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Abstract. To elucidate the kinetic properties of thea-  translocation on the loaded form of the carrier) exhibit
bidopsisH*/sucrose cotransporter, SUC1, with respect tosufficient kinetic flexibility to describe the observations.
transmembrane voltage and ligand concentrations, th€ombining these two, a single model emerges in which
transport system was heterologously expresseXeimo-  the binding on the external side can be random, but it can
pus laevisoocytes. Steady-state plasma membrane curenly be ordered on the inside, with the sugar dissociating
rents associated with transport of sucrose were measurdxfore the proton.

with two-electrode voltage clamp over the voltage range

—180 to +40 mV as a function of extracellular pH and Key words: H*/sucrose cotransport — Electrogenic co-
sugar concentrations. At any given voltage, currents exyransporter — Steady-state — Kinetics Xenopusoo-

hibited hyperbolic kinetics with respect to extracellular cytes —Arabidopsis thaliana— Kinetic modelling

H™ and sugar concentrations, and this enabled determi-

nation of values for the maximum currents in the pres-

ence of each ligand}{,, i5,..for H" and sucrose) and of Introduction

the ligand concentrations eliciting half-maximal currents

(KH, K3). The [, andij . exhibited marked and statis- Although green plants are autotrophic, and synthesize
tically significant increases as a function of increasinglycarbohydrates via photosynthesis, they possess hetero
negative membrane potential. However, KfgandK3,  trophic tissues and organs (sinks), which are dependent
decreased with increasingly negative membrane poteren import of carbohydrates from autotrophic source tis-
tial. Furthermore, at any given voltage,,, increased  sues. The redistribution of carbohydrates within the
and K3, decreased as a function of the externdldén-  plant, usually occurs in the form of sucrose, via the
centration. Eight six-state carrier models—which com-phloem transport system (Frommer & Sonnewald, 1995).
prised the four possible permutations of intracellular andThe transport of sucrose into the phloem has been shown
extracellular ligand binding order, each with chargeto be energy-dependent and proton-linked (Komor et al.,
translocation on the sugar-loaded or -unloaded forms 01977). Sucrose transport across the plasma membran
the carrier—were analyzed algebraically with respect tacan be energized by symport with" Hwith the driving
their competence to account for the ensemble of kinetidorce provided by the transmembrane pmf set up by the
observations. Of these, two models (first-on, first-off H*-pumping ATPase Jee reviews by Reinhold &
and last-on, first-off with respect to sucrose binding as itkaplan, 1984, Bush, 1993).

passes from outside to inside the cell and with charge A sucrose carrier from spinach leaf was isolated us-
ing complementation cloning daccharomyces cerevi-
siae(Riesmeier et al., 1992). The strain was engineered
to express a cytoplasmic form of yeast invertase, which
then allowed cells which were expressing a sucrose car-
Abbreviations: DEPC: diethyl pyrocarbonate; HEPES: (N-[2- rier to grow when the onIy carbon source was sucrose.
hydroxyethyl]piperazine-N[2-ethylsulfonic acid]); MBS: modified ~ 1he spinach cDNA was then used to probeAzabidop-
Barth’s saline; MES: (2-[N-morpholino]ethanesulfonic acid) sis thalianalibrary and to isolate two related sucrose

Correspondence toA.J. Miller



114 J.-J. Zhou et al.: HSucrose Transporter Kinetics

transporters, SUC1 and SUC2 (Sauer & Stolz, 1994)transcribed and capped using an Ambion T3 mRNA mMacHine
Yeast cells transformed witBUC1were able to accu- (AMS Biotechnology, Oxford, UK) in vitro transcription kit according
mulate the“C-labeled sucrose, whereas cells trans-° th%’;"?;Z‘;a?’grirsr;’;fxggO&S'SUrgery from adHénopus laevis
formed with the gene in antisense O”ent,atlon were no‘;emales (Blades Biological, Edenbridge, Kent, UK), and washed in
(Sauer & Stolz, 1994). Furthermore, this uptake waSyogified Barth's Saline (MBS in m: 88 NaCl, 1 KCI, 0.82 MgSQ
shown to be pH-dependent with uptake increasing witho.41 cacj, 0.33 KNO,, 2.4 NaHCQ, 15 HEPES-NaOH pH 7.6)
proton concentration but saturating between pH 5 and Gsupplemented with streptomycin and penicillin, both aptml. The
Cloning plant transporters has enabled electrophysiovarian lobes were dissected into small clumps and treated with 2
ological characterization by heterologous expression if?9/m! of collagenase (Sigma type 1A) in MBS for 1-2 hr at room

. temperature. Oocytes were washed thoroughly with MBS and stored
Xenopus laevisocytes (Boorer et al., 1992, 1994). The overnight at 18°C. Stage V or VI oocytes (Dumont, 1972) were chosen

appllcatlon of VOItage_ clamp technlques to oocytes Perio injection with 50 nl SUC1 cRNA (J.g/u.l), or 50 nl DEPC treated
mits transporter-mediated currents to be assayed as \@ter. Experiments were performed 3—4 days after cRNA injection.
function of membrane potential. This opens an extra di-

mension to analysis of the kinetic behavior of the trans-ELECTROPHYSIOLOGY

porter _because, for these transpor.ters which are eleCtr%'ocyte currents were measured using the two microelectrode voltage-
phoretlc, the membrane pOtem'al IS @ component of th%Iamp method. Both electrodes were filled wittw3otassium acetate
driVing force and iS norma”y Uncontrolled in I‘adiometl’ic and 20 nv KCI solution with resistances ranging from 0.5 to M
assays of substrate uptake. Steady-state and presteadyr all electrophysiological measurements, a simple frog saline con-
state currents associated with a plant hexose transportéining (in mu): 115 NaCl, 2.5 KCl, 1.8 CaG) 10 HEPES, pH 7.2 was
activity in Xenopusoocytes have been measured and gsed. For more acidic frog salines, MES was added in place of

range of kinetic parameters quantified (Boorer et al.,/1EPES; the pH was adjusted by the addition of NaOH solution. Ex-
1994) periments were performed in a 0.5 ml Plexiglass chamber perfused

L i L i i continuously with normal Ringer solution at a rate of 2 ml/
In principle, the ligand binding order and identity of yin oocytes were impaled with the voltage electrode and the mem-
the charge-translocation reaction (i.e., on the loaded Ofrane potential allowed to stabilize for 10-15 min before the current
unloaded carrier) can be discerned from the kinetic propelectrode was inserted. Only oocytes which had resting potentials more
erties of an ion-coupled transport system, providing sufnegative than -30 mV in normal frog saline at pH 7.2 were used in
ficient kinetic detail is available (Sanders et al., 1984).voltage-clamp experiments. Each experiment was performed at least
In the present study, we have expresS@.tClin oocytes twice using oocytes from four different animals. Voltage clamp was

d . its Ki . h in th lperformed using an OOC-1 Dual Electrode Voltage Clamp (World
to determine its kinetic response to changes in the exte Precision Instruments). Current-voltageV() relations were obtained

nal concentration of both ligands (sucrose arigl a'hd t0  with a pulse protocol generated by a 486 computer via a Labmaster
membrane voltage. The results have been subjected @VA A/D interface using the pCLAMP software 5.5 (Axon Instru-
analysis without preconceptions with respect to ligandments, Foster City, CA). The oocyte membrane potential was clamped
binding order or to identity of the charge translocation at a holding potential of —-80 mV from which the membrane was pulsed
reaction in an attempt to derive a kinetic model which isfor 120 msec in a bipolar staircase to the test potentials between —180

. . . . . . to 40 mV with 20 mV increments, followed by a 1-sec interpulse
uniquely compatible with the data. This is the first rig- interval at the holding potential. In all experiments, the oocytes were

orous analysis of binding order in a cloned-Hriven allowed to adjust for at least five min after changing the external pH
cotransporter. We demonstrate that two such models afigfore any sugar treatments were applied. Exposure to sugar was for
competent in describing the kinetics of SUC1-mediatedess than 1 min, to minimize the accumulation of sugar within the cell.
currents in all the conditions we study, but that one ofThel-V relationships were constructed from the steady-state currents,
these models — first-on first-off with respect to Sucrose,and data were only accepted when before and &ftéprofiles were

and with charge translocation on the loaded form of thédentlcal. Sucrose-dependent currents were obtained by sub‘tr_actlng the
currents measured before from those obtained after the addition of the

carrier — fits better than the other. Nonetheless, Com'sugar. At any given membrane potential, steady-state sucrose-

bining these two, a single model emerges in which thejependent currents measured as a function of external ligand concen-
binding on the external side can be random, but it canration (.., either FI or sucrose) were filtered to Eq. 1 by a non-
only be ordered on the inside, with the sugar dissociatingveighted, nonlinear least squares method using the SigmaPlot software
before the proton. (Jandel Scientific, Germany);

i = i [substrate){[substrate] + (K,)"} Q)

where the substrate is either sucrose odraddn is the coupling coef-
ficient. These fits yielded the maximal curreiifs, for H* andiZ,,, for
sucrose, and the half maximal ligand concentratikifig(at saturating
sucrose concentration) akc, (at saturating F concentration) respec-
tively (Parent et al., 1999).

Materials and Methods

OocYTE AND CRNA PREPARATION

A full-length cDNA for the Arabidopsis thalianaSUC1 H'/sucrose
cotransporter (pTF2011) was subcloned into Hoe Rl site of pBlue-
script SK- (Stratagene, Cambridge, UK). The resulting construct,Carrier Model Topology and General Definitions — Eight simple or-

pSUCL1/BS, was linearized by digestion wiNpt I, and cRNA was  dered binding models were considered. These comprised the four dif-

ALGEBRAIC ANALYSIS OF MODELS
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C, Y7/ G C, &—/— G Fig. 2. General six-state ordered-binding model for SUC1 showing the
S H* rate constants for each step.
CS, CS:i CH/ CS: charge translocation reactions using an Eyring barrier (Hansen et al.,
HY H S H 1981). For the + models in whidk , andk,, are the voltage-sensitive
reactions we can write
B + R — *
CSH, ——— CSHi CSH" ——— CSH; ki, = koexp(zb) (2a)
Fig. 1. Hypothetical simple ordered-binding models for SUC1. These and

models are defined by the order of sucrose bindiag.Hirst-on first-

off, (FF). B) Last-on first-off, (LF). C) First-on last-off, (FL). D) ky, = koexpeul - o)), (2b)

Last-on last-off, (LL). For clarity of presentation only the models in

which the loaded carrier has a net positive charge are shown, but thgy which k2, andkg, are the rate constants at zero voltags the net

four possible models in which the unloaded carrier has a net negativgharge which is translocatedlis the fractional distance of the energy

charge were also considered in the analysis of SUC1 kinetics. barrier across the membrane from the outside arid the reduced
membrane potential, defined &/,,/RT whereV,, is the membrane
potential in volts andR, TandF have their usual meanings. Similarly

ferent permutations of binding order for sucrose (@efig. 1), each  [of the — models,

with the possibility of charge translocation either on the sugar-loaded

or unloaded form of the carrier. In accord with the notations used ink65 = kesexp(zu{l -d}) (32)
previous analyses (e.g., Sanders et al., 1984) the models are described
with respect to binding order of the sugar as it passes from outside &"
inside the cell. Likewise, if charge translocation is on the sugar-loade
o g s = kS exp(z10). (3b)

form of the carrier then positive charge will be carried into the cell (+
mod_els) _Wr_\ereas charge translocation_ on the unloaded form of th%’he current through the + models is given as
carrier will involve movement of negative charge out of the cells (-
models); thus by this notation the model shown in Fi4.i4 first-on, T . _ +
first-off positive model (FF+) with respect to S; LF+, FL+ and LL+ . = GER[CSH /Gl - [CSH TGk, (42)
models are shown in Fig.BED, respectively. For all eight models, ang through the — models as
coupling between Hand S is assumed to be tight: there is no slip
pathway envisaged for the uncoupled translocation offSRarent et j_ = C,zF([C;/C]]kes — [C5/Cll Kse), (4b)
al., 1992). This appears reasonable because the presence of a quan-
titatively significant slip pathway would lead to dissipation of the sugar whereC, is the total carrier density in the membrane (units mof)m
gradient generated by Ftoupling and is supported by the previous and the square bracketed terms are the fractional steady-state concern
analysis of the N&acoupled mammalian sugar transporter SGLT1 ex- trations of the respective carrier species (binding sites inward- or out-
pressed iKenopuocytes in which the slip pathway was shown to be ward-facing, bound or unbound).
negligible (Parent et al., 198

Each of the carrier states in the reaction kinetic models can be
represented by the general scheme in Fig. 2 with the unidirectional ratéSENERAL RATE EQUATIONS
constants defined as shown. Ligand concentrations are subsumed
within the rate constantgss, kg, kg, @and k,,, although the actual  Using the approach of King and Altman (1956), each of the terms in
identity of the ligand which binds is model-dependent. If ligand con- square brackets in Eqgs. 4 can be expressed solely in terms of the
centration is one of the experimental variables and it is necessary taomponent rate constants of the carrier cycle, thereby permitting the
make the ligand concentration explicit, then the rate constants are excarrier-mediated current to be described as a function both of ligand
panded as, for example, in the FL model, = k&3S,. Thus, the zero  concentration and of voltage.
superscripts effectively indicate the value of the rate constant at a One simplification to the general rate equations can be achieved
ligand concentration of 1. at the outset. If the intracellular sucrose concentratiorXehopus

The effect of membrane voltage can be incorporated into theoocytes is sufficiently low so that it has no impact on the kinetigs,
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can be set to zero in the case of the FL and LL models kandet to
zero in the FF and LF models. In support of this simplification we have
found that magnitude of SUC1-mediated currents was not changed by
incubating an oocyte in sucrose for 10 mitata not showpsuggesting Kn
that sucrose accumulation within the oocyte does not have any signifi-
cant effect.

Applying the King-Altman approach together with the simplifi-
cation above yields the following expansion of Egs. 4 for both the + and
- models:

while the expression for thK s is universally

_ [Lr]od+e

(L ©
with the coefficients a through to e representing grouped terms char-
acteristics of each model. Expressed as a functiofgthei,,..terms
exhibit a similar pattern of a single voltage-dependent term in the
numerator and both voltage-dependent and -independent terms in the
denominator, while for th&,,, terms the numerator can, depending on
the model, comprise solely voltage-dependent terms or voltage-

independent terms too. For each model, then, each of the parameters

in which the H:sucrose coupling ratio is taken as 1:1 (this is S“pportediiaxandKi, iH_ andK" can be expressed as a function of the elemen-
by the results shown in Fig. 10) with resultant valueszof +1 (+

' 1 \ tary rate constants. Also, for each of the Michaelis parameters, such
models) and -1 (- models\ (=C,F) is a scaling factor, anBENiS  yejationships can be cast in a format which makes explicit the response
a denominator which comprises the sum of 21 terms each of which igg ejther of the other two experimental variables (i.e., the other ligand,
the product of 5 rate constants. The exact identity of these 21 termg gy Y. Thus, each model can be characterized algebraically in terms

will depend on which order the ligands dissociate from the carrier ong eight separate responses which can be subjected to experimental test
the inside because the simplification relating to the low intracellular

i = N (KK 4KyKesKs a2/ DEN) (%)

sucrose concentration eliminates the terms contaieitiger k,,— or
k4., depending on the model. The terms compriddigN are shown in
the left hand column of Table 1.

STRATEGY FOR DERIVATION OF A KINETIC MODEL
FORSUC1

It will be noted that the numerator of Eq. 5 includes rate constants

which subsume membrane potenti&]{ + models;kss, — models),
[Slo(kss, FL and FF modelsks,, LF and LL models) and [H,, (ks,, FL
and FF modelskss, LF and LL models). Thus, the numerator is sen-
sitive to any of the three experimental variables, regardless of whicl

model actually applies. By contrast, as shown in Table 1, for any given
model the denominator contains some terms subsuming individual li
gands, and some which do not. For example, of the 21 terms in th

denominator of Eq. 5 as it applies to the FL+ model, 11 subsumg [S]
9 subsume [M], and 17 subsum¥,,.

These general properties mean that with respect to either of th

external ligands, and for any of the eight models, we can rewrite Eq.
as

Oy

(AL, ©
BK[L,]+C

where L], is the external concentration of ligand (eithef Bir su-
crose), A is the product dfl and the ligand-independent rate constants
in the numerator of Eq. %° is the ligand-dependent rate constant with
[L], extracted (eithek$; or k3,), B is the sum of the ligand-dependent
terms inDEN with k°[L], extracted andC is the sum of the ligand-
independent terms iBDEN. By dividing both numerator and denomi-
nator of Eq. 6 by BR, the equation can be re-cast in Michaelis-Menten
format as

=imad Lo

Lol + K, @

in whichik,,.is formally defined as4/B) andK}, as C/Bk°), both from
Eq. 6.

The foregoing analysis demonstrates that each of the eight kinetic
models can exhibit considerable kinetic flexibility. Such flexibility is

I‘,oroblematic in the context of ascertaining whether a single model is

uniquely competent in its ability to describe the observed kinetics of
current flow through SUC1. Two solutions to this problem have been

recommended previously (Sanders & Hansen, 1981; Sanders et al.,

%.984), and are utilized in the present study.

First the array of algebraically defined parameters can be sub-

éected to experimental scrutiny using a “brute force” approach. This
énvolves assaying the kinetic response of the SUC1-mediated currents

over a range of conditions. A given kinetic response in one set of
conditions must imply a particular size-ordering of the rate constants
embedded within the coefficientsthrough toe in Egs. 8 and 9 (and
congeners in the case of a respons¥tp For example, if there is an
observed increase in boifi,, and K3, in response to an increase in
[H*]o, then Egs. 8 and 9 implg > b andd > e. Some of the individual

rate constants embedded selectively in the coefficients can then be
assigned relative values for each of the eight models to replicate the
experimental behavior. For each model, this conditional size-ordering
can then be applied to simplify the expended forms of Egs. 8 and 9, and
the equations then tested for their capacity to describe kinetic obser-
vations obtained in a second set of conditions, and so on.

A second approach used in conjunction with the first is to restrict
kinetic flexibility by devising experimental conditions which simplify
the underlying rate equations. For example, if the kinetic response to
H* is studied at saturating{,) concentrations of S, then for FL
models the number of terms DEN (seeTable 1) decreases from 21 to
11.

In each case, simplification of the kinetic equations progressively
restricts their flexibility, with an accompanying reduction in the num-
ber of models which can describe the full set of observations.

Just as terms can be grouped in the denominator of Eq. 5 into

those that do and do not subsunh,[to yield the denominator of Eq.
6, so the terms which define the Michaelis parameiérg(K.) can be

Results

grouped according to whether or not they subsume the alternative li-

gand concentration ([ll,). For all models and for eithef, . or it .the
relationships have the form

e

®)

STEADY-STATE SUGAR-DEPENDENT CURRENTS

The cotransport of protons with solutes raises the possi-
bility that transport of sucrose by oocytes expressing
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Table 1. Identity of additive term comprisin@EN (Eqg. 5) A B Vi (mV)
Terms Models in which experimental Vi (mV) /100 2150 -100 =50 0 50

variable is subsumed L I L it

-150 -100 -50 / 50
[SLIC]D [H+] Vm | | I Q] /
£ 20

Common to all models L 100 g
K KookaiKsekss All Al + £ . ~
Ky oo akasKacKes LF, LL FL, FF - L0 F
Ky oKoaks1KaeKes LF, LL FL, FF + - - -200 -
Ky o ks os Al Al * - -sue 0
Ky Ko aKssKagkse None None +, L -300 -
K1 Ko aK3eKa6Kes None None +, +8UC
Ky KoaKaeksKos FL, FF LF, LL + - | <0
K1 2K31Ks6Ks2Kes All All + -
K 3Ko1K3sKa6Ks6 None None +, Fig. 3. Steady-statd-V relationships obtained for oocytes injected
K Ko 1K35K46Ks5 None None +, with SUC1 cRNA. ) I-V relationship for an oocyte expressing SUC1
K1 Ko1K s Kes FL, FF LF, LL + = in the absence®) and presencel) of 1 mm sucrose at an external pH
Ky Ko 4KasKaeKs6 None None - of 5.5. B) Difference curve, obtained by subtraction of the latter from
Ki13Kz4K35KaeKes None None - the former, and showing the voltage dependence of the steady state
K13KaaKaeKsKes FL, FF LF, LL - current due to sucrose transport.
Ka1Ka1KseksKes All All -
Eﬁtfjﬁ‘,‘@ff;ﬁa LL moAdILB Al transporter were measured as a function of voltage, suga
Ky oKa1Ka KosKes FL, LL FL, LL + - concentration and external pH. Figuré 3hows the
Ky Ko1KskaKse None None +, steady-statd-V relationships of oocytes expressing
K1 5Ko1KasKaKes None None +, SUC1, obtained in the presence and absence ofM m
Ky koiKaKsaKes FL LL + - sucrose at pH 5.5. The difference curve, which is char-
'I‘Eﬂkflk‘.‘zk‘s:"k“FF LF FdL'ILL FLLL * acteristic of SUCL1, is obtained by subtracting the
kéﬁ;ﬁg&;‘:ﬂ ' m?:,f iF FF. LF . r_elatio_ns_hip in the absenc_e of sucrose fr_om [therela-
Ky ecke LE FE + - tionship in its presence (FigB3. The maximal sucrose-

Ky Ko aKaskseKsa None None + - dependent currents varied between oocytes, and were
Ky 3Kp1KaeKseKea None None +, - typically in the range —30 to —80 nA, although currents
Ko KasKseKea None None - of up to —200 nA were recorded in some oocytes. In
water-injected oocytes, there was no difference in the
steady-statd-V relationships measured in the presence
SUC1lmay lead to a decrease in oocyte internal pH, asand absence of 5msucrose at pH 5.5lata not showp
has been shown for protein/peptide cotransport (Fei et
al., 1994). However, we have measured the internal pR;o| tace DEPENDENCE OFi,,,, AND K., FOR SUCROSE
of oocytes using proton-selective microelectrodes
(Miller et al., 1994). These measurements showed thaTo evaluate the voltage-dependence of SUCL1 kinetics,
cytosolic pH can be maintained during the proton sym-steady-state, sucrose-dependent currents were measure
port activity, but changing the external THrom 0.025  as a function of extracellular sugar andl ¢ébncentration.
to 1.0 did decrease the cytosolic pH which stabilized Figure 4A shows a typical experiment where external pH
after 5 min at a slightly more acidic value. The change inwas buffered at 5.5 and sucrose was varied in the range
external [H] was also accompanied by a depolarization0.01-4 nu to generate a family of difference curves
of the oocyte plasma membrane in both water-injectedjiving steady-state currents as a function of voltage for
controls and oocytes expressil®lJC1L; this has been each sucrose concentration. Inward currents become
shown to be due to the inhibition of an outward K larger at more negative membrane potentials, and also
current (Burckhardt et al., 1992). Therefore, when oo-increased as a function of sucrose concentration, saturat
cyte external pH was changed by superfusion, the oocyting at 3 mv sucrose. A maximum current of —80 nA was
was always allowed to equilibrate for at least 5 min measured in this experiment. At any given voltage, the
before treatments were applied. sucrose-dependence of the currents could all be fitted to
After injecting oocytes with cRNA encoding the single Michaelis-Menten functions (FigB% The volt-
SUC1 H/sucrose cotransporter, the addition of sucroseage-dependence &, andiy, ., obtained from the full set
to the extracellular solution elicits a large inward current.of fitted data is shown in Fig.@,D. Both parameters are
This current was fully developed within 20 sec, which is voltage-dependent; at pH 5.5, increased from -42 +
within the time taken to equilibrate fully the bath me- 1 (3) nA at —20 mV to —83 + 3 (3) nA at —160 mV (Fig.
dium. The steady-state currents of thé/¢ticrose co- 4C), andK3, decreased from 0.43 + 0.06 (3)vmo 0.25
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A Vi (mV) B [sucrose]g (MM)
-150  -100  -50 0 50 0 1 2 3 4 5
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i 2 H5.5
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L 03
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Fig. 4. Steady-state sugar-dependent currents as a function of external sucrose concentration in an oocyte injected with SU@) ERNA. (
difference relationships obtained as shown in Fig. 3 at pH 5.5, and in varying sucrose concentratior@®)(0015(@), 0.1 (4), 0.5 (¥), 1 (O),

2 (), 3 (A), and 4 V) mm). (B) Steady-state sugar dependent currents at 440 {60 (V), -100 @A), -140 @) and -160 @) mV, plotted as

a function of external sucrose concentration and with fitted Michaelis-Menten functioas).((C) Voltage-dependence a§,,, at pH 5.5. D)
Voltage-dependence ¢, at pH 5.5. E) Voltage independence of the apparent coupling coefficientaf sucrose.

+ 0.05 (3) mm over the same voltage range (Figd4 ~and no pH lower than 5.0 was used, because this had
The apparent coupling coefficient, (Parent et al., deleterious effects on the oocytes. The difference rela-
19923_) for sucrose was close to 1 and was V0|tage_ti0n5hip5 showed similar characteristics to those ob-
independent (Fig. B). tained where external sugar was varied (Fig),4n that
inward currents increased with negative membrane po-
tential, and no outward currents were observed. The cur-
VOLTAGE DEPENDENCE OFi 0 AND Ky, FOR PROTONS rents were relatively small at 0.Qim (pH 8.0), but in-
creased as external pH was decreased. This result is con
A similar approach was used to determine the voltagesistent with a proton cotransport mechanism; as external
dependence of} ., and K. steady-state, sugar- pH decreases, a larger proton gradient is available to
dependent currents were measured as a function of volenergize sucrose transport, and larger currents are con
age and external proton concentration with external susequently observed.
crose concentration kept constant. Figure ghows a At any given voltage, the data from the difference
family of difference curves obtained when external su-curves in Fig. B could also be fitted to single Michaelis-
crose was held constant at a saturating level of3amnd  Menten functions (Fig.B). Figures &,D show the volt-
the external H concentration was varied between 0.01 age-dependence df,,, andK! calculated from the full
pM (pH 8.0) and 1Qum (pH 5.0). There is some scatter set of Michaelis-Menten fits. At saturating sucrose con-
of points, especially at the highest proton concentrationgentration,it!_ was voltage-dependent, increasing from
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A Vi (mV) B [H] (uM)
-150 -100 -50 0 2 4 6 8 10

¢ Vi (mV) D

-150 -100 -50 0 KHm (uM)

§/EE ; 03 2 1 3 mM sucrose

- 0.2

T T

A &

(=) <
n (protons)

L -50 - 0.1
- =60 ./‘T ‘ ’ 0.0 0 T T T 1
. . . . -150 -100 -50 0
leax (nA) 150 100 50 0
Vin (mV) Vp(mV)

Fig. 5. Steady-state sugar-dependent currents as a function of exterieahidentration in a cRNA-injected oocyte injected with SUC1 cRN®. (
I-V relationships obtained at 3ursucrose, with external [H varied between 0.0fum (pH 8.0) and 1Qum (pH 5.0) and buffered with 10 mMES
(pH 5.00, 5.5M, 6.0 A) or 10 mv HEPES (pH 7.4V, 8.0 #). (B) Steady-state sugar-dependent currents plotted as a function’lgfdt-40
(d), -60 ©), —100 (¥), -140 @A), -160 @) and -180 @) mV, and the curves were fitted to Michaelis-Menten functiolise§). (C)
Voltage-dependence @} ..at 3 mv sucrose D) Voltage-dependence &t at 3 mv sucrose. E) Voltage-independence af the apparent coupling
coefficient for protons.

-28+1.3(3)nAat-20mV to -55+ 2.9 (3) nA at-180 at 3.2um H* (pH 5.5) (Fig. ). The value ofK3, de-
mV. The value ofK!! was also voltage-dependent, de- creased with the increase of TH, from 1.10 + 0.15 (3)
creasing from 0.18 £ 0.05 (3m at —20 mV to 0.01 + mm at pH 8.0 to 0.08 + 0.03 (3) mat pH 5.0 (Fig. B).

0.01 (3)um at —180 mV. The apparent coupling coef-

ficient, n, for protons was around 1 and appeared to beDERIVATION OF A CARRIER MODEL FORSUC1

voltage-independent (Fig&. Qualitatively, six classes of observation are shown in

Figs. 4C andD, 5C andD and 6A andB to which alge-
PROTON DEPENDENCE OFi 5« AND K, FOR SUCROSE braic analysis of model behavior can be applied. These

observations are as follows:
The relationship betweei,.,, K3, and external Fi con- s - -
centration is shown in Figs.A6and B respectively. At 4C)'1. Imax InCreases as a function of negativg, (Fig.
H* concentrations lower than 3;2v (pH 5.5), the ab- '
solute values of,,, were lower, but showed the same 4D)
trend in voltage-dependence as in Fig. #r valuesi, ., '
at 3.2pm H* (pH 5.5) @data not showp In three oo- Both these observations hold at an intermediaté] JH
cytes,iy increased from -2+ 2 (3) nA at 0.0lum H* (1 wwm) and at a concentration (40m) which saturates
(pH 8.0) to -7 + 4 (3) nA at 10um (pH 5.0), saturating

2. K%, decreases as a function of negatig (Fig.

I max-
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A [Hlo (uM) B
0 2 4 6 8 10
=20 L 1 1 1 | | 1.5 -
30 ¢
~ 40 = 1.0
] g
% 50 = i Fig. 6. Dependence af,,, andKZ, at —180 mV on
mE mx external proton concentration. The parameters were
= 60 4 0.5 obtained from a similar experiment to the one shown
70 4 in Fig. 4 for each pH.A) iS,,and @) K, plotted as
—*’i — a function of external [H] in an oocyte injected with
.80 J o0 L — SUC1 cRNA.
0 2 4 6 8 10
[Hlo (1M)
H . . -
50) 3. imaxiNcreases as a function of negativg (Fig. o K2seXp(—Z WD Ky KygKoy (12)
: max ™
"4 kH : : KeseXp(~ZW)[Ky (Ko + Kyo)
0) 4. K}, decreases as a function of negatwg (Fig. + Kag(kog + Koa)] + Koak o(Kag + Kog)
while Eqg. 9 can similarly be expressed as
Both these observations apply at saturating concentra—H KeseXP(—ZW)K,6(Kp1Ky 3 + Kogky g + KogKg )
tions of sucrose. Km= (13)

k31{ Kes€XP(—ZWB)[ K, Koy + Ky6)
+Kya(ko1 + Kog)] + KagKio(Kyg +Kea)}

Almost identical expressions apply to bafh,, andit!_,

at saturating concentrations of the other ligand, and
, o , ) , therefore the size-ordering of the rate constants required
The eight kinetic models described in Materials and, repjicate Observation 3 is identical to that given for
Methods were analyzed for their competence to describgyseryation 1 in the first column of Table 2. However,

gll Six observations. Resqlts are shovyn in Taple 2. Thekm can only become larger a4, becomes more nega-
first column shows that, with suitable size ordering of thejye Therefore. the FF— model cannot describe Obser-

kinetic constants, all models are competent in describing,ation 4 and must be rejected. Analogous arguments ap-
Observation 1, even in the restrictive conditions thatp|y to five of the other models: the conditions and con-

[H'], is saturating. Taking as an example the FF—;|sions detailed in Table 2 can be verified with

model, Eq. 8 (Materials and Methods) can be expandegyterence to Table 1 and Egs. 5-7 in Materials and Meth-
and simplified for the condition of saturating TH to

5. is .« increases as a function of {H, (Fig. 6A);
6. K3, decreases as a function of {4 (Fig. 68).

Al ods.
yield: The exceptions are the FF+ and LF+ models, since
R kKK b_oth _models are competent in describing all six principal
s keseXP(—ZzW K, K,yekoa (10) kinetic observations (Table 2). Thus for the FF+ model,
max ™ K exp(—zUb)[ Ky Koy + Kyg) the relationships describing the response to voltage of the
+ Kya(Koq + Kog) + Kogky o(Kag + sucrose-induced currents at saturatin re:
46( 21 24) 24° 12( 36 k64) [ d d [ G]
hile Eq. 9 imilarly b q is k?,eXp(—2W)KsKaekoa
while Eqg. 9 can similarly be expressed as =
a Y P e ktl)zexlg_zw)[km(k% +Ksa) + Kes(Kog + Kyg)]
+ k3, expizul - d)) + Kgekaek
) K25 eXP(~ZLB Ky Kyckos 218%M oduo *heddon |
KS = + kgg€XP(ZUL = 8))Ka4(KaeKi2 + KgaKio + KasKea) and
m= o
ks DENLO] (11) 128XP(—ZWB)Ky4(KssKae + KsKag + KseKsa)
KS = TKas5Ks6Ke4Ko4 (15)
" K2 {DEN14]

where DEN10 is the denominator of Eq. 10. Then the
size-ordering of the rate constants required to replicatevhereDEN14 is the denominator of Eq. 14. The result-
Observations 1 and 2 k& > kg, > kgs. Eq. 8 (Materials  ant size-ordering of the rate constants for Observations 1
and Methods) can be expanded and simplified for theand 2 @bove is shown in Table 2 i.eksg ks, > k3, >
condition of saturatingg],, to yield k?,. As for the FF— model, the relevant equation describ-
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Table 2. Ability of ordered binding models to describe the kinetics of SUC1-mediated currents

121

Model Size-ordering of rate Additional size- Additional size- Additional size- Overall conditions
constants required ordering required ordering required ordering required required to
to describe to describe to describe to describe describe all six
Observation 1 Observation 2 Observation 3 Observation 4 Observations 1-6

FL+ K31Kos > k9, Not possible Not possible

FL- Kagkoakso > ks k26 > Kagkoakin > Kgs None required Not possible Not possible

FF+ kag > KS2K31 Kaskoq > K31 > kT, None required Kasikos > K31, ki3 > KT, KasKoa > K31, Ki5 > KT,

FF- Ksa > kgs k25 > Kga > kgs None required Not possible Not possible

LL+ k3, > k9, k9, > k9oKog None required Not possible Not possible

LL- Kaghoakyo > ks Not possible Not possible

LF+ kas > K22K31 kiKoq > K31 > K1 None required Kaskaa > K21,Ki3 > KT, Kasikoa > K21,Ki3 > KT,

LF- Ksa > kS5 Not possible Not possible

See text for description of observations.
Note that size ordering for Observations 1 through 4 has been derived for the condition that the alternative ligand is present externally at satu
concentration.

ing the voltage-sensitivity off!_, at saturating §, is B
essentially identical to Egs. 14deTable 1), so no ad-  Vm(Y) A
ditional size-ordering is required. However, 020 -0.15 —0-110 0.05 0-00005 Ksm8
K2 exXp(=ZW)K,4Ks5Ka6 L 0.10 L7
KH = + Ko exXp(ZU L - 8))KgsKagkss + KesKagkoakss (16) - 0.15 i 2
" kS, [DEN14] L 020 »
- 0.25
If ky5is larger thark$,, K will decrease with increase of | 030 3
negativeV,, Thus the size-ordering rate constants re- 035 '?
quired for the FF+ model to describe Observations 14 it s 090 015 010 -0.05 0.00
Kaskos > ki k3; > k9, Figure 7 shows the results of ! max Ty ‘V o
numerical modeling in which this condition has been W m(¥)
successfully incorporated within the rate equations tc¢ ™ c D H
replicate the observed kinetic responses of SUC1. 020 -0.15 -0.10-0.05 0~000 05 K ™
To evaluate the capacity of the FF+ model to gen- ' r
erate Observations 5 and 6, the condition (Table 2 - 0.10 - 0.8
Kas kos > k13,k33 > k9, is applied to the full rate equations - 0.15 0.7
and to numerical estimates gf,,, andK3, as a function L 020 L 06
of [H'], (Fig. 8A,B). The excellent agreement in overall | 0.2 05
shape of the functions generated by numerical modelin o4
confirm that the FF+ model is competent to describe all — - 030 '
the kinetic data assembled on SUC1-mediated current: H " 0 005 010 1008 0000'3
providing the condition ! max - Vn.;(V) T

KasKag > Kig k31 > K7 (17)

Fig. 7. Numeric modeling of the voltage-dependence of kinetic param-

is met. Almost identical expressions app|y to theeters SUC1 using the FF+ model. Comparison of the observations
:S ‘H S H : ias. i it-
termsiS .., KS, K in the FF+ model as app|y to (Figs. 4C and D and X and D) with these models enables the suit

Ima)q il i
# .S H S . . ability of the model to be assessed. Both the FF+ and LF+ numerical
+
the parametert,ay imax Km K respectively in the LF models give relationships which are very close to the observed results.

model (Table 1). . Mqreover'_ becaugg,, increased and For clarity only results from the FF+ model is shown. None of the other
Km decreased with increasingly more negatVg for  six models can successfully fit all the observations. The numerical
both H" and sucrose (FigsGlandD and % andD), the  values used in Egs. 14 to 16 wetg = ky, = 10;k3; = ky5 = 1; kS,
same overall constrainkgg,k,, > k;5,k?, required to rep- = 0.1 and othek values were 1.

licate Observations 1-4 in the FF+ model also apply for

the LF+ model. The calculated numerical values®f,  Observations 5-6, under the same constraints as the FF-
and K3 as a function of [H], are shown for the LF+ model, as shown in Fig. 8 the results of numerical mod-
model in Fig. 8 alongside the results for the FF+ model.eling of the FF+ model yield saturation-type functions
Although both the LF+ and FF+ models can describewhich are closer to the actual data of the observations
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[H+Jo (uM) B outside inside
Ay oy 4 6 8 10 KSm + c —C
0 Ly 3 _ Hor S ~ N
H
FF+ J V
20 FF+ 2 wr
w0 CS or CH CH*
] 1 S or H" S
60 I
0 T T T T 1 S L, e +
S 002 4 6 8 10 CHS CHS
“Mmax n
i M) [H'lo (uM) Fig. 9. Diagrammatic representation of FF+ and LF+ kinetic models
[ ]% H e 1 S D for SUC1 cotransporter. The thickness of the lines indicate the relative
0 0 % ? L ‘0 Ifgm sizes of the rate constants used in the numerical modeling. Binding of
1 S is not shown, since internal sucrose was taken as absent for the
20 | LF+ 15 LF+ purposes of the present studse€Materials and Methods). Note that
12 4 the imposition of a negative membrane potential will tend to overcome
40 9 the inequalities in the charge translocation reactions.
6 -
60 ) ) o ]
39 V,, which in yeast is likely to vary with external pH.
.S T T T T 1 m .
max 0 2 4 6 8 10 Furthermore, for SUC1 in yeast the value<f was 0.45
[ M) mm at an external pH of 5.5 (Sauer & Stolz, 1994), which

is remarkably similar to the values obtained for the car-
Fig. 8. Numeric modeling of FF+ and LF+ models i, andKS, at rier expressed in oocytes. The stoichiometry of thé H
-180 mV in relation to external Hconcentration. Comparison with the gycrose symport appears to be 1:1 and this agrees with
observations in Fig. 6 shows that the relationships are best described %easuremems made using plasma membrane vesicle
the FF+ model. The values used wétg = ko, = 10 k21 = kis = (¢ o "Bush, 1990), but there are also reports of a variable
1; k3, = 0.1 and othek values were 1. .

stochiometry (e.g., Komor, 1997).

5-6 (f. Fig. 6A andB). Note that because the degrees ofy/o, 1ace DepENDENCE OFKINETIC PARAMETERS
freedom of the model are large, no attempt has been

made to optimize the actual values used for modelingr o offects of membrane potential, from zero to 160
anq that ﬂ?e _values use(:] clannot r?e con3|d_ere|d tody'T'_ld @AV, on kinetic parameters are important for two reasons.
unli.ue so#tlont;_llNev?rthe ?:SFS' t ednulmerldca ”.‘g e;‘nq:irst, the voltage dependence of the parameters makes i
con |rmst e ability of the * mode to descri e't '€ hossible to distinguish between different kinetic models.
kinetic responses of SUC1-mediated currents to variatio econd, they indicate how activity of a transport system

in ligand concentration ant,,. Figure 9 shows the re- 404 over the range of physiological membrane po-
sults of the algebraic analysis and numerical modeling g ptiais and so the contribution of these factors to regu-
diagrammatic form. lation of SUC1 activity in vivo can be predicted. For
example, voltage-clamp measurementsArabidopsis
root cells have shown that voltage can be an important
factor controlling nitrate transport (Meharg & Blatt,
1995). Of particular interest for the physiological func-
GENERAL COMMENTS tion of SUC1 is the voltage-dependence of the half-
saturation constant¥(.s) for sucrose and protons. At 0
The plant sucrose transporter, SUC1, has been electronV theK?,is almost 0.6 mi but at —150 mV (a common
physiologically characterized by heterologous expresvalue for theV,, of plant plasma membranes) the affinity
sion in oocytes and two models for the symport havehas increased to 0.25wm Furthermore K over the
been derived. These models can be combined into aame range of voltages changes from@v3to 0.02um.
single model in which the binding on the external sideThese results confirm the important role of the mem-
can be random, but it can only be ordered on the insidebrane potential in regulating sucrose transport in vivo.
with the sugar dissociating before the proton. When  The sucrose transporter contrasts with the oftrer
SUC1was expressed in yeast, it was found to be equallybidopsis H* cotransporters. AAP1 (amino acids) and
active at pH 5 or 6 and the relative activity decreased t&STP1 (hexoses) which were found to ha<é indepen-
50% when the pH was increased to 7 (Sauer & Stolzdent of membrane voltage (Boorer et al., 1994, 1996).
1994), but these values do not take account of changes iHowever, the voltage dependence Kif, for SUC1 is

Discussion
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akin to that of the mammalian Naoupled alanine dence ofi} ., on cosubstrate concentration suggests a
(Jauch & Lauger, 1986) and glucose transporters (Parentandom binding order to the carrier, but for SUC1 we
et al., 1992) which showed voltage-dependent increaseshave been able to fit an ordered binding model whep
in the affinity for the driving ion. In addition, the human for sucrose increased with proton concentration (Fig.
H*-coupled oligopeptide transporter (Mackenzie et al.,6A).
1996) and the protozoan "Hnyo-inositol transporter
(Klamo et al., 1996) had increased proton affinities with
increasingly more negative membrane potentials. NgMPLICATIONS OF THEMODEL
consistent pattern is apparent in the voltage dependence
of substrateK,,, values for the H cotransporters which There are several facets of the model which may prove to
have been characterized by expresson in oocytes. Ihe important for proton cotransporters. Although the
common with the otheArabidopsisproton cotransport- FF+ scheme is in contrast with that proposed for the
ers (Boorer et al., 1994, 1996) the maximal currénf § myainositol cotransporter (Klamo et al., 1996) and pep-
for SUC1 for both ligands increased as a function oftide transporterhPEPT1 (Mackenzie et al., 1996), in
more negative voltage, although the magnitude of volt-which the binding of a proton is followed by the sub-
age dependence af,,, seems to be greater for AAP1 strate binding, both schemes share channel-like features
(Boorer et al., 1996) when compared to that of the sugaand may involve the interaction of the permeant ligands
transporters (this work and Boorer et al., 1994). with an occluded pore (Gadshy et al., 1993). Both the
FF+ and LF+ models for SUC1 may imply a sugar chan-
nel-like mechanism because the step transferring the
MODELING OF CLONED H" COTRANSPORTERS sugar through the membrane occurs when the proton is
bound to the protein and the ligand complex is charged.
Random binding models have been used to describe thEhese models suggests that the ligands bind to a site
kinetics of plant sugar and amino acid cotransportersnside a narrow membrane pore, before the carrier un-
(Boorer et al., 1994, 1996b). For a myainositol H dergoes conformational change associated with binding
cotransporter (Klamo et al., 1996), and a human peptidsite reorientation achieving membrane translocation.
transporter hPEPT1 (Mackenzie et al., 1996), models Next the sugar dissociates before the proton has access t
similar to that for the Naglucose cotransporter, SGLT1 the cytoplasm. This is interesting because it suggests
(Parent et al., 1998, with the proton binding before the that SUC1 may function as a pore and it belongs to the
substrate were proposed. For SUC1, we have taken superfamily of transporters identified by Marger and
different approach by trying to fit an ordered binding Saier (1993), which includes facilitated diffusion carri-
model, using a method described previously (Sanders airs. This type of mechanism was proposed for thé/Na
al., 1984). This method makes use of the fact that arglucose cotransproter (Hopfer & Groseclose, 1980) and
ordered binding model can describe a kinetically nar-there are also some similarities with the first-on first-off
rower range of responses compared to a random bindintype mechanism for Catranslocation through the SR
model. However, since two models, the FF+ and theCa&* ATPase (Inesi & Kirtley, 1990) and the channel-
LF+, can provide a description of the/ relationships of type structure proposed for exchange of Karough the
SUCI1, the actual ligand binding order of the loading stepNa’/K* pump (Gadsby et al., 1993). Recent cotrans-
could be considered random. The binding becomes opporter kinetic models have moved closer to the channel
erationally ordered when one ligand is present at satumechanism with the development of a multi-substrate
rating concentrations and the other is not i.e., statistisingle-file model (Su et al., 1996).
cally, the ligand which is most abundant (saturating) will Experiments using plasma membrane (pm) vesicles
bind first (Sanders et al., 1984). For both of these modfrom sugar beet have characterized the kinetics &f H
els the loaded carrier is charged and after membransucrose symport (Buckhout, 1994). These kinetics were
translocation the dissociation of sucrose occurs firstconsistent with an ordered binding first-on first-off
However, when these two models are compared for theimodel, but the charged form of the carrier could not be
ability to best describe the responsesi®f, or K5, to  identified, although it was suggested to be most likely on
[H'], (seeFig. 8), the FF+ model emerges as the slightlythe loaded carrier (Buckhout, 1994). Furthermore, ki-
superior candidate because it is better than the LF-+etic modeling of a plant plasma membran&®l~ co-
model in describing the shape of the response (compargansporter has also suggested a FF+ model witho@lI
Figs. 8A with C and, B with D). However, it is not first and off first, and with the movement of charge
possible to eliminate the LF+ model because it may behrough the membrane on the loaded carrier (Sanders &
possible to obtain a better fit with different numerical Hansen, 1981). The FF+ model and its similarities with
values. These numerical fits (Fig. 8) can prove that ahe chloride cotransporter enable some predictions about
model will fit but they cannot prove that it will not fit. the in vivo activity of SUCL1 to be deduced. The sucrose
Jauch and Lager (1986) have suggested that a depensymport should be inhibited by increases in cytosolic
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[H*]. Cytosolic pH has a critical role in regulating the ~ Wright, E.M. 199®. Kinetics and specificity of a Hamino acid

activity of both the chloride transporter (Sanders et al., transporter fromArabiodopsis thaliana. J. Biol. Cher@71:2213—

1989) and sucrose uptake in pm vesicles (Buckhout 2220 I .

1994) where this effect was independent of the imemaFuckLmut, T.J. 1994. Kinetic analysis of the plagma membrane sucrose-
’ . . H* symporter from sugar beeBéta vulgarisL.) leaves.Plant

sucrose concentration. However, cytoplasm|c sucrose Physiol. 106:991-998

concentration did affect sucrose uptakeRitinuscoty-  Burckhardt, B-C., Kroll, B., Fimter, E. 1992. Proton transport mecha-

ledons (Komor, 1977). Two systems have been pro- nism in the cell membrane ofenopus laevimocytes.Pfluegers

posed for the regulation of internal concentrations within ~ Arch. 420:78-82 N o

a cell (Sauer et al., 1983). In one the accumulation 0]cBush, D.R. 1990. Electrogenicity, pH-depepdent.:e, and stoichiometry

sugar results in therans-inhibition of unidirectional in- of the proton-sucrose sympoRIant Physiol.93:1590-1596

fl hile in th h h | | h . Bush, D.R. 1993. Proton-coupled sugar and amino acid transporters in
ux, while in the other, as the solute accumulates there is plants.Annu. Rev. Plant Physiol. Plant Mol. Bial4:513-542

an increase in exchange diffusion of sugar. For thepymont, J.N. 1972. OogenesisXenopus laevigDaudin). I. Stages of
former, this has been interpreted in the transporter’s ki- oocyte development in laboratory maintained animaisdorphol.
netics as positive charge on the loaded carrier, while for 136:153-180

the latter the unloaded carrier is negatively charged (refei Y.-J., Kanai, Y., Nussberger, S., Ganapathy, V., Leibach, F.H.,
viewed by Sanders, 1990). Further work involving the ~Romero, M.F., Singh, S.K., Boron, W.F., Hediger, M.A. 1994.
deliberate preloading of oocytes with sucrose may dem- Expression cloning of mammalian proton-coupled oligopeptide

) LS transporterNature 368:563-566
onstrate thigransinhibition of SUC1. Frommer, W.B., Sonnewald, U. 1995. Molecular analysis of carbon

Oocyte expression of the potato sucrose transporter, partitioning in solanaceous speciés Exp. Bot.46:587-607
SUT1, has also identified a proton cotransport mecha&adsby, D.C., Rakowski, R.F., De Weer, P. 1993. Extracellular access
nism and the kinetic model that was necessary to explain to the Na, K pump: pathway similar to ion chann&cience
the observations (Boorer et al., 1996) contrasts with that 260100-103
described here and with that obtained using plasmé&!ansen- U-P., Gradmann, D., Sanders, D., Slayman, C.L. 1981, Inter-
membrane vesicles (Buckhout, 1994). The potato co- pretation of current-voltage relationships for “active” ion transport

. systems: |. Steady-state reaction-kinetic analysis of Class | mecha-
transporter has a LF—- model, with the empty transporter isms. 3. Membrane Biol63:165-190

negatively charged (Boorer et al., 1996), also the potat@iopfer, U., Groseclose, R. 1980. The mechanism of-tzpendent
transporter showed uncoupled tiansport and we found p-glucose transport]. Biol. Chem255:4453-4462

no evidence for this with oocytes expressing SUGdt4  Inesi, G., Kirtley, M.E. 1990. Coupling of catalytic and channel func-
not ShOWI)I. This result for SUC1 does not enable us to  tion in the C&" transport ATPasel. Membrane Biol116:1-8
distinguish between the FF+ and LF+ models, but un_.Jauch, P., Lager, P. 1986. Electrogenic properties of the sodium-

. . . . alanine cotransporter in pancreatic acinar cells: 1. Comparison with
coupled H trgnsport is possible (in Fig. 2, between C transport models). Membrane Biol94:117—127
and G) only in the LF+ model.

. . King, E.L., Altman, C. 1956. A schematic method of deriving the rate
The oocyte expression system is a powerful tool for  jaws for enzyme-catalyzed reactiodsPhys. Chen60:1375-1378
advancing our understanding of the relationship betweeRomor, E. 1977. Sucrose uptake by cotyledonsRafinus communis
transporter structure and function and as more carriers L.: characteristics, mechanism and regulati®lanta137:119-131
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