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Abstract

To the SLC6 family belong 20 human transporters that utilize the sodium electrochemical gradient to move biogenic amines,
osmolytes, amino acids and related compounds into cells. They are classified into two functional groups, the Neurotransmitter
transporters (NTT) and Nutrient amino acid transporters (NAT). Here we summarize how since their first cloning in 1998,
the insect (Lepidopteran) Orthologs of the SLC6 family transporters have represented very important tools for investigating
functional—structural relationships, mechanism of transport, ion and pH dependence and substate interaction of the mam-

malian (and human) counterparts.

Keywords SL.C6 - Membrane transporters - Neurotransmitter transporters - Nutrient transporters - ACE2 -

Electrophysiology - Xenopus laevis oocytes

Introduction
Role of Orthologs in Translational Research

Translational research applies basic biology to understand
the basis of disease and develop new therapies, medical pro-
cedures, devices, treatments and other critical medical issues
[1]. A major goal in translational research is to identify the
most suitable molecular, cellular and animal models for
studying single physiological and/or pathological processes.
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Eventually, suitable models can come out by investigating
distant Orthologs of a human gene. Differences in sequence
can correlate to differences in function providing original
solutions in structure—function analyses. In this respect, the
increase in the number of fully sequenced genomes offers
important advances in comparative genomics and transla-
tional research today [2]. Orthologs are genes that evolved
by speciation from a common gene that retained a similar
function in an ancestral species, while Paralogs are genes
that emerged by duplication within a genome and that have
often acquired a new function [3-5]. Both can be particularly
adapted in structure—function studies. Over the years, the
characterization of the human neurotransmitter transporters
has taken advantage of the comparison of sequences and
functions in phylogenetically distant Orthologs/Paralogs.
Non-mammalian proteins have been used for achieving not
only deep structural (bacterial Orthologs/Paralogs) but also
deep functional information (invertebrate Orthologs Para-
logs). In particular, the study of the molecular physiology
of the SLC6 family members has counted on two special
tools of non-human, non-vertebrate origin, i.e., the Lepi-
dopteran amino acid transporters KAAT1 and CAATCHI.
This review shows how studying KAAT1 and CAATCHI,
two Manduca sexta nutrient transporters both belonging to
the SLC6 family, has led to identifying many novel structural
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determinants strictly involved in the manifestation of major
functions of the human neurotransmitter transporters.

The SLC6 Transporter Family

The Solute carrier 6 (SLC6) [6, 7] family comprises trans-
porters for neurotransmitters, proteinogenic amino acids,
osmolytes as betaine or energy metabolites as taurine and
creatine. Transporters belonging to this family are mainly
involved in the regulation of neuronal communication
through the reuptake of neurotransmitters and in whole-body
homeostasis [8]. The family is composed of approximately
20 structurally related symporters that actively translocate
amino acids and related solutes into cells against their con-
centration gradient using the energetically favorable cou-
pled movement of ion(s) down their transmembrane elec-
trochemical gradients [9]. The neurotransmitter transporters
have been the first identified members giving the name of
Neurotransmitter sodium symporters (NSS) or the Na*/Cl~-
dependent transporters to the family [10]. This class of trans-
porters indeed co-transport with their substrates two or three
Na' ions, but other ions such as C1~ or K™ can be involved
in the translocation process. Substrate affinity and sequence
similarity allow division of the SLC6 family into four sub-
groups: GABA transporters, Monoamine transporters and
Amino acid transporters (I) and (II) [8] (Fig. 1).
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The GABA transporter subgroup contains transport-
ers for GABA, betaine, taurine and creatine. GABA is the
major inhibitory neurotransmitter in the brain. In humans,
four distinct transporters are responsible for the transport
of this neurotransmitter, namely GAT1 (SLC6A1), GAT3
(SLC6A11), BGT1 (SLC6A12), GAT2 (SLC6A13). A
decrease of GABA transporters activity determines an
enhancement of the inhibitory transmission due to reduced
GABA reuptake after synaptic release. Consequently, GABA
transporter drugs are used to treat not only seizures but
also pain and anxiety [13]. This subgroup also comprises
the transporters of the osmolyte taurine TauT (SLC6A6)
and betaine BGT1 (SLC6A12), as well as creatine CreaT
(SLC6AS), which is a storage compound for high energy
phosphate bonds to replenish ATP, particularly in muscle
and brain.

The Monoamine transporter subgroup contains the neuro-
transmitter transporters for dopamine DAT (SLC6A3), sero-
tonin SERT (SLC6A4), and noradrenaline NET (SLC6A2).
These neurotransmitters play a pivotal role in the modulation
of mood and behaviour like aggression, anxiety, depression,
addiction, appetite, attention etc. [14, 15]. Impairment of
the function of these transporters leads to reduced clearance
of monoamine transmitters, resulting in a more intense and
prolonged signal. These transporters are target of the main
pharmacological drugs for mood disorders and of abuse
drugs [16-25]. For this neurotransmitter transporters group,
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Fig. 1 The human SLC6 transporters. For hSERT and hGlyT1 the crystal structures are available [11, 12]
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the structures of a human transporter (serotonin transporter)
and a Drosophila transporter (dopamine transporter) [11, 26,
27] are available.

The Amino acid transporter subgroup (I) includes trans-
porters for glycine, for proline, and the general amino acid
transporter ATB®*. Glycine is the major inhibitory neuro-
transmitter in the spinal cord. It is transported by two distinct
proteins: the glial and the neuronal GlyT1 (SLC6A9) and
GlyT2 (SLC6AS), respectively. In the last years, an increas-
ing number of new inhibitors of these two transporters have
been identified supported by data showing their beneficial
effect in psychotic disease and neuropathic pain [28-31].
Moreover, in this group are present two other amino acid
transporters: the proline transporter PROT (SLC6A7) [32,
33] and ATB®" (SLC6A 14) transporter, which is specific for
neutral (0) and cationic (+) amino acids. ATB%* is involved
in the clearance of amino acids from secreted fluids [34]
but also seems to play a role in various diseases and cancer
[35-37]. For this amino acid transporter subgroup, the struc-
ture of a human transporter (glycine transporter) has recently
been made available [12].

The Amino acid transporter subgroup (II) contains trans-
porters responsible for amino acid homeostasis. They can
be divided in turn into two groups, one including BOAT2
(SLC6A15), NTT4 (SLC6A17), and the orphan transporter
NTTS (SLC6A16) [38], and the other including SIT1
(SLC6A20), BOAT3 (SLC6A18), and BOAT1 (SLC6A19)
[39]. This last involved in Hartnup disorders [40] and
together with SIT1 required to be associated with ACE2 for
the surface expression [41-43].

The SLC6 family transporters are widely expressed in dif-
ferent tissues. The neurotransmitter transporters are mainly
located in the CNS. However, some of these, as NET and
SERT, are also found in a subset of adrenal chromaffin cells,
mast cells and blood platelets [44]. The amino acid trans-
porters are found on the apical surface of epithelial cells,
mostly in the intestine and kidney, but also in brain, lung,
pituitary gland and testis. Taurine and creatine transport-
ers are found in the brain, kidney and other non-neuronal
tissues. Apart from NTT4 [45] found in vesicular compart-
ments in the brain, all other SLC6 family transporters are
located primarily in the plasma membrane. In the brain, the
neurotransmitter transporters are expressed both on the pre-
synaptic membrane to recapture released neurotransmitters
and in astrocytes to remove neurotransmitters and modulate
neurotransmission by a variety of mechanisms [46—49].

Role of Chloride in SLC6

For the majority of the family members, it is widely
accepted that the transport mechanism depends on the
presence of chloride. In the absence of the anion, the
activity of Cl™-dependent transporters is deeply reduced

although not completely abolished (generally less than
10% of the control conditions) [50-52] but the family
comprises also weakly C1™- dependent (showing a 50%
activity in the absence of chloride) and fully CI™- inde-
pendent members. Based on LeuTAa structures, a chloride
binding site has been modelled for the GABA transporter
GAT1 and serotonin transporter SERT [50, 51], highlight-
ing its partial overlapping with the Nal site for sodium
that, in turns, shares some residues also with the sub-
strate binding site, underlining how the “Intimate contact
between substrates enables transport” [53]. Furthermore,
very recently, based on DmDAT structure also the chlo-
ride dependent conformational changes were defined in
GlyT1 transporter [52]. These findings are supported by
the observation that the independence from the anion is
achieved by the presence of a negative charge (Glu290,
LeuTAa numbering) (for a comprehensive observation of
the findings see Fig. 5) in the position occupied by chlo-
ride in Cl™-dependent proteins. Mutagenesis in GAT1 [54]
and the bacterial homologues TnaT and LeuTAa [55-57],
and description of the chloride binding sites in DAT,
SERT crystal structures [11, 27, 58], definitely confirmed
the presence of the anion binding site. This corroborating
the hypothesis that the halide is necessary for the neu-
tralization of the positive charge of sodium allowing an
increase in the coupling rate of the transport. GAT1 has
been deeply investigated about its chloride dependence
[51, 54, 59]. The modality of interaction with the anion
is not clear: for GAT1 it has been demonstrated that a
higher external chloride concentration favors the binding
of external Na* ions required for the transport process
[59-63]. On the other hand, it has been also proved that
the hyperpolarization of the cell membrane abolishes the
dependence from the anion and renders chloride replacea-
ble by any hydroxyl ion [62, 63]. Other evidences gathered
supporting a model in which, during the normal transport
cycle, chloride is not transported into the cell with the
other substrates, but its association with the transporter
occurs only transiently through an in/out movement of the
ion from the bulk solution to the protein [60]. A recent
revisitation of the substrate/ion stoichiometry of GATI
induced transport [64] has nevertheless excluded that at
physiological extracellular and intracellular chloride con-
centrations, a Cl™-independent GABA uptake may occur.
In GAT1, chloride has also been shown to influence the
reverse transport of the neurotransmitter [65]. This kind of
transport for GAT1 was initially observed by heterologous
expression [62, 63, 66]. However, a non-vesicular, calcium
independent, GABA release from neurons has also been
determined as a relevant component of tonic inhibition of
CNS, regulating brain excitability, and has been reported
in different pathological conditions including epilepsy [67,
68]. For the monoamine transporters it has been suggested
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that different functional states of the transporters may lead
to CI™ currents in native preparations whereas by heterolo-
gous expression Na* uncoupled currents can be elicited
[69].

The Bacterial Homolog LeuT from Aquifex
aeolicus (LeuTAa)

Since 2005 the structure of the bacterial amino acid trans-
porter LeuTAa has been the main source of information
regarding the architecture and structure-based mechanism of
transport in a SLC6-type protein [19, 58, 70-72]. All these
data represent a milestone to understand the functionality
of different mammalian neurotransmitter transporters and
model their different states [73—75]. Different conformations
of LeuTAa: substrate-free state [58, 76, 77], inward-open
state [58, 78—80] and competitive [81] and non-competitive
inhibitor-[58] bound states [18] have revealed many mecha-
nistic structures for the transport and transport inhibition
of neurotransmitters transport proteins [72]. Only in the
last years structure of the Drosophila dopamine transporter
(dDAT) [26], the human serotonin transporter (hSERT)
[11] and very recently human GlyT1 (hGlyT1) transporter
[12] have been obtained, providing new and detailed crucial
information for understanding the transport mechanism and
the activity of inhibitors and potential drug [26, 27, 82-84].

From KAAT1 (Manduca sexta Amino Acid
Transporter) to GABA Transporter Structure-
Function

History - Cloning and Functional Characteristics

SLC6 family members are widespread from human to bac-
teria, and members of each subgroup are regularly found
in both Protostomes and Deuterostomes (Fig. 2) suggest-
ing a capital role in the animal cells. This review aims to
underline the value of insect transporters in the study of the
molecular physiology of SLC6 family members. We focus
on the role of Manduca sexta neutral amino acid transporters
KAATI1 and CAATCHI in elucidating some fundamentals
in mammalian SLC6 transporters. These two Lepidopteran
members of the SLC6 family have been for years a unique
tool for investigating the structure—function of their mamma-
lian Orthologs. Their functional peculiarities can be attrib-
uted to well-defined residues, consequently permitting the
identification of counterparts essential for the activity of
the mammalian SLC6 members. In 2005 Boudko [85, 86]
evaluating the yellow fever vector mosquito (Aedes aegypti)
aeAAT1 homology with selected eukaryotic and prokary-
otic genomic databases found more than one hundred cloned
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and predicted genes belonging to the SCL6 family, between
them two Manduca sexta, that were subgrouped into the
NAT cluster with other insect and mammalian transporters.
Notably, the transporters of the NAT cluster appear to be
specifically involved in nutrient transport processes.

KAAT1 and CAATCHI1 are K*-dependent amino acid
transporters that have been identified in the Lepidopteran
larvae midgut, one of the most studied tissues in Lepidoptera
[88, 89] due to the almost unique physiological features of
the transport processes taking place there [90]. The hemo-
lymph of Lepidopteran larvae has a very low [Na*]-to-[K*]
ratio and relatively high [Mg**] and [Ca**], in marked con-
trast to mammalian blood [91, 92]. The midgut is mainly
composed of two types of cells: goblet cells and columnar
cells (Fig. 3) [93, 94]. Goblet cells are involved in net secre-
tion of K*. An apical electrogenic H* V-ATPase in paral-
lel with a K*/2H* antiporter [95] are responsible for the
active secretion of K* from the hemolymph into the mid-
gut lumen (Fig. 3). This “K* pump” produces a transapical
electrochemical potential difference for K* of approximately
— 200 mV, which is composed almost completely of the
voltage component [91, 96-98], as well as a large pH differ-
ence between the hemolymph (pH 6.8) and the lumen (pH
10.5) since K* reaches the lumen accompanied by carbonate,
resulting in luminal alkalization [92]. The columnar cells
are absorptive cells with a well-developed brush-border and
accumulate amino acids, coupled to the cotransport of K*
[91, 96]. KAAT1 was the first K*-coupled neutral amino
acid transporter cloned from a Manduca sexta midgut cDNA
library [99]. The protein of 634 amino acids is organized in
12 TM domains, realizes the cotransport of neutral amino
acids with both branched and not branched side chain in
addition to glycine and, matching the condition of larval
intestine, shows a maximal activity at alkaline pH values, a
condition in which amino and carboxyl groups of the sub-
strate leucine are both deprotonated [100, 101].

Sequence comparison revealed a mean sequence iden-
tity of about 35% with members of the SLC6 family but
despite the intriguing homology, functional expression of
KAATI in Xenopus laevis oocytes highlighted features
shared with the family members and unique features that
has rendered its cloning a sort of turning point in the field
of secondary active transport physiology. Indeed, KAAT1
is an amino acid transporter that is activated by sodium but
can accept as driver ion also potassium and lithium and
shows an organic substrate specificity that is dependent on
the main cation present. When N. at is the driver ion, threo-
nine is the preferred substrate and then proline, methio-
nine and leucine with this order of preference, while when
the driver is K*, leucine is the preferred one [102, 103].
The wide spectrum of transportable substrates matches
the behaviour of most intestinal transporters and reflects
the functional role of this protein in the context in which
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Fig.2 Phylogenetic relationships from selected SLC6 type transporters. Representative members of fish, insect, birds, mammalian -created with

Interactive tree of life (https://itol.embl.de/) [87]

it is expressed. In the gut its main role is to accumulate as
much as possible metabolites from the lumen that is, due
to the vegetarian diet of the animal, normally low in amino
acids and sodium content. In this scenario, the change of
substrate preference according to the different driver ion
suggests that the coupling properties are not due to a low
ion selectivity being the protein able to modify its behav-
iour according to a different cation. As a further distinction
from most neurotransmitter transporters of the SLC6 fam-
ily, KAAT1 shows a weak chloride dependence [99, 104].
The transport activity is electrogenic: beside the classical

transport associate currents, it shows pre-steady state cur-
rents and leaky currents [99, 105, 106]. The amplitude of
the transport associated currents is influenced both by the
driver ion and by the transported amino acid [99, 102, 103,
107]: proline, for instance, is transportable only when the
membrane is highly hyperpolarized like it has been found
in vivo [108]. The uncoupled currents are, as well as in
other members of the family [61, 109], particularly large
and show a cation selectivity sequence of Lit >Na* > K™
~ Rb' ~ Cs* indicating that these ions interact with the
protein in a specific cation binding site [106].
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Fig.3 Manduca sexta transport-
ers KAATI1 and CAATCHI:
Structure, expression, and

in vivo operating conditions
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From the same tissue, by a PCR-based strategy, Feld-
man and co-workers cloned in 2000 another transporter
with a mean significant homology (37% amino acid
identity) with SLC6 members and with a high degree of
identity (90%) with KAAT1: the cation—anion-activated
amino acid transporter/channel 1 (CAATCHI) [110].
Like KAAT1, CAATCHI1 is K" dependent but activated
also by Nat, is pH-dependent and is partially chloride
independent but specific features of its induced transport
process distinguish it from KAAT1. CAATCHI1 exhibits
a peculiar behaviour of an amino acid-gated cation chan-
nel in which methionine can inhibit constitutive leakage
currents whereas other substrates can activate currents
[111] and shows a substrate selectivity preferring threo-
nine in the presence of K* and proline in the presence of
Na™, whereas leucine is not accepted [103]. The differ-
ences in amino acid sequence and function of these two
proteins compared with SLC6 members has represented a
robust tool in the characterization of the structure—func-
tion relationships of the family. This despite the very
limited genomic information available on the Manduca
sexta genome, which had initially led to conceive com-
plex patterns of alternative splicing of transcripts derived
from a single gene, RNA editing of a single transcript or
a gene duplication to account for the differences between
KAAT1 and CAATCHI1 To date we can reasonable assess
that KAATI1 and CAATCHI1 result from (a) gene dupli-
cation event(s), observable in Manduca sexta genome.
KAATT1 is coded by a gene (Ref. LOC115441500) located
upstream a second gene (Ref. LOC115441501), both on
the (GenBan Acc. No.) NW_023595374.1 (Chr: Unplaced
Scaffold) Reference JHU_Msex_v1.0 Primary Assembly
(Fig. 4).
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What KAAT1 (and CAATCH1) Suggest(s) About
the Structure-Function Questions of the SLC6
Family

At the beginning of the 2000s, the use of Orthologs was not
so common in structure—function studies but KAAT1 cloned
in 1998 [99] and CAATCHI1 cloned in 2000 [110] showed
S0 many interesting properties that their use in investigat-
ing structure—function of the mammalian neurotransmitter
transporters became necessary. The main properties of the
two transporters have thus been investigated in comparison
e.g. with the well-studied mammalian GAT1 (SLC6A1).
Starting from the pH modulation of the electrophysiologi-
cal properties, we discovered and investigated many of the
determinants involved in substrate and ion binding, chloride
and pH regulation and transport steps [102-104, 112-122].

pH Dependence

Although pH dependence varies between members of the
SLC6 family and among Orthologs and it has never been
fully investigated even between the mammalian, it repre-
sents an interesting aspect as it is hypothesized to have also
arole in chloride dependence in some steps of the transport
process [123]. In this review, we have decided to introduce
the use of KAAT1 as a “model orthologue” for the study of
neurotransmitter transporters of the SLC6 family starting
from the first mutant of GAT1 inspired by the function of
KAAT]1. The first use of KAAT1 in studying GAT1 function
was in 2001 [112]. In this paper, a mutation in the fifth extra-
cellular loop of rGAT1 was produced, taking the KAAT1
sequence as a model, providing the pH dependence on the
electrophysiological properties of rGAT1. The idea started
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57 — Pieris macdunnoughi|CAF4922159.1
L Pieris rapae|XP 022130796.1

100

Fig.4 Comparison of genomic scaffolds of Manduca sexta and
the closely related Bombyx mori and Bombyx mandarina genomes.
A Large duplication event seems to be occurred in the Man-
duca sexta genomic region containing LOC115441498, KAATI1
(LOC11544500), LOC11544502, CAATCH1 (LOC11544501)
as evident by comparison to the downstream region containing
LOC11544505 and LOC11544504 genes. The region contains scat-

tered along the scaffold other nutrient amino acid transporter genes
strongly related to the SLC6 family (see e.g., LOC115441499), which
suggest a more complex genomic organization of this area. B Phy-
logenetic relationships among Lepidopteran (moths and butterflies)
sodium-dependent nutrient amino acid transporters (NATS) sharing
highest similarities (67-75% identity) with Manduca sexta KAAT1/
CAATCHLI transporters
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from the behaviour at different pH of the rat and human
serotonin transporters where a single residue was involved
in the modulation of the transport current [124, 125]. The
residue, before the structure of LeuTAa, was considered part
of 5 external loop and located after the crystallization, in the
10 TMD, proximal to the extracellular side [71]. Compar-
ing the sequences of GAT1, rSERT, hSERT and KAATI1
in this region, the presence of positive lysine residues was
considered a signature for the pH insensitive transporters. In
fact, in KAAT1, which was highly pH-dependent [126], this
residue is a negatively charged glutamate, as in almost insect
and prokaryotic transporters [127], while it is a threonine in
rSERT. GAT1 became pH-dependent after the substitution
of the Lysine 448 with negatively charged glutamate. The
pre-steady state current and consequently the Q/V (Charged
/Voltage) relationship and the transport current were influ-
enced by the pH and the apparent GABA affinity decreased.
These findings let us in 2001 to conclude that “The specific
effects of the K448E mutation and the more general inhibi-
tion seen in the Y452E [112] form suggest that the extra-
cellular loop 5 of rGATI may take part in forming a sort
of ‘vestibule’, where Na* ions must have access before the
charge-moving transition could take place”. Our hypothesis
was confirmed by the LeuTAa structure, where the residues
close to the extracellular side of the TMD10 form together
with the EL4 and residues of the TMD1 the extracellular
gate. Almost ten years later, the same residue was discovered
to be also involved in the interaction of tricyclic antidepres-
sants with GAT1, confirming its role in the extracellular gate
[128].

Position according to
LeuTAa numbering

SLC6A family SC

TMD1
From17To 24

Eukaryotic NAT SLC6A §c éb§
ATl SY/

el

Eukaryotic NTT SLC6A

lonic Dependence

When, in 2007, Kanner [51] and Forrest [50] proposed the
chloride binding site from the asparagine N286 to gluta-
mate E290, LeuTAa numbering (Fig. 5), we looked with
interest to the first amino acid of the series whose function
was characterized in 2004 [102] for KAAT1. D338 mutants
strongly affected ionic dependence. In our work, the D338
residue was identified as a potential actor because it was
present only in the K-accepting cotransporters KAAT1
and CAATCHI1. Aspartate was mutated in the correspond-
ing asparagine present in rGAT1, rSERT and hDAT and
other neutral or conservative residues. Mutants D338G and
D338C of KAAT]1 led to non-functional transporters, instead
D338E and D338N, conservative and semiconservative
mutants, displayed altered ionic selectivity in electrophysi-
ological behaviour and uptake experiments, pointing to a
role of D338 position in K* interaction and in coupling of
amino acid and cation fluxes. Interestingly, our conclusions
anticipated one of the most important novelties revealed by
LeuTAa’s crystal structure: i.e., that the thermodynamic
coupling of ion and substrate transport is achieved utilizing
the spatial proximity and direct interaction of the binding
sites, as the corresponding residue N286 in LeuTAa was
found to be part of the Nal binding site.. Noteworthy some
years later we hypothesized that the D338 negative charge
could be the player involved in the ability of KAAT1 and
CAATCHI1 to work in weakly chloride-dependent mode
[104]. By a second-site suppressor approach, the altered
uptake observed in D338E mutant could be recovered by

TMD6
From 246To 254

TMD?7 - Chloride
signature From 286 To 290

% Vet aFsa

Fig.5 WebLogo of the indicated functional regions. The amino acid sequence considered are indicated and referred to LeuTAa numbering [137]
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the simultaneous substitution of the specific Lys 102 with
Val. The same behaviour was observed in the correspond-
ing mutant (V56K-N264D) of the bacterial tryptophan
transporter TnaT from Symbiobacterium thermophilum,
thus giving a functional meaning to the structural proxim-
ity observed between TMD2 and TMD7 in the LeuTAa 3D
structure [116]. A direct interaction between these residues
was proved by the thiol crosslinking inhibition observed in
the D338C/K102C mutant, and considering that in LeuTAa
N286 participates in the coordination of sodium in the Nal
binding site, our analysis outlined as during the transport
cycle Lys102, through its positive charge, may maintain
D338E in position, maximizing the coordination of Na*
and K* and facilitating cation-substrate coupling. In KAAT1
and CAATCHI1 chloride differently influenced the transloca-
tion according to the organic substrate and the driving ion,
affecting the ion coupling. The uptake was always reduced
by the complete absence of chloride but the transport cur-
rents if the substrate was leucine in sodium or threonine in
potassium resulted completely independent of the presence
of CI” ions. Focusing on the region where TM1 adopts an
extended conformation connecting TM1a and TM1b, i.e. the
putative Na* and leucine binding site, it stands out that the
three amino acids are specific for KAAT1 and CAATCHI1.
The threonine 67 (N21 in LeuTAa) involved in substrate
binding located between the putative Nal and Na2 binding
site (Fig. 4), is present only in KAAT1 and CAATCH1 and
the sodium binding sites in KAAT1 (and CAATCH]1) are
not conserved: Ala66 corresponds to Gly20 in the Na2 site
of LeuTAa, and Ser68, corresponds to Ala22 in the Nal
site. Mutations of KAAT1 and CAATCHLI1 site in this posi-
tion affected the sodium dependence and altered the chloride
requirement suggesting a role in the coupling step of the
transport process [59, 118, 119, 121, 129]. A clearer view of
the role of chloride in SLC6 was offered by the comparative
characterization of some orthologues of BOAT1 (SLC6A19)
and BOAT2 (SLC6A15) [130-133]. These nutrient trans-
porters of the SLC6 family, in contrast to other members,
are completely chloride-independent and in their sequence
in the chloride binding site asparagine is in most cases sub-
stituted by aspartate. As stated above, other members of the
family share with KAAT1 and CAATCHI1 the weak chloride
dependence [134-136] and, interestingly, all of them are
responsible for the uptake of amino acids at the intestinal
and renal epithelial cells even if they are also expressed in
internal districts. Thus, the weak chloride dependence (or
the complete chloride independence of some insect eukary-
otic members [86] and all prokaryotic proteins) seems to
be linked to the facing of the protein to the extracellular
environment.

We can speculate that prokaryotic transporters did not
evolve the dependence from chloride being these proteins
counteracting an environment not always constant in its

composition, in which the dependence from the availabil-
ity of another ion, apart from sodium that is necessary for
the activation of the transport, could be a disadvantage in
terms of competition for nutrients. The solution was found
in keeping the required negative charge constantly associ-
ated with the transporter (and varying its protonation state
according to the different step of the transport cycle) [51].
Evolution probably allowed the loosing of this adaptation
in mammalian transporters being these proteins harboured
in a system that steadily bath cells membrane with a fluid
in which the chloride concentration is never limiting. Still
open is the question regarding the evolutionary advantage
gained by these molecules in acquiring the dependence from
this anion (or, in other terms, why they have lost the negative
charge present in their prokaryotic ancestor). More compli-
cated is the case of proteins that face the extracellular envi-
ronment in eukaryotic organisms that have evolved a similar
or identical structure, in the putative chloride binding site,
to those of mammalian strictly chloride dependent proteins
but also show behaviour that, somehow, is superimposable
to that of bacterial members of the family. We can again
speculate that this could be an evolutionary adaptation. It
is easy to think of a common origin for eukaryotic SLC6
members, those that are active in apical membranes of renal
or intestinal epithelia are devoted to uptake their substrates
in conditions not highly controlled as found by their homo-
logues in the internal environment of the organisms. The
loosing of chloride dependence could be a sort of exit strat-
egy to make the uptake less susceptible to variation of the
environmental conditions. For some of these mammalian
chloride-independent proteins, the absence of the anion does
not modify the uptake capacity whereas for insect amino
acid transporters it reduces the activity up to 50% accord-
ing to the transported substrate, indicating a more complex
role for the halide in these transporters. Our speculations
seem to be at least in part sustained by the fact that both
KAATI1 and CAATCHI1 in the position corresponding to
Glu290 of LeuTAa bear a neutral polar residue, as found in
Cl™-dependent carriers, but possess as residue bridging the
two Na* binding sites, Thr67, that is not conserved in the
family, is essential for the functional coupling of substrates
flux and which modification influences the interaction with
chloride [121], highlighting as in these insect transporters
the interaction with the anion is different from that occurring
in full chloride dependent transporters.

Residues Involved in Na/K and Substrate Binding

As reported above often residues involved in chloride
dependence, when mutated, also modified the ionic coupling,
underling that the anions and cations cooperate in the trans-
location process. In addition to the residues already men-
tioned, other functional determinants have been identified by
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mutation using KAAT1 and CAATCHI1 as models. Most of
these amino acids residues have been identified by utilizing
the comparison between the two sequences of CAATCH1
and KAAT1. The two Manduca sexta transporters not only
differ from the mammalian members of the SLC6 family
for their ability to use K* as driving ion but also differ from
one another in terms of substrate selectivity and a very
small number of residues can be responsible for the differ-
ences. The two proteins have sequence identity of 90.15%,
that is to say, that they differ for only 63 amino acids and
that between them only 41 are located in the central regions
[103]. KAAT1 and CAATCH1 mutants, chimaera proteins
and chained constructs, concatemers, studied over the years,
have often anticipated findings that have been confirmed by
the publication of the structures of the SLC6 members [11,
27, 71]. Among these, in 2004 the construction of chimeric
proteins between the two transporters had predicted the
presence of a central region fundamental for the selectivity
to substrates [103]. The apparent discrepancy between the
results reported in the paper that identifies TMDs 4 to 8
as responsible for selectivity is easily explained by under-
lining the full sequence identity between the two Manduca
proteins in TMDs 1 and 3. Taking advantage of the fact
that CAATCHI and KAATI give rise to specific kinds of
current depending on the cotransporter ion, pH, transported
amino acid and membrane voltage, in 2007 we have created
concatemered proteins consisting of one KAAT1 protein
covalently linked to another KAAT1 (K-K concatamer) or
CAATCHI1 (K-C concatamer) and vice versa (C—C con-
catamer and C-K concatamer). Studying the electrophysi-
ological properties of these constructs we demonstrated that
their activity was compatible with a monomeric functional
protein. Nevertheless, the FRET studies in the same work
suggested that these proteins form oligomers and confirm
that, when expressed on the plasma membrane the COOH
termini of the protein was adjacent to the other transport-
ers subunits [115] in agreement with the atomic structure
of LeuTAa and data from other SLC6 members [138-142].

Another residue involved in substrate interaction was
identified using the LeuTAa structure as a working model. It
is Ser308 involved in substrate binding located in non-helix
region of the TMD®6 (Fig. 5). This residue is a threonine in
CAATCHI. The electrophysiological data collected on the
two Manduca mutants showed that serine has the main role
in substrate selectivity and its transfer into the cytoplasmic
environment [117]. Our results were comparable to a paper
published at the same time presenting similar results that
explain the different selectivity of GlyT1 and 2 [143]. A
further feature of CAATCH1 and KAATI that differenti-
ates them from vertebrate counterparts is the ability of these
two transporters to transport D-amino acids [120]. To our
knowledge, only one other member of the SLC6 family was
functionally demonstrated to be capable of promoting the
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translocation of these substrates [144]. The data are interest-
ing not only for the result itself but for the other two aspects.
First, the electrophysiological characteristics highlighted by
the transport, in particular by competition experiments that
allowed us to hypothesize the existence of a second binding
site for the substrate with a lower affinity compared to the
main one, fundamental for the selectivity of the transport-
ers. Furthermore, in this work, the presence of substrates
normally not present in the cytoplasmatic environment,
allowed us to develop an alternative method for investigating
the actual translocation of the substrate inside the cell, we
evaluated the amount of D-amino acids in the single oocyte
by analyzing the cytoplasmic content by HPLC [120]. This
method has only recently been implemented by the use of
GS-MS allowing to measure in a determined and precise way
the basal content of metabolite in oocytes and, in oocytes
expressing different membrane transporters, the amount of
transported substrate in a single cell after exposure to differ-
ent medium [145]. Finally, it is important to underline how
the transport of D-amino acids by the insect NATSs could be
of particular interest, given the recent approach that involves
the use of insects for the treatment of organic waste for the
production of molecules of nutraceutical, pharmacological
and nutritional interest [146, 147].

KAAT1, CAATCH1 and Other SLC6 Nutrient
Transporters from Insect to Human - Alone
or with Ancillary Protein

Finally, the insects nutrient transporters are expressed on
the plasma membrane even in the absence of the ancil-
lary proteins, requested by the vertebrates and fish coun-
terparts [42, 43, 148—-150]. The ability to be expressed or
not in the plasma membrane was investigated with different
approaches in different species. This has revealed a complex
picture typical of the NAT group of transporters. Some pro-
teins need the ancillary protein to reach the membrane, other
whose expression was instead greatly increased by the pres-
ence of ACE2 or collectrin [149, 150]. Only recently, due to
the attention paid to ACE2 as a receptor for SARS-COV2,
the three-dimensional structure that shows the interaction
between NATs and the accessory protein became avail-
able and the story summarized [41]. The ancillary proteins
have an important role in dimerization that is needed for
membrane localization. The structure of B’AT1 with ACE2
allowed identification of the residues of the transporter
involved in the interaction [151]. In this scenario. KAAT1
and CAATCHI1 can be useful tools for investigating the pos-
sible role of the oligomerization of nutrient transporters in
membrane localization. Different indications suggest the
possible access of the coronavirus from the compartments
open to the external environment, like the gut lumen. The
necessity to be expressed together with NAT transporters
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causes the accessory protein ACE2 to be widely present as
well. The role of ACE2 in interacting with coronaviruses has
been highlighted since 2002 [152]. The copious presence
at the brush border of the small intestine of ACE2 and of
another aminopeptidase N [153, 154], that is also a coro-
navirus receptor and ancillary protein for NAT transporter,
and the presence of the virus in patients samples, indicate
the possibility of faecal-oral transmission. With this in mind,
the future aim is to use the Orthologs model to understand
the interaction between NAT and ancillary proteins to better
understand these relations and possibly to give our contribu-
tion in developing new drugs for fighting the infection.

Conclusions

Differences in sequence correlate with differences in func-
tion in membrane transporters and defining the role(s) of
either single residues or functional (amino acid) regions help
understaning the translocation process(es) in these proteins
more and more often recognized to be involved in health and
disease statuses. What we have reported here summarizes
part of the knowledge acquired over the last two decades
on the SLC6 transporters, mainly using two tools: distant
orthologues and electrophysiological approaches. Although
not amongst the most commonly used model organisms,
Manduca sexta has certainly revealed its complementarity
to the study of the SLC6 transporters, sometimes antici-
pating observation later confirmed and reinforced in the
mammalian (and human) model. What we have learned
in these 20 years has been above all the importance of the
differences. In recent years, especially with increasing the
translational medicine approaches, it becomes progressively
important to identify the appropriate model for studying a
specific cellular process. Furthermore, considering the grow-
ing importance of transporters, and of neurotransmitter
transporters as targets of new and more specific drugs, it will
be significant not only to exploit known animal models but
also to focus on those ‘non-conventional’ model organisms
that fit the specific process to be studied. For this reason, a
comparative functional approach in characterizing new and
old proteins will be ever more critical to valuably support
the translational approach, thus leading ‘non-medical’ basic
biology to increasingly support the new discoveries in medi-
cine, health, and welfare aspect of everyday life.
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