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Abstract. To elucidate the kinetic properties of theAra-
bidopsisH+/sucrose cotransporter, SUC1, with respect to
transmembrane voltage and ligand concentrations, the
transport system was heterologously expressed inXeno-
pus laevisoocytes. Steady-state plasma membrane cur-
rents associated with transport of sucrose were measured
with two-electrode voltage clamp over the voltage range
−180 to +40 mV as a function of extracellular pH and
sugar concentrations. At any given voltage, currents ex-
hibited hyperbolic kinetics with respect to extracellular
H+ and sugar concentrations, and this enabled determi-
nation of values for the maximum currents in the pres-
ence of each ligand (iHmax, iSmax for H+ and sucrose) and of
the ligand concentrations eliciting half-maximal currents
(KH

m, KS
m). The iHmaxandiSmaxexhibited marked and statis-

tically significant increases as a function of increasingly
negative membrane potential. However, theKH

m andKS
m

decreased with increasingly negative membrane poten-
tial. Furthermore, at any given voltage,iSmax increased
andKS

m decreased as a function of the external H+ con-
centration. Eight six-state carrier models—which com-
prised the four possible permutations of intracellular and
extracellular ligand binding order, each with charge
translocation on the sugar-loaded or -unloaded forms of
the carrier—were analyzed algebraically with respect to
their competence to account for the ensemble of kinetic
observations. Of these, two models (first-on, first-off
and last-on, first-off with respect to sucrose binding as it
passes from outside to inside the cell and with charge

translocation on the loaded form of the carrier) exhibit
sufficient kinetic flexibility to describe the observations.
Combining these two, a single model emerges in which
the binding on the external side can be random, but it can
only be ordered on the inside, with the sugar dissociating
before the proton.
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Introduction

Although green plants are autotrophic, and synthesize
carbohydrates via photosynthesis, they possess hetero-
trophic tissues and organs (sinks), which are dependent
on import of carbohydrates from autotrophic source tis-
sues. The redistribution of carbohydrates within the
plant, usually occurs in the form of sucrose, via the
phloem transport system (Frommer & Sonnewald, 1995).
The transport of sucrose into the phloem has been shown
to be energy-dependent and proton-linked (Komor et al.,
1977). Sucrose transport across the plasma membrane
can be energized by symport with H+, with the driving
force provided by the transmembrane pmf set up by the
H+-pumping ATPase (see reviews by Reinhold &
Kaplan, 1984, Bush, 1993).

A sucrose carrier from spinach leaf was isolated us-
ing complementation cloning ofSaccharomyces 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-
rier to grow when the only carbon source was sucrose.
The spinach cDNA was then used to probe anArabidop-
sis thaliana library and to isolate two related sucrose
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transporters, SUC1 and SUC2 (Sauer & Stolz, 1994).
Yeast cells transformed withSUC1were able to accu-
mulate the14C-labeled sucrose, whereas cells trans-
formed with the gene in antisense orientation were not
(Sauer & Stolz, 1994). Furthermore, this uptake was
shown to be pH-dependent with uptake increasing with
proton concentration but saturating between pH 5 and 6.

Cloning plant transporters has enabled electrophysi-
ological characterization by heterologous expression in
Xenopus laevisoocytes (Boorer et al., 1992, 1994). The
application of voltage clamp techniques to oocytes per-
mits transporter-mediated currents to be assayed as a
function of membrane potential. This opens an extra di-
mension to analysis of the kinetic behavior of the trans-
porter because, for these transporters which are electro-
phoretic, the membrane potential is a component of the
driving force and is normally uncontrolled in radiometric
assays of substrate uptake. Steady-state and presteady-
state currents associated with a plant hexose transporter
activity in Xenopusoocytes have been measured and a
range of kinetic parameters quantified (Boorer et al.,
1994).

In principle, the ligand binding order and identity of
the charge-translocation reaction (i.e., on the loaded or
unloaded carrier) can be discerned from the kinetic prop-
erties of an ion-coupled transport system, providing suf-
ficient kinetic detail is available (Sanders et al., 1984).
In the present study, we have expressedSUC1in oocytes
to determine its kinetic response to changes in the exter-
nal concentration of both ligands (sucrose and H+) and to
membrane voltage. The results have been subjected to
analysis without preconceptions with respect to ligand
binding order or to identity of the charge translocation
reaction in an attempt to derive a kinetic model which is
uniquely compatible with the data. This is the first rig-
orous analysis of binding order in a cloned H+-driven
cotransporter. We demonstrate that two such models are
competent in describing the kinetics of SUC1-mediated
currents in all the conditions we study, but that one of
these models — first-on first-off with respect to sucrose,
and with charge translocation on the loaded form of the
carrier — fits better than the other. Nonetheless, com-
bining these two, a single model emerges in which the
binding on the external side can be random, but it can
only be ordered on the inside, with the sugar dissociating
before the proton.

Materials and Methods

OOCYTE AND CRNA PREPARATION

A full-length cDNA for the Arabidopsis thalianaSUC1 H+/sucrose
cotransporter (pTF2011) was subcloned into theEcoRI site of pBlue-
script SK− (Stratagene, Cambridge, UK). The resulting construct,
pSUC1/BS, was linearized by digestion withNot I, and cRNA was

transcribed and capped using an Ambion T3 mRNA mMachiney

(AMS Biotechnology, Oxford, UK) in vitro transcription kit according
to the manufacturers instructions.

Oocytes were removed by surgery from adultXenopus laevis
females (Blades Biological, Edenbridge, Kent, UK), and washed in
Modified Barth’s Saline (MBS in mM: 88 NaCl, 1 KCl, 0.82 MgSO4,
0.41 CaCl2, 0.33 KNO3, 2.4 NaHCO3, 15 HEPES-NaOH pH 7.6)
supplemented with streptomycin and penicillin, both at 10mg/ml. The
ovarian lobes were dissected into small clumps and treated with 2
mg/ml of collagenase (Sigma type 1A) in MBS for 1–2 hr at room
temperature. Oocytes were washed thoroughly with MBS and stored
overnight at 18°C. Stage V or VI oocytes (Dumont, 1972) were chosen
for injection with 50 nl SUC1 cRNA (1mg/ml), or 50 nl DEPC treated
water. Experiments were performed 3–4 days after cRNA injection.

ELECTROPHYSIOLOGY

Oocyte currents were measured using the two microelectrode voltage-
clamp method. Both electrodes were filled with 3M potassium acetate
and 20 mM KCl solution with resistances ranging from 0.5 to 2 MV.
For all electrophysiological measurements, a simple frog saline con-
taining (in mM): 115 NaCl, 2.5 KCl, 1.8 CaCl2, 10 HEPES, pH 7.2 was
used. For more acidic frog salines, MES was added in place of
HEPES; the pH was adjusted by the addition of NaOH solution. Ex-
periments were performed in a 0.5 ml Plexiglass chamber perfused
continuously with normal Ringer solution at a rate of 2 ml/
min. Oocytes were impaled with the voltage electrode and the mem-
brane potential allowed to stabilize for 10–15 min before the current
electrode was inserted. Only oocytes which had resting potentials more
negative than −30 mV in normal frog saline at pH 7.2 were used in
voltage-clamp experiments. Each experiment was performed at least
twice using oocytes from four different animals. Voltage clamp was
performed using an OOC-1 Dual Electrode Voltage Clamp (World
Precision Instruments). Current-voltage (I-V) relations were obtained
with a pulse protocol generated by a 486 computer via a Labmaster
DMA A/D interface using the pCLAMP software 5.5 (Axon Instru-
ments, Foster City, CA). The oocyte membrane potential was clamped
at a holding potential of −80 mV from which the membrane was pulsed
for 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
interval at the holding potential. In all experiments, the oocytes were
allowed to adjust for at least five min after changing the external pH
before any sugar treatments were applied. Exposure to sugar was for
less than 1 min, to minimize the accumulation of sugar within the cell.
The I-V relationships were constructed from the steady-state currents,
and data were only accepted when before and afterI-V profiles were
identical. Sucrose-dependent currents were obtained by subtracting the
currents measured before from those obtained after the addition of the
sugar. At any given membrane potential, steady-state sucrose-
dependent currents measured as a function of external ligand concen-
tration (i.e., either H+ or sucrose) were filtered to Eq. 1 by a non-
weighted, nonlinear least squares method using the SigmaPlot software
(Jandel Scientific, Germany);

i 4 imax[substrate]n/{[substrate]n + (Km)n} (1)

where the substrate is either sucrose or H+ andn is the coupling coef-
ficient. These fits yielded the maximal currentsiHmaxfor H+ andiSmaxfor
sucrose, and the half maximal ligand concentrationsKH

m (at saturating
sucrose concentration) andKS

m (at saturating H+ concentration) respec-
tively (Parent et al., 1992a).

ALGEBRAIC ANALYSIS OF MODELS

Carrier Model Topology and General Definitions — Eight simple or-
dered binding models were considered. These comprised the four dif-
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ferent permutations of binding order for sucrose (S) (seeFig. 1), each
with the possibility of charge translocation either on the sugar-loaded
or unloaded form of the carrier. In accord with the notations used in
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 to
inside the cell. Likewise, if charge translocation is on the sugar-loaded
form of the carrier then positive charge will be carried into the cell (+
models) whereas charge translocation on the unloaded form of the
carrier will involve movement of negative charge out of the cells (−
models); thus by this notation the model shown in Fig. 1A is first-on,
first-off positive model (FF+) with respect to S; LF+, FL+ and LL+
models are shown in Fig. 1B–D, respectively. For all eight models,
coupling between H+ and S is assumed to be tight: there is no slip
pathway envisaged for the uncoupled translocation of S (cf. Parent et
al., 1992a). This appears reasonable because the presence of a quan-
titatively significant slip pathway would lead to dissipation of the sugar
gradient generated by H+-coupling and is supported by the previous
analysis of the Na+-coupled mammalian sugar transporter SGLT1 ex-
pressed inXenopusoocytes in which the slip pathway was shown to be
negligible (Parent et al., 1992a).

Each of the carrier states in the reaction kinetic models can be
represented by the general scheme in Fig. 2 with the unidirectional rate
constants defined as shown. Ligand concentrations are subsumed
within the rate constantsk53, k31, k64 and k42, although the actual
identity of the ligand which binds is model-dependent. If ligand con-
centration is one of the experimental variables and it is necessary to
make the ligand concentration explicit, then the rate constants are ex-
panded as, for example, in the FL model,k53 4 ko

53[S]o. Thus, the zero
superscripts effectively indicate the value of the rate constant at a
ligand concentration of 1M.

The effect of membrane voltage can be incorporated into the

charge translocation reactions using an Eyring barrier (Hansen et al.,
1981). For the + models in whichk12 andk21 are the voltage-sensitive
reactions we can write

k12 4 ko
12exp(−zud) (2a)

and

k21 4 ko
21exp(zu{1 − d}), (2b)

in which ko
12 andko

21 are the rate constants at zero voltage,z is the net
charge which is translocated,d is the fractional distance of the energy
barrier across the membrane from the outside andu is the reduced
membrane potential, defined asFVm/RT whereVm is the membrane
potential in volts andR, TandF have their usual meanings. Similarly
for the − models,

k65 4 ko
65exp(zu{1 −d}) (3a)

and

k56 4 ko
56exp(−zud). (3b)

The current through the + models is given as

i+ 4 Ct zF([CSHi2+/Ct]k21 − [CSHo
+/Ct]k12) (4a)

and through the − models as

i− 4 Ct zF([Ci
−/Ct]k65 − [Co

−/Ct] k56), (4b)

whereCt is the total carrier density in the membrane (units mol.m−2)
and the square bracketed terms are the fractional steady-state concen-
trations of the respective carrier species (binding sites inward- or out-
ward-facing, bound or unbound).

GENERAL RATE EQUATIONS

Using the approach of King and Altman (1956), each of the terms in
square brackets in Eqs. 4 can be expressed solely in terms of the
component rate constants of the carrier cycle, thereby permitting the
carrier-mediated current to be described as a function both of ligand
concentration and of voltage.

One simplification to the general rate equations can be achieved
at the outset. If the intracellular sucrose concentration ofXenopus
oocytes is sufficiently low so that it has no impact on the kinetics,k64

Fig. 1. Hypothetical simple ordered-binding models for SUC1. These
models are defined by the order of sucrose binding. (A) First-on first-
off, (FF). (B) Last-on first-off, (LF). (C) First-on last-off, (FL). (D)
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 the
four possible models in which the unloaded carrier has a net negative
charge were also considered in the analysis of SUC1 kinetics.

Fig. 2. General six-state ordered-binding model for SUC1 showing the
rate constants for each step.
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can be set to zero in the case of the FL and LL models, andk42 set 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 min (data not shown) suggesting
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 Eqs. 4 for both the + and
− models:

i 4 N z (−k12k24k46k65k53k31/DEN) (5)

in which the H+:sucrose coupling ratio is taken as 1:1 (this is supported
by the results shown in Fig. 10) with resultant values ofz 4 +1 (+
models) and −1 (− models),N (4CtzF) is a scaling factor, andDEN is
a denominator which comprises the sum of 21 terms each of which is
the product of 5 rate constants. The exact identity of these 21 terms
will depend on which order the ligands dissociate from the carrier on
the inside because the simplification relating to the low intracellular
sucrose concentration eliminates the terms containingeither k64− or
k42, depending on the model. The terms comprisingDEN are shown in
the left hand column of Table 1.

It will be noted that the numerator of Eq. 5 includes rate constants
which subsume membrane potential (k12, + models;k65, − models),
[S]o(k53, FL and FF models;k31, LF and LL models) and [H+]o (k31, FL
and FF models;k53, LF and LL models). Thus, the numerator is sen-
sitive to any of the three experimental variables, regardless of which
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 the
denominator of Eq. 5 as it applies to the FL+ model, 11 subsume [S]o,
9 subsume [H+]o and 17 subsumeVm.

These general properties mean that with respect to either of the
external ligands, and for any of the eight models, we can rewrite Eq. 5
as

i =
−Ako@L#o

Bko@Lo# + C
(6)

where [L]o is the external concentration of ligand (either H+ or su-
crose), A is the product ofN and the ligand-independent rate constants
in the numerator of Eq. 5,ko is the ligand-dependent rate constant with
[L]o extracted (eitherko

53 or ko
31), B is the sum of the ligand-dependent

terms inDEN with ko[L] o extracted andC is the sum of the ligand-
independent terms inDEN. By dividing both numerator and denomi-
nator of Eq. 6 by Bko, the equation can be re-cast in Michaelis-Menten
format as

i =
−imax

L @L#o

@Lo# + Km
L

(7)

in which iLmaxis formally defined as (A/B) andKL
m as (C/Bko), both from

Eq. 6.
Just as terms can be grouped in the denominator of Eq. 5 into

those that do and do not subsume [L]o to yield the denominator of Eq.
6, so the terms which define the Michaelis parameters (iLmax, KL

m) can be
grouped according to whether or not they subsume the alternative li-
gand concentration ([L8]o). For all models and for eitheriSmaxor iHmaxthe
relationships have the form

imax
L =

@L8#o
a

@L8#o
b+ c

(8)

while the expression for theKms is universally

Km
L =

@L8#o
d+ e

@L8#o
b+ c

(9)

with the coefficients a through to e representing grouped terms char-
acteristics of each model. Expressed as a function ofVm, theimaxterms
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 theKm 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
iSmaxandKS

m, iHmaxandKH
m can be expressed as a function of the elemen-

tary rate constants. Also, for each of the Michaelis parameters, such
relationships can be cast in a format which makes explicit the response
to either of the other two experimental variables (i.e., the other ligand,
andVm). Thus, each model can be characterized algebraically in terms
of eight separate responses which can be subjected to experimental test.

STRATEGY FOR DERIVATION OF A KINETIC MODEL

FOR SUC1

The foregoing analysis demonstrates that each of the eight kinetic
models can exhibit considerable kinetic flexibility. Such flexibility is
problematic 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.,
1984), and are utilized in the present study.

First the array of algebraically defined parameters can be sub-
jected to experimental scrutiny using a ‘‘brute force’’ approach. This
involves 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 coefficientsa through toe in Eqs. 8 and 9 (and
congeners in the case of a response toVm). For example, if there is an
observed increase in bothiSmax and KS

m in response to an increase in
[H+]o, then Eqs. 8 and 9 implyc > 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 Eqs. 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 (imax) concentrations of S, then for FL
models the number of terms inDEN (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.

Results

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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SUC1may lead to a decrease in oocyte internal pH, as
has been shown for protein/peptide cotransport (Fei et
al., 1994). However, we have measured the internal pH
of oocytes using proton-selective microelectrodes
(Miller et al., 1994). These measurements showed that
cytosolic pH can be maintained during the proton sym-
port activity, but changing the external [H+] from 0.025
to 1.0mM did decrease the cytosolic pH which stabilized
after 5 min at a slightly more acidic value. The change in
external [H+] was also accompanied by a depolarization
of the oocyte plasma membrane in both water-injected
controls and oocytes expressingSUC1; this has been
shown to be due to the inhibition of an outward K+

current (Burckhardt et al., 1992). Therefore, when oo-
cyte external pH was changed by superfusion, the oocyte
was always allowed to equilibrate for at least 5 min
before treatments were applied.

After injecting oocytes with cRNA encoding the
SUC1 H+/sucrose cotransporter, the addition of sucrose
to the extracellular solution elicits a large inward current.
This current was fully developed within 20 sec, which is
within the time taken to equilibrate fully the bath me-
dium. The steady-state currents of the H+/sucrose co-

transporter were measured as a function of voltage, sugar
concentration and external pH. Figure 3A shows the
steady-stateI-V relationships of oocytes expressing
SUC1,obtained in the presence and absence of 1 mM

sucrose at pH 5.5. The difference curve, which is char-
acteristic of SUC1, is obtained by subtracting theI-V
relationship in the absence of sucrose from theI-V rela-
tionship in its presence (Fig. 3B). The maximal sucrose-
dependent currents varied between oocytes, and were
typically in the range −30 to −80 nA, although currents
of up to −200 nA were recorded in some oocytes. In
water-injected oocytes, there was no difference in the
steady-stateI-V relationships measured in the presence
and absence of 5 mM sucrose at pH 5.5 (data not shown).

VOLTAGE DEPENDENCE OFimax AND Km FOR SUCROSE

To evaluate the voltage-dependence of SUC1 kinetics,
steady-state, sucrose-dependent currents were measured
as a function of extracellular sugar and H+ concentration.
Figure 4A shows a typical experiment where external pH
was buffered at 5.5 and sucrose was varied in the range
0.01–4 mM to generate a family of difference curves
giving steady-state currents as a function of voltage for
each sucrose concentration. Inward currents become
larger at more negative membrane potentials, and also
increased as a function of sucrose concentration, saturat-
ing at 3 mM sucrose. A maximum current of −80 nA was
measured in this experiment. At any given voltage, the
sucrose-dependence of the currents could all be fitted to
single Michaelis-Menten functions (Fig. 4B). The volt-
age-dependence ofKS

m andiSmaxobtained from the full set
of fitted data is shown in Fig. 4C,D. Both parameters are
voltage-dependent; at pH 5.5,iSmax increased from −42 ±
1 (3) nA at −20 mV to −83 ± 3 (3) nA at −160 mV (Fig.
4C), andKS

m decreased from 0.43 ± 0.06 (3) mM to 0.25

Fig. 3. Steady-stateI-V relationships obtained for oocytes injected
with SUC1 cRNA. (A) I-V relationship for an oocyte expressing SUC1
in the absence (d) and presence (j) of 1 mM sucrose at an external pH
of 5.5. (B) Difference curve, obtained by subtraction of the latter from
the former, and showing the voltage dependence of the steady state
current due to sucrose transport.

Table 1. Identity of additive term comprisingDEN (Eq. 5)

Terms Models in which experimental
variable is subsumed

[suc]o [H+] Vm

Common to all models
k

12
k24k31k46k53 All All +

k12k24k31k46k56 LF, LL FL, FF +, −
k12k24k31k46k65 LF, LL FL, FF +, −
k12k24k31k53k65 All All +, −
k12k24k35k46k56 None None +, −
k12k24k35k46k65 None None +, −
k12k24k46k53k65 FL, FF LF, LL +, −
k12k31k46k53k65 All All +, −
k13k21k35k46k56 None None +, −
k13k21k35k46k65 None None +, −
k13k21k46k53k65 FL, FF LF, LL +, −
k13k24k35k46k56 None None −
k13k24k35k46k65 None None −
k13k24k46k53k65 FL, FF LF, LL −
k21k31k46k53k65 All All +, −
k24k31k46k53k65 All All −
Exclusive to FL, LL models
k12k31k42k53k65 FL, LL FL, LL +, −
k13k21k35k42k56 None None +, −
k13k21k35k42k65 None None +, −
k13k21k42k53k65 FL LL +, −
k21k31k42k53k65 FL, LL FL, LL +, −
Exclusive to FF, LF models
k12k24k31k53k64 FF, LF FF, LF +
k12k24k31k56k64 LF FF +, −
k12k24k35k56k64 None None +, −
k13k21k35k56k64 None None +, −
k13k24k35k56k64 None None −
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± 0.05 (3) mM over the same voltage range (Fig. 4D).
The apparent coupling coefficient,n, (Parent et al.,
1992a) for sucrose was close to 1 and was voltage-
independent (Fig. 4E).

VOLTAGE DEPENDENCE OFimax AND Km FOR PROTONS

A similar approach was used to determine the voltage-
dependence ofiHmax and KH

m; steady-state, sugar-
dependent currents were measured as a function of volt-
age and external proton concentration with external su-
crose concentration kept constant. Figure 5A shows a
family of difference curves obtained when external su-
crose was held constant at a saturating level of 3 mM, and
the external H+ concentration was varied between 0.01
mM (pH 8.0) and 10mM (pH 5.0). There is some scatter
of points, especially at the highest proton concentration,

and no pH lower than 5.0 was used, because this had
deleterious effects on the oocytes. The difference rela-
tionships showed similar characteristics to those ob-
tained where external sugar was varied (Fig. 4A), in that
inward currents increased with negative membrane po-
tential, and no outward currents were observed. The cur-
rents were relatively small at 0.01mM (pH 8.0), but in-
creased as external pH was decreased. This result is con-
sistent with a proton cotransport mechanism; as external
pH decreases, a larger proton gradient is available to
energize sucrose transport, and larger currents are con-
sequently observed.

At any given voltage, the data from the difference
curves in Fig. 5A could also be fitted to single Michaelis-
Menten functions (Fig. 5B). Figures 5C,Dshow the volt-
age-dependence ofiHmax andKH

m calculated from the full
set of Michaelis-Menten fits. At saturating sucrose con-
centration,iHmax was voltage-dependent, increasing from

Fig. 4. Steady-state sugar-dependent currents as a function of external sucrose concentration in an oocyte injected with SUC1 cRNA. (A) I-V
difference relationships obtained as shown in Fig. 3 at pH 5.5, and in varying sucrose concentrations (0.01 (d), 0.05 (j), 0.1 (m), 0.5 (.), 1 (s),
2 (h), 3 (n), and 4 (,) mM). (B) Steady-state sugar dependent currents at −40 (l), −60 (.), −100 (m), −140 (d) and −160 (j) mV, plotted as
a function of external sucrose concentration and with fitted Michaelis-Menten functions (lines). (C) Voltage-dependence ofiSmax at pH 5.5. (D)
Voltage-dependence ofKS

m at pH 5.5. (E) Voltage independence of the apparent coupling coefficient (n) for sucrose.

118 J.-J. Zhou et al.: H+/Sucrose Transporter Kinetics



−28 ± 1.3 (3) nA at −20 mV to −55 ± 2.9 (3) nA at −180
mV. The value ofKH

m was also voltage-dependent, de-
creasing from 0.18 ± 0.05 (3)mM at −20 mV to 0.01 ±
0.01 (3)mM at −180 mV. The apparent coupling coef-
ficient, n, for protons was around 1 and appeared to be
voltage-independent (Fig. 5E).

PROTON DEPENDENCE OFi max AND K m FOR SUCROSE

The relationship betweeniSmax, KS
m and external H+ con-

centration is shown in Figs. 6A and B respectively. At
H+ concentrations lower than 3.2mM (pH 5.5), the ab-
solute values ofiSmax were lower, but showed the same
trend in voltage-dependence as in Fig. 4C for valuesiSmax

at 3.2 mM H+ (pH 5.5) (data not shown). In three oo-
cytes,iSmax increased from −28 ± 2 (3) nA at 0.01mM H+

(pH 8.0) to −71 ± 4 (3) nA at 10mM (pH 5.0), saturating

at 3.2mM H+ (pH 5.5) (Fig. 6A). The value ofKS
m de-

creased with the increase of [H+]o, from 1.10 ± 0.15 (3)
mM at pH 8.0 to 0.08 ± 0.03 (3) mM at pH 5.0 (Fig. 6B).

DERIVATION OF A CARRIER MODEL FORSUC1

Qualitatively, six classes of observation are shown in
Figs. 4C andD, 5C andD and 6A andB to which alge-
braic analysis of model behavior can be applied. These
observations are as follows:

1. i S
max increases as a function of negativeVm (Fig.

4C);
2. KS

m decreases as a function of negativeVm (Fig.
4D).

Both these observations hold at an intermediate [H+]o

(1 mM) and at a concentration (10mM) which saturates
i H
max.

Fig. 5. Steady-state sugar-dependent currents as a function of external H+ concentration in a cRNA-injected oocyte injected with SUC1 cRNA. (A)
I-V relationships obtained at 3 mM sucrose, with external [H+] varied between 0.01mM (pH 8.0) and 10mM (pH 5.0) and buffered with 10 mM MES
(pH 5.0 d, 5.5 j, 6.0 m) or 10 mM HEPES (pH 7.4., 8.0 l). (B) Steady-state sugar-dependent currents plotted as a function of [H+]o at −40
(h), −60 (s), −100 (.), −140 (m), −160 (j) and −180 (d) mV, and the curves were fitted to Michaelis-Menten functions (lines). (C)
Voltage-dependence ofiHmaxat 3 mM sucrose (D) Voltage-dependence ofKH

m at 3 mM sucrose. (E) Voltage-independence ofn, the apparent coupling
coefficient for protons.
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3. iHmax increases as a function of negativeVm (Fig.
5C);

4. KH
m decreases as a function of negativeVm (Fig.

5D).

Both these observations apply at saturating concentra-
tions of sucrose.

5. iSmax increases as a function of [H+]o (Fig. 6A);
6. KS

m decreases as a function of [H+]o (Fig. 6B).

The eight kinetic models described in Materials and
Methods were analyzed for their competence to describe
all six observations. Results are shown in Table 2. The
first column shows that, with suitable size ordering of the
kinetic constants, all models are competent in describing
Observation 1, even in the restrictive conditions that
[H+]o is saturating. Taking as an example the FF−
model, Eq. 8 (Materials and Methods) can be expanded
and simplified for the condition of saturating [H+]o to
yield:

imax
s =

k65
o exp~−zud!k12k46k24

k65
o exp~−zud!@k12~k24 + k46!

+ k46~k21 + k24! + k24k12~k36 + k64!

(10)

while Eq. 9 can similarly be expressed as

Km
s =

k65
o exp~−zud!k12k46k24

+ k56
o exp~zu~1 − d!!k24~k46k12 + k64k12 + k35k64!

k53
o @DEN10#

(11)

whereDEN10 is the denominator of Eq. 10. Then the
size-ordering of the rate constants required to replicate
Observations 1 and 2 isko

56 > k64 > ko
65. Eq. 8 (Materials

and Methods) can be expanded and simplified for the
condition of saturating [S]o to yield

imax
H =

k65
o exp~−zud!k12k46k24

k65
o exp~−zud![k12~k24 + k46!

+ k46~k21 + k24!] + k24K12~k46 + k64!

(12)

while Eq. 9 can similarly be expressed as

Km
H =

k65
o exp~−zud!k46~k21k13 + k24k13 + k24k12!

k31
o { k65

o exp~−zud![k12~k24 + k46!
+ k46~k21 + k24!] + k24k12~k46 +k64!}

(13)

Almost identical expressions apply to bothiSmax and iHmax

at saturating concentrations of the other ligand, and
therefore the size-ordering of the rate constants required
to replicate Observation 3 is identical to that given for
Observation 1 in the first column of Table 2. However,
KH

m can only become larger asVm becomes more nega-
tive. Therefore, the FF− model cannot describe Obser-
vation 4 and must be rejected. Analogous arguments ap-
ply to five of the other models; the conditions and con-
clusions detailed in Table 2 can be verified with
reference to Table 1 and Eqs. 5–7 in Materials and Meth-
ods.

The exceptions are the FF+ and LF+ models, since
both models are competent in describing all six principal
kinetic observations (Table 2). Thus for the FF+ model,
the relationships describing the response to voltage of the
sucrose-induced currents at saturating [H+]o are:

imax
S =

k12
o exp~−zud!k65k46k24

k12
o exp~−zud!@k24~k46 + k64! + k65~k24 + k46!#

+ k21
o exp~zu~1 − d!!k65k46 + k65k46k24

(14)
and

Km
S =

k12
o exp~−zud!k24~k56k46 + k56k46 + k56k64!

+k35k56k64k24

k53
o @DEN14#

(15)

whereDEN14 is the denominator of Eq. 14. The result-
ant size-ordering of the rate constants for Observations 1
and 2 (above) is shown in Table 2 i.e.,k35,k24 > k o

21, >
ko

12. As for the FF− model, the relevant equation describ-

Fig. 6. Dependence ofiSmax andKS
m at −180 mV on

external proton concentration. The parameters were
obtained from a similar experiment to the one shown
in Fig. 4 for each pH. (A) iSmaxand (B) KS

m plotted as
a function of external [H+] in an oocyte injected with
SUC1 cRNA.
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ing the voltage-sensitivity ofiHmax at saturating [S]o is
essentially identical to Eqs. 14 (seeTable 1), so no ad-
ditional size-ordering is required. However,

Km
H =

k12
o exp~−zud!k24k65k46

+ k21
o exp~zu~1 − d!!k65k46k13 + k65k46k24k13

k31
o @DEN14#

(16)

If k13 is larger thanko
12, KH

m will decrease with increase of
negativeVm. Thus the size-ordering rate constants re-
quired for the FF+ model to describe Observations 1–4 is
k35,k24 > k13,k

o
21 > ko

12. Figure 7 shows the results of
numerical modeling in which this condition has been
successfully incorporated within the rate equations to
replicate the observed kinetic responses of SUC1.

To evaluate the capacity of the FF+ model to gen-
erate Observations 5 and 6, the condition (Table 2)
k35,k24 > k13,k

o
13 > ko

12 is applied to the full rate equations
and to numerical estimates ofiSmax andKS

m as a function
of [H+]o (Fig. 8A,B). The excellent agreement in overall
shape of the functions generated by numerical modeling
confirm that the FF+ model is competent to describe all
the kinetic data assembled on SUC1-mediated currents,
providing the condition

k35,k24 > k13,k
o
21 > ko

12 (17)

is met. Almost identical expressions apply to the
terms iSmax, iHmax, KS

m, KH
m in the FF+ model as apply to

the parametersiHmax, iSmax, KH
m, KS

m respectively in the LF+
model (Table 1). Moreover, becauseimax increased and
Km decreased with increasingly more negativeVm for
both H+ and sucrose (Figs. 4C andD and 5C andD), the
same overall constraintsk35,k24 > k13,k

o
12 required to rep-

licate Observations 1–4 in the FF+ model also apply for
the LF+ model. The calculated numerical values ofiSmax

and KS
m as a function of [H+]o are shown for the LF+

model in Fig. 8 alongside the results for the FF+ model.
Although both the LF+ and FF+ models can describe

Observations 5–6, under the same constraints as the FF+
model, as shown in Fig. 8 the results of numerical mod-
eling of the FF+ model yield saturation-type functions
which are closer to the actual data of the observations

Fig. 7. Numeric modeling of the voltage-dependence of kinetic param-
eters SUC1 using the FF+ model. Comparison of the observations
(Figs. 4C and D and 5C and D) with these models enables the suit-
ability of the model to be assessed. Both the FF+ and LF+ numerical
models give relationships which are very close to the observed results.
For clarity only results from the FF+ model is shown. None of the other
six models can successfully fit all the observations. The numerical
values used in Eqs. 14 to 16 werek35 4 k24 4 10; ko

21 4 k13 4 1; ko
12

4 0.1 and otherk values were 1.

Table 2. Ability of ordered binding models to describe the kinetics of SUC1-mediated currents

Model Size-ordering of rate
constants required
to describe
Observation 1

Additional size-
ordering required
to describe
Observation 2

Additional size-
ordering required
to describe
Observation 3

Additional size-
ordering required
to describe
Observation 4

Overall conditions
required to
describe all six
Observations 1–6

FL+ ko
21,k24 > ko

12 Not possible Not possible
FL− k46k24k12 > ko

65 ko
56 > k46k24k12 > ko

65 None required Not possible Not possible
FF+ k24 > ko

12,k
o
21 k35,k24 > ko

21 > ko
12 None required k35,k24 > ko

21,k13 > ko
12 k35,k24 > ko

21,k13 > ko
12

FF− k64 > ko
65 ko

65 > k64 > ko
65 None required Not possible Not possible

LL+ ko
21 > ko

12 ko
21 > ko

12,k24 None required Not possible Not possible
LL− k46k24k12 > ko

65 Not possible Not possible
LF+ k24 > ko

12,k
o
21 k13k24 > ko

21 > ko
12 None required k35,k24 > ko

21,k13 > ko
12 k35,k24 > ko

21,k13 > ko
12

LF− k64 > ko
65 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 saturating
concentration.
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5–6 (cf. Fig. 6A andB). Note that because the degrees of
freedom of the model are large, no attempt has been
made to optimize the actual values used for modeling
and that the values used cannot be considered to yield a
unique solution. Nevertheless, the numerical modeling
confirms the ability of the FF+ model to describe the
kinetic responses of SUC1-mediated currents to variation
in ligand concentration andVm. Figure 9 shows the re-
sults of the algebraic analysis and numerical modeling in
diagrammatic form.

Discussion

GENERAL COMMENTS

The plant sucrose transporter, SUC1, has been electro-
physiologically characterized by heterologous expres-
sion in oocytes and two models for the symport have
been derived. These models can be combined into a
single model in which the binding on the external side
can be random, but it can only be ordered on the inside,
with the sugar dissociating before the proton. When
SUC1was expressed in yeast, it was found to be equally
active at pH 5 or 6 and the relative activity decreased to
50% when the pH was increased to 7 (Sauer & Stolz,
1994), but these values do not take account of changes in

Vm, which in yeast is likely to vary with external pH.
Furthermore, for SUC1 in yeast the value ofKS

m was 0.45
mM at an external pH of 5.5 (Sauer & Stolz, 1994), which
is remarkably similar to the values obtained for the car-
rier expressed in oocytes. The stoichiometry of the H+/
sucrose symport appears to be 1:1 and this agrees with
measurements made using plasma membrane vesicles
(e.g., Bush, 1990), but there are also reports of a variable
stochiometry (e.g., Komor, 1997).

VOLTAGE DEPENDENCE OFKINETIC PARAMETERS

The effects of membrane potential, from zero to −160
mV, on kinetic parameters are important for two reasons.
First, the voltage dependence of the parameters makes it
possible to distinguish between different kinetic models.
Second, they indicate how activity of a transport system
changes over the range of physiological membrane po-
tentials, and so the contribution of these factors to regu-
lation of SUC1 activity in vivo can be predicted. For
example, voltage-clamp measurements inArabidopsis
root cells have shown that voltage can be an important
factor controlling nitrate transport (Meharg & Blatt,
1995). Of particular interest for the physiological func-
tion of SUC1 is the voltage-dependence of the half-
saturation constants (Kms) for sucrose and protons. At 0
mV theKS

m is almost 0.6 mM but at −150 mV (a common
value for theVm of plant plasma membranes) the affinity
has increased to 0.25 mM. Furthermore,KH

m over the
same range of voltages changes from 0.3mM to 0.02mM.
These results confirm the important role of the mem-
brane potential in regulating sucrose transport in vivo.

The sucrose transporter contrasts with the otherAra-
bidopsis H+ cotransporters. AAP1 (amino acids) and
STP1 (hexoses) which were found to haveKH

m indepen-
dent of membrane voltage (Boorer et al., 1994, 1996).
However, the voltage dependence ofKH

m for SUC1 is

Fig. 8. Numeric modeling of FF+ and LF+ models ofiSmax andKS
m at

−180 mV in relation to external H+ concentration. Comparison with the
observations in Fig. 6 shows that the relationships are best described by
the FF+ model. The values used werek35 4 k24 4 10; ko

21 4 k13 4

1; ko
12 4 0.1 and otherk values were 1.

Fig. 9. Diagrammatic representation of FF+ and LF+ kinetic models
for SUC1 cotransporter. The thickness of the lines indicate the relative
sizes of the rate constants used in the numerical modeling. Binding of
Si is not shown, since internal sucrose was taken as absent for the
purposes of the present study (seeMaterials and Methods). Note that
the imposition of a negative membrane potential will tend to overcome
the inequalities in the charge translocation reactions.
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akin to that of the mammalian Na+-coupled alanine
(Jauch & Läuger, 1986) and glucose transporters (Parent
et al., 1992a) which showed voltage-dependent increases
in the affinity for the driving ion. In addition, the human
H+-coupled oligopeptide transporter (Mackenzie et al.,
1996) and the protozoan H+/myo-inositol transporter
(Klamo et al., 1996) had increased proton affinities with
increasingly more negative membrane potentials. No
consistent pattern is apparent in the voltage dependence
of substrateKm values for the H+ cotransporters which
have been characterized by expresson in oocytes. In
common with the otherArabidopsisproton cotransport-
ers (Boorer et al., 1994, 1996) the maximal current (imax)
for SUC1 for both ligands increased as a function of
more negative voltage, although the magnitude of volt-
age dependence ofimax seems to be greater for AAP1
(Boorer et al., 1996) when compared to that of the sugar
transporters (this work and Boorer et al., 1994).

MODELING OF CLONED H+ COTRANSPORTERS

Random binding models have been used to describe the
kinetics of plant sugar and amino acid cotransporters
(Boorer et al., 1994, 1996a,b). For a myo-inositol H+

cotransporter (Klamo et al., 1996), and a human peptide
transporter,hPEPT1 (Mackenzie et al., 1996), models
similar to that for the Na+ glucose cotransporter, SGLT1
(Parent et al., 1992b), with the proton binding before the
substrate were proposed. For SUC1, we have taken a
different approach by trying to fit an ordered binding
model, using a method described previously (Sanders et
al., 1984). This method makes use of the fact that an
ordered binding model can describe a kinetically nar-
rower range of responses compared to a random binding
model. However, since two models, the FF+ and the
LF+, can provide a description of theI-V relationships of
SUC1, the actual ligand binding order of the loading step
could be considered random. The binding becomes op-
erationally ordered when one ligand is present at satu-
rating concentrations and the other is not i.e., statisti-
cally, the ligand which is most abundant (saturating) will
bind first (Sanders et al., 1984). For both of these mod-
els the loaded carrier is charged and after membrane
translocation the dissociation of sucrose occurs first.
However, when these two models are compared for their
ability to best describe the responses ofiSmax or KS

m to
[H+]o (seeFig. 8), the FF+ model emerges as the slightly
superior candidate because it is better than the LF+
model in describing the shape of the response (compare
Figs. 8A with C and, B with D). However, it is not
possible to eliminate the LF+ model because it may be
possible to obtain a better fit with different numerical
values. These numerical fits (Fig. 8) can prove that a
model will fit but they cannot prove that it will not fit.
Jauch and La¨uger (1986) have suggested that a depen-

dence of ismax on cosubstrate concentration suggests a
random binding order to the carrier, but for SUC1 we
have been able to fit an ordered binding model whenimax

for sucrose increased with proton concentration (Fig.
6A).

IMPLICATIONS OF THEMODEL

There are several facets of the model which may prove to
be important for proton cotransporters. Although the
FF+ scheme is in contrast with that proposed for the
myo-inositol cotransporter (Klamo et al., 1996) and pep-
tide transporter,hPEPT1 (Mackenzie et al., 1996), in
which the binding of a proton is followed by the sub-
strate binding, both schemes share channel-like features
and may involve the interaction of the permeant ligands
with an occluded pore (Gadsby et al., 1993). Both the
FF+ and LF+ models for SUC1 may imply a sugar chan-
nel-like mechanism because the step transferring the
sugar through the membrane occurs when the proton is
bound to the protein and the ligand complex is charged.
These models suggests that the ligands bind to a site
inside a narrow membrane pore, before the carrier un-
dergoes conformational change associated with binding
site reorientation achieving membrane translocation.
Next the sugar dissociates before the proton has access to
the cytoplasm. This is interesting because it suggests
that SUC1 may function as a pore and it belongs to the
superfamily of transporters identified by Marger and
Saier (1993), which includes facilitated diffusion carri-
ers. This type of mechanism was proposed for the Na+/
glucose cotransproter (Hopfer & Groseclose, 1980) and
there are also some similarities with the first-on first-off
type mechanism for Ca+ translocation through the SR
Ca2+ ATPase (Inesi & Kirtley, 1990) and the channel-
type structure proposed for exchange of Na+ through the
Na+/K+ pump (Gadsby et al., 1993). Recent cotrans-
porter kinetic models have moved closer to the channel
mechanism with the development of a multi-substrate
single-file model (Su et al., 1996).

Experiments using plasma membrane (pm) vesicles
from sugar beet have characterized the kinetics of H+/
sucrose symport (Buckhout, 1994). These kinetics were
consistent with an ordered binding first-on first-off
model, but the charged form of the carrier could not be
identified, although it was suggested to be most likely on
the loaded carrier (Buckhout, 1994). Furthermore, ki-
netic modeling of a plant plasma membrane H+/Cl− co-
transporter has also suggested a FF+ model with Cl− on
first and off first, and with the movement of charge
through the membrane on the loaded carrier (Sanders &
Hansen, 1981). The FF+ model and its similarities with
the chloride cotransporter enable some predictions about
the in vivo activity of SUC1 to be deduced. The sucrose
symport should be inhibited by increases in cytosolic
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[H+]. Cytosolic pH has a critical role in regulating the
activity of both the chloride transporter (Sanders et al.,
1989) and sucrose uptake in pm vesicles (Buckhout,
1994), where this effect was independent of the internal
sucrose concentration. However, cytoplasmic sucrose
concentration did affect sucrose uptake inRicinuscoty-
ledons (Komor, 1977). Two systems have been pro-
posed for the regulation of internal concentrations within
a cell (Sauer et al., 1983). In one the accumulation of
sugar results in thetrans-inhibition of unidirectional in-
flux, while in the other, as the solute accumulates there is
an increase in exchange diffusion of sugar. For the
former, this has been interpreted in the transporter’s ki-
netics as positive charge on the loaded carrier, while for
the latter the unloaded carrier is negatively charged (re-
viewed by Sanders, 1990). Further work involving the
deliberate preloading of oocytes with sucrose may dem-
onstrate thistrans-inhibition of SUC1.

Oocyte expression of the potato sucrose transporter,
SUT1, has also identified a proton cotransport mecha-
nism and the kinetic model that was necessary to explain
the observations (Boorer et al., 1996) contrasts with that
described here and with that obtained using plasma
membrane vesicles (Buckhout, 1994). The potato co-
transporter has a LF− model, with the empty transporter
negatively charged (Boorer et al., 1996), also the potato
transporter showed uncoupled H+ transport and we found
no evidence for this with oocytes expressing SUC1 (data
not shown). This result for SUC1 does not enable us to
distinguish between the FF+ and LF+ models, but un-
coupled H+ transport is possible (in Fig. 2, between C3

and C4) only in the LF+ model.
The oocyte expression system is a powerful tool for

advancing our understanding of the relationship between
transporter structure and function and as more carriers
are characterized in this way it may be possible to de-
velop a unified model.
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