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Abstract

Bacterial pathogens are a major cause of foodborne diseases and food poisoning. To cope with the acid conditions encoun-
tered in different environments such as in fermented food or in the gastric compartment, neutralophilic bacteria have devel-
oped several adaptive mechanisms. One of those mechanisms, the amino acid dependent system, consumes intracellular
protons in biochemical reactions. It involves an antiporter that facilitates the exchange of external substrate amino acid for
internal product and a cytoplasmic decarboxylase that catalyzes a proton-consuming decarboxylation of the substrate. So
far, four acid resistance antiporters have been discovered, namely the glutamate-y-aminobutyric acid antiporter GadC, the
arginine-agmatine antiporter AdiC, the lysine-cadaverine antiporter CadB, and the ornithine-putrescine antiporter PotE. The
3D structures of AdiC and GadC, reveal an inverted-repeat fold of two times 5 transmembrane helices, typical of the amino
acid-polyamine-organocation (APC) superfamily of transporters. This review summarizes our current knowledge on the trans-
port mechanism, the pH regulation and the selectivity of these four acid resistance antiporters. It also highlights that AdiC
is a paradigm for eukaryotic amino acid transporters of the APC superfamily as structural models of several of these trans-
porters built using AdiC structures were exploited to unveil their mechanisms of amino acid recognition and translocation.

Keywords Acid resistance - APC transporter - Molecular simulation - Foodborne disease - Transport mechanism - pH
regulation

Introduction consequence is the extrusion of a cytoplasmic proton to the

extracellular environment counteracting intracellular acidifi-

To counteract acid stress encountered in their surroundings,
neutralophilic bacteria have developed different molecular
strategies which include passive and active acid resistance
(AR) systems (Aquino et al. 2017; Giannella et al. 1972;
Lin et al. 1995; Lund et al. 2014). These systems may give
ingested bacteria the ability to colonize gut and spread to
other sites of the body which could pose a serious risk to
human health when enteric pathogens are considered (Lund
et al. 2014; Rolhion and Chassaing 2016). Bacteria expe-
riencing acid stress, for example in the stomach, can take
advantage of amino acids available in their environment.
After being transported in the cytosol, these amino acids
undergo a proton-consuming decarboxylation reaction whose
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cation. So far several distinct of these amino acid dependent
AR systems have been characterized (Aquino et al. 2017; De
Biase et al. 1999; Iyer et al. 2003; Kashiwagi et al. 1997; Lu
et al. 2013; Soksawatmaekhin et al. 2004). They consist of
two components: a substrate/product antiporter that facili-
tates the exchange of external substrate for internal product
and a cytoplasmic decarboxylase that catalyzes a proton-
consuming decarboxylation of a substrate amino acid. One
of these systems exchanges extracellular L-Glu with the
cytosolic decarboxylation reaction product y-aminobutyric
acid (GABA) (Fig. 1a) (De Biase et al. 1999; Hersh et al.
1996). The other amino acid dependent AR systems are the
arginine-dependent, the lysine-dependent, and the ornithine-
dependent systems (Fig. 1b—d). The glutamate- and arginine-
dependent systems offer robust protection against extreme
acid stress with the glutamate-dependent system being the
most effective (De Biase and Pennacchietti 2012; Diez-Gon-
zalez and Karaibrahimoglu 2004). The lysine- and ornithine-
dependent systems operate under milder acid stress condi-
tions (Diez-Gonzalez and Karaibrahimoglu 2004; Kashiwagi
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Fig.1 Schematic representation of the different amino acid depend-
ent AR systems. a The glutamate-dependent AR system rests on
the import of glutamate to the cytosol by the GadC antiporter, its
decarboxylation by either GadA or GadB into GABA followed by
GABA export to the extracellular medium by GadC. b The arginine-
dependent AR system consists in arginine import to the cytosol car-
ried out by the AdiC antiporter, its decarboxylation through AdiA
into agmatine (Agm) followed by the Agm export to the extracellu-
lar medium performed by AdiC. ¢ The lysine-dependent AR system
mediates lysine import to the cytosol carried out by the CadB anti-
porter, its decarboxylation through CadA into cadaverine (Cad) fol-
lowed by the Cad export to the extracellular medium performed by

et al. 1991; Soksawatmaekhin et al. 2004). In addition to
glutamate, the antiporter of the glutamate-dependent AR
system is also capable of importing glutamine (Ma et al.
2012) that is converted, in the cytosol, to glutamate by an
acid-activated ammonia-releasing amidohydrolase (Fig. le).
The resulting ammonia is released either by membrane per-
meation or a specific transporter and at low pH combines
with intracellular protons, raising thereby the intracellu-
lar pH, while glutamate, depending on the acidity of the
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CadB. d The ornithine-dependent AR system comprises ornithine
(Orn) import to the cytosol carried out by the PotE antiporter, its
decarboxylation through PotA into putrescine (Put) followed by Put
export to the extracellular medium performed by PotE. e A variation
of the glutamate-dependent AR system (see a) relies on the import
of Gln into the cytosol by GadC, followed by its conversion to Glu
by the acid-activated amidohydrolase YbaS and the production of
ammonia. NH; can exit the cell by membrane permeation and, at low
pH, combines with internal protons while Glu is decarboxylated by
either GadA or GadB into GABA followed by GABA export to the
extracellular medium by GadC

medium, is converted to GABA and expelled by GadC (Lu
et al. 2013; Ma et al. 2013).

AdiC and GadC were identified as the AR antiporters
involved in the arginine-agmatine and glutamate-GABA
exchange (Gong et al. 2003; Iyer et al. 2003; Richard
and Foster 2004) respectively, and CadB and PotE as
the antiporters involved in the lysine-cadaverine and the
ornithine-putrescine exchange (Kashiwagi et al. 1997;
Soksawatmaekhin et al. 2004). All belong to the amino
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acid-polyamine-organocation (APC) superfamily, the sec-
ond largest superfamily of secondary transporters, whose
members share relatively low levels of sequence identity
but have a common structural fold (Jack et al. 2000; Wong
et al. 2012).

Most transporters operate via an alternating access
mechanism (Jardetzky 1966) that is described by a transi-
tion between an outward-facing (OF) open and an inward-
facing (IF) open conformation (Fig. 2) (Diallinas 2016; For-
rest et al. 2011; Forrest and Rudnick 2009; Shi 2013). This
conformational change also involves specific gating residues
to protect the substrate from one side of the membrane at a
time. AdiC has been the best studied AR antiporter so far
thanks to its three dimensional (3D) structures elucidated
in different conformational states (Fig. 2) (Fang et al. 2009;
Gao et al. 2009, 2010; Ilgii et al. 2016; Kowalczyk et al.
2011). The 3D structures of AdiC as well as the ones of
GadC (Ma et al. 2012) along with mutagenesis, transport and
binding experiments have been of great value to get insight
into the molecular mechanism of these AR antiporters. They
furthermore have paved the way to study, at a molecular

level, the transport process and substrate specificity of AdiC
with molecular simulations (Chang et al. 2010; Ilgii et al.
2016; Kowalczyk et al. 2011; Krammer et al. 2016, 2018;
Zomot and Bahar 2011). This review aims at detailing our
current knowledge about the AR antiporters with a focus on
their structural and mechanistic features essential for sub-
strate selectivity, binding and transport. We further highlight
how the structures of these antiporters have helped into gain-
ing understanding of the function, regulation and transport
mechanism of different eukaryotic APC transporters.

The 3D Structure of AR Antiporters

Insight into the mechanistic aspects of the pH-dependent
activity of the AR antiporters has been largely provided
by the 3D structures of AdiC and GadC (Fang et al. 2009;
Gao et al. 2009, 2010; Ilgii et al. 2016; Kowalczyk et al.
2011; Ma et al. 2012). So far AdiC structures have been
determined in the substrate-free and substrate-bound OF
open as well as in the substrate-bound occluded confor-
mations (Fig. 2; Table 1). The GadC structure adopts an

OF open OF open
substrate-free substrate-bound
AdiC: 3NCY AdiC-Arg:  30B6

3LRB AdiC-Agm: 5J4N
5141

outside ‘

-—
_—
inside
outside
-—
_—
inside

GadC: 4DJK**
4DJI**

IF open
substrate-free

Fig.2 The transport mechanism of AR transporters. Schematic repre-
sentation of the alternating access mechanism and of the main struc-
tural states occurring during transport. The PDB codes of the AdiC
and GadC crystal structures corresponding to transporter states along
transport are listed when available (for more details see Table 2).

Occluded*

X

AdiC-Arg:3L1L

V.

IF open
substrate-bound

*The occluded structure was referred as to, in the original structure
paper, the OF occluded state. It was reviewed as an occluded state in
a computational study (Krammer et al. 2016). **The funnel of the IF
side in GadC structure is blocked by its C-terminal region (C-plug)
(see “The 3D structure of AR antiporters” section)
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Table 1 Overview of the 3D structures of AdiC and GadC

3D structures OF open substrate-free

OF open substrate-bound

Occluded substrate-bound IF open substrate-free

Antiporter AdiC AdiC AdiC GadC

PDB Code 3LRB/3NCY/5J41 30B6 3L1L/5J4N 4DJI*/4DJK*

Resolution (in A)  3.6/3.2/2.2 3.0 3.012.9 3.2/3.1

Oligomeric State Dimer/Dimer/Dimer Dimer Momomer/Dimer Dimer®/Dimer®

Substrate -/-1- Arg Arg/Agm -/-

Mutations -/-/- NI101A N22A/- -/-

pH 7/817 8.5 8/7 8/8

Organism E. coli/S. typhimurium/E. coli  E.coli E. coli/E. coli E. coli/E. coli

Reference (Gao et al. 2009)/(Fang et al. (Kowalczyk et al. 2011) (Gao et al. 2010)/(Ilgii et al. 2016) (Ma et al. 2012)
2009)/Ilgii et al. 2016)

Released till May 2019

2GadC, with omission of its C-terminal fragment, about 35 residues long, that forms a plug arranged to block the path from the substrate binding

site to the inward-facing side, reflects an IF state

In contrast to AdiC dimers, the GadC dimer is formed in an antiparallel fashion

IF state and present a unique feature as its C-terminal
fragment (residues 470-509) folds back into the mouth
of the IF open side (Fig. 3a) and blocks the path to the
binding site (Ma et al. 2012). All AdiC and GadC struc-
tures were solved at neutral pH or higher. In most crystal
structures, AdiC forms a dimer in the asymmetric unit.
AdiC was reported to function as a homodimer in which
each monomer mediates a one-to-one Arg-Agm exchange
(Fang et al. 2007). The GadC structures also contain two
molecules, arranged, however, in an antiparallel manner

B

Fig.3 The 3D structure of AdiC and GadC. a IF open GadC structure
is depicted as a transparent white molecular surface with the C-plug
(red surface) that blocks the entrance of the substrate path at neu-
tral pH. b The 5+5 TM fold of the APC superfamily is shown for
the AdiC occluded crystal structure (PDB ID: 3L1L). The TMs are
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which suggested that GadC may function as a monomer
(Ma et al. 2012).

Both, AdiC and GadC structures adopt the so-called LeuT
fold of the APC superfamily (Shi 2013) formed with two
repeats of 5 transmembrane (TM) helices each related by
a two pseudo order symmetry axis (5+5 TM fold) and two
additional C-terminal TM helices (Fig. 3b). The first TM
of each repeat (TM1 and TM6) features an unwound por-
tion located at about the center of the TMs. The Arg-bound
occluded AdiC structure was determined for the N22A

545 TM fold

depicted as a cartoon, with the first five TMs in purple and the last
five TMs in green. The last two TMs (TM11 and TM12; in transpar-
ent gray) are not part of the 545 TM inverted-repeat fold. The ligand
is shown as orange van-der-Waals spheres (Color figure online)
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mutant (Table 1) as attempts to crystallize AdiC-wt with Arg
failed (Gao et al. 2010). This AdiC variant retains a trans-
port activity level similar to AdiC-wt and binds Arg with a
significantly enhanced affinity. However, in contrast to the
wt, AdiC-N22A prefers Arg over Agm (Ilgii et al. 2016). A
similar inversion was found for the thermostabilizing effect
of AdiC-N22A bound either to Arg or Agm relative to the
AdiC-wt (Ilgti et al. 2018). These observations raised the
question of the validity of AdiC-N22A to study the trans-
port mechanism (Ilgii et al. 2018). The Arg-bound OF open
structure was solved for AdiC-N101 mutant which suffers
a severe transport defect (Kowalczyk et al. 2011). The only
substrate-bound wt AdiC structure was determined in com-
plex to Agm and attributed to the higher affinity of AdiC-wt
for Agm (Ilgii et al. 2016).

Root mean square deviation (RMSD) values, which meas-
ure structural differences, indicate that the backbone of the
three OF open structures of AdiC are rather similar regard-
less of the presence/absence of a mutation or of a ligand with
values ranging from 0.3 to 0.8 A (Table 2A). The occluded
structure differs from these OF open structures by a RMSD
of about 2 A. Using the superimposed structures, the com-
puted RMSD values between the substrates vary between 0.9
and 2.2 A with the higher value occurring for the Arg bound
to the OF open structure (Table 2B).

The substrate-bound OF open and occluded AdiC struc-
tures (Gao et al. 2010; Ilgii et al. 2016; Kowalczyk et al.
2011) highlight a single, central substrate binding site
formed by TM1, TM3, TM6, TM8, and TM10 (Fig. 4a).

Table 2 Comparison of the 3D structures of AdiC

In these structures, the a-amino group of the ligand forms
hydrogen (H) bonds with residues of the unwound parts of
TM1 and TM6 and the a-carboxyl group of the Arg partici-
pates in H bonds with the unwound segment of TM1 only
(Table 3). The discontinuity of these two TM helices has also
been observed in other APC transporters (Krishnamurthy
et al. 2009; Shi 2013). Residues in these helical discontinued
portions form two motifs: “GSG” in TM1 (Gly25-Ser26-
Gly27 in AdiC) and “GVSEA” in TM6 (Gly206-Val207-
Glu208-Ser209-Ala210 in AdiC) in TM6 (Fig. 4b). These
two motifs are highly conserved in AR antiporters, with the
exception of TM1 motif in GadC and homologs. The GadC
residues corresponding to the “GSG” motif carry bulkier
side chains (Fig. 4b) which are not expected, like the gly-
cine residues in the “GSG” motif, to bring conformational
flexibility. Nevertheless, the GadC structure features a local
TM1 unwinding similar to that in AdiC structures.

The guanidinium (Gdm) group of the substrate side
chain makes H bonds with residues from TM3, and TM10
(Table 3) and is engaged in a cation-zm interaction with
Trp293 (TMS). Furthermore, the Gdm group is in a medium-
range (~8 10\) ionic interaction with Glu208 (TM6), located
at the bottom of the binding site (Fig. 4a). In the Arg-bound
occluded crystal structure, Trp202 (TM6), in addition to a
cation-r interaction with the a-amino group, also promotes a
configuration occurring from the transition into the occluded
state in which the ligand is sandwiched between Trp202 and
Trp293 (Fig. 4a). Overall Arg and Agm are similarly bound
to the transporter in all three structures. The position of Arg

(A)
RMSD? Substrate-free Substrate-bound

OF open Occluded
PDB ID 5141 30B6” 5J4NP 3LIL
5541° 0.
30B6” 0.5 0.
5J4NP 0.3 0.8 0.
3LIL 1.7 2.0 22 0.
(B)
RMSD PDB ID 30B6 5J4N 3LIL
Arg-bound OF open 30B6° 0.
Agm-bound OF open 5J4NP 22 0.
Arg-bound occluded 3L1L 2.1 0.9 0.

(A) RMSD (in A) calculated after superposition of AdiC structures and (B) RMSD of the substrate heavy atoms in the substrate-bound struc-

tures

For more details about the structures see Table 1

“RMSD calculated on Co atoms not including the missing loops in the different crystal structures

"RMSD calculated only on monomer A in the crystal dimer
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Fig.4 AdiC binding site and gating residues a Close view of bind-
ing site in the AdiC occluded state (PDB ID: 3L1L). Arginine sub-
strate (in ball-and-stick) is sandwiched between two aromatic residues
(Trp202 and Trp293) of the proximal and middle gate. Distal gate
residues (Tyr93, Glu208 and Tyr365) are depicted. The conserved
TMI1 “GSG” motif is also shown. Portions of TM1, TM3, TM6, TM8
and TM10 lining the binding site are represented as transparent white
cartoon. For the sake of clarity not all residues contributing to bind-
ing are shown (see Table 3 for a detailed list) b Multiple sequence

B ™1

AdiC 11 GLIPVIELM IM VELLP 32
CadB GLFAC VVA IALLP 29
PotE 10 GVVaL I IMLP 31

Gadc 11 I<OLTLLGFFAITAIMVMAVlE 32
*

[

™3

adic 84 FLGNaTNVENWEACWI AMVVI -GVGYLS 113
CadB 80 AFGFQTGVLYYHANWIGNLAIGIT- - - AVSYLS 109
PotE 83 SGNEMAN VSLLIA AlAIS - - - AV 112

GadC 86 RWGFAAISFE LOIAIGFIPMLIFVLGALS L 118
* k% %

AdiC 195 L- - NVUTEWSFIG AlVAAG 215
Cad 191 KSI - - ELCLWAFVGVESAAVSTG 211
PotE 194 |- -AMTLWAFLGLESACANTD 214
GadC 203 MLMVFVAFILSNMMGVEASARHVN 225

T™6

* * Ok

™8

AdiC 279 IFCAAAGCL LGGWTLLAGETA 301
Cad 275 SAFTAFACLTSLGSWMMLVGEAG 297
PotE 278 MALMVMSCCGSLLGWQFTIABVE 300
Gadc 294 BALLLLGVLAEIASWIVGPSREM 316

*
™10

AdiC 350 FGLVSSVSVIFTLVP Ll AAL 372

CadB 351 FGELTGIAVLLTMLPYF CVDL 373

PotE 249 FNVLVNLAVV'N I IPRgIL - AAL 371

GadC 367 ELIALALTVMVIYLC VL 392
* * *

FMLFI

alignment of the TM helices sequences involved in binding and/
or gating of the AR antiporters. The alignment was performed with
clustalW (Thompson et al. 1994). Binding site and gating residues
(see Tables 4A, 5) identified in AdiC are highlighted by an asterisk
below the sequences. A blue asterisk indicates the position of Phe350
(AdiC), a residue identified in a MD study as a doorway on the OF
side for the descent of Arg towards the binding pocket (Krammer
et al. 2016). The two motifs in the discontinued portions of TM1 and
TM6 are indicated by a black bar (Color figure online)

Table 3 Overview of the interactions formed between AdiC residues and the backbone (NH;* and COO™) or the sidechain (Gmd™) of its differ-

ent ligands in the crystal structures

Ligand interactions

AdiC substrate-bound structures

5J4N
(OF open)

3L1L
(Occluded)

30B6
(OF open)
H bonds NH3+ 123CO, W202CO, 1205CO
COO~ S26NH, S260H
Gmd* A96CO, S3570H
Cation-n NH,*
Cation-mt Gmd* W293

123CO, S203CO, 1205CO

A96CO, C97CO, N101NH,, M104SH,
S3570H (water-mediated)

w293

123CO, W202CO, 1205CO
S260H, G27NH

A96CO, C97CO,
N10INH,, M104SH,
S3570H

W202
W293

For 30B6 only monomer A was analyzed. For more information on the structures see Table 1

in the OF open structure however differs the most relative
to the other two bound structures as shown by its RMSD
value (Table 2B). This crystal structure reveals a high mobil-
ity of the Gdm moiety of the ligand as the two monomers
feature a different orientation of the Arg side chain. This
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mobility further supported by MD simulation data has been
ascribed to the N101A substitution, which was introduced to
promote crystallization (Kowalczyk et al. 2011). Although
the Arg substrate binds in the central pocket of the N101A
AdiC mutant it was reported not to carry out a full transport
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cycle (Ilgii et al. 2016) as sustained by a marked reduction in
the turnover rate of N101A AdiC mutant (Kowalczyk et al.
2011).

About 50% of the residues in the AdiC binding site are
conserved in CadB and PotE whereas the conservation
is weaker in GadC (Table 4A) in keeping with the lower
sequence identity of GadC relative to AdiC, CadB, and PotE
(Table 4B). These observations may be rationalized by the
analogous transported substrates in AdiC, CadB, and PotE,
while chemically different ones are transported by GadC

(Fig. 1).
Molecular Details of Transport in the AR Antiporters

So far three states (substrate-free and -bound OF open
and occluded states; Table 1) have been captured for AdiC
(Fig. 2) making the detailed understanding of a complete
transport cycle elusive. Using the pseudo symmetry of the
5-TM inverted-repeat fold of the APC transporters a model
of the IF open conformation of AdiC was generated from the
OF open N101A structure (Kowalczyk et al. 2011). The con-
formational transition connecting the OF crystal structure
to this modeled IF state mainly involved the pivoting of the
helical bundle formed by the TM 1, 2, 6, and 7 as well as the
hash domain (TM 3, 4, 8, and 9). In line with these findings,
a structural alignment between the OF AdiC and IF GadC

Table 4 Comparison of features in the AR antiporters

structures showed that the conformational changes, assum-
ing that AdiC and GadC have the same transport mechanism,
occur in the helical bundle comprising TM1, TM2, TM6,
and TM7 whereas the core domain undergoes a small dis-
placement (Ma et al. 2012) (Fig. 5).

Based on the AdiC crystal structures and structure-guided
mutagenesis experiments, gating residues that have to open
and close during the transition from the OF to the IF state
were identified (Fang et al. 2009; Gao et al. 2009, 2010;
Kowalczyk et al. 2011): the proximal gate, Trp202 (TM6),
the middle gate, Trp293 (TMS8), and the distal gate formed
by residues Tyr93 (TM3), Glu208 (TM6), and Tyr365
(TM10) (Table 5 and Fig. 5b). Substitution of these resi-
dues abolishes or alters the transport function of AdiC (Fang
et al. 2009; Gao et al. 2009; Kowalczyk et al. 2011). The
gating residues identified in AdiC are strictly conserved in
CadB and PotE (Table 5). Substitutions of these residues
were shown to be detrimental for CadB and PotE transport
activities, with the exception of the W198L (proximal gate)
mutation in CadB (Kashiwagi et al. 1997, 2000; Soksawat-
maekhin et al. 2006). Except for the proximal gate (Trp202
in AdiC; Leu212 in GadC) all gating residues are also con-
served in GadC (Table 5). However, the substitution of
Leu212 into Ala reduces transport activity by at least two-
third. Furthermore, the substitution of the middle (Trp308)
or two distal gate residues (Glu212, Tyr382) into Ala caused

A
AdiC CadB PotE GadC

T™1 123 M20 M22 A23
S26* S23 S25 V26
G27 G26 G27 M27

T™3 A96 A92 S95 Q98
Cc97 N93 L96 199
N101* N94 N97 F103
M104* 1100 1103 M106

TM6 W202 W198 w202 L212
1205 V201 L204 M215

T™8 W293* W289 w292 W308

T™10 S357* A358 A356 T374

(B)

Sequence identity (%) AdiC CadB PotE GadC

AdiC

CadB 38

PotE 32 30

GadC 21 21 20

(A) Conservation of the residues identified in AdiC binding site (Table 3, occluded state) in the other AR antiporters. The corresponding
alignment is shown in Fig. 4b. Residues marked with an asterisk interact with the sidechain of the ligand. (B) Percentage of sequence identity

between the AR antiporters
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Fig.5 The conformational transition of AR antiporters from the OF
to the IF state. a The TMs of the OF open state of AdiC (PDB ID:
30B6) and of the IF open state of GadC (PDB ID: 4DIJ) are repre-
sented. The TMs of the 5+5 TM fold are shown as cartoon (TM1:

Table 5 Gating residues in the AR transporters

Gating residues ~ Proximal gate  Middle gate  Distal gate

AdiC w202 W293 Y93, E208, Y365
CadB W198 W289 Y89, E204, Y366
PotE W201 W292 Y92, E207, Y364
GadC L212 W308 Y96 E218, Y382

2Y96 in GadC is shifted by one residue in the alignment (see Fig. 4b)
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yellow; TM2: orange; TM3: red; TM4: purple; TMS: blue; TM6:
green; TM7: magenta; TM8: cyan; TM9: gray; TM10: ice blue).
b Overlay of the AdiC OF open (orange) and of the GadC IF open
structure (gray) (Color figure online)

a large loss of substrate transport in GadC (Ma et al. 2012).
The high conservation of the gating residues in the different
AR transporters suggest that they all share a common trans-
port mechanism despite the different transported substrates.

A recent MD study of a full Arg transport cycle through
AdiC, using the AdiC and GadC structures, showed that the
transition from the OF to the IF open states primarily occurs
by displacing a few TM portions, in particular TM1 and
TM6 (Krammer et al. 2016). These displacements however
are necessary but not sufficient for achieving transitions
between structural states along the arginine translocation
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pathway. They need to be coupled to local structural changes
of the proximal and middle gate (Trp202 on the OF side and
Trp293 on the IF side; Fig. 4b), which alternatively, upon
rotameric conversions, close or open to regulate access to
both the OF and IF states. To achieve eventually the release
of the ligand towards the cytoplasmic side, the residues
forming the distal gate were shown to move apart to assist
the opening to the IF side. The simulations also pointed to
another aromatic residue, Phe350 (TM10) which might pos-
sibly form an upper OF doorway preceding the proximal
Trp202 gate (Krammer et al. 2016) in line with a previ-
ous study which suggested, based on MD simulations and a
comparison of different crystal structures, a possible role of
Phe350 in stabilizing the conformation of Trp202 (Kowal-
czyk et al. 2011). A further indication of the importance of
Phe350 in transport is its conservation in all AR antiporter
sequences (Fig. 4b).

As for Agm export an MD study suggested that the pro-
tonation state of distal gate Glu208 (TM6) mediates the
release of Agm from the OF open state to the periplasm but
not that of Arg* (Zomot and Bahar 2011). In another study,
protonation of Glu208 was also proposed to promote a con-
formational shift of mainly TM6 with, as a consequence, the
displacement of Trp202 (TM6) leading to the opening of the
binding site to the outward side and the release of Agm (Ilgii
et al. 2016). Interestingly, the Agm-bound structure of AdiC
features one water molecule bridging Ser357 (TM10) and
the Gdm group of Agm, which was speculated to weaken
Agm binding and to facilitate its release from the OF open
state (Ilgii et al. 2016).

As for GadC, transport assays showed that, in addition to
Glu, the antiporter also transports efficiently the neutral Gln
but not Asp indicating that GadC is highly selective in sub-
strate transport (Ma et al. 2012). Based on the comparison
with the AdiC structures the pathway for the substrate trans-
port in GadC appears to be circumscribed by TM1, TM3,
TM6, TMS, and TM 10 and blocked by the loop L7 and the
C-plug on the periplasmic and cytosolic side, respectively
(Maetal. 2012).

The pH-Dependent Transport Activity of AR
Antiporters

Reconstituted proteoliposomes studies showed that GadC is
a pH-dependent electrogenic antiporter with a robust activity
at pH <5.5 and no detectable transport at pH > 6.5 (Ma et al.
2012, 2013). This particular feature has been proposed to not
only provide resistance of bacteria in acidic conditions but
also to prevent non needed proton efflux in neutral environ-
ment (Ma et al. 2012). In contrast, AdiC, that exchanges
Arg-Agm also in an electrogenic fashion, supports respect-
able antiport at neutral pH although it features a much higher
activity at pH 4 (Fang et al. 2007). CadB was also reported

to perform electrogenic exchange of lysine with cadaverine
and PotE to exchange ornithine or lysine against putrescine
but both under mild acidic conditions (Kashiwagi et al.
2006; Soksawatmaekhin et al. 2004). CadB and PotE also
catalyze the proton motive force-dependent uptake of cadav-
erine and putrescine at neutral pH (Kashiwagi et al. 1997;
Soksawatmaekhin et al. 2004).

In AdiC-oriented liposomes, the two sides of the anti-
porter show different pH sensitivities: Arg uptake on the
extracellular side reaches a plateau from pH values <4 while
the cytoplasmic side features a bell-shaped dependence with
an optimal pH of 5.5 (Tsai et al. 2012). Featuring two sides
with different pH profiles implies that the antiporter should
have at least two pH sensors, one for each face. Glu208,
one of the AdiC distal gate residues invariant among the
AR antiporters (Fig. 4a; Table 5), was suggested to be a pH
sensor (Gao et al. 2009). The importance of the protonation
state of Glu208 was also proposed to be a factor playing a
role in the selection of the substrate protonation form so
AdiC could function as a virtual pump (see “The selectiv-
ity mechanism of AR antiporters” section) (Krammer et al.
2018) and to facilitate the release of Agm from the OF state
(see “Molecular details of transport in the AR antiporters”
section) (Zomot and Bahar 2011). Tyr74, an aromatic amino
acid located on the cytoplasmic side of AdiC, was also sug-
gested to be a pH sensor as its replacement by any amino
acid other than Phe led to the abrogation of the pH depend-
ence substrate transport (Wang et al. 2014).

As for GadC, Glu/GABA exchange sharply increases
from pH 5 to pH 2 and is strongly inhibited above pH 5
whereas an intracellular-side pH below 4 slightly impedes it
(Tsai et al. 2013). The pH dependency in GadC was shown
to be regulated by its C-terminal fragment, a unique feature
among the AR antiporters, which plugs the binding pocket
to the IF opening side (Fig. 3a). This C-plug, must be dis-
lodged for the Glu/GABA exchange to occur (Fig. 6). Its
deletion (C-plug truncated GadC) shifts the pH-dependent
transport activity of GadC towards higher pH values (Ma
et al. 2012). Several C-plug residues form H bonds with
the rest of the transporter and loss of these interactions was
suggested to destabilize the C-plug (Ma et al. 2012). Sub-
stitution in this fragment of one His or one Arg, involved in
these H bonds, into Ala resulted in a transport activity of
the GadC variant similar to that of C-plug truncated GadC.
In addition to the displacement of the cytoplasmic C-plug,
opening of the GadC structure allowing the passage of the
substrate was shown to be promoted by the periplasmic loop
L7 (GadC residues 260-270) (Ma et al. 2012). Remarkably
GadB, one of the two cytosolic decarboxylation enzymes,
features a similar mechanism with a C-terminal tail respon-
sible for the closure of the active site in neutral conditions
(Fig. 6) and for a shift at low pH promoting substrate trans-
port (Pennacchietti et al. 2009). The high sequence similarity
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Fig.6 Schematic representation of the role of the C-plug in the glu-
tamate-GABA AR system. Under neutral pH, the binding sites of the
cytosolic decarboxylation enzymes GadA and GadB, as well as the

between GadB and GadA, the other cytosolic decarboxyla-
tion enzyme, indicates that GadA features a similar C-plug
transport regulation (De Biase and Pennacchietti 2012).

The Selectivity Mechanism of AR Antiporters

To function as a virtual proton pump, the AR antiporters
should achieve an exchange that produces a net proton move-
ment from the cytosol to the periplasmic side. At a pH of
about 2, typical of the gastric juice, where mainly the AR
antiporters AdiC and GadC are active, these transporters
encounter different carboxyl protonation forms of their sub-
strate. For instance, in the periplasm, Arg" is about as abun-
dant as Arg™ and Glu is present as Glu~, Glu® or Glu* while,
in the cytosol, GABA and GABA™ coexist. To avoid a futile
transport cycle, AdiC should exchange Arg* for Agm?*
(Tsai and Miller 2013) and for GadC, only Glu=/GABA®,
Glu™/GABA™, or Glu’’ GABA™ antiport would lead to pro-
ton extrusion (Ma et al. 2012; Tsai et al. 2013). Using an
oriented proteoliposome system holding a pH gradient mim-
icking acid-shock conditions it was demonstrated that AdiC
mediates proton extrusion and that its OF open state prefers
Arg? over Arg2+. It remained, however, an open question as
to how the OF open state of AdiC achieves this selectivity.
A short range mechanism based on the occurrence, in Arg-
bound structures, of a H bond between the a-carboxylate
group of the Arg ligand and Ser26 side chain oxygen of
the binding site (Table 3; Fig. 4a) was first explored. This
local substrate-recognition mechanism was rejected as AdiC
Ser26A mutant features a wt-like transport activity (Tsai and
Miller 2013) showing that the loss of H bond with Ser26
does not affect AdiC selectivity. Further evidence came from
the finding that the protonated a-carboxyl form of citrul-
line, an Arg analog with an isosteric neutral side chain, is
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transport pathway of the antiporter GadC are blocked by their C-ter-
mini. Under acidification, their respective plug is dislodged allowing
the two proteins to establish their function

transported (Tsai and Miller 2013). Another mechanism pro-
posed to explain AdiC selectivity is based on the net charge
of the substrate (Arg™ versus Arg>"). This idea is buttressed
by the findings that the transport of other monovalent sub-
strates (5-aminopentanol and N-carbamoylputrescine) is
favored relative to that of divalent ones (Agm and arginina-
mide) (Tsai and Miller 2013). The global charge selectivity
mechanism was also recently supported by data obtained
with a combination of MD simulations and molecular and
quantum mechanics calculations investigating the bind-
ing of the monovalent and divalent forms of Arg to AdiC
(Krammer et al. 2018). These calculations suggested that the
weaker binding of divalent compounds results mostly from
their greater tendency to remain hydrated than monovalent
arginine, in agreement with the experimental study, although
two local interactions, a cation-w interaction with the guani-
dinium group of Arg" and an anion-x interaction involv-
ing Glu208 formed with Trp293, the middle gate aromatic
residue, also contribute to the selection mechanism as they
occur more persistently with monovalent Arg*. This com-
putational study also pointed to the impact of the changes in
protonation state of Glu208 on the binding of the different
protonation forms of Arg.

Similarly, using an oriented GadC liposome subjected to
a pH gradient mimicking the conditions encountered by the
bacteria in the stomach, GadC was shown to import Glu™ or
Glu® and export GABA™ (Tsai et al. 2013). Exchange of
GIn®F(pH2)/GIn'F(pHS) suggested that GABA™ is recog-
nized by IF GadC side on the basis of its single positive
charge rather than by the protonated carboxyl group. As for
the mechanism on its OF side, it was shown that GadC repels
positively charged substrates as it weakly exchanges GIn*/
GABA'or Gln™ and that GABA™ on the OF side is less pre-
ferred than GABA® (Tsai et al. 2013). Thus, as AdiC, GadC
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appears to discriminate its substrates using a charge-based
mechanism, rather than directly recognizing the protona-
tion status of the carboxyl groups. Using different transport
experiments, another independent study reached similar
conclusions for GadC substrate preference except for the
OF side where only Glu® was found to serve as a substrate
(Ma et al. 2013).

AR Antiporters Structures as Templates to Study
Eukaryotic APC Transporters

The APC superfamily comprises a large variety of eukary-
otic transporters. Their number in terms of atomic resolu-
tion 3D structure is however sparse. Until very recently, the
only eukaryotic transporter structures had been solved for
the monoamine transporters of the neurotransmitter sodium
symporter family, namely the Drosophila dopamine trans-
porter (Penmatsa et al. 2013, 2015; Wang et al. 2015) and
the human serotonin transporter (Coleman et al. 2016).
Last May 2019, the structure of an eukaryotic amino acid

transporter belonging to the APC family determined by
cryo-EM was published (Yan et al. 2019).

The atomic-level structures of AdiC and, to a lesser
extent, of GadC have been used as templates to build struc-
tural models of different eukaryotic amino acid transport-
ers of the APC superfamily (Table 6). Combined with
computer-assisted molecular modeling and extensive
mutagenesis experiments these models were exploited to
get insight into their mechanism of amino acid recognition
and translocation.

Several yeast amino acid transporters (YATs) that feature
various substrate specificity ranges and affinities help yeast
cells to survive in various environments (André 2018; Gour-
nas et al. 2016, 2018). Most of these YAT proteins are proton
symporters that belong to the APC superfamily (Gournas
et al. 2016).

From the modeled structures of different YATs as well
as from docking calculations and biochemical and muta-
tional data have emerged the residues that are engaged in
interactions with their amino acid substrate. As for the AR

Table 6 Overview of the investigations on eukaryotic APC transporters using AdiC and/or GadC as templates

Name Organism Transport function Template References
Bap2 Saccharomyces cerevisiae Branched amino acids AdiC; OF open, substrate-free (Usami et al. 2014)
and occluded
Canl Saccharomyces cerevisiae Arginine AdiC; occluded (Ghaddar et al. 2014a, b; Gournas
etal. 2017)
AdiC; OF open, substrate-bound (Gournas et al. 2017)
AdiC, IF (from MD?®) (Gournas et al. 2017)
CgCYN!1 Candida glabrata Cystine AdiC; occluded? (Deshpande et al. 2017)
GadC; IF open
Gapl Saccharomyces cerevisiae All amino acids AdiC; occluded (Ghaddar et al. 2014b)
LATI1 Human Large neutral amino acids (Trp,  AdiC; OF open, substrate-bound (Napolitano et al. 2017)
Phe, Leu, His) AdiC; occluded (Ilgii et al. 2018)
AdiC; occluded® (Augustyn et al. 2016; Geier et al.
2013)
AdiC; OF open, substrate-bound (Palazzolo et al. 2018)
and occluded
GadC; IF open
LAT2 human Neutral and aromatic amino AdiC; OF open (Rosell et al. 2014)
acids, including small and AdiC; occluded? (Hinz et al. 2017, 2015)
large amino acids
PrnB Aspergillus nidulans Proline AdiC; occluded (Gournas et al. 2015)
Put4 Saccharomyces cerevisiae Proline (high), also alanine, AdiC; occluded (Gournas et al. 2015)
glycine, GABA
Tat2 Saccharomyces cerevisiae Tryptophan, tyrosine AdiC; OF open, substrate-free (Amano et al. 2019; Kanda and
and occluded Abe 2013)
xCT Human Cystine, glutamate AdiC; occluded? (Deshpande et al. 2017)

GadC; IF open

AdiC; OF open, substrate-bound
and occluded
GadC; IF open

(Ghasemitarei et al. 2019)

For more information on the crystal structures see Table 2

4The ApcT structure (Shaffer et al. 2009) was also used in the modeling process

@ Springer



E.-M. Krammer, M. Prévost

antiporter, the residues, involved in recognition of the sub-
strate amino acid backbone, belong to two motifs in the
unwound portions of TM1 (GTG) and TM6 ((F/Y)(S/A/T)
(F/Y)xGXE) (Ghaddar et al. 2014a; Gournas et al. 2016) and
are highly conserved in YATs (Fig. 7). The residues interact-
ing with the substrate side chain are more variable and are
responsible for substrate specificity (Gournas et al. 2016).
In contrast, the gating residues are mostly conserved, except
for the middle gate residue (Fig. 7c). However, 3D models
of Canl and Gap1 highlighted that another aromatic residue
from TM3 (Trp177 in Canl; Fig. 7b) protrudes at a position
into the binding site corresponding to that of the middle gate
residue in AdiC (Ghaddar et al. 2014a, b). The aromaticity
of Trp177 in Canl is conserved in all YATS discussed here
(Table 6) except in CgCYNI1 (Fig. 7c).

The YAT Aspergillus nidulans, PrnB, is highly spe-
cific for proline, whereas its Saccharomyces cerevisiae

A

THR
456

THR
180

/(TRP ASN
177 393

SER
176

Fig.7 YAT amino acid transporters. Binding site of the 3D model
of Canl (a, b). a The 2D diagram of the arginine interactions with
binding site residues are shown. Pink and red arrows depict H bond
and cation-w interactions respectively. b 3D representation of the side
chain residues of Canl engaged in interactions with arginine, in par-
ticular of Ser176 and Thr456 which have been shown to be crucial
for arginine specificity (see text). ¢ Sequence conservation of TM
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orthologue Put4 has a broader substrate range transport-
ing, in addition to proline, alanine, glycine, and GABA
(Hordk and Rihova 1982; Sophianopoulou and Scazzoc-
chio 1989). Based on structural models of PrnB and Put4
(Table 6) and using a combination of molecular modeling
and ligand docking, residues of the highly proline specific
PrnB, predicted to line the binding site, were substituted
by the corresponding residues of the broader specific Put4
(Gournas et al. 2015). These amino acid changes either
altered a specific interaction with the substrate or intro-
duced steric hindrance or caused a local change in the
flexibility. Biochemical data obtained on these variants
and the wt showed that the specificity of PrnB and Put4
is determined by residues (i) forming the middle gate, (ii)
located between the middle and the distal gate, (iii) located
in the binding site and in TM6 (Gournas et al. 2015).
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helices in YAT amino acid transporters (from Table 6) and in AdiC.
The alignment was performed with clustalW (Thompson et al. 1994).
Binding site and gating residues (see Tables 4A, 5) identified in AdiC
are highlighted by an asterisk below the sequences. The two motifs in
the discontinued portions of TM1 and TM6 are shown by a black bar.
In Canl, the potential middle gate residue (W177 in Canl) is marked
by a red asterisk (Color figure online)
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A structural model of Tat2, the high-affinity tryptophan
YAT from S. cerevisiae, guided the selection of binding site
residues for mutagenesis (Kanda and Abe 2013). Among
these residues, Glu286 that is conserved in the YATs and
in AdiC (Glu208), drew particular attention as its substitu-
tion inhibits Tat2-mediated tryptophan import. Glu286 was
also hypothesized to mediate the transition from an OF to
a tryptophan-bound occluded structure and to play a role
in proton translocation associated with tryptophan import
(Amano et al. 2019). These data are in line with the potential
role of the equivalent residue (Glu208) in AdiC and its pro-
tonation states in Arg/Agm transport (Krammer et al. 2018;
Zomot and Bahar 2011). Similarly, based on a structural
model and on the data obtained on Tat2, protonation state
of Glu305 (corresponding to Glu208 in AdiC and Glu286
in Tat2) in the high-affinity leucine permease Bap2 was sug-
gested to exert a crucial impact on substrate transport and on
proton influx (Usami et al. 2014).

Structural models of the specific arginine (Canl) and
lysine (Lypl) YAT (Table 6) revealed that their binding
sites differ at two positions. In Canl (Fig. 7b), these posi-
tions are occupied by a serine (Ser176, TM3) and a threo-
nine (Thr478, TM10) and their corresponding residues in
Lypl are Asn198 and Ser478, which, in both proteins, are
engaged in interactions with their respective substrate side
chain (Ghaddar et al. 2014a). Replacement of Ser176 into
Asn in Canl causes a loss of Arg and Lys transport while
the T456S Canl mutant translocates Lys in addition to Arg.
Most remarkably, the Canl double mutant (S176N/T456S),
which contains the two Lypl-mimicking substitutions, is
unable to transport Arg but features a high lysine uptake
activity (Ghaddar et al. 2014a).

Gapl, the general amino acid permease of Saccharomyces
cerevisiae, and Canl were both reported to undergo endo-
cytosis elicited by their substrate transport (Ghaddar et al.
2014b; Gournas et al. 2017).

Using structures of Gapl as well as of Canl modeled
based on AdiC structures and on conformations extracted
from MD simulations combined to mutagenesis and
kinetic parameter analysis, substrate-induced endocytosis
was shown to be promoted by a transition to an IF state
which would uncover a portion of the N-terminal cytosolic
tail accessible to a protein belonging to the ubiquitylation
machinery (Gournas et al. 2017). This endocytosis mecha-
nism was supported, in particular, by models of CanE184Q,
a mutant down-regulated by Arg but unable to transport it
and of the Canl mutant converted to a lysine-specific per-
mease (Can1S176N/T456S) that undergoes Lys-induced
endocytosis.

To understand the transport mechanism of another YAT,
the cystine specific transporter CgCYNI1 from the patho-
genic Candida glabrata, 3D structures of CgCYNI1 were
modeled using AdiC and GadC structures as well as the

structure of ApcT, a pH-dependent broad-specificity amino
acid transporter (Shaffer et al. 2009) (Table 6). Docking
studies of cystine performed on conformations extracted
from MD simulations of the CgCYN1 models guided the
selection of 19 residues located in the binding site. Transport
activity measurements identified four of these mutants as
involved in cystine binding (Deshpande et al. 2017).

Humans possess at least 3 different types of cystine trans-
porters, including the cystine-glutamate antiporter xC™. The
xCT subunit of the xC™ heteromeric antiporter belongs to
the APC superfamily and shares a sequence similarly of 40%
with CgCYNI (Deshpande et al. 2017). A recent 3D model
of XCT built using the occluded state of AdiC, has further
highlighted the similarity of CgCYN1 and xCT. Residues
identified to be important for cystine affinity/transport in
CgCYNI have been shown to be conserved or replaced by
a functionally similar amino acid in xCT suggesting that
xCT and CgCYNI share a similar transport mechanism. A
recent study combining targeted, steered and classical MD
simulations of XCT modeled structure stressed the residues
important for transport and the protein portions involved in
conformational transitions during transport (Ghasemitarei
et al. 2019).

L-Amino acid transporters (LATs) are pH-independent
human APC transporters that form heterodimeric complexes
with the glycoprotein 4F2hc. The latter controls intracel-
lular trafficking and membrane topology of LAT in the
covalent complex, while LAT functions as an amino acid
antiporter, importing large neutral amino acid into the cells
for the exchange of intracellular amino acid (Fotiadis et al.
2013; Singh and Ecker 2018). LATs are involved in dis-
eases as cystinuria (Feliubadal6 et al. 1999), lysinuric pro-
tein intolerance (Borsani et al. 1999; Torrents et al. 1999),
autism (Tdrlungeanu et al. 2016), and age-related hearing
loss (Espino Guarch et al. 2018). They are a target in cancer
therapy (Napolitano et al. 2017), and have been exploited
as a potential drug delivery system into the brain (Rautio
et al. 2013). It is only very recently (March 2019) that a
cryo-EM structure of human LAT1 in complex with the gly-
coprotein 4F2c (Yan et al. 2019) as well as Xray substrate-
free and -bound IF structures of a bacterial LAT homolog
(Errasti-Murugarren et al. 2019) have been determined.
Until then, several structural models of LAT1 were built
using, as template, bacterial AdiC, GadC, and ApcT trans-
porters (Table 6) for structure-based drug design and trans-
port mechanism studies (Augustyn et al. 2016; Geier et al.
2013; Palazzolo et al. 2018). One study has identified two
previously unknown LAT]1 ligands from virtually screening
libraries of small molecules performed on structural models
(Table 6) which inhibit proliferation of a cancer cell line
(Geier et al. 2013). In another report, substitutions on aro-
matic amino acid substrates were shown to result in lead
compounds prone for optimization so as to obtain potent
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LAT-1 inhibitors useful as cancer probes (Augustyn et al.
2016). Targeted MD simulations were exploited to efficiently
discriminate the transport of two substrates from that of an
analog inhibitor using one OF and IF modeled structures
of LAT1 and to get insight into the mechanistic features
of transport (Palazzolo et al. 2018). LATs also transport
thyroid hormones and their derivatives (Krause and Hinz
2017). Molecular modeling of LAT2 contributed to the
understanding of the molecular transport mechanism of dif-
ferent thyroid hormones import and export profiles (Hinz
et al. 2015, 2017). Furthermore, based on homology models
of LAT2 and the 4F2hc crystal structure (lacking the 4F2hc
TM helix), the interaction surface between the two proteins
was identified and used to explain how 4F2hc stabilizes the
antiporter (Rosell et al. 2014).

Overall, the 3D models of these eukaryotic APC trans-
porters using AR antiporter structures as templates have
been extremely useful to get insight into the mechanisms
of transport and regulation. A potential limitation of these
models however is that the cytosolic regions, which have an
important role in regulation, were absent as they lack in the
bacterial transporters.

Conclusion and Outlook

To resist acid stress found, for instance, in food products
with natural or added acidity or in the stomach gastric juice,
bacteria have elaborated several survival mechanisms.
Among these processes, the antiporter/decarboxylase sys-
tems consume protons via the decarboxylation of imported
amino acids and the export of the products. Such systems
contribute to decrease the internal pH and also, from the
conversion of substrate into product, reverse the trans-
membrane potential which helps preventing proton leakage
into cells. The antiporter component which carries out the
exchange of the substrate/product is activated in response to
a pH decrease in the surroundings of the bacteria. Despite
our knowledge of structural, biochemical and substrate trans-
port information in particular on AdiC and to a lesser extent
on GadC, gray zones remain on the molecular mechanism
of transport and particularly on how the four AR antiporters
sense the drop in pH. For instance, although GadC adopts
the same fold as AdiC, it features a lower level of sequence
identity relative to AdiC, PotE, and CadB and is likely to
have a different pH-sensing mechanism. A deeper under-
standing of acid survival resulting from these amino acid
dependent systems will have a direct impact on our knowl-
edge of foodborne pathogenesis.
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