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Introduction

Abstract

The ability of the SLC6 family members, the insect neutral amino acid
cotransporter KAAT1(K"-coupled amino acid transporter 1) and its homolo-
gous CAATCHI(cation anion activated amino acid transporter/channel), to
transport D-amino acids has been investigated through heterologous expres-
sion in Xenopus laevis oocytes and electrophysiological techniques. In the pres-
ence of D-isomers of leucine, serine, and proline, the msKAAT1 generates
inward, transport-associated, currents with variable relative potencies, depend-
ing on the driving ion Na® or K'. Higher concentrations of D-leucine
(>1 mmol/L) give rise to an anomalous response that suggests the existence of
a second binding site with inhibitory action on the transport process.
msCAATCHLI is also able to transport the D-amino acids tested, including D-
leucine, whereas L-leucine acts as a blocker. A similar behavior is exhibited by
the KAAT1 mutant S308T, confirming the relevance of the residue in this
position in L-leucine binding and the different interaction of D-leucine with
residues involved in transport mechanism. D-leucine and D-serine on various
vertebrate orthologs B’AT1 (SLC6A19) elicited only a very small current and
singular behavior was not observed, indicating that it is specific of the insect
neutral amino acid transporters. These findings highlight the relevance of D-
amino acid absorption in the insect nutrition and metabolism and may pro-
vide new evidences in the molecular transport mechanism of SLC6 family.

They are able to utilize the Na* and/or K* electrochemi-
cal gradients to transport amino acids (Boudko et al.

KAAT1 (K"-coupled amino acid transporter 1) (Castagna
et al. 1998) and CAATCHI1 (cation anion activated amino
acid transporter/channel) (Feldman et al. 2000), expressed
in the midgut and in salivary glands of Manduca sexta
larvae, belong to the NSS (neurotransmitter sodium sym-
porter) or SLC6 (SoLute Carrier 6) family. These trans-
porters are NATs, nutrient amino acid transporter,
classified as B° (the Broad neutral amino acid spectrum
system-(Stevens et al. 1982) for their substrate spectrum).
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2005; Boudko 2012). The crystallization of the bacterial
homolog LeuTAa represented a keystone to understand
the molecular physiology and the structure of the SLC6
family (Yamashita et al. 2005). However, the molecular
determinants of the coupling mechanism have not been
completely understood, and the differences in functional
characteristics among the SLC6 members may be
exploited to investigate this aspect. In particular, KAAT1
and CAATCHI represent an interesting tool, because

2016 | Vol. 4 | Iss. 4 | e12691
Page 1

This is an open access article under the terms of the Creative Commons Attribution License,
which permits use, distribution and reproduction in any medium, provided the original work is properly cited.


info:doi/10.14814/phy2.12691
http://creativecommons.org/licenses/by/4.0/

D-aa Transport by the SLC6 Transporters

their transport currents show peculiar properties, such as
driving ion dependence, selectivity among transported
amino acids, pH, chloride, and membrane voltage depen-
dence (Bossi et al. 1999a, 2007b; Soragna et al. 2004; Cas-
tagna et al. 2009).

In this experimental work, we studied the ability of
msKAATI1 to transport D-isomers of amino acids. Our
research was suggested by the work of Boudko and
coworkers (Miller et al. 2008), who identified the first
Drosophila melanogaster functionally expressed NAT-SLC6
member. This transporter showed an unusual broad spec-
trum of substrates and an extraordinary ability to absorb
the D-isomers of essential amino acids. DmNAT1 is
highly expressed in the brain and in the absorptive and
secretory regions of the larval alimentary canal, confirm-
ing its roles in the absorption and redistribution of neu-
tral amino acids. Internalizing D-amino acids during the
larval stage, Drosophila melanogaster can use them in ben-
eficial way in nutrition. This discovery extends the physi-
ological significance of the SLC6 family members.

Because almost all mammalian transporters are selective
for L-amino acids, the D-amino acids are generally con-
sidered unrelated to metabolic pathways. Nevertheless, D-
amino acids were found in many organisms, for example,
in the peptidoglycans of bacterial cell wall (Hatanaka
et al. 2002), as major components of cellular fluids of
some insects and marine invertebrates, in higher plants,
in the white matter of human brain (Bauer et al. 2005),
in a variety of peptides synthesized by animal cells (in-
clude opiate and antimicrobial peptides from amphibian
skin, neuropeptides from snail ganglia, a hormone from
crustaceans, and a constituent of a spider venom) (Corri-
gan 1969; Kreil 1997). Furthermore, there are evidences
of physiological presence of D-amino acids in mammalian
systems (Man and Bada 1987; Friedman 1999, 2010) and
the essential role of D-serine in central nervous system is
well known. This amino acid is produced endogenously
in the brain by racemization of L-serine mediated by ser-
ine racemase (Wolosker et al. 1999a,b, 2008; Sacchi
2013), and it is involved in the modulation of glutamater-
gic neurotransmission by activation of glutamate signaling
via the N-methyl-D-aspartate (NMDA) receptor (Mothet
et al. 2000).

Different authors reported that insects accumulate sig-
nificant levels of D-amino acids from symbiotic sources. In
particular, they have the ability to use several D-forms as
essential amino acids during the growth phase, in place of
their L-isomers. Moreover, D-amino acids play a signifi-
cant role in invertebrate metabolism and neurotransmis-
sion (Geer 1966; Miller et al. 2008; Limmer et al. 2014).

Following these considerations, the presence of D-
amino acid transport currents was investigated in Xenopus
laevis oocytes expressing msKAAT1 or msCAATCHI in

2016 | Vol. 4 | Iss. 4 | 12691
Page 2

A. Vollero et al.

order to verify their ability to transport D-isomers, in the
presence of NaCl 98 mmol/L or KCl 98 mmol/L. D- and
L-isomers of proline, serine (3 mmol/L), and leucine
(1 mmol/L) were considered. Leucine was tested at lower
concentration to avoid endogenous inward currents
sometimes observed with 3 mmol/L in some batches of
noninjected (NI) oocytes. The spectrum of substrates was
selected according to previous data (Margheritis et al
2013).

Methods

Ethical approval: All applicable international, national,
and institutional guidelines for the care and use of ani-
mals were followed and all procedures performed in stud-
ies involving animals were in accordance with the ethical
standards of the institution at which the studies were
conducted (permit no. 12/09).

Oocyte preparation and mRNA injection

Xenopus laevis oocytes and RNAs were prepared as previ-
ously described in detail (Bossi et al. 2007a). Oocytes
were obtained from mature female of X. laevis; the frogs
were anesthetized in MS222 (tricaine methanesulfonate
salt; Sigma, Milan, Italy, www.sigmaaldrich.com) 0.10%
w/v solution in tap water and portions of the ovary were
removed through an incision on the abdomen. The
oocytes were treated with collagenase Type Al (1 mg/mlL;
Sigma) in calcium-free solution ND96 for at least 1 h at
16°C. Healthy oocytes were selected and maintained at
16°C in MBS medium (modified Barth’s saline solution).
After 24 h, oocytes were injected with 50 nL of the
in vitro synthesized cRNA (12.5 ng/oocyte) using manual
Drummond injection system (Drummond Scientific
Company, Broomall, PA, www.drummondsci.com). The
oocytes were incubated at 16°C for 4-6 days in MBS
before electrophysiological studies.

Solutions

The oocyte culture and washing solutions had the follow-
ing composition: calcium-free ND96: NaCl 96 mmol/L,
KCl 2 mmol/L, MgCl, 1 mmol/L, HEPES 5 mmol/L;
NDY6: calcium-free ND96 plus CaCl, 1.8 mmol/L; MBS:
NaCl 88 mmol/L, KCI 1 mmol/L, NaHCO; 2.4 mmol/L,
HEPES 15 mmol/L, Ca(NOs) 0.30 mmol/L, CaCl,
0.41 mmol/L, MgSO, 0.82 mmol/L, sodium penicillin
10 pug/mL, streptomycin sulfate 10 ug/mL, gentamicin
sulfate 100 pg/mL.

The external control solution used for electrophysiolog-
ical recording had the following composition: NaCl
98 mmol/L: MgCl, 1 mmol/L, CaCl, 1.8 mmol/L, HEPES

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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5 mmol/L, pH 7.6. In some conditions, the NaCl was
totally substituted by KCL The final pH of the solutions
was adjusted to 7.6 with NaOH and KOH, respectively.
The substrates, dissolved in water, were added at the indi-
cated concentrations. Experiments were conducted at
room temperature (20-25°C).

Electrophysiology and data analysis

A two-microelectrode voltage-clamp was used to perform
electrophysiological experiments (Geneclamp 500B, Axon
Instruments, Union City, CA). Intracellular glass micro-
electrodes, filled with KCI 3 mol/L and with tip resistance
between 0.5 and 4 MQ, were used. Agar bridges (3% agar
in 3 mol/L KCIl) connected the bath electrodes to the
experimental chamber.

The oocytes were clamped at a fixed holding potential of
—60 mV (V},) or a protocol consisting of 1 sec long voltage
ramps spanning the range from —140 mV to +40 mV was
applied. During the recording, the cells were superfused
with external solutions of NaCl 98 mmol/L or KCI
98 mmol/L at pH 7.6 in the presence or in the absence of
substrates: L- or D-leucine, L- or D-proline, and L- or D-
serine at the concentration indicated in figures ranging
from 0.01 mmol/L to 3 mmol/L).Transport currents,
reported in the histograms, were determined subtracting
the current before the application of the indicated substrate
from the current in its presence (mean + SEM).When
ramp protocol was applied transport currents were
obtained by subtracting the current level in the absence of
substrate (Fig. 5A point a) from that recorded in the indi-
cated conditions (point b, ¢, d). Data acquisition and anal-
ysis were done using the pClamp 10.2 software (Molecular
Devices, Sunnyvale, CA, www.moleculardevices.com),
whereas statistics and figures were performed with Origin
8.0 (OriginLab Corp., Northampton, MA, www.originlab.-
com).

D-serine uptake

Control oocytes and those injected with the transporter,
clamped at —60 mV, were perfused with D-serine
300 umol/L in control solution for 5 min and then
washed until the current returned to resting condition.
Oocytes were homogenized 1:10 in 0.2 mol/L TCA and
centrifuged at 13,000 x ¢ for 10 min. Clear supernatants
were collected and analyzed with slight modification
accordingly to (Topo et al. 2010); supernatants were neu-
tralized with NaOH 0.2 mol/L and subjected to pre-
column derivatization with O-phthaldialdehyde/N-acetyl-
L-cysteine (OPA/NAC) in 50% methanol. Diastereoiso-
mers derivatives were then resolved as reported in (Sacchi
et al. 2008) on a Simmetry C8 5 um reversed-phase col-
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umn (Waters, 4.6 x 250 mm), in isocratic conditions
(0.1 mol/L sodium acetate buffer, pH 6.2, 1% tetrahydro-
furan, 1 mL/min flow rate). A washing step in 0.1 mol/L
sodium acetate buffer, 3% tetrahydrofuran, and 47% ace-
tonitrile was performed after every single run. Identifica-
tion and quantification of D- and L-serine was based on
retention times (22 &+ 0.1 min and 24 + 0.1 min for D-
and L-Ser, respectively) and peaks areas, compared with
those associated with external standards. The uptake of
D-serine was calculated for single oocyte in 5 min of per-
fusion. Oocytes not perfused with D-serine 300 pmol/L
were analyzed to quantify the intracellular level of D-Ser-
ine.

Results

D-amino acid transport with Na* as driving
ion

Three pairs of L- and D-amino acids, leucine and proline
that are classical substrates tested on this transporter and
serine that was selected for its role in central nervous sys-
tem, elicited transport currents in oocytes expressing the
wild-type form of KAAT1 and clamped at V};, = —60 mV
(Fig. 1). In these experiments, the saturating concentra-
tion of the L-form was used for both enantiomers (Mis-
zner et al. 2007). In all cases the D-forms are able to
elicit transport currents. However, the currents generated
by the three amino acids exhibit different features: D-pro-
line is less potent than the L-form at the same concentra-
tion, and addition of 3 mmol/L D- to 3 mmol/L L-
proline fails to significantly affect the current amplitude.
On the contrary, the addition of 3 mmol/L L- to
3 mmol/L D-proline brings the current amplitude close
to the level induced by the L-form alone (Fig. 1A). An
opposite relative potency is exhibited by serine (Fig. 1B).
The D-form is able to generate a much larger current
than the L-form; however, the addition of 3 mmol/L D-
to 3 mmol/L L-serine causes only a very weak increase in
the current generated by L-serine, whereas the addition of
3 mmol/L L to 3 mmol/L D-serine reduces the current
level to that of L-serine alone. The currents generated by
the two leucine enantiomers at 0.5 mmol/L are qualita-
tively similar to those produced by serine, as illustrated in
Figure 1C. In all cases, therefore, it appears that the L-
form is dominant over the D-form when applied at the
same concentration, in spite of the different relative
potency of the two forms on the size of the current.

D-serine uptake

To verify the effective uptake of D-amino acid by KAAT1
transporter a novel approach was used. Briefly, control
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Figure 1. Transport current in the presence of D- and L- amino acids. Single oocytes (left) and mean values + SEM for several (n = from 5 to
25) oocytes (right). Relative efficiency of L- versus D- proline 3 mmol/L (A), serine 3 mmol/L (B), and leucine 0.5 mmol/L (C) in eliciting
transport-associated current by KAAT1 when Na* is the driving ion. In the case of proline, the D- enantiomer is less potent than the L-form,
whereas the opposite occurs for leucine and serine. In all cases, the L-form is dominant over the D-form used at the same concentration: the
current amplitude upon simultaneous perfusion of both enantiomers is always close to the level generated by the L-form alone. Currents were

recorded as described in Material and Methods.

oocytes and those injected with the transporter were per-
fused with D-serine 300 pmol/L for 5 min at holding
potential of —60 mV and then washed until the current
returned to resting condition; oocytes were homogenized
and the intracellular D-serine quantified by HPLC. The
basal amount of D-serine in water injected oocytes was
49.72 (£4.41) pmoles/oocyte; when clamped at —60 mV
and exposed to 300 umol/L of D-serine for 5 min it
increased at 61.51 (£ 6.74), and in oocytes expressing
KAAT1 it was significantly  increased,  204.55
(£59.59) pmoles/oocyte 10 oocytes of 2
batches, P < 0.05).

(data from

L- and D-leucine dose-response analysis

The dominance behavior described above suggests a lower
affinity for the D-forms compared to the corresponding
L-forms. The apparent affinity of KAAT1 for L-leucine
has been previously determined (Miszner et al. 2007) to
be 12 pmol/L at —60 mV. An attempt to determine the
affinity of D-leucine by performing dose-response experi-
ments is shown in Figure 2A. Application of increasing
concentrations of D-leucine to the oocyte caused progres-
sively larger transport currents up to 300 pmol/L. How-
ever, when a 1 mmol/L leucine was applied a peculiar
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A 10 umol/L 30 umol/L 100 umol/L 300 pmol/L 1000 pmol/L
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Figure 2. Leucine dose-response in Na*. (A) the transport currents
elicited by increasing amounts of D-leucine show a progressive
growth up to 300 umol/L, but a further increase to 1 mmol/L
produces an abrupt change in behavior exhibiting a reduction of
the maximum attained value, an inactivation process and a peculiar
inward transient surge at washout (arrow). (B) the same amounts
of L-leucine induce progressively larger responses showing
saturation above 100 umol/L without any anomalous behavior.
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behavior was observed: the fast inward initial current
soon declined to lower values during substrate exposure,
and a marked (and highly reproducible) transient increase
in inward current was seen upon substrate washout (ar-
row).

For comparison, the currents elicited by the same con-
centrations of L-leucine are shown in Figure 2B. In this
case, no strange behaviors are observed, the current
amplitude level was similar for concentrations larger than
100 pmol/L, and the current generated by 10 umol/L is
about half the maximal value, consistent with the previ-
ously reported values (Miszner et al. 2007).

Clearly, the peculiar behavior of the current produced
by D-leucine at higher concentrations prevents the deter-
mination of the affinity for this enantiomer. However, the
large increase in the current elicited by 300 pmol/L com-
pared to 100 pmol/L D-leucine in the trace of Figure 2A
indicates that the apparent affinity of the transporter for
the D-form should be lower than that for the L-form.
Furthermore, the sudden change in the shape of the
response between 0.3 and 1 mmol/L D-leucine may sug-
gest the presence of two different binding sites with dif-
ferent affinities and roles.

To confirm this hypothesis, we exposed KAAT1-expres-
sing oocytes to mixtures of L- and D-leucine in which the
proportion of the two enantiomers varied while keeping
their sum constant at a value (500 pmol/L), below the
critical level for the appearance of the D-leucine peculiar
behavior.

This kind of experiments is shown in Figure 3 where it
is evident that when L-leucine is present (at >150 pmol/
L) the transport current remains substantially constant in
spite of the presence of complementary amounts of D-
leucine. As already seen in Figure 1, when 500 pmol/L D-
leucine is applied alone, a much larger current is
observed. This suggests that up to 500 pmol/L the two
forms compete for the same binding site, and that L-leu-
cine dominates this competition because of its higher
affinity for the transporter.

Anomalous effects of D-leucine at higher
concentrations

To study the anomalous response to D-leucine at higher
concentrations, we repeated the competition experiments
of Figure 1C, using a 1 mmol/L for both enantiomers.
The results are shown in Figure 4A: when the two forms
are present together, a reduction in the current elicited by
a single form is observed, irrespectively of the application
order. Furthermore, the fast inward current surge upon
D-leucine removal is not seen if the wash out occurs in
the presence of the L-enantiomer. The reduction in the
transport current seen in Figure 4A upon addition of

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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L-leu (umol/L) 500 350 250 150 0
D-leu (umol/L) 0 150 250 350 500
L | ] | |
30 nA
120's

Figure 3. Mole fraction behavior of L-leu and D-leu. Mixtures
containing variable proportions of L- and D-leucine were applied
while keeping constant the total concentration. The substantial
constancy of the responses to mixtures containing L-leucine
indicates that this amino acid dominates the transport process by
virtue of a higher apparent affinity. The larger current induced by
D-leucine alone is consistent with a higher turnover rate related to
a lower affinity. Normalizing the transport current values to that
recorded in 500 umol/L of L-leucine alone, the current in the
presence of 350 pmol/L L-Leu+150 umol/L D-Leu increases to
1.0769 + 0.01566, when 250 pmol/L of both were perfused
becomes 1.13986 + 0.05827 and when 150 umol/L L-Leu and
350 pmol/L D-Leu was tested the current is

1.20799 + 0.03927.When 500 umol/L D-leucine is applied alone, it
becomes from 2 to 4 times larger (mean 2.54265 + 0.52057) data
were collected from 10 oocytes of three different batches.

1 mmol/L L-leucine to the already present D-leucine is
analogous to the result shown in Figure 1C where the
two substrates were applied at a lower concentration, and
can be similarly explained by the higher L-leucine affinity.
Complementarily, no effect should be expected when
1 mmol/L D-leucine is added to the already present L-
leucine. However, the experiment of Figure 4A shows that
a reduction in transport current occurs in this case as well
(black arrowheads), also when L-threonine 1 mmol/L is
used instead of L-leucine (data not shown). This is a fur-
ther anomaly in the effects of D-leucine at higher concen-
tration and, together with the inactivating behavior of the
transport current and the “off” transient response shown
in Figures 2 and 4, requires that a more complex kind of
interaction of D-leucine with the transporter should be
envisaged.

The recording of Figure 4B strengthens the peculiar
behavior of D-leucine by comparing the currents elicited
by the other two D-amino acids in the same oocyte.

Overall, the results illustrated in the first four figures
indicate that D-leucine behaves as a normal transported
substrate for amounts below about 1 mmol/L, and that at
higher quantity it has different kind of actions. The
appearance of the new anomalous effects at D-leucine
around and above 1 mmol/L suggests the existence, for
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this amino acid, of a second binding site, distinct from
the main site involved in transport, and with lower affin-
ity and inhibitory action.

Regarding the mechanisms through which the anoma-
lous effects of D-leucine could take place, one possibility
is that it might promote the opening of a different con-
ductive pathway in the transporter, in addition to the
main transport process. This new current would add up

A Leucine

L D
1 mmol/L
50 nA
60 s
B
—
200 nA
60 s

A. Vollero et al.

to the transport current, resulting in the peculiar response
observed. To test this possibility, we applied fast voltage
ramps during different phases of the D-leu response,
including the inward transient at wash out, in order to
obtain I/V relationships in the different conditions. The
results, shown in Figure 5, indicate the usual inward-rec-
tifying shape of the transport currents in all conditions,
without any hint for the presence of other current

D-pro 3 mmol/L D-leu 1 mmol/L D-ser 3 mmol/L

\

Figure 4. Effects of D-leucine at 1 mmol/L. (A) when used at T mmol/L D-leucine produces currents with peculiar behavior. A marked decline
follows the large and fast initial current during exposure to the substrate and, quite notably, an inward surge of current develops when the
substrate is removed (arrows). Note that the surge is not present when the removal of D-leucine occurs in the presence of L-leucine (gray
arrow). Furthermore, the simultaneous presence of both enantiomers causes a reduction of the current generated by either of the two when
applied alone (black arrowheads). (B) subsequent application of the D-forms of proline, leucine, and serine on the same oocyte shows the

specificity of the D-leucine response.

A D-leu 1 mmol/L
]
I
L-leu 1 mmol/L d
50 nA b

30s

Figure 5. Current-voltage relationship for the different conditions of recording in a representative oocyte.

V., (mV) :

-160 -120 -80 -40

c-a 4 -300 g
b-a

4 -450
d-a 41 -600

(A) fast voltage ramps (from —140

to +40 mV, duration 1 sec) before the application of substrates (a), in the presence of 1 mmol/L D-leucine (b), of both D- and L-leucine
1 mmol/L each (c), and upon D-leucine washout (d). (B) -V relationships obtained by subtracting the control current (a) from each of the

others.
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components with different voltage dependence. These
data suggest therefore that the current changes seen in all
phases of the experiment, including the inward transient
upon removal of D-leucine from the bath, represent real
alterations in the activity of the transporter.

D-amino acid transport with K* as driving
ion

Since KAAT1 is known to be able to use also the K* elec-
trochemical gradient for amino acid transport (Castagna
et al. 2009), we measured the transport currents elicited
by D-amino acids in the presence of high external K"
concentrations. As shown in Figure 6, 500 pmol/L D-leu-
cine generates only a small transport current in the pres-
ence of high potassium compared to the large response to
L-leucine at the same concentration. When applied
together, D-leucine causes a reduction in the current eli-
cited by the L-isoform and, conversely, L-leucine increases
the current generated by the D-isoform, however, to a les-
ser level than when applied alone. The relative potency of
the two stereoisomers is opposite to that observed in
Na', and the results of the competition experiments are
analogous to those seen in Na* for proline. Increasing the
D-leucine to 1 mmol/L does not cause any anomalous
behavior, as seen in Figure 6D, where the currents gener-
ated in Na* and in K" are compared.

L-leu D-leu
A —
D-leu L-leu
B I
C
0
-50
<
c CL-Leu
I D-Leu
-100 L-Leu+D-Leu
Y@@ D-LeutlL-Leu
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We also tested D-proline and D-serine in the presence
of high external K'. The results, shown in Figure 7, indi-
cate that the already small transport current elicited by L-
proline vanishes in the case of the D-enantiomer. Regard-
ing serine, a strong current is elicited by the L-form,
whereas the D-form generates a smaller current. Interest-
ingly, this result is the opposite of the observation in
Na', where D-serine gives the larger current.

D-amino acid transport in CAATCH1

The Manduca sexta intestine contains another transporter,
CAATCHI1 that is structurally related to KAAT1, but
shows dissimilar substrate selectivity. Noticeable is the
observation that L-leucine acts as a blocker rather than a
transported substrate (Miszner et al. 2007). Figure 8A and
B shows a sequence of current responses to various L- and
D-amino acids in a CAATCHI1-expressing oocyte bathed
in high Na* solution. As already observed (Soragna et al.
2004), L-proline elicits large transport currents, whereas L-
leucine produces an apparent outward current, actually
representing a block of the leak current through the trans-
porter. The corresponding D-enantiomers produce a
reduced (D-proline) or a small inward current (D-leucine).
L-serine, which was not previously tested in this trans-
porter, has a blocking effect similar to that of L-leucine,
whereas the D-enantiomer gives rise to a large current.

L-leu

D-leu

D-leu

100 nA
30s

Figure 6. D-leucine in high K* solution. When applied at 500 umol/L in a K*-containing external solution, D-leucine elicits a small current
compared to L-leucine. The addition of D- to L-leucine (both at 500 pmol/L) slightly inhibits the L-leucine-induced current (A). The increase in L-
leucine current when applied in addition to D-leucine (both at 500 pmol/L), does not reach the level elicited by L-leucine alone (B). The mean
values + SEM for several (n = from 6 to 15 from at least 3 different batches) oocytes are reported (C).Comparison of the currents generated
by 1 mmol/L D-leucine in presence of high external Na* or high external K* revealed that, in the latter condition, only a very small transport

current is detected (D).
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Figure 7. KAAT1, currents elicited by D-proline and D-serine in K*. L-proline 3 mmol/L elicits only small transport currents in presence of K*,

whereas D-proline at the same concentration appears to be completely ineffective. On the contrary, both L- and D-serine 3 mmol/L generate

currents in K*, although with opposite relative potency compared to those in Na* (A).The mean values + SEM for several oocytes (n = from 6
to 15 from at least 3 different batches) are reported (B).

100 1
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Figure 8. Action of different L- and D-amino acids on the CAATCH1 transport currents in Na*. (A and B) L-proline is more potent than the D-
form in eliciting the transport current; L-serine and L-leucine generate an apparent outward current, while their corresponding D-forms produce
an inward current. (A) a representative recording; (B) mean current + SEM from 6 to 11 oocytes from two different batches. (C) application of
increasing concentrations of D-leucine produces progressively larger inward currents, whereas the same concentrations of L-leucine produce an

apparent outward current of constant size (D), consistent with a high-affinity block of the transporter leak current (Miszner et al. 2007).

The results of Figure 8A indicate that in CAATCHI1 L-
and D-proline behave qualitatively in the same way as in
KAAT1, and also that the serine and leucine enantiomers
behave similar to each other, both the L-forms producing
apparent outward currents. Application of D- and L-leu-
cine at different concentrations (range between 30 and
1000 pmol/L, Fig. 8C and D) demonstrates the different
nature of the current changes generated by the two sub-
strates. The amplitude of the response to D-leucine
increases with the substrate concentration, indicative of
an existent transport current, whereas the identical level
reached by the responses to L-leucine is consistent with a
high-affinity block of the transporter leak current, as pre-
viously suggested (Miszner et al. 2007).
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Furthermore, no anomalous behavior is detected in
Figure 8C upon application of 1 mmol/L D-leucine on
CAATCHI.

D-amino acid transport in the KAAT1
mutant S308T

We have previously shown (Miszner et al. 2007) that a
single-point mutation (S308T) in KAAT1 selectively abol-
ishes L-leucine transport. We have then checked whether
the transport of D-leucine is also affected in this mutant.
Figure 9 shows that this is not the case and, furthermore,
that the peculiar behavior of the current elicited by
1 mmol/L D-leucine remains, although its distinctive
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D-ser L-leu D-leu

L-pro D-pro L-ser
| _— ]

100 nA

60 s

Figure 9. Currents elicited by L- and D-amino acid in KAAT1
S308T. While the currents generated by serine 3 mmol/L, and their
relative potency, are not affected by the mutation, a selective
reduction of the current of the L-form is seen for proline 3 mmol/L.
As expected, no current is generated by L-leucine 1 mmol/L,
whereas the same concentration of D-leucine is effective in
producing a response that includes a weaker but reproducible
inward current surge at wash out (arrow).

features appear somehow reduced (slower initial develop-
ment of the current, no inactivation, small inward tran-
sient at washout). The abolition of the L-leucine current
is confirmed, the relative potency of the serine enan-
tiomers is conserved as well, whereas the current induced
by L-proline is strongly reduced in comparison to the
wild type, reaching a level similar to the D-isoform.

Discussion

Up to now, all functional investigations on KAAT1 have
been focused on the transport of L stereoisomers of
neutral amino acids (Castagna et al. 1998; Bossi et al.
1999a,b; Miszner et al. 2007; Giovanola et al. 2012) and
in other species as well, only few studies have considered
the ability of membrane transporters to absorb the D-
isoforms. About insect transporters Miller (Miller et al.
2008) has shown that DmNAT1, a D. melanogaster
transporter homologous to KAAT1, is able of transport-
ing L- and D-isomers of several amino acids with simi-
lar efficiency. D-amino acids are common components
of the bacterial cell wall; they are produced by the nor-
mal metabolism of yeast and bacteria and can be found
in extracellular fluids of insects and marine invertebrates.
As both DmNAT1 and msKAATI1 are highly expressed
in the gut epithelium, it is reasonable to hypothesize
that these insects might feed with products derived from
bacterial fermentation and symbiosis. Similar investiga-
tion on various vertebrate orthologs B°AT1 (SLC6A19)
showed that D-leucine and D-serine elicited only a small
current (less than 10% of the current generated by the
corresponding L-forms) and they failed to block the
transport current and peculiar behavior was not
observed, underlining that observations reported in this
study are specific of the insect neutral amino acid trans-
porters.
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Relative potency of L- and D- isoforms
transport in KAAT1

The results of the electrophysiological experiments have
shown that msKAAT]1 is able to transport D-amino acids
with variable relative potencies with respect to the corre-
sponding L-isoform, depending on the amino acid and
on the driving ion. In fact, as shown in Figure 1, when
the driving ion is Na* the amplitude of the transport cur-
rents generated by the D-forms of serine and leucine are
much larger than that of the corresponding L-forms,
whereas in the case of proline the opposite is true. The
D-serine detection by HPLC of the uptake of this D-
amino acid under voltage clamp confirmed the actual
entrance of D-serine and the uptake amount is in agree-
ment with previous data recorded for this transporter
(Bossi et al. 2000).

When the driving ion is K" the responses to the L-
forms of serine and leucine are definitely more potent
than those of the D-forms and, in the case of proline, the
D-form appears unable of eliciting transport currents
(Figs. 6 and 7). This variability is not surprising since
ion-dependent differential potency orders were already
observed among various L-amino acids (Soragna et al.
2004; Miszner et al. 2007), and are very likely due to the
different molecular interactions that the various substrates
may establish with the transporter binding site in the
presence of Na* or K.

Although it is difficult to establish what are the normal
physiological concentrations of sodium and potassium in
the gut of the larva, the fact that in both ionic conditions
some D-amino acids may be absorbed via the transporter
suggests that the insect might indeed obtain nutrients
from the products of bacterial fermentation (digestion) in
a wide range of ionic conditions.

Competition experiments

To understand the relations between the two enantiomers
of each amino acid and the transporter, we performed
competition experiments in which the currents elicited by
each enantiomer alone were compared to the current gen-
erated when both were present together at the same con-
centration. The results at lower concentrations, shown in
Figure 1, indicate that for the three tested amino acids,
addition of the D-form does not significantly alter the
current amplitude generated by the already present L-
form. While, when the application order is reversed, the
addition of the L-form increases (for proline), or reduces
(for serine and leucine) the current level generated by the
D-form alone, bringing the amplitude to the level corre-
sponding to the L-form alone. The conclusion from these
experiments is that in all the three cases the L-forms are
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dominant over the D-forms, very likely because their
affinity for the transporter is higher.

A dominance effect of this kind, namely of L-leucine
with respect to L-proline and L-threonine was already
observed in KAAT1 and ascribed to the much higher
affinity of the transporter for leucine (Miszner et al
2007).

Indeed, although the determination of the apparent
affinity for D-leucine was not possible because of the
anomalous response arising at higher substrate concentra-
tions, the data of Figure 2 clearly indicate that the appar-
ent affinity of D-leucine for the transport process is lower
than that of L-leucine. A lower affinity for the transport
process is consistent with a higher turnover rate, and con-
sequently with a larger transport current, as already
observed when comparing different L-amino acid trans-
ported by KAAT1 (Miszner et al. 2007), and as seen in
the present work for L- and D-leucine in the presence of
Na*.

Anomalous effects at high D-leucine
concentrations

As described in detail in the Results section, an abrupt
change in the shape of the response occurs when the D-
leucine concentration is increased from 0.3 to 1 mmol/L:
the peak of the inward current is reduced compared to
that of the lower concentrations, the currents shows a
slow inactivation, and a conspicuous surge of inward cur-
rent appears upon washout of the amino acid. This
behavior is peculiar to D-leucine, as higher than
0.3 mmol/L of D-serine or D-proline fail to elicit such
kind of response (Fig. 4B). Another remarkable effect of
D-leucine at 1 mmol/L is apparent when performing
competition experiments: as shown in Figure 4A, and in
contrast to the result of Figure 1C, the addition of
1 mmol/L D-leucine significantly decreases the transport
current generated by 1 mmol/L L-leucine alone. Further-
more, it is interesting to note that when D-leucine is
washed out while in the continued presence of L-leucine,
no transient surge of inward current is observed (Fig. 4A
gray arrow).

This series of peculiar observations requires envisioning
some new kind of interaction between D-leucine and the
transporter. The existence of a second binding site for D-
leucine with an affinity lower than that of the site
involved in the transport mechanism is suggested by the
fact that all the odd effects arise sharply when the amino
acid concentration reaches a value of about 1 mmol/L. As
no evidences for the existence of conductive pathways dif-
ferent from the transport process are given by the cur-
rent—voltage relationships shown in Figure 5, a remaining
possibility is that the second binding site should exert an
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allosteric inhibition on the transport process itself. The
typical time course of current elicited by 1 mmol/L D-
leucine might then be explained as follows: due to the
inevitable delay of the perfusion system, initially the sub-
strate concentration in proximity of the cell activates the
transport process generating the inward current; when the
substrate concentration is sufficient to bind to the second
— inhibitory — site, the current stops increasing and a
slower decline begins; when the application of the sub-
strate is ended, its concentration falls, the inhibitory site
is soon voided and a surge of inward current occurs
because for a while there is still enough substrate to be
transported.

This hypothesis can also explain the apparent anoma-
lies observed in the competition experiment of Figure 4A:
the current reduction resulting from the addition of D-
leucine to the already present L-leucine is caused by the
binding to the inhibitory site, whereas the absence of the
inward surge of current when D-leucine is washed in the
continuous presence of L-leucine is due to the lower
turnover rate for this latter substrate.

D-amino acid transport in CAATCH1 and in
the KAAT1 mutant S308T

Previous studies (Soragna et al. 2004; Miszner et al. 2007)
have shown that CAATCHI, a KAAT1 homologous also
present in the Manduca sexta intestine, is not able to
transport L-leucine. The experiments such as that shown
in Figure 8 indicate that also CAATCHI is able to trans-
port D-amino acids with relative potencies qualitatively
analogous to those observed in KAAT1. A notable differ-
ence is the lack of transport current upon application of
L-serine in contrast to the large response to the D-enan-
tiomer. These findings support the possibility that
CAATCH1 may represent an additional route for D-
amino acids absorption in this insect species.

The blocking action of L-leucine on the leak current of
CAATCHLI is due to the inability to proceed along the
transport cycle after substrate binding. A similar effect is
seen in a KAATI mutant in which, the serine in position
308, a critical residue for leucine binding, is replaced by
the threonine present in the same position in CAATCH]1
(Miszner et al. 2007). Our experiments with this mutant
(Fig. 9) show that the ability to transport L- and D-enan-
tiomers of serine and proline is qualitatively unchanged
compared to the wild type. However, while the inability
to transport L-leucine is confirmed, S308T is still able to
transport D-leucine. The response to D-leucine 1 mmol/L
does not show the strikingly odd features described in the
wild type, although a small inward surge of current is still
visible at substrate washout. These results suggest that
the affinity of the primary binding site for both L- and
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D-leucine is significantly increased in the mutant, abolish-
ing the L-leucine response, and blunting the response to
D-leucine. The presence of the inward surge at washout
indicates that the second, inhibitory, site is still operating.

Nutritional and functional relevance of D-
amino acid absorption

The membrane transporters belonging to the NAT family
are mainly located in the intestinal epithelium and in
neurons and glial cells (Boudko et al. 2005; Broer et al.
2005; Takanaga et al. 2005; Meleshkevitch et al. 2006).
Their capacity to absorb D-amino acid is therefore rele-
vant not only for the nutritional aspect in general, but
also for the needs of amino acids in the central nervous
system. This suggests a possible role of these transporters
in delivering substrates for the synthesis of neurotransmit-
ters, or to provide the brain with D-serine, an important
modulator of the glutamatergic neurotransmission.

Acknowledgments

The authors are very grateful to Professor Loredano Polle-
gioni and Professor Silvia Sacchi for their precious help
in HPLC analysis, necessary to detect the uptake of D-ser-
ine.

Conflict of Interest

None declared.

References

Bauer, D., K. Hamacher, S. Broer, D. Pauleit, C. Palm, K.
Zilles, et al. 2005. Preferred stereoselective brain uptake of
d-serine—a modulator of glutamatergic neurotransmission.
Nucl. Med. Biol. 32:793-797.

Bossi, E., E. Centinaio, M. Castagna, S. Giovannardi, S.
Vincenti, V. F. Sacchi, et al. 1999a. Ion binding and
permeation through the lepidopteran amino acid transporter
KAAT1 expressed in Xenopus oocytes. J. Physiol. 515:729—
742.

Bossi, E., V. F. Sacchi, and A. Peres. 1999b. Ionic selectivity of
the coupled and uncoupled currents carried by the amino
acid transporter KAAT1. Pflugers Arch. 438:788-796.

Bossi, E., S. Vincenti, V. F. Sacchi, and A. Peres. 2000.
Simultaneous measurements of ionic currents and leucine
uptake at the amino acid cotransporter KAAT1 expressed in
Xenopus laevis oocytes. Biochim. Biophys. Acta 1495:34-39.

Bossi, E., M. S. Fabbrini, and A. Ceriotti. 2007a. Exogenous
protein expression in Xenopus Laevis Oocyte, Basic
procedure. Pp. 107-131 in G. Grandi, ed. In vitro
transcription and translation protocols, 375th ed. Humana
Press, Totowa, NJ.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

D-aa Transport by the SLC6 Transporters

Bossi, E., A. Soragna, A. Miszner, S. Giovannardi, V.
Frangione, and A. Peres. 2007b. Oligomeric structure of the
neutral amino acid transporters KAAT1 and CAATCHI.
Am. J. Physiol. Cell Physiol. 292:C1379-C1387.

Boudko, D. Y. 2012. Molecular basis of essential amino acid
transport from studies of insect nutrient amino acid
transporters of the SLC6 family (NAT-SLC6). J. Insect
Physiol. 58:433-449.

Boudko, D. Y., A. B. Kohn, E. A. Meleshkevitch, M. K.
Dasher, T. J. Seron, B. R. Stevens, et al. 2005. Ancestry and
progeny of nutrient amino acid transporters. Proc. Natl.
Acad. Sci. U. S. A. 102:1360-1365.

Broer, S., J. A. Cavanaugh, and J. E. Rasko. 2005. Neutral
amino acid transport in epithelial cells and its malfunction
in Hartnup disorder. Biochem. Soc. Trans. 33:233-236.

Castagna, M., C. Shayakul, D. Trotti, V. F. Sacchi, W. R.
Harvey, and M. A. Hediger. 1998. Cloning and
characterization of a potassium-coupled amino acid
transporter. Proc. Natl. Acad. Sci. U. S. A. 95:5395-5400.

Castagna, M., E. Bossi, and V. F. Sacchi. 2009. Molecular
physiology of the insect K-activated amino acid transporter
1 (KAAT1) and cation-anion activated amino acid
transporter/channel 1 (CAATCH1) in the light of the
structure of the homologous protein LeuT. Insect Mol. Biol.
18:265-279.

Corrigan, J. J. 1969. D-amino acids in animals. Science
164:142-149.

Feldman, D. H., W. R. Harvey, and B. R. Stevens. 2000. A
novel electrogenic amino acid transporter is activated by K+
or Nat, is alkaline pH-dependent, and is Cl-independent. J.
Biol. Chem. 275:24518-24526.

Friedman, M. 1999. Chemistry, nutrition, and microbiology of
D-amino acids. J. Agric. Food Chem. 47:3457-3479.

Friedman, M. 2010. Origin, microbiology, nutrition, and
pharmacology of D-amino acids. Chem. Biodivers. 7:1491—
1530.

Geer, B. W. 1966. Utilization of D-amino acids for growth by
Drosophila melanogaster larvae. J. Nutr. 90:31-39.

Giovanola, M., F. D’Antoni, M. Santacroce, S. A. Mari, F.
Cherubino, E. Bossi, et al. 2012. Role of a conserved glycine
triplet in the NSS amino acid transporter KAAT1. Biochim.
Biophys. Acta 1818:1737-1744.

Hatanaka, T., W. Huang, T. Nakanishi, C. C. Bridges, S. B.
Smith, P. D. Prasad, et al. 2002. Transport of D-serine via
the amino acid transporter ATB(0,+) expressed in the colon.
Biochem. Biophys. Res. Commun. 291:291-295.

Kreil, G. 1997. D-amino acids in animal peptides. Annu. Rev.
Biochem. 66:337—-345.

Limmer, S., A. Weiler, A. Volkenhoff, F. Babatz, and C.
Klambt. 2014. The Drosophila blood-brain barrier:
development and function of a glial endothelium. Front
Neurosci. 8:365.

Man, E. H,, and J. L. Bada. 1987. Dietary D-amino acids.
Annu. Rev. Nutr. 7:209-225.

2016 | Vol. 4 | Iss. 4 | 12691
Page 11



D-aa Transport by the SLC6 Transporters

Margheritis, E., G. Terova, R. Cinquetti, A. Peres, and E. Bossi.

2013. Functional properties of a newly cloned fish ortholog
of the neutral amino acid transporter BOAT1 (SLC6A19).
Comp. Biochem. Physiol. A Mol. Integr. Physiol. 166:285—
292.

Meleshkevitch, E. A., P. Assis-Nascimento, L. B. Popova, M.
M. Miller, A. B. Kohn, E. N. Phung, et al. 2006. Molecular
characterization of the first aromatic nutrient transporter
from the sodium neurotransmitter symporter family. J. Exp.
Biol. 209:3183-3198.

Miller, M. M., L. B. Popova, E. A. Meleshkevitch, P. V. Tran,
and D. Y. Boudko. 2008. The invertebrate B(0) system
transporter, D. melanogaster NAT1, has unique d-amino
acid affinity and mediates gut and brain functions. Insect
Biochem. Mol. Biol. 38:923-931.

Miszner, A., A. Peres, M. Castagna, S. Bette, S. Giovannardi, F.

Cherubino, et al. 2007. Structural and functional basis of
amino acid specificity in the invertebrate cotransporter
KAATI. J. Physiol. 581:899-913.

Mothet, J. P., A. T. Parent, H. Wolosker, R. O. Brady Jr, D. J.
Linden, C. D. Ferris, et al. 2000. D-serine is an endogenous
ligand for the glycine site of the N-methyl-D-aspartate
receptor. Proc. Natl. Acad. Sci. U. S. A. 97:4926-4931.

Sacchi, S. 2013. D-Serine metabolism: new insights into the
modulation of D-amino acid oxidase activity. Biochem. Soc.
Trans. 41:1551-1556.

Sacchi, S., M. Bernasconi, M. Martineau, J. P. Mothet, M.
Ruzzene, M. S. Pilone, et al. 2008. pLG72 modulates
intracellular D-serine levels through its interaction with D-
amino acid oxidase: effect on schizophrenia susceptibility. J.
Biol. Chem. 283:22244-22256.

2016 | Vol. 4 | Iss. 4 | 12691
Page 12

A. Vollero et al.

Soragna, A., S. A. Mari, R. Pisani, A. Peres, M. Castagna, V. F.
Sacchi, et al. 2004. Structural domains involved in substrate
selectivity in two neutral amino acid transporters. Am. J.
Physiol. Cell Physiol. 287:C754-C761.

Stevens, B. R., S. H. Wright, B. S. Hirayama, R. D. Gunther,
H. J. Ross, V. Harms, et al. 1982. Organic and inorganic
solute transport in renal and intestinal membrane vesicles
preserved in liquid nitrogen. Membr. Biochem. 4:271-282.

Takanaga, H., B. Mackenzie, J. B. Peng, and M. A. Hediger.
2005. Characterization of a branched-chain amino-acid
transporter SBAT1 (SLC6A15) that is expressed in human
brain. Biochem. Biophys. Res. Commun. 337:892-900.

Topo, E., A. Soricelli, A. Di Maio, E. D’Aniello, M. M. Di
Fiore, and A. D’Aniello. 2010. Evidence for the involvement
of D-aspartic acid in learning and memory of rat. Amino
Acids 38:1561-1569.

Wolosker, H., S. Blackshaw, and S. H. Snyder. 1999a. Serine
racemase: a glial enzyme synthesizing D-serine to regulate
glutamate-N-methyl-D-aspartate neurotransmission. Proc.
Natl. Acad. Sci. U. S. A. 96:13409-13414.

Wolosker, H., K. N. Sheth, M. Takahashi, J. P. Mothet, R. O.
Brady Jr, C. D. Ferris, et al. 1999b. Purification of serine
racemase: biosynthesis of the neuromodulator D-serine.
Proc. Natl. Acad. Sci. U. S. A. 96:721-725.

Wolosker, H., E. Dumin, L. Balan, and V. N. Foltyn. 2008. D-
amino acids in the brain: D-serine in neurotransmission and
neurodegeneration. FEBS J. 275:3514-3526.

Yamashita, A., S. K. Singh, T. Kawate, Y. Jin, and E. Gouaux.
2005. Crystal structure of a bacterial homologue of Na+/
Cl— dependent neurotransmitter transporters. Nature
437:215-223.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



