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The transient and steady-state currents induced by voltage jumps in Xenopus oocytes
expressing the lepidopteran amino acid co-transporter KAAT1 have been investigated by
two-electrode voltage clamp.

KAAT1-expressing oocytes exhibited membrane currents larger than controls even in the
absence of amino acid substrate (uncoupled current). The selectivity order of this uncoupled
current was Li* > Na' ~ Rb" & K" > Cs*; in contrast, the permeability order in non-
injected oocytes was Rb™ > K" > Cs™ > Na" > Li".

KAATI1-expressing oocytes gave rise to ‘pre-steady-state currents’ in the absence of amino
acid. The characteristics of the charge movement differed according to the bathing ion: the
curves in K* were strongly shifted (> 100 mV) towards more negative potentials compared
with those in Na', while in tetramethylammonium (TMA™*) no charge movement was detected.

The charge—voltage (¢-V) relationship in Na" could be fitted by a Boltzmann equation
having Vi, of —69 + 1 mV and slope factor of 26 + 1 mV; lowering the Na" concentrations
shifted the @-V relationship to more negative potentials; the curves could be described by a
generalized Hill equation with a coeflicient of 16, suggesting two binding sites. The
maximal movable charge (¢),,,,) in Na', 3 days after injection, was in the range 2:5-10 nC.

Addition of the transported substrate leucine increased the steady-state carrier current, the
increase being larger in high K* compared with high Na solution; in these conditions the
charge movement disappeared.

Applying Eyring rate theory, the energy profile of the transporter in the absence of organic
substrate included a very high external energy barrier (25:8 RT units) followed by a rather
deep well (1:8 RT units).
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Cloning of ion-coupled transporters and their heterologous
expression has allowed insights on the molecular mechanism
of translocation (Hediger et al. 1987; Lester et al. 1994).

Among the best-studied systems so far are those involved in
the reuptake of amino acid neurotransmitters, such as the
GAT1 transporter (Mager et al. 1993) or the 5-hydroxy-
tryptamine (5-HT) transporter (Mager et al. 1994).

Electrophysiological investigations on these molecules have
revealed interesting aspects of the ion and substrate
translocating steps. The permeation properties of the neuro-
transmitter transporters have been studied in detail and an
‘alternating-access’ mechanism of transport has been
envisaged (Lester et al. 1994). In this view the transporter
resembles a channel with gates at both ends, which open and
close, exposing the internal lumen to either the extra- or

intracellular sides. More recently, however, a different
scheme based on the multi-ion, single-file model developed
for channels (Hille, 1992) has been proposed (Su et al. 1996).
In this kind of model the transporter acts as a ‘sticky’
channel in which substrates bind to specific sites during the
permeation process. The advantages of this model are that it
accounts for the uncoupled currents and for the variable
stoichiometry observed in some transporters (Cammack et
al.1994; Mager et al. 1994; Risso et al. 1996).

Another interesting feature exhibited by neurotransmitter
transporters expressed at high density in Xenopus oocytes
is the existence of so-called ‘pre-steady-state currents’
induced by step changes in the membrane voltage (Loo et al.
1993; Mager et al. 1993, 1996). These pre-steady-state
currents are similar to the better-known ‘gating currents’ of
voltage-dependent channels; these are believed to arise from
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a conformational change of a ‘voltage sensor’, part of the
channel protein, leading to the opening of the permeation
pathway. However, intramembrane charge movement may, in
principle, arise also from processes not necessarily involving
a conformational change: in and out movement of ions
between the external solution and a ‘vestibule’ located inside
the membrane electrical field would in fact produce the same
experimental results. This idea may be incorporated in the
‘alternating-access’ models of ion-coupled neurotransmitter
transporters (Lester et al. 1994); however, the multi-substrate,
single-file model for ion-coupled transport (Su et al. 1996) is
also able to account for the observed pre-steady-state
currents.

The recently cloned amino acid transporter KAATI
(Castagna et al. 1998), which mediates K*-coupled neutral
amino acid uptake in the midgut of lepidopteran larvae,
shows an interesting homology with the superfamily of the
Na'- and Cl™-dependent GABA transporter (Cammack et al.
1994). This structural similarity is reinforced by functional
observations, such as a Cl” dependence (Castagna et al.

1998).

Although the transport activity of KAAT1 has been
considered to be physiologically driven by K*, to match
the peculiar ionic condition of the larval midgut (Giordana
et al. 1982), it has been shown that it may also function with
Na' and with other alkali cations (Hennigan et al. 1993).
In this paper we have investigated the permeation
properties of heterologously expressed KAATI1, showing
that the properties of this carrier closely resemble those of
the structurally analogous neurotransmitter transporters. In
particular KAAT1 exhibits relevant ‘uncoupled currents’
when bathed by Na" and K*, the ions that can drive the
amino acid uptake in the lepidopteran midgut (Sacchi &
Wolfersberger, 1996). In parallel, transmembrane charge
movement can be observed in the presence of the same two
ions.

Detailed analysis of these processes gives new insights on
the transport mechanism. The pore-like behaviour of
KAAT1 has interesting implications for the physiology of
electrolyte balance of the animal.

METHODS

Oocyte preparation and microinjection

Capped cRNA specific for KAAT1 was synthesized in vitro using a
Notl cleaved pSPORT-KAAT1 ¢DNA construct with T7 RNA
polymerase (Stratagene) (Dascal & Lotan, 1992).

Xenopus laevis frogs were anaesthetized in a 0:15% (w/v) solution
of MS222 (tricaine methanesulfonate) in tap water, portions of
ovary were removed through a small incision on the abdomen, the
incision was sutured and the animal was returned to water. Each
frog was not reused more than two times; the interval between
operations was longer than 4 months. The experiments were
performed according to the national ethical regulations. After the
final operation animals were killed by decapitation and pithing.
The oocytes were treated with 1 mgml™ collagenase (Sigma
Type IA) in ND96 Ca*-free solution (mm: NaCl, 96; KCI, 2;
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MgCl,, 1; Hepes, 5; pH 7:6) for at least 1 h at 18 °C. Healthy
looking V and VI stage oocytes were collected and injected with
12:5ng of ¢cRNA in 50 nl of RNase-free water using a manual
microinjection system (Drummond, Broomall, PA, USA).

The oocytes were incubated at 18 °C for 3—4 days in NDE solution
(mm: NaCl, 96; KCl, 2; CaCl,, 1-8; MgCl,, 1; Hepes, 5; pH 76,
supplemented with 50 ug mI™ gentamicin and 2:5 mm sodium
pyruvate), before electrophysiological studies.

Electrophysiology

The classical two-microelectrode methodology (Oocyte Clamp,
Warner Instr. Corp., Hamden, CT, USA) was used to voltage clamp
single oocytes. Experimental protocols, and data acquisition and
analysis were done using the pCLAMP 6.02 software (Axon
Instruments, Foster City, CA, USA).

Solutions

The external control solution had the following composition (mm):
tetramethylammonium chloride (TMACI), 98; MgCl,, 1; CaCl,, 1-8;
Hepes free acid, 5. In the other solutions TMACI was replaced,
respectively, by NaCl, KCI, RbCl, CsCl and LiCl. The pH was
adjusted to 76 by adding the corresponding hydroxide for each
alkali ion and TMAOH for the TMA* solution. Leucine was added

at a concentration of 1 mm to the appropriate solutions.

Solutions were superfused by gravity onto the oocyte by a pipette
tip placed very close (1—2 mm) to the cell.

RESULTS

Transmembrane currents in absence of substrate

In control oocytes kept at —80 mV holding potential (V,),
the clamp current depends on the kind of bathing cation; as
shown in Fig. 14, the largest current was carried by Rb*
followed by K¥, Cs*, Na', Li* and finally TMA™; conversely,
oocytes expressing the cloned KAAT1 transporter exhibited
larger holding currents that were particularly conspicuous in
Li*, even in the absence of amino acid substrates (Fig. 1 B).

The mean values of the holding current increments (relative
to TMA™) at —80 mV are reported in Table 1. The change of
the selectivity order between control and injected oocytes,
and particularly the much larger current in Li* compared
with Na’, are important results. As will be better clarified in
the Discussion, these results suggest that the additional
transmembrane ion movement seen in injected oocytes
occurs via the transporter.

In fact, while the selectivity order of control oocytes
(Rb"> K" > (Cs">Na"> Li* >TMA™) corresponds to
Eisenman’s sequence III (Eisenman, 1962; Hille, 1992,
chap. 10), and indicates interactions of the ions with rather
weak binding sites (typical of ionic channels), the order of
selectivity found in injected oocytes, in which Li* is the
preferred ion, indicates interaction of the ions with a strong
binding site (Eisenman’s sequence XI) and it is unlikely to
occur in ionic channels (Hille, 1992, chap. 13). Therefore the
possibility that the results of Fig. 1B might arise from the
expression of new endogenous channels induced by the
injection of heterologous mRNA (Tzounopoulos et al. 1995)
does not seem likely (see Discussion).
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Table 1. Holding current increments (relative to TMAY) at
—80 mV in different solutions

Control Injected
Solution oocytes oocytes  Injected — control
(nA) (nA) (nA)
Rb* 86 + 10 12443 38+10
K* 6447 100 + 4 36+38
Cs* 32+4 35+ 2 3+4
Na* 6+ 1 50 +5 4445
Li* 4+1 192 + 20 188 + 20

Data are means + s.g.M. from 10 control and 10 injected oocytes
from the same batch. The holding current in TMA™ solution was
33 £ 3 and 20 £+ 1 nA in control and injected oocytes, respectively.
In the rightmost column data are differences between mean
injected and mean control values + s.E.M. of the difference.

When the membrane voltage was stepped to other values,
some interesting features appeared: Fig. 2 shows the
current traces in response to voltage-clamp steps to various
levels from a holding potential of —80 mV in the presence of
the indicated cations. It is evident that control and injected
oocytes behave differently: while in control oocytes (left
column) the presence of endogenous, Rb"/K'-selective
channels induced larger currents in K, in the injected
oocytes, and even in the absence of amino acid (middle
column), both Na" and K' carried significantly larger
currents; furthermore, there was a smaller but consistent
increase in current also in the presence of TMA™.

Average steady-state -V relationships for the various
conditions are plotted in Fig.34 and B. In the batches of
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oocytes used for this figure the amplitude of the current in
Na" and K* was similar. However, this was not always so
(see for instance the results shown in Fig. 1 and Table 1, from
another batch, where a larger K* current was observed);
this is due to differences in the number of endogenous K*
channels present in different batches of oocytes (range

40—120 nA at —80 mV).

The most conspicuous difference between control and
injected oocytes concerned, however, the relaxation time
constant of the current upon voltage steps, the so-called
‘pre-steady-state’ currents (Fig. 2). While in control oocytes
the decays were adequately fitted with single exponentials
with small time constants (7 < 0:5 ms) and did not depend
on voltage and bathing ion (Fig. 3C'), in the injected oocytes
a second exponential was required, depending on voltage
and on the bathing ion. This is shown in Fig. 3D where it can
be seen that, in the presence of high Na', 7 went through a
maximum at about —80 mV, while in the presence of high
K*, 7 began to increase at very negative potentials; the
presence of TMA™ did not appear to produce detectable
effects on this parameter.

The above observations strongly indicate that the carrier is
able to translocate ions even in the absence of the amino
acid substrate. This kind of current has already been
reported for some other amino acid transporters, especially
those that show structural homology with KAAT1, such as
GAT1 and the 5-HT transporter (Mager et al. 1994, 1996),
and is defined as ‘uncoupled’ or ‘leakage’ current. The same
transporters also share with KAAT1 the peculiar slow
relaxations in the presence of Na’. These have been attributed
to the charged Na' ions binding to a transporter site located
in the membrane electrical field, giving rise to an intra-

Control

Injected

Figure 1. Ionic selectivity of KAAT1-expressing oocytes

A, membrane currents recorded at —80 mV holding potential in a control oocyte superfused with the
indicated solutions; B, same as in 4 for an oocyte injected with KAAT1 ¢cRNA. Periods of 20 s in TMA*
solution separated perfusion with the various alkali ion solutions.
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membrane charge movement (Lester et al. 1994). Our results

shown in Fig.3B and D may be similarly interpreted.

Although with different characteristics, both Na" and K*
gave rise to this effect, while TMA™ did not appear to bind
at all, in agreement with the physiological relevance of these
ions for the transport of amino acids (Hanozet et al. 1992).

Transmembrane currents in the presence of substrate

Addition of 1 mm leucine to oocytes expressing KAAT1
bathed in K™ or Na' solutions produced the expected increase

in steady-state membrane current (Fig. 24, right column).

The steady-state current was increased most when the
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oocytes were bathed in high K™ solution; the current
increased also in the presence of Na', while in TMA™ there
was no change. The complete I-V relationships from a group
of injected oocytes in the Na* and K solutions are plotted
in Fig. 44 and B.

Besides the increased amplitude, it can be seen that the zero
current potential showed a shift towards more positive
values, being —45 + 5 and —39 + 2 mV for K* and Na' in
injected oocytes vs. —25 +2mV and —16 + 1 mV for the
same oocytes in the presence of 1 mm leucine (means +
S.E.M., data from the oocytes of Fig. 4).

Injected,
1 mM leucine

b Eg
[ R— et

Sese— P B
A— T
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0 4 0
-1 -1
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Figure 2. Voltage-dependent currents in control and KAAT1-expressing oocytes

A, recordings of membrane currents (/) elicited by voltage steps from 1V}, = —80 mV to —180, —140, —100,
—60, —20 and +20 mV, in a control (left column) and in a KAAT1-expressing oocyte (middle and right
columns) bathed in the indicated solutions. B, comparison of the relaxations (step voltage to —140 mV) with
and without leucine for K™ and Na* at a higher time resolution.



J. Physiol.515.3

Binding and permeation through KAATI

733

A B
V_(mv) o Vv (mV) ; A
-200 -100 légfg 200 " -100 o A
+ l;@*‘g:a’é— =T I a’gzé: Z
TMA™ & oo I D;,a’ g |
N; S (WA) TMA® (nA)
{-05 1-0.5
Na“ g
K+
110 110
C . D .
A YN
/é/ﬁ N Na
¥ 2
= 4 A Fa N
() v fal
£ E A/a \
< - a
21 21 K Fal
TMA", K', Na™ ©~06
TMA 9~0-g_
Bd-8p o  pa-a-0-0-0 0 U-0-0-0-0-8=—0-0-0-0-0-0
-200 -100 0 -200 -100 0
vV (mV) v, (mv)

Figure 3. Steady-state I-V relationships and time constants

Control (4) and KAAT1-expressing oocytes (B) in TMA™ (0), K* (O) and Na' (A) external solutions
(means + s.E.M., n=13). Time constants of decay of the currents relative to the ‘on’ voltage jumps as a
function of voltage in control (C') and injected (D) oocytes (same symbols as in 4 and B).

A - (mV) s V. (mv)
-200 -100 - -200 2100 -8B
/8:$;§=5’ o4 T |7@=’g__ T
&
Na’ g/a 4-1 11
K | Na' & A
13 K’ 1-3
C D
6 303 Na 8-
v
1 AN A
g4 & AN . g4 )
- T = T [P o
21 D\D\ e 2
D\g\u K+ Na‘
b —o-g-m-g-0-0 oL §-6-898-0-8—0-0-0-0-0-0
200 100 0 -200 -100 0
v (mV) v (mV)

Figure 4. Effects of leucine on steady-state -V relationships and time constants

Data from a group of cRNA-injected oocytes in the absence (4) and presence (B) of leucine, bathed in K*
(@) and Na* (O) solutions (means + s.5.M.,, n=>5). Time constants of decay of the ‘on’ relaxation as a
function of voltage in the absence (C) and presence (D) of leucine; same oocytes and same symbols as in 4

and B.
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Another interesting effect of the addition of leucine was the
disappearance of the slow current decays both in the high
Na" and high K* conditions; the relaxation time constants
are plotted in Fig.4C and D for a group of oocytes in the
absence and presence of leucine.

In Fig. 5 we have plotted, as a function of potential, the
difference between the current in the presence of 1 mm
leucine with Na' or K™ and the respective uncoupled current.
This plot confirms the results of Castagna et al. (1998); this
additional current was larger for K* at negative potentials
and the Na" and K" relationships crossed each other at
about —70 mV.

This result also correlates with the observation that K*
appears to be more eflficient in the transport of leucine
(Hanozet et al. 1992).

The effective membrane capacity of the KAAT1-

expressing oocytes is voltage and ion dependent

The slow relaxations following voltage steps in the absence of
substrate and their disappearance in the presence of substrate
are results that agree pretty well with the observations from
other transporters (Loo et al. 1993; Mager et al. 1993, 1994),
where they have been attributed to Na' binding and
unbinding to a transporter or to a conformational change

A 100 ¢
Vin 0
(mv)
=100
-200 — —

B

-

50 ms

. Bossi and others
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Figure 5

Additional currents induced by leucine in the presence of the
indicated ion (means + s.E.M., n = 5).

following binding (Hazama et al. 1997; Loo et al. 1998). We
further investigated this aspect by measuring the effective
membrane capacity (C.q) of the oocytes. The large size of
Xenopus oocytes represents a disadvantage for the evaluation
of intramembrane charge movement when the membrane
potential steps are large. We have circumvented this
difficulty by adopting the approach used by Adrian &
Almers (1976), which consists of measuring the slope
effective capacity of the oocyte as a function of membrane
potential. To do so, small potential steps (AV= 20 mV,
duration 40 ms) were superimposed to variable potential
levels (Fig.64); the ‘on’ and ‘oftf” current transients were
integrated (after correction for leakage current), giving the
amount of moved charge A@. The ratio AQ/AV approximates
the slope capacity of the membrane at that potential level.

The effective capacity measured in this way in control
oocytes bathed in high Na' solution was substantially
independent of voltage, as shown in Fig.7A. Conversely,
application of this stimulus protocol and analysis to oocytes
expressing KAAT1 gave results that differed, depending on
the bathing ion. Figure 7 shows that, when the oocyte was
bathed in TMA™ solution C.; was independent of the
membrane voltage and had a value similar to that of control
oocytes; when bathed in sodium or potassium solution, the

-80 mv

4pA

20 ms

Figure 6. Protocol for the measurement of the effective membrane capacity

A, a small (20 mV) test step was superimposed to variable voltage levels in order to avoid saturation of the
large capacitative peaks. B, sample currents elicited by the protocol. C, two traces showing the currents in
response to the step from —80 mV from a control (continuous line) and from an injected (dashed line)

oocyte, both in high Na* solution.
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same oocyte exhibited a voltage-dependent increase in the
value of O, in high Na* a complete bell-shaped relationship
was apparent, with a maximum increase of about 30%
around —80 mV, while the presence of high K* appeared to
increase C,y in a very negative voltage range, with a
possible maximum beyond —200 mV. Clearly the voltage
dependence of these relationships was very similar to that
of the time constant of relaxation seen in Figs 3 and 4.

The substantial identity of ‘on’ and ‘oft” values shown in
Fig.7 strongly supports the hypothesis that the excess
transient current is generated by charges whose movement
is confined between two positions inside the membrane
electrical field. Also, the bell-shaped relationship between
(. and voltage, seen in Na', is a characteristic sign of intra-
membrane charge movement: in fact for this kind of process
saturation of the movable charge is expected at large
positive and negative potentials, where all the charges will
be in one or the other of the two positions.

Charge movement in high Na* and K* solutions

Since oocytes expressing the KAATI transporter do not
show detectable charge movement when bathed in TMA,
we have used the current traces in TMA™ as controls to
isolate the charge movement in the presence of the other
ions. The pulse protocol of Fig.64 was applied first in the
presence of TMA™ solution and subsequently in the presence
of other solutions. The current traces obtained in TMA™
were then subtracted from those obtained in Na and in K™

A 350,
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L 300-
5
250- OO
88-8-0-0-0-00-8g 00
-200 -100 0 100
V_(mv)
C  350-
=0
A\ .
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. g >
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/D/B/ E%:S:
2501 9207 g
200 -100 0
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The result of this subtraction for Na" is presented in
Fig.84; only the time interval relative to the test pulse is
shown.

The integrals of the ‘on’ and ‘off” transients after correction
for the steady-state current at each potential are plotted in
Fig.8B as a function of voltage; the bell-shaped
relationship and the substantial identity of the ‘on” and ‘oft”
values confirmed the results shown above for C,4. The values
of the integrals represent the amount of charge moving
between two positions inside the membrane electrical field
for a voltage step of 20 mV. From these data the cumulative
amount of charge as a function of potential may be
obtained: this graph is illustrated in Fig. 8C and indicates a
total amount of movable charge of about 9:2nC for this
oocyte.

The same kind of analysis for K" is shown in Fig. 9. In this
cage only the beginning of the curve was observable, as the
process appeared to be strongly shifted to more negative
potentials; however, the identity of the ‘on’ and ‘off’
integrals was confirmed (Fig. 9B), although the time course
of the relaxations was faster compared with that in Na®
solutions.

Dependence of charge movement on Na* concentration
Different models may be used to explain the results shown
so far (see Discussion); however, as a working hypothesis,
in the following we have attempted to interpret our
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i 300
3
o I Y
a=A-BZ5>8=0=0=c-0 ~
250 \D=9:9—9
-200 -100 0
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~ a.
< 0—o
250- =098 g0
-200 -100 0
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Figure 7. Membrane effective capacity is ion and voltage dependent in oocytes expressing

KAAT1

A4, voltage dependence of C,; in a control oocyte bathed in high Na'. B—D: C, from the same injected
oocyte bathed in the indicated solutions. C.i was calculated from the integrals of the ‘on’ (O) and ‘oft” (O)

transients elicited by the protocol of Fig. 6.
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Figure 8. Charge movement in Na*
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A, Iy, — Ipya during the 20 mV test pulses as in the protocol shown in Fig. 6 4. B, integrals of the ‘on’ (O)
and ‘oft” (O) transients from the traces in A4, showing good correspondence with each other and a bell-
shaped dependence on voltage. C, cumulative integral from B, representing the amount of charge moved at

each potential.
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Figure 9. Charge movement in K*
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A, Iy — Iy, during the 20 mV test pulses as in the protocol shown in Fig. 6 4. B, integrals of the ‘on’ (O)
and ‘oft” (O) transients from the traces in A, showing good correspondence with each other. C, cumulative

integral from B.



J. Physiol.515.3

Table 2. Parameters obtained fitting eqn (2) to the data of

Fig. 10
[Na'] Normalized @, V,, $
(mm) (mV) (mV)
98 1-03 £ 0-1 —68-7 + 0-7 26:3 + 07
40 097+ 02 —110-3 £ 06 293+ 06
20 098 £ 0-2 —133:3+ 11 306 £ 09
5 — <—200 >30

observations in the light of a scheme in which the charge
movement is generated by the back and forth motion of ions
between the extracellular solution and transporter binding
site(s) located inside the membrane electrical field. To obtain
more information on the ion-binding characteristics of
KAAT1, we have performed a series of experiments
measuring the charge wvs. voltage relationships in the
presence of various concentrations of Na'. Figure 10 shows
the effect of bathing the oocytes in solutions containing
different proportions of Na" and TMA™.

Lowering the Na' concentration shifted the @ wvs. V
relationship towards more negative potentials; in addition
the slope at half-charge decreased. The data of Fig. 10 may
be used at constant potentials to obtain a Hill coefficient
(ng) from the equation:

Qmax
1+ (Ky, V/[Na'])"™

Q([Na'], Vconstant) = (1)

where Ky, is the sodium dissociation constant. In the
interval —110 to —190 mV (in which @ is different from zero
in all four curves), the values of ny ranged between 1:29
and 1-78.

On the other hand, a Boltzmann relation:

Qmax

Q(V, [Na'] constant) =
L +exp[(V, —

V)/sl’

1-0 4

Figure 10. Effect of Na* concentration on
charge movement

O/ O max

Normalized charge vs. voltage relationships for a
group of oocytes bathed in 98 (O0), 40 (O), 20 (A)
and 5 (V) my Na™ (TMA* substitution). Data are
means + s.E.M. from 14 oocytes (two batches).

0:0

0-5 1
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where V,, is the mid-point voltage and s is the slope factor,
may be fitted to the curves at 98 and 40 mm Na', giving the
parameter values of Table 2.

As pointed out by Mager et al. (1996), to explain a similar
effect observed in the GAT1 transporter, the two treatments
may be unified by explicitly writing the voltage dependence
of the dissociation constant K, in a modified Hill equation:

+ Qmax
V,[Na"])= , (3
@ [Na") 1+ {KNM‘,:O/[NJ] exp(— Vqd/kT)}"™ ®)

where ¢ is the elementary charge, & is the fraction of
electrical field over which the charge movement occurs (i.e.
the relative distance at which the ions bind) and Ky, _
represents a zero voltage dissociation constant, k£ is the
Boltzmann constant and 7' the absolute temperature.

The value of ng found from our results is very similar to
that reported for the GAT1 transporter (Mager et al. 1996)
and suggests that the transporter has at least two binding
sites; assuming then binding of two ions and noting that,
from eqns (2) and (3), s = kT/nyqd, the electrical distance &
turns out to be between 0-56 and 0-61 in 98 mm Na® and
between 0-49 and 0-56 in 40 mm Na'; conversely, the values
of Kyay—o are 515 and 415mm in 98 and 40 mm Na,
respectively. Again these values do not difter strongly from
those reported for the GAT1 transporter (Mager et al. 1996).

It is difficult to perform the same kind of analysis on the
potassium data since only the initial part of the sigmoidal
Boltzmann curve can be established, even in high K*
solution. Using the same Hill coefficient and electrical
distance found for Na® but with V,, <—200 mV a value
greater than 12000 mMm can be calculated for the potassium
zero voltage dissociation constant, Ky _o

Determination of the rate constants of charge
movement

Under the working hypothesis outlined at the beginning of
the previous section, we have analysed the time constants of
decay of the charge movement in order to attempt an
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Figure 11. Calculation of forward and backward rate constants for binding of Na* and K* to the

transporter

A, moved charge and B, time constants vs. voltage in 98 mm K* () and 98 mum Na*(0); €, forward (00) and
backward (O) rate constants in 98 mm Na'; D, energy profile of the external barrier and binding site
calculated as explained in the text; the dashed part is hypothetical. Continuous lines in (' are functions for

a and /g fitted by eye. All data are from a single oocyte.

estimate of its absolute rate constants. An example from a
single oocyte is shown in Fig. 11. In A the typical charge—
voltage relationships in the presence of high Na" and high
K™ are shown, while in B the corresponding time constants
are plotted. Compared with the time constants estimated
for neurotransmitter transporters, those for KAATI1
appear somewhat faster; however, the rabbit Na'—glucose
cotransporter SGLT1 shows more similar time constants
(Hazama et al. 1997).

Qprax (nC)

There was a good agreement between the voltages at which
the half-charge and the maximal time constant for Na®
occurred, while only the beginning of the curves could be
detected for K*, both for the charge and for the time
constant relationships. However, the potassium curves
appear only shifted to more negative voltages, with no
significant changes in absolute value. For this reason we
have limited our analysis to Na'.

I{uA)

Qmax (nC)

Figure 12. Correlation between steady-state currents and @,

A, coupled (O0) and uncoupled (O) currents at —200 mV for 10 different oocytes in 98 mm Na'. B, same for
K* (@ax Was estimated in Na*) in another group of 6 oocytes.
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The charge—concentration relationships give a Hill
coeflicient of around 1-6, implying co-operativity of the
binding sites. We have, however, for simplicity, assumed
independence of binding in order to calculate the separate
forward and backward rate constants from the simple
equations:

Q/Qmax =oa/(a+ A)
r=1/(@+p).

These are shown in Fig. 11C. According to Eyring rate
theory, the curves of Fig. 11C were fitted by eye with the
functions:

and

a =vexp(—AG,/RT— V¢b./kT)
and
/3 = VeXP(_(AGe - AGW)/I%T-F VQ(JW - é\e)//"'T)y

where v is the transmission coefficient (6:11 x 10" s7), AG,
and AG,, are the size of the entry barrier and of the binding
site well, respectively, 8, and &, their positions in the
membrane thickness, and R is the gas constant. Fitting to
the curves gave values of 25:8 and 1-8 for AG,/RT and
AG,,/RT, respectively, and of 026 and 0:68 for their
respective positions. This energy profile is shown in
Fig. 11D.

Relationships between charge movement and steady-
state currents

The maximal charge measured in the experiments of Figs 8
and 10 allows the estimation of the number of transporters
expressed per oocyte from the relation N= @ ,./q26,.
Clearly this number depends on the expression level of the
oocytes, but we usually found values of between 10" and
10" transporters per oocytes on the third day after
injection.

There was a good correlation between €, and the leucine-
coupled current at —200mV in each oocyte. This is

A &
o-0-g
N t\:\j
2 4] \D
G

O,
0 C-0-0-0 Bg O
-200 -100 0 100
Vi, (mVY)
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illustrated in Fig. 12 for six oocytes in K* and for 10
oocytes in Na', with @, ranging from 226 to 9-65 nC. The
slopes of the linear fits were 211 nA/nC in K' and
111 nA/nC in Na*, which, considering that N = @,,../¢20,
would correspond to cycling rates of 143 and 755" (at
—200 mV), respectively. A difference between Na" and K*
can be noted in the uncoupled currents: while in Na® the
regression line went through the origin, this did not happen
for K*. This is probably due to the fact that there is a
significant flux of K*, but not of Na’, through the
endogenous K channels of the oocytes (see Fig. 1).

Figure 134 shows the @-V relationships for an oocyte
bathed in high Na" and in 5 mm Na" (TMA™ replacement);
this graph is similar to that in Fig. 10. In Fig. 13B the
leucine-induced current vs. voltage relationships in the same
solutions are plotted. It can be seen that at each potential
the reduction in bound charge was much stronger than the
reduction in steady-state current.

This result implies that the two events are not causally
related, suggesting that the presence of organic substrate
significantly alters the binding kinetics of the ion to the
transporter.

Disappearance of charge movement in the presence of
the transported substrate

Subtraction of the TMA™ (without leucine) current traces
from those in Na", K™ and TMA™ solutions containing 1 mm
leucine produced the records shown in Fig. 14, where it is
apparent that the ‘on’ and ‘oft” transients of Figs 8 and 9
have disappeared. Correspondingly, larger steady-state
currents may be observed (note the difference in scale
between Na® and K records). This observation is in line
with similar results obtained in other transporters (Mager et
al. 1993, 1994; Loo et al. 1993) and may be interpreted by
thinking that the presence of amino acid greatly speeds up
the steps related to the charge movement in the membrane

field.

In (A)

12

Figure 13. Comparison of charge movement and coupled current in 98 and 5 mm Na*
A, @V relationships in 98 (00) or 5 mm Na* (TMA™ substitution, O). B, corresponding steady-state currents

in the presence of leucine.
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DISCUSSION

The heterologous expression of the KAAT1 transporter in
Xenopus oocytes has enabled the discovery of a number of
previously unknown aspects of its physiology. Before starting
the discussion of the results presented in this paper, it is
important to remember the physiological peculiarities of the
lepidopteran larvae, characterized by a high K™ and a low
Na" content. In the midgut lumen K* is about 200 mm and
Na“ about 5mm, and the high apical transmembrane
potential (around 200 mV) of columnar cells, where KAAT1
is located, serves as a driving force for K- (and Na'-)
coupled amino acid uptake (Dow & Peacock, 1989; Hanozet
et al. 1992).

While the overexpression of the transporter allows new
electrophysiological experiments to be performed, it is clearly
difficult to reproduce the in wivo physiological conditions
using oocytes, which have smaller physiological potentials
and osmolarity. Anyway we must remember that the
condition that more closely resembles the lepidopteran
midgut situation in our experiments is the one in high K* at

—200 mV.

In this paper we have investigated the details of binding and
permeation of the two ions physiologically most important
for the translocation of amino acids across the lepidopteran
midgut. It is known that the transport properties of KAAT1
are also significantly dependent on the presence of Cl™
(Castagna et al. 1998), and this is another characteristic that
is in common with the other transporters of the GAT1 family
(Lester et al. 1994). However, we have not investigated this
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point in the present paper, and the CI™ concentration was
kept constant in all our experimental solutions.

Uncoupled currents

The first new observation is that a relatively large current is
carried by the transfected oocytes in the presence of various
external cations even in the absence of amino acid substrate.
This is shown in Figs 1, 2 and 3. The amplitude of the
holding current at —80mV is in the order: Iy, > Iy >
Iy > Iy, > I, > Iy, for control oocytes, whereas the
order is I > Iy, > I > Iy, > Lo > Ipya for oocytes
injected with the transporter cRNA. The sequence observed
in control oocytes corresponds with Eisenman’s sequence 111
(Eisenman, 1962) and indicates rather weak interaction of
the ions with the site, as would be expected for ionic
channels in which free diffusion of ions can occur (Hille,
1992, chap. 10). On the contrary, the order of preference
exhibited in KAAT1-expressing oocytes is compatible only
with the selectivity sequence predicted for interaction of
ions with a strong binding site (Eisenman’s sequence XI:
Eisenman, 1962; Hille, 1992, p. 289). Assuming that the
transfected oocytes possess the same amount of basal
endogenous channels as the non-injected ones of the same
batch, the additional current is in the order I;; > I, = Iy,
R I > 1> Iy, (Table 1), which, taking into account
that the values of Ig,, Iy, and [ are not significantly
different, corresponds to Eisenman’s sequence XI (strong
site). This kind of interaction is unlikely for ionic channels
where in general the Li* permeability is never higher than
that of Na' (Hille, 1992, chap. 13).
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Figure 14. Absence of charge movement in the presence of leucine

The traces shown in each column are the results of the subtraction of the currents in the presence of 1 mm
leucine and the indicated ion, and the traces in TMA™ without leucine in the same oocyte. The ‘on’ and ‘off’
transients visible in Figs 8 and 9 disappear while the steady-state currents increase.
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These considerations favour the idea that the current occurs
at the transporter itself rather than through newly expressed
ionic channels. In fact, although there is evidence that the
expression of a variety of heterologous membrane proteins
may induce the expression of new endogenous cationic
channels (Tzounopoulos et al. 1995), these new channels
have characteristics that strongly differ from the observations
reported above: they are activated only at negative
potentials (—130, —140 mV) and with a slower time course;
they exhibit equal permeability to Na‘, K™ and Cs*; their
presence is significant starting from the fourth day after
injection.

Ion binding to the KAAT1 transporter

Our experiments show that expression of the KAATI
transporter is accompanied by the appearance of conspicuous
currents having the properties of intramembrane charge
movement (Figs 7, 8 and 9). Very interestingly, this charge
movement is ion dependent, changing characteristics
according to whether Na* or K* is the bathing ion and being
absent in the presence of the larger ion TMA™.

Two different hypothetical schemes may be devised to
interpret these results: in the first, the transient currents
observed upon voltage jumps arise from in and out
movement of ions from the bathing solution to site(s) located
inside the membrane electrical field; in the second, the ions
might first bind to a site located outside the electrical field
and the subsequent conformational changes generate the
charge movement. In the first scheme a conformational
change of the transporter is not required for the charge
movement; in the second scheme the charge movement may
be generated either with the ions bound or unbound,
depending on whether the transporter itself is neutral or
charged. A model of this kind, in which the charge
movement is generated by a combination of ion binding and
conformational changes, has been proposed for the Na'—
glucose cotransporter SGLT1 (Hazama et al. 1997; Loo et al.
1998).

We have seen that the amount of bound charge depends also
on the external ionic concentration, in agreement with the
expectations for a saturable binding process: analysis of
binding gives a Hill coeflicient of 1+6, which is very similar
to the value reported by Mager et al. (1996) for the
homologous transporter GAT1, and indicates the presence of
at least two binding sites for each transporter, as suggested
also by Castagna et al. (1998) on the basis of different
considerations.

Rate constants

Within the framework exposed in the preceding section, we
have performed calculations in order to obtain kinetic
parameters of the transport function. Fitting of the charge
vs. voltage curve in high Na® using a Boltzmann equation
allows the determination of the electrical distance at which
the sites are located. This turns out to be about 0-6, a value
again very similar to that found for the GAT1 transporter
(Mager et al. 1996).
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We have also analysed the time dependence of the charge
movement. Although our analysis is not strictly rigorous,
because for simplicity it assumes independent binding of the
ions to the sites, it allows the evaluation of unidirectional
rate constants that, interpreted using Eyring rate theory,
may give an approximate picture of the energy profile along
the transporter permeation pathway. In particular, to access
the internal binding site, Na" must overcome an entry barrier
of 25:8 RT units (at 0 mV), located at a relative distance of
0-26; the binding site is an energy minimum at a level of 18
RT units and at a relative distance of 0-68.

Permeation and binding in the presence of the organic
substrate

Our data show that the presence of the transported amino
acid leucine considerably alters the characteristics of the
uncoupled currents: (i) the total steady-state current becomes
larger when K™ is the coupling ion; (ii) (consequently) the
difference between total and uncoupled current is larger in
K™ than in Na'; and (iii) the slow current relaxations are
strongly reduced as is the intramembrane charge movement.

The higher stimulatory effect of leucine on the K™ rather than
on the Na' current is in agreement with the literature data
showing a higher transport of amino acid in the presence of
K™ compared with Na* (Hanozet et al. 1992).

The disappearance of the slow relaxations and of the charge
movement in these conditions (which is a characteristic
feature of this family of transporters) may be interpreted by
thinking that the binding of the organic substrate might
allow a faster conformational change translocating all the
bound species, that is not allowed in its absence.

While the good correlation between @), and the transport-
associated current supports the idea that the charge
movement occurs at the transporter, the lack of correlation
between the amount of bound charge in the absence of
amino acid and the steady-state current in its presence
(Fig. 13) indicates that the two conditions are not causally
related. This observation implies that the Kkinetics of
binding and unbinding of the ions to the transporter are
altered by the presence of the amino acid.

The higher flux rates will also produce the positive shift of
the zero current potential, towards the equilibrium potentials

of Na* and K™ (Fig. 4).

Physiological significance

The peculiar physiological conditions of the lepidopteran
midgut induce some considerations about the physiological
role of an amino acid transporter that has a quite significant
uncoupled current. Also the kinetic parameters of the
transport appear to be physiologically relevant. The Na*
concentration is low in the diet and in the haemolymph of
the phytophagous lepidopteran larvae, yet this ion is
essential for the functioning of the nervous system. The
presence in the absorptive epithelium of a transporter that
can support influx of Na" both coupled or uncoupled to the
amino acid uptake seems therefore an advantage. The higher
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affinity of the transporter for Na* may also be significant in
this respect, since it makes possible the binding of Na', even
at low concentration.

In the absence of the amino acid the uncoupled Na" and K*
currents do not appear different (Fig. 35), yet, taking into
account the higher endogenous K™ conductance of the
oocyte, the uncoupled Na" current mediated by KAAT1
should be higher than the uncoupled K* current, which is
reasonable in a tissue where K secretion occurs and Na* has
to be absorbed.

The results presented in this paper show that the amino
acid transport system present in the midgut of lepidopteran
larvae, despite the difference in cation selectivity, behaves
in a manner very similar to some of the mammalian neuro-
transmitter transporters (Lester et al. 1994). These
observations extend, therefore, to the functional properties
of the structural homology of KAAT1 with the GATI
family of transporters (Liu et al. 1993; Shafqat et al. 1995).

The peculiar physiological conditions in which this
transporter operates do not appear, therefore, to require a
completely different system from those that operate in
vertebrates using the Na* electrochemical gradient at more
moderate potentials.
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