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Abstract

MhsT of Bacillus halodurans is a transporter of hydrophobic amino
acids and a homologue of the eukaryotic SLC6 family of Na*-
dependent symporters for amino acids, neurotransmitters, osmo-
lytes, or creatine. The broad range of transported amino acids by
MhsT prompted the investigation of the substrate recognition
mechanism. Here, we report six new substrate-bound structures of
MhsT, which, in conjunction with functional studies, reveal how
the flexibility of a Gly-Met-Gly (GMG) motif in the unwound region
of transmembrane segment 6 (TM6) is central for the recognition
of substrates of different size by tailoring the binding site shape
and volume. MhsT mutants, harboring substitutions within the
unwound GMG loop and substrate binding pocket that mimick the
binding sites of eukaryotic SLC6A18/BOAT3 and SLC6A19/BOAT1
transporters of neutral amino acids, exhibited impaired transport
of aromatic amino acids that require a large binding site volume.
Conservation of a general (G/A/C)®G motif among eukaryotic
members of SLC6 family suggests a role for this loop in a common
mechanism for substrate recognition and translocation by SLC6
transporters of broad substrate specificity.
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Introduction

The solute carrier 6 (SLC6) subfamily is part of a larger amino acid—
polyamine—organocation (APC) transporter superfamily (Broer et al,
2006; He et al, 2009). Twenty different human genes encode SLC6
transporters that are responsible for the active transport of a variety
of solutes including neurotransmitters such as serotonin, dopamine,
and norepinephrine, as well as creatine, taurine, choline, betaine,
and amino acids (Broer et al, 2006). Amino acid transporters of the
SLC6 family, such as the y-aminobutyric acid transporter (GABA
transporter, GAT), glycine transporters (GlyT), and the neutral
amino acid transporters SLC6A18 and SLC6A19, participate in the
active reuptake of amino acids in kidneys, small intestine (Romeo
et al, 2006), and brain tissue (Broer, 2008; Andersen et al, 2011).
Malfunctions of SLC6 transporters are associated with a number of
neurological and metabolic diseases, such as schizophrenia (Mateos
et al, 2005), epilepsy (Meldrum, 1995a; Meldrum, 1995b), depres-
sion (Laasonen-Balk et al, 1999; Gether et al, 2006; Kristensen et al,
2011), and aminoacidurias (Broer et al, 2004; Broer et al, 2008).
Loss-of-function mutations of the neutral amino acid transporter
SLC6A19 (B°AT1), the major amino acid uptake system in the gut,
are causative of Hartnup disorder, where amino acid uptake is insuf-
ficient and in particular affecting tryptophan levels and therefore
biosynthesis of niacin, melatonin, and serotonin (Broer, 2009).
Structural characterization of eukaryotic SLC6 proteins has been
based on crystal structures of the dopamine transporter from Droso-
phila melanogaster (ADAT) (Penmatsa et al, 2013) and the human
serotonin transporter (hSERT) (Coleman et al, 2016). They both
belong to the neurotransmitter:sodium symporter (NSS) family and
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feature the so-called LeuT fold (Abramson & Wright, 2009) that was
first identified in the crystal structure of the NSS homologue LeuT
from Aquifex aeolicus (Yamashita et al, 2005).

The LeuT fold displays an inverted pseudo-twofold symmetry
between two transmembrane helix (TM) bundles that is
conserved in many other families of symporters and exchangers
(Faham et al, 2008; Weyand et al, 2008; Ressl et al, 2009; Shaf-
fer et al, 2009; Gao et al, 2010; Tang et al, 2010). In the LeuT
structure, the primary substrate (S1) binding site and the two
sodium ion (Na*) binding sites (Nal and Na2) are located
between the so-called bundle and scaffold domains (Fig 1A and B).
Proposed first for LeuT (Shi et al, 2008), a second, allosteric
substrate site S2 has been associated with an extracellular vestibule
of the transporter (Quick et al, 2018; Fitzgerald et al, 2019). It has
not been possible to capture crystal structures of MhsT or LeuT in
S2-bound states, which from single-molecule studies appear
dynamic in nature (Fitzgerald et al, 2019), but inhibitor binding at
an overlapping site has been observed (Singh et al, 2007; Zhou
et al, 2007; Quick et al, 2009; Penmatsa et al, 2013; Penmatsa
et al, 2015; Coleman et al, 2016).

We have reported structures of another SLC6 orthologue,
MhsT (multiple hydrophobic amino acid substrate transporter)
from Bacillus halodurans, revealing an occluded, inward-oriented
state with bound Na' and L-tryptophan in the Nal and Na2 sites
and the substrate site S1, respectively (Malinauskaite et al,
2014). Tt was previously reported that MhsT displays a broad
specificity for hydrophobic amino acids (Quick & Javitch, 2007;
Malinauskaite et al, 2014) (Fig 1C). Interestingly, based on
sequence conservation, MhsT is an orthologue of the human
SLC6A18 and SLC6A19 (also known as BPAT3 and B°AT1 with
sequence identities of 36 and 30%, respectively). These are
major amino acid transporting systems for non-polar amino acids
in the brush border membrane of epithelial cells (Broer, 2008),
in kidney proximal tubules (Nash et al, 1998; Romeo et al,
2006) and intestine (jejunum) (Romeo et al, 2006). SLC6A19
was reported to facilitate Na'-dependent transport of its
substrates (L-Leu, L-Ile, L-Val, L-Met, L-Phe, L-Trp, L-Thr, and
L-His) with millimolar/submillimolar apparent affinities (Broer,
2009). SLC6A18 exhibits 50% sequence identity to SLC6A19 and,
to some extent, an overlapping substrate specificity. It has been
shown to transport aliphatic amino acids (L-Ala, L-Met, L-Val,
L-lle, L-Gly, L-Ser, L-Leu) also with submillimolar apparent affi-
nities (Singer et al, 2009).

Here, we report crystal structures of MhsT complexed with
six different substrates, exploiting further the inward-oriented,
occluded state, in an effort to identify the structural elements of
the S1 binding site underlying substrate recognition, promiscuity,
and transport. We find that the architecture of the S1 site is
broadly defined by two possible states that are dependent on the
nature of the hydrophobic amino acid substrate: smaller aliphatic
amino acids (L-Val, L-Leu, and L-Ile) and larger aromatic amino
acids (L-Trp, L-Phe, L-Tyr, and the L-Tyr analog L-4-F-Phe). The
shape and volume regulation of the S1 site centers on a key role
of the unwound segment of TM6 and in both cases is compati-
ble with a flexible transport mechanism. Additionally, we used
site-directed mutagenesis to investigate the role of various resi-
dues involved in substrate binding and their influence on
substrate specificity and transport.

2 of 13 The EMBO jJournal  40: €105164 | 2021

Dorota Focht et al

Results
MhsT crystallization, processing, and refinement

Previously, crystals of MhsT bound to L-Trp and Na" were obtained
using high concentrations of lipid and detergent (HiLiDe) (Gourdon
et al, 2011) and the lipid cubic phase (LCP) (Cherezov, 2011) meth-
ods. Using the HiLiDe crystallization conditions, we have obtained
six structures of MhsT in complex with six different ligands in the
S1 site (Fig EV1 and Appendix Fig S1): the tyrosine analog 4-fluoro-
L-phenylalanine (4F-Phe), L-Tyr, L-Phe, L-Ile, L-Leu, and L-Val.
Protein-substrate crystals (Appendix Fig S2) were obtained in
similar conditions to those previously reported (Malinauskaite et al,
2014).

Structures of MhsT in complex with 4F-Phe, Tyr and Phe were
determined at about 2.3 A resolution (Table 1) in the P2 space
group with one molecule in the asymmetric unit similar to the Trp-
bound complex (Malinauskaite et al, 2014). The complexes with
Leu and Val substrates crystallized in a different P2, crystal form
with two molecules in the asymmetric unit related by twofold NCS,
and their structures were determined at 2.35 and 2.60 A resolution,
respectively (Table 1). The dataset for MhsT-Leu showed pseu-
domerohedral twinning with a twin fraction close to 0.5 and there-
fore was refined using the appropriate twin law (h, -k, -1) resulting
in a large drop of R-factors. The dataset for MhsT-Val exhibited no
notable twinning. The MhsT-Ile complex crystallized in a distinct
P2, crystal form with translational non-crystallographic symmetry
(tNCS) that exhibited strong radiation sensitivity and crystal-to-crys-
tal non-isomorphism, but a dataset with completeness of 80% at
3.1 A resolution could be obtained by merging of data collected
from two crystals (Table 1). The presence of translational NCS in
this crystal form combined with the limited completeness of the
crystallographic data impaired refinement, but the structure
determination was sufficiently clear to discern important features
(see below).

Substrate-bound MhsT

All crystal structures of MhsT captured the protein in an inward-
facing occluded state, with a closed extracellular vestibule, an
ordered N-terminal tail associated with the intracellular surface,
and an unwound TMS (Fig 1A) within a conserved ProX,Gly
motif as previously described (Malinauskaite et al, 2014). This
state allows initial solvation of the Na* at the Na2 site from the
cytoplasmic environment. The various substrate-bound struc-
tures are overall similar and superimpose with a low Ca r.m.s.d.
(Appendix Table S1). However, local differences are observed
that allow the S1 site to accommodate substrates of different
size/volume (Fig 2).

The substrates are bound with the amino acid moiety within the
S1 site similar to the MhsT-Trp structure (Malinauskaite et al, 2014)
(Fig EV1, Appendix Figs S1 and S3). The substrate amino group
forms hydrogen bonds with backbone amide oxygen atoms of Ala26
in TM1, Phe230, Thr231, and the side chain of Ser233 in TM6, while
the carboxyl group interacts via hydrogen bonds to the side chain of
Tyr108, the backbone amide nitrogen of Gly30, and Na* in the Nal
site. Additionally, the positive dipole on TM1b interacts with the
negatively charged carboxyl group of the substrate, whereas the

© 2020 The Authors
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Figure 1. Overview of MhsT structure and function.

A MhsT is shown in a ribbon representation (scaffold helices in blue, bundle
helices in red, and TM5 in dark gray, sodium ions shown as purple spheres,
L-4-fluoro-phenylalanine, bound between unwound region of TM1 and
TM6, shown as green spheres.

B Schematic representation of the MhsT structure (LeuT fold). L-4-Fluoro-
phenylalanine shown as gray sticks. Remaining color coding same as in
panel A.

C Results of a competitive uptake assay showing inhibition of 0.2 uM L-[H]
Trp or L-[H]Leu uptake in MhsT-WT-expressing MQ614 cells, measured for
30 s in the absence (—) or presence of 12 uM of the natural amino acids
(the one-letter code is used) or 4-fluoro-phenylalanine (4FP). Data are the
mean + SEM of three independent experiments each performed as
technical triplicates.

negative dipoles of TMla and TM6a point toward the positively
charged amino group.

The side chains of hydrophobic substrates are located to a sepa-
rate pocket defined by the side chains of Ile104 in TM3, Phe229,
Phe230, Ser233, Met236, Ala238 in TM6, Val331, Ser324, Ser327,
and Leu328 in TM8, Leu393 in TM10, and the backbone atoms of
Ala26-Leu29, Phe229, Thr231 and Leu324. The hydrophobic nature
of the side chain binding pocket explains the clear preference of
MhsT for hydrophobic substrates over polar/charged amino acids
(Appendix Fig S1).

Discrimination of aromatic and aliphatic amino acid
binding modes

The different substrate complexes of MhsT illustrate the changes
required for the substrate binding pocket to accommodate the dispa-
rately sized substrates. Although the seven substrates (including L-
Trp-bound structure; PDB ID: 4US3) bind the S1 pocket in a similar
mode concerning the amino acid group, significant structural
changes within the hydrophobic cavity are observed that serve to
modulate the S1 site on the basis of the nature and size of the
substrate’s side chain, i.e., aliphatic or aromatic.

Binding of aromatic amino acids was characterized using MhsT
structures with bound 4F-Phe, Tyr, Phe (this study), and Trp
(Malinauskaite et al, 2014). A comparison of these four structures
shows a small conformational change of the rotamer of Met236 in
MhsT-4F-Phe and MhsT-Tyr compared to the two other structures
(Fig 3A). For the 4F-Phe and Tyr complexes, the sulfur atom of
Met236 is pointing in the direction of the fluorine atom of 4-F-Phe
making a polar interaction, and the hydroxyl group of Tyr making a
favorable hydrogen bond, which is not possible for Phe and Trp
substrates, where instead the hydrophobic methyl group of Met236
points in the direction of the ligands for hydrophobic interactions.

Binding of the aliphatic amino acids was characterized using struc-
tures obtained for the MhsT-Val, MhsT-Leu and MhsT-Ile complexes
(Fig 3B). Comparison of aliphatic and aromatic substrate complexes
highlighted that the non-helical fragment of TM6, formed by residues
Leu234-Gly235-Met236-Gly237-Ala238, changes its relative position
within the binding site depending on the size of the ligand (Figs 3C
and EV2). This loop will be referred to as the GMG motif, as the shift
of these three residues is most significant. The movement is most
pronounced when the MhsT-Val complex is compared to the MhsT-
Trp structure. The presence of a small substrate in the binding site

The EMBO journal 40: e105164 |2021 3 of 13
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Table 1. Data reduction and refinement statistics.
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Processing MhsT-Tyr MhsT-4FPhe MhsT-Phe MhsT-Ile€ MhsT-Leu® MhsT-Val®
Beamline DLS-124 DLS-104 DLS-124 SLS- PXI DLS-104 DLS-124
Space group P2 P2 P2 P2, P2, P2,

Unit cell dimensions

a, b, c(d) 44.1,499,1103 44.2,4909,109.7 44.4,499,110.1 44.0,97.3,1109 44.2, 2156, 50.2 441, 2161, 50.4
a, B, 7 (°) 90.0, 96.8, 90.0 90.0, 96.1, 90.0 90.0, 96.8, 90.0 90.0, 96.1, 90.0 90.0, 90.05, 90.0 90.0, 90.02, 90.0
Wavelength (A) 0.96864 0.96858 0.96860 1.00001 0.97949 0.97950

No. reflections®

69,099 (6,707)

40,499 (4,060)

41,999 (4,369)

37,578 (6,463)

114,897 (5,823)

97,704 (9,611)

Resolution® 29.8-2.30 (2.38-2.30) 43.9-2.26 (2.33-2.26) 455-2.25 (2.32-2.25) 43.7-310 (331~ 455-2.35 (2.43-2.35) 29.1-2.60 (2.72—
310) 2.60)

Rmerge’ 0119 (0.734) 0.118 (0.677) 0.120 (0.820) 0.195 (0.815) 0.096 (0.679) 0117 (0.950)

Rpim’ 0.077 (0.595) 0.091 (0.532) 0.083 (0.563) 0.124 (0.532) 0.066 (0.502) 0.075 (0.607)

I/l 7.8 (16) 53 (13) 73 (22) 36 (12) 81 (L4) 80 (1.2)

Completeness ~ 97.4 (95.2) 92.9 (93.9) 98.2 (99.3) 816 (83.8) 98.5 (98.5) 995 (99.7)

(%)°

Redundancy® 33 (334) 23 (13) 29 (3.0) 27 (2.5) 3.0 (26) 3.4 (34)

CCypp® 0.991 (0.472) 0.991 (0.472) 0.989 (0.488) 0.989 (0.636) 0.996 (0.511) 0.994 (0.489)

Wilson B-factor 39.2 343 382 63.0 37.4 493

Twin fraction N/A N/A N/A N/A 0.443 (0.065)

Refinement

Resolution (A)?

29.8-2.30 (2.38-2.30)

39.3-2.26 (2.34-2.26)

45.4-2.25 (2.33-2.25)

437-3.10 (331~
3.10)

455-2.35 (2.43-2.35)

49.1-2.60 (2.69-
2.60)

Ruwork/Rree 0.223/0.263 (0.254/ 0.223/0.261 (0.291/ 0.224/0.255 (0.305/ 0.277/0.305 (0.340/ 0.185/0.222 (0.260/ 0.207/0.237 (0.306/
0.305) 0.299) 0.356) 0.355) 0.304) 0.355)

No. atoms

Protein 3,324 3,324 3,315 6,630 6,678 6,674

Ligand 13 13 12 18 18 16

Sodium 2 2 2 4 4 4

Detergent 103 195 107 109 176 357

Water 63 28 59 17 46 73

B- factors (&%)

Protein 36.2 38.2 45.0 56.7 414 56.9

Ligand 261 28.7 31.8 52.6 341 4838

Sodium 28.8 26.7 34.4 52.8 333 49.6

Detergent 479 55.8 64.1 58.2 517 68,4

Water 385 433 479 52.2 379 55.4

R.m.d. deviations

Bond length (A) 0.002 0.003 0.002 0.002 0.002 0.003

Bond angles (°) 0.542 0.601 0.583 0.578 0.505 0.595

Ramachandran

Favoured (%) 97.7 98.82 98.2 95.7 96.9 96.4

Outliers (%) 0 0 0 0.23 0 0

Values in parentheses are for highest resolution shell.
®MhsT-Leu was refined against the h,-k,-I twin law with 44.3% twinning, whereas MhsT-Val was refined without use of twin law.
“The refinement of the MhsT-lle complex was hindered by low completeness and the presence of translational NCS. Initial difference maps were consistent with
the binding mode observed for the other aliphatic substrates.
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MhsT-lle

MhsT-Leu

Figure 2. Volumes of the binding pockets visualized by the van der Waals spheres of the ligand and coordinating residues of MhsT in complex with L-Phe,

L-4-F-Phe, L-Tyr, L-Val, L-Leu, and L-lle.

prompts the inward movement of the GMG loop thus compensating
for the smaller substrate side chains. The unwound region of TM6 is
displaced by approx. 2 A toward the bound substrate when compar-
ing the position of Met236 Co. The inward movement of the GMG
loop reduces the volume of the binding pocket significantly, with
volumes approaching 230 A3 for the aromatic substrates and dimin-
ishing to 144 A% in the case of valine (Appendix Table S1, Fig 2,
Appendix Figs S3 and S4). Taken together the seven substrate-bound
structures describe a bi-modal binding site that distinguishes between
apolar aliphatic and aromatic amino acids by a main chain movement
of the GMG motif, and by finetuning of the position of individual side
chains through rotamer changes of the M236 side chain.

Overall changes in the volume of the MhsT hydrophobic cavity
upon binding of different substrates could follow an “induced-fit”
mechanism (Klingenberg, 2005; Nyola et al, 2010) or conforma-
tional selection (Hammes et al, 2009; LeVine & Weinstein, 2014).
Specifically, the hydrophobic nature of the substrate and its binding
pocket disfavors the possibility of increased solvation compensating
for the deficit in substrate volume, thus promoting an intrinsic struc-
tural fit of the substrate binding site—a mechanism, which is also
reminiscent of the movement of the unwound segment of TM1 to
compensate the empty hydrophobic-lined substrate binding site in
the occluded return state of LeuT and other SLC6 family transporters
(Malinauskaite et al, 2016).

The conserved Glu66

Proximal to the substrate binding site, however, a glutamate residue
(Glu66) is buried in the MhsT structure and interacts with the

© 2020 The Authors

backbone of the GMG motif of TM6. Interestingly, Glu66M™7 is
conserved throughout the SLC6 family (Appendix Fig S5A). Mutage-
nesis of the equivalent glutamate residue in SERT (Korkhov et al,
2006), DAT (Chen et al, 2001; Sen et al, 2005), NET (Sucic et al,
2002), and GAT1 (Keshet et al, 1995) diminishes transport activity,
supporting its important role in substrate translocation. In SERT,
interaction between this glutamate (Glu136°RT) and TM6 has been
proposed to be crucial for conformational transitions of the protein
(Korkhov et al, 2006), allowing for changes between the outward
and inward-facing states associated with the transport cycle. MhsT
offers the opportunity to analyze interactions of this residue in the
occluded inward-oriented state.

Even though the unwound region of TM6 adopts different confor-
mations in the aliphatic and aromatic substrate-bound MhsT
complexes, interactions with Glu66 are maintained. These interac-
tions proceed through both direct and more flexible water-mediated
hydrogen bonds (Figs 3D and E, and EV3). With smaller aliphatic
substrates bound to MhsT, the space formed through the displace-
ment of unwound TM6 (including GMG) is filled with an additional
ordered water molecule interacting with both Glu66 and unwound
TM6. The water molecules could have two functions (i) to stabilize
the different conformations of unwound TM6 (B-factor analysis of
all complexes revealed that the conformation of unwound TM6 is
largely rigid for all bound substrates, Fig 4A and B) and (ii) to
preserve the interaction with Glu66 and its critical role in transport.

Indeed, a comparison of the various known LeuT and MhsT
structures in different states highlights a consistent interaction of
Glu66 with the unwound TM6 in spite of the significant rearrange-
ments of TM2, TM6a and TM6b during the transport cycle

The EMBO journal 40: e105164 [2021 5 0f 13
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G235

F230

A, B Grouping of binding sites: (A) aromatic ligands consisting of L-Trp, L-Phe, L-4-F-Phe, and L-Tyr, (B) aliphatic ligands consisting of L-Val, L-Leu, and L-lle.
C Overlay of MhsT-Val (in green) and MhsT-4FPhe (in white) structures to visualize changes upon binding of different sized ligands. The unwound region of TM6 is

non-transparent.

D, E Conformation of the unwound part of TM6 in case of an aromatic substrate (L-4-F-Phe as an example) and (E) aliphatic substrate (L-Val as an example). Glu66 is
coordinating the GMG loop through water molecules—in the case of aromatic substrates only one water molecule is found, whereas with aliphatic substrates two

water molecules are present.

Data information: Protein is shown as white ribbon with the binding site defined with white sticks. Substrates are visualized as gray sticks and the sodium ions as

purple spheres.

(Appendix Fig S6). The interaction is also maintained when different
sized substrates are bound, underlying the importance of this inter-
action. The Glu66 residue could be viewed as a fulcrum at the
protein core about which changes related to the transport mecha-
nism happen.

Conservation of the GMG loop
Unlike the considerable conservation of the unwound region of TM1

in SLC6 transporters, which has been reported as important also for
the substrate-free return transition (Malinauskaite et al, 2016), the

6 of 13 The EMBO journal 40: €105164 | 2021

unwound region of TMG6 is far more diverse in sequence. The central
residue, Met236 in MhsT, is typically a non-polar residue ranging in
size from leucine (e.g., GABA transporter) to tryptophan (e.g.,
glycine transporter) with a majority of SLC6 transporters, like LeuT,
having a phenylalanine (e.g., serotonin and dopamine transporters).
A C-terminally flanking glycine, Gly237 in MhsT, is fully conserved
in the SLC6 family (Appendix Fig S5B), while the N-terminally
flanking residue, Gly235 in MhsT, is typically a cysteine, glycine, or
alanine. The flanking residues may determine the degree of flexibility
of the loop, which, combined with the diversity of the unwound
TM6 sequence, is likely related to the substrate specificity of the

© 2020 The Authors
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Figure 5. Specificity of MhsT-M236F.
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A Uptake of 0.1 pM L-[*H]Leu was measured for 10-s periods in the presence or absence of the indicated natural amino acids and 4-fluorophenylalanine (4FP, all
compounds tested at 100 puM final concentration) in MQ614 expressing MhsT-WT or —M236F.
B, C Time course of 0.1 uM L-[H]Leu (B) or 0.1 uM L-[*H]Trp (C) by MQ614 expressing MhsT-WT (M) or —~M236F (V), or MQ614 transformed with the control plasmid,

PQEGO (O).

D, E Kinetics of L-[*H]Leu (D) or L-[*H]Trp (E) uptake by MQ614 expressing MhsT-WT (M) or —M236F (V).

Data information: Data are the mean + SEM of triplicate determinations of a representative experiment.

transporter, eventually with promiscuity to a broader range of
substrates as for the GMG motif of MhsT.

Like MhsT, the closely related amino acid transporters SLC6A18
(B°AT3) and SLC6A19 (B°AT1) are neutral amino acid transporters,

© 2020 The Authors

although with a specific preference for aliphatic amino acids
(Camargo et al, 2005; Broer et al, 2006; Singer et al, 2009). Sequence
alignment of MhsT, SLC6A18 and SLC6A19 identified similarities
and differences between their binding pockets (defined as residues
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within 4 A from bound substrate in MhsT, Appendix Table S2). The
substrate binding site of MhsT exhibits ~ 50% conservation
compared to SLC6A18 and SLC6A19. In both transporters, the
unwound TM6 motif is AFG, with the reduced flexibility and bulkier
central Phe residue putatively defining the substrate specificity
toward a preference for aliphatic amino acids similar to LeuT. Inter-
estingly, in both SLC6A18 and SLC6A19 the AFG motif is followed
by an additional glycine that may provide additional, spatial flexibil-
ity (Appendix Fig S5).

To probe the role of the unwound region of TM6 and the compo-
sition of the substrate binding site on substrate specificity of the
SLC6 transporters, we generated several mutant forms of MhsT in
which the binding site mimicks the binding sites of SLC6A18 and
SLC6A19. Comparable levels of expression of all of the constructs
were confirmed suggesting that alterations of transport rates were
caused by lowered activity of the protein. These MhsT mutants were
subsequently used for transport studies (Fig EV4B-J).

In vivo uptake experiments

A competitive uptake assay of L-[*H]Leu and non-radiolabeled
amino acids allowed for an investigation of the substrate speci-
ficity of the generated MhsT variants. From the group of single
mutants, the most striking effect was observed for the M236F
variant, which showed complete insensitivity toward the aromatic
amino acids (Figs SA and EV4), while the interaction of
hydrophobic but non-aromatic substrates seems to be unaffected
in this variant. Measurements of initial rates of transport in
MQ614 cells expressing MhsT-WT or -M236F confirmed compara-
ble kinetics of the two proteins for Leu (Fig 5). The Vi, of Leu
transport was calculated to be 3.23 + 0.14 nmol/min x mg of cell
protein™' for MhsT-WT and 3.33 + 0.13 nmol/min x mg of cell
protein™' for MhsT-M236F. The K, and Vi.x of Trp uptake by
MhsT-WT were 1.07 £ 0.19 uM and 2.59 £ 0.12 nmol/min x mg
of cell protein~?, respectively, but could not be determined for
MhsT-M236F, suggesting complete abolishment of L-Trp uptake
by M236F variant (Fig 5C).

Discussion

The total of seven substrate-bound crystal structures of MhsT, six of
them determined here, highlight the structural reorganization,
centered on the unwound region of TM6, that is required to accom-
modate the transport of aliphatic and aromatic residues. This move-
ment tailors the S1 binding site volume and provides a structural
basis for the promiscuity of the transporter. A single point mutation
of Met236 to Phe, found in ~ 50% of human SLC6 and also in, e.g.
LeuT, abolishes the transport of aromatic amino acids by MhsT, but
maintains transport of aliphatic side chains.

Comparison of the various substrate-bound MhsT structures
illustrates that the GMG motif present in the unwound region of
TM6, and conserved to some extent among other bacterial homo-
logues and eukaryotic members of NSS family (Appendix Fig S5B),
serves as a regulator of the binding site pocket volume and modu-
lates the chemical environment. Involvement of the non-helical frag-
ment of TM6 in substrate binding was also observed in crystal
structures of outward-oriented LeuT with different amino acids
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[L-Leu (Yamashita et al, 2005), Gly, L-Ala, L-Met] and their deriva-
tives [L-4-F-Phe (Singh, 2008)].

However, it seems that the two transporters use different mecha-
nisms to accommodate for different substrates sizes, and while both
MhsT and LeuT transport a broad range of hydrophobic amino
acids, their specificities seem to be shifted toward opposing ends of
the spectrum. LeuT is more suitable to the transport of smaller,
aliphatic substrates (Gly, L-Ala, L-Leu) with a maximal catalytic effi-
ciency for L-Ala, whereas MhsT has higher apparent affinity for
bulky, aromatic ligands (L-Tyr, L-Phe and L-Trp). Formation of the
LeuT complex with L-Ala and Gly is possible due to torsions of two
spatially neighboring residues, Phe259 and Ile359, by about 30° and
15°, respectively, when compared to the L-Leu complex. These two
residues were characterized as the volumetric sensors in LeuT and
mediators of the allosteric communication between the substrates in
the S1 site and the intracellular gate (LeVine & Weinstein, 2014;
LeVine et al, 2019). Indeed, the Phe259 residue in LeuT corresponds
to Met236 in MhsT, with both of them flanked by Gly residues
(Appendix Fig S5B). While binding of the various aliphatic
substrates by LeuT is associated with the same binding site architec-
ture as for the LeuT-Leu complex, the much bulkier 4F-Phe requires
the largest rearrangements of LeuT; Ile359 undergoes a ~ 180° rota-
tion of its side chain, while the backbone of the unwound region of
TM6 is slightly shifted outward in order to accommodate the
substrate within the protein cavity (Singh et al, 2008). This is simi-
lar, but significantly less pronounced, than the outward movement
of unwound TM6 region in MhsT with aromatic substrates. Singh
et al (2008) speculated that the displacement of the unwound TM6
region in the LeuT-L-4F-Phe structure marked a strained occluded
state, with a reduced rate of transition to the inward-open state,
consistent with the lower tyrosine turnover rate. Furthermore, the
larger L-Trp acts as a competitive inhibitor for LeuT and traps the
transporter in an outward-open conformation. In light of our find-
ings for MhsT, this movement of unwound TM6 in LeuT could also
be viewed as an extension of the binding pocket in order to accom-
modate larger substrate side chains.

The movement of the unwound region of TM6 was also observed
in crystal structures of the D. melanogaster dopamine transporter
(dDAT) in complex with substrates like dopamine or amphetamines
(Wang et al, 2015) and inhibitors like antidepressants (Penmatsa
et al, 2013, 2015) or tropane inhibitors. In the case of dopamine,
methamphetamine, or D-amphetamine, the non-helical fragment of
TM6 is moved into the binding pocket in a similar way as for MhsT
in complex with aliphatic substrates. The binding of substrates is
accompanied by specific conformations of Phe3199PAT (Phe230MPsT)
and Phe325%PAT (Met236MPT) that additionally reduce the size of
the binding pocket. Inhibitors lock dDAT in an outward-open
conformation, either by blocking the binding site with multiple
aromatic rings, like in the case of antidepressants, where the
unwound part of TM6 is moved out and the two abovementioned
Phe turn away from the pocket, or by hindering the movement of
the extracellular gate as in the case of tropane inhibitors. Here,
the unwound part of TM6 and the two Phe residues are in similar
conformations as the in the case of the substrates (Penmatsa
et al, 2013).

Since the GMG motif in MhsT and its corresponding loop in LeuT
and dDAT can compensate for different substrate sizes, it is tempt-
ing to speculate that the mechanism applies also for other
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transporters. Probably, the functional properties of the (G/A/C)®G
motif (GMG for MhsT, GFG for LeuT, and AFG, AWG, CLG,
CQG, GFG, and GLG for human SLC6 members) would be rele-
vant in other transporters with a broad range of substrates, espe-
cially if they are of different sizes. Functional studies in
Escherichia coli cells expressing MhsT-WT or mutant variants
mimicking the neutral amino acid transporters SLC6A18 and
SLC6A19 revealed loss-of-function to transport aromatic amino
acids (Fig EV4) with M236F (of the GMG motif) being the most
significant in its effect on function of MhsT (Figs 5B-E and
EV4E). Other single mutations had moderate to no effect
(Fig EV4B-J). Comparable levels of expression of all of the
constructs were confirmed suggesting that any alterations of
the transport rates were caused by lowered activity of the protein.
The observed phenotype can be easily explained by an alteration
of the binding site as well as a change within the electrostatic
and steric environment of the hydrophobic pocket.

Based on the available crystal structures and competitive uptake
assays, we can assume the Val side chain represents the smallest
ligand suitable for transport by MhsT-WT (Appendix Fig S1 and
Fig 5A). The size of Gly or Ala may be too small to be compensated
by an inward tilt of the GMG loop, as Met236 presumably cannot
stabilize the requirement of a smaller binding site. The M236F
substitution did not result in a gain of glycine or alanine transport
activity showing that also other features in the S1 site play a role in
defining the substrate specificity. Possibly, mutagenesis of several
residues, e.g. placed at the interface of more distant TM helices,
would be required to alter the overall shape and dynamics of the
binding site and thereby its binding specificity along with transport
activity.

In a computational study on LeuT, the binding site residues
placed in TM6 (Phe259 of the GFG motif) and TM8 (Ile359) were
found to have the highest contributions in communication between
the substrate binding site and the intracellular gate of LeuT, thus
serving as important residues in allosteric signaling during the
substrate transport (LeVine & Weinstein, 2014; LeVine et al, 2019).
Also, among the residues present within the LeuT S1 site, Phe259
was reported to have the highest contribution to coordination of the
intracellular gate. In general, the findings highlight TM6 as a major
mediator in coordination of the intracellular gate by residues from
S1 and S7 sites of LeuT with F259 (MhsT M236) being proposed to
serve as a regulatory residue which, e.g. in the case of L-Trp binding
to LeuT, leads to inhibition (LeVine & Weinstein, 2014).

As observed also in the MhsT-substrate complexes, the unwound
region of TM6 interacts with a highly conserved Glu66 from TM2.
The residue, when mutated in SERT, was shown to reduce or abol-
ish the transport, while not affecting the substrate binding suggest-
ing it is crucial for conformational transitions of the protein
(Korkhov et al, 2006). The negative influence of the conserved Glu
substitutions was also reported for DAT (Chen et al, 2001), (Sen
et al, 2005) and NET (Sucic et al, 2002). Our MhsT structures reveal
that depending on the size of the bound substrate water molecules
and H-binding networks involved in the coordination of the
unwound region of TM6 to Glu66 are slightly changed, but main-
tained (Fig EV3). These interactions and the presence of substrate
and Na' inside the binding pockets support transition from the
substrate-bound, outward-facing state toward the inward-facing
conformation and substrate release. The water molecules mediating
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contacts to TM6 are also found in the LeuT structures (Dang et al,
2010), and a comparison of the various LeuT and MhsT structures
in different conformational states highlights that the interaction of
the buried glutamate on TM2 with the unwound TM6 is maintained
through the transport cycle (Appendix Fig S6). Given the impor-
tance of this interaction to transport, it is remarkable that in MhsT
the significant movements of unwound TM6 are accommodated and
play a crucial role in substrate specificity. The corresponding
residue in other SLC6 transporters (Appendix Fig S5A) is Glug4PAT,
Glu136°"RT, and Glu62™"". In most cases, it interacts with another
glutamate residue on TM10 (Glu490°*T, GluS08°*RT, Glu419-"T)
and the interaction has been noted as important for protein stability
and conformational changes (Koldso et al, 2013). The mutation of
the interacting glutamate residue on TM10 to a lysine is one of the
disease mutations causing Hartnup disease in SLC6A19 [E501K
(Seow et al, 2004)].

Why is Glu66 at all conserved as a glutamic acid and cannot be
replaced by, e.g., a glutamine residue? Presumably, Glu66 (and its
equivalent residue in other SLC6 transporters) is even protonated
and neutral in the buried environment [PROPKA estimates a pKa
of 7.6 (molecule A) and 8.1 (molecule B) for the L-Val complex
and 6.9 (partially protonated) for the Trp complex (Olsson et al,
2011)], but the hydrogen position of such a functionality is dislo-
cated and can shift to support a rapid and dynamic change in
hydrogen bonding capacities that promotes transport, unlike for a
glutamine side chain that would have to rotate fixed hydrogen
bonding geometries to align with dynamic transitions associated
with transport.

Many transporters belonging to other SLC families share the
LeuT fold despite of low sequence similarity, implying that struc-
tural as well as mechanistic similarities are present, e.g., the argi-
nine/agmatine antiporter, AdiC (Gao et al, 2010; Kowalczyk et al,
2011), and the L-5-benzyl-hydantoin bound sodium-benzylhydan-
toin transporter, Mhpl (Weyand et al, 2008). In both cases, the
substrates are bound to the transporters in a similar manner as LeuT
and MhsT, with an additional m-cation interaction in the case of
AdiC and a m-stacking interaction in the case of Mhpl. Similarly,
looking at the apo state of the organocation transporter, ApcT (Shaf-
fer et al, 2009), a water filled cavity large enough to accommodate
an L-Phe substrate molecule is found at the same location. However,
the betaine transporter, BetP (Ressl et al, 2009), the galactose trans-
porter, vVSGLT (Faham et al, 2008), and r-carnitine transporter, CaiT
(Tang et al, 2010) transporters have binding pockets shifted toward
TM2 and TM7, but with the TM1 and TM6 still participating in
substrate binding. Notably, however, the conserved (G/A/C)®G
sequence in TM6 of SLC6 transporters is not conserved within the
unwound region of TM6 of transporters that do not belong to the
SLC6 family, despite that fact that they share the overall LeuT fold.
This is pointing to a specific role of an unwound region in TM6 in
the case of SLCG6 transporters including the NSS and AAT subfami-
lies. Furthermore, the conserved Glu residue in TM2 (Glu66 in
MhsT) is only conserved among the SLC6 members, further corro-
bating the notion of distinct transport mechanisms along the lines of
the existing gene families. The common LeuT fold therefore appears
to represent an archetype of transporters that, by rather small struc-
tural modifications, has evolutionarily developed into distinct trans-
porter families with varying substrate translocation mechanisms for
different physiological conditions and substrates.
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Materials and Methods

Reagents

All chemicals were obtained from Sigma, unless stated otherwise.
Amino acids stocks were prepared at 10 mM concentration in H,0
and were stored at 4°C.

Protein expression and purification for structural studies

The mhsT gene was cloned into the pNZ8048 vector containing a
chloramphenicol resistance gene, an N-terminal His-tag, and a TEV
protease cleavage site. The protein was expressed in Lactococcus
lactis NZ9000 strain and purified as described previously
(Fig EV5A-C) (Malinauskaite et al, 2014).

Protein relipidation and crystallization

Purified MhsT, concentrated to approx. 9 mg/ml, was relipidated
overnight in 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) at w/
w ratio 3:04 and 3:08 protein:lipids, according to the method
described previously (Malinauskaite et al, 2014). Prior to crystalliza-
tion experiment, protein sample was spun down at 290,000 x g for
20 min and mixed with either n-octyl-B-D-glucopyranoside (OG;
Anatrace) or n-nonyl-B-D-glucoside (NG; Anatrace) detergent to
final detergent concentration of 4 CMC.

Crystallization was achieved at 19°C by vapor diffusion in hang-
ing drop using immersion oil as a sealing agent. The reservoir buffer
composition covered 14-24% PEG400, 0.3-0.5 M NaCl, 100 mM
Tris-HCl, or HEPES-NaOH pH 7.0, 5%, or 10% glycerol, 5%
Trimethylamine N-oxide (TMANO). Obtained crystals were
harvested at 4°C and tested for diffraction at the Diamond synchro-
tron facility using beamline 124 and 104, Swiss Light Source using
beamline PXI.

Data processing and structure refinement

Obtained datasets were processed in P2 or P2; space groups using
XDS package (Kabsch, 2010) and CCP4 program suite (Collaborative
Computational Project N, 1994). The initial phases for the structures
were obtained using Phaser (McCoy, 2007) with MhsT-Trp structure
(PDB ID: 4US3) (Malinauskaite et al, 2014) as a search model
excluding TMS from the model. Initial models were rebuilt manually
in COOT (Emsley et al, 2010), and atomic models were refined using
phenix.refine (Adams et al, 2010). The quality of the datasets and
presence of twinning were checked in phenix.xtriage. The dataset
for MhsT-Leu was refined using the (h —k -1) twin law. The final
data and refinement statistics are presented in Table 1. Attached fig-
ures were prepared in PYMOL (Schrodinger, 2015), the multiple
sequence alignment was performed using MUSCLE (Edgar, 2004),
and the LOGO representation was obtained in CLC Main Workbench
(CLC Bio, Qiagen).

Protein expression for functional studies

Desired mutations were introduced into mhsT wild- type gene via
site-directed mutagenesis (Mutagenesis QuickChange Lightning Kit,
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Agilent Technologies, Inc) using designed primers. Final constructs
were verified via DNA sequencing. Subsequently, the mhsT variants
were cloned into pQO6TEV vector, which is a modified version of
pQE30, and were expressed in E. coli strain MQG614 [aroP mitr
tnaB271:=:TnS tyrP1 pheP::cat] as described previously (Malin-
auskaite et al, 2014). Briefly, an overnight preculture of E. coli cells
was diluted in LB medium supplemented with 100 pg/ml ampicillin
to an ODy,p of 0.1. The culture was incubated at 37°C with shaking,
until the OD reached 1 when the expression was induced by addi-
tion of 0.3 mM IPTG. Induced cells were incubated at 37°C with
shaking for two additional hours. Afterward, the cells were
harvested by centrifugation for 10 min at 13,200 x g, at 4°C. The
pellet was washed twice in 100 mM Tris/MES, pH 7.5 and stored on
ice until the uptake experiment.

Transport measurements in intact Escherichia coli cells

Uptake of L—[3H]Trp (18 Ci/mmol) or L-[*H]Leu (120 Ci/mmol; both
American Radiolabeled Chemicals, Inc.) was measured in intact
E. coli MQ614 (Quick et al, 2006) or E. coli YG228 [Koyanagi et al,
2004] transformed with pQE60 or its derivatives harboring indicated
MhsT variants. Cells were prepared for uptake studies as described
(Quick et al, 2006), and uptake was performed in 10 mM Tris/Mes,
pH 8.5, 150 mM NacCl at a final total cellular protein concentration
of 0.35 mg/ml in the presence or absence of substrates or inhibitors
as indicated. 100 ul samples were assayed for the indicated time
periods, and the uptake reactions were quenched by the addition of
100 mM KP;, pH 6.0, and 100 mM LiCl. Cells were collected on
Advantce MFS GF75 glass fiber filters. The accumulated radioactiv-
ity was determined (as counts per minute, cpm) in a Hidex 300 SL
scintillation counter. Known amounts of radioactivity were used to
determine the cpm-to-pmol conversion.

Immunological protein detection

Relative amounts of the respective MhsT variants in the membrane
of MQ614 were detected by Western blotting using a monoclonal
antibody against the N-terminal His tag present in all MhsT
constructs (Fig EV5D). 10 pg of total membrane protein in
membrane vesicles of MQ614 harboring the indicated MhsT variant
(or the control plasmid) was subjected to 11% SDS-PAGE
followed by incubation of the membrane with the His probe anti-
body (Santa Cruz Biotechnology, Inc.) and horseradish peroxidase-
based chemiluminescence detection (SuperSignal® West Pico Kit,
Thermo Scientific).

Data analysis

All uptake measurements were performed in duplicate or triplicate
and repeated at least five times. Data (shown as mean + SEM of
triplicate determination) are from representative experiments in
which all constructs were assayed in parallel. The Michaelis—
Menten constant (K;,) and maximum velocity (V.x) of transport
were determined by fitting the data of 10-s uptake measurements
plotted as function of the concentration of the respective substrate
to the Michaelis—Menten equation in GraphPad Prism 7.0. They are
shown as mean + SEM of the fit.
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Data availability

The atomic coordinates and structure factors of the six MhsT-
substrate complexes produced in this study have been deposited to
the Protein Data Bank https://www.rcsb.org/ under accession
codes: 6YU2 (MhsT-Ile), 6YU3 (MhsT-Phe), 6YU4 (MhsT-4FPhe),
6YUS (MhsT-Val), 6YU6 (MhsT-Leu), and 6YU7 (MhsT-Tyr).

Expanded View for this article is available online
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