 170 making decay constant resolution difficult, those analyses
is reduced due to an indirect conformational change broughtwhich were performed revealed three transient time constants
about in response to MTSET or MTSEA reacting with one for Q170Gsrses comparable to those of wt SGLT11),
or more of the 15 native cysteines in rISGLT1. Since MTSET whereas Q170E has two time constants, the fast component,
is membrane impermeant, it would be expected to interact tras, appears to be missing andoy is actually faster and
only with native extracellular cysteines (i.e., C255, C345, voltage independent at 100 mM NéFigure 8).
C351, C355, C361), in addition to the extracellular cysteine  The functional alterations that take place in response to
introduced at position 170. But, as reported by Huntley et mutation and chemical modification at position 170 also need
al., MTSET has no effect on Q170C charge transfer (i.e., to be interpreted in the context of functional changes that
the Boltzmann relation is unchangedll). Therefore, take place as a result of mutagenesis and chemical modifica-
MTSET protection against MTSES could only take place tion at neighboring residues in the external loop joining TM’s
by MTSET interfering with MTSES accessibility/reactivity 1V—V. In particular, the contrast between the increased
with cysteine 170 in Q170C. We conclude that it is the apparent Naaffinity phenotype conferred by the glutamine
presence of a negative ethylsulfonate group at the 170to glutamic acid mutation and the reduced*Nateraction
position, arising out of reaction with MTSES, which causes exhibited by MTSEA-reacted F163C, A166C, and L173C
altered function of the chemically modified Q170C1J. (9) requires explanation. Because the sulfhydryl group of
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Ficure 10: Four-state model of SGLT1 in the absence of sugar
substrate. Chen et al. in 1998) (proposed this pre-steady-state
model for hSGLT1, which incorporates an experimentally deter-
mined intermediate empty carrier state between inside facing and
outside facing. The model has two outside-facing conformational
states, @ and G; an inside-facing conformation, sCand a
conformation intermediate to outside facing and inside facing, C
C, is the outside-facing/Nabound state; & C;, and G are all
empty carrier conformations. Therefore, there are three transi-
tions: a Nd binding/debinding, outside-facing transition; €

C,; and two empty carrier transitions across the membrape>C

C; (outside-facing empty carrier to intermediate state) ape=C

C, (intermediate to inside-facing state). At the holding potential,
Vi = —50 mV, the majority of transporters are outside facing with
Na* bound, i.e., in @ With depolarizing pulses (more positive
than—50 mV) Na" debinds, and the cotransporters move toward
the inside-facing conformation sOGreater degrees of depolarization
effect greater migration of carriers toward the inside-facing
conformation. Pulses more hyperpolarizing (more negative) than
Vh = —50 mV cause those cotransporters not ind@move toward

C;. The rate constants for the transitions are displayed.

Q170C is accessible to impermeant MTSEIL)( it must
be facing the external aqueous medium. Given its localization
within the same putative external loop as 163, 166, and 173

and the fact that these three residues behave as if they are

able to repel Na (9), a plausible synthesis of the experi-
mental results is that position 170 lies within a Na
interaction “pore” or cleft, but it is located distally or deeper
than neighboring residues 163, 166, and 173, which are
located closer to the entrance of the™Nanding site. Thus,
negative charge at position 170, such as the glutamate
residue, could enhance binding of Nahich has entered
the pore. Further, since position 170 is very sensitive to the
nature and size of the moiety bearing the negative charge, it

must be situated in a region of the transporter that measures

the electric field and, therefore, is sensitive to membrane
potential.

It is also worth drawing attention to a convergence of
several observations for Q170E time constants) which
was previously shown in wt SGLT1 to reflect the fast,
charge-dependent, transition of empty carrier, is not observed
for Q170E; (ii) the transporter prefers an outside-facing
conformation, which is exaggerated at 100 mM*Nam-
pared to 10 mM N&; (iii) 0w is reduced (i.e., is faster)
and shows voltage independence at negative potentials in
the presence of 100 mM Ngwhich promotes an outside-
facing conformation), but voltage dependence is restored at
hyperpolarization with 10 mM Na (which promotes an
inside-facing conformation). Collectively, these findings can
be explained if it is postulated that the mutation affects the
fast transition component of the empty carrier, and what we
are observing with Q170 (i.€., becoming faster) is the
residual empty carrier slow transition with the fast, charge-
dependent transition removed (within the context of our
clamp speed).

The results of the computer simulations provide further
support for our interpretation that the glutamine to glutamate
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mutation results in increased Naffinity. As described in
the Results section and presented in Table 1, the most marked
change in the computer simulation derived parameters can
be traced to an increase in the binding rate for Klg; in
Figure 10). This correlates well with the measured Q170E
Kna and its voltage dependency compared to Q170C and wt.
A possible explanation for the disparity between the 10
mM Q(Vy) curve and the simulated Boltzmann relation in
Figure 4B might be an underestimation by the model of the
Z34 value. Simulation predicts that the Q17@fz value goes
to zero (Table 1), compared to 0.31 for wt rSGLTI3),
Despite this discrepancy, overall there appears to be reason-
able agreement between experimental and computer simula-
tions based on a four-state model, depicted in Figure 10.

Further insights require continuing structure/function stud-
ies in this interesting domain of rSGLT1.
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