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Abstract

Despite having similar structures, each member of the Heteromeric Amino acid Transporter
(HAT) family shows exquisite preference for the exchange of certain amino acids. Substrate
specificity determines the physiological function of each HAT and their role in human
diseases. However, HAT transport preference for some amino acids over others is not yet
fully understood. Using cryo-EM of apo human LAT2/CD98hc and a multidisciplinary
approach, we elucidate key molecular determinants governing neutral amino acid specificity
in HATs. A few residues in the substrate-binding pocket determine substrate preference.
Here we describe mutations that interconvert the substrate profiles of LAT2/CD98hc,
LAT1/CD98hc and Asc1/CD98hc. In addition, a region far from the substrate-binding pocket
critically influences the conformation of the substrate-binding site and substrate preference.
This region accumulates mutations that alter substrate specificity and cause hearing loss
and cataracts. Here we uncover molecular mechanisms governing substrate specificity
within the HAT family of neutral amino acid transporters and provide the structural bases for
mutations in LAT2/CD98hc that alter substrate specificity and that are associated with

several pathologies.

Significance

The transport of amino acids across the plasma membrane plays a central role in physiology.
The Heteromeric Amino acid Transporters (HATs) of neutral amino acids (LAT1/CD98hc,
LAT2/CD98hc and Asc1/CD98hc) participate in a variety of processes such as modulation
of glutamatergic neurotransmission and synaptic plasticity, auditory function, and promotion
of brain development and tumour growth by supporting mTORC1 activity. We identify
substrate specificity determinants of neutral amino acids HATs within the substrate-binding
cavity and in a nearby region that holds the conformation of the substrate-binding site. LAT2
mutations in this scaffold region are associated with human diseases and our results pave

the way to understand the molecular mechanisms of these pathologies.
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Introduction

Amino acids play a central role in cellular metabolism. Dysregulation of both intra and extra-
cellular amino acid concentrations is associated with pathological conditions (1). Amino acid
transfer across the plasma membrane is mediated by specific transporters that bind and

transport these molecules from the extracellular medium into the cell, or vice versa.

Heteromeric Amino acid Transporters (HATs) are a family of amino acid transporters
comprised by a heavy subunit and a light subunit, linked by a conserved disulfide bridge (2).
Heavy subunits (SLC3 family) are ancillary proteins required for trafficking the
holotransporter to the plasma membrane (2), whereas the light subunits (LATs; SLC7 family)
transport amino acids and confer substrate specificity to the heterodimer (2). HATs are
amino acid exchangers that harmonize amino acid concentrations at each side of the plasma

membrane and as such they play a critical role in amino acid homeostasis (1, 3).

The physiological relevance of HATs is highlighted by their role in cancer and several
inherited diseases (4-8). HAT neutral amino acid transporters in particular are gaining
momentum as several mutations linked to human diseases have recently been identified
and new physiological roles for this group of transporters have been uncovered using
knockout mouse models (8-13). Several loss-of-function mutations in human LAT2/CD98hc
(SLC7A8/SLC3A2) are associated with age-related hearing loss (ARHL) (9) and cataracts
(10). Also, some coding variants are linked to an increased risk of autism spectrum disorder
(14). In addition, hLAT2/CD98hc overexpression in pancreatic cancer cells sustains
glutamine-dependent mTOR activation to promote glycolysis and chemoresistance (15).
This observation thus points to hLAT2/CD98hc as a potential pharmacological target in this
particular type of cancer. On the other hand, LAT1/CD98hc (SLC7A5/SLC3A2), which is
also linked to cancer (4, 7), participates in brain development and autism spectrum disorder
(12). Finally, Asc1/CD98hc (SLC7A10/SLC3A2) is considered a target to regulate
glutamatergic neurotransmission in some cognitive disorders, such as schizophrenia (16,

17), and a relevant player in adipocyte lipid storage, obesity, and insulin resistance (18).

Several atomic structures of HATs (19-24) and LATs (25) have recently been described,

thus paving the way for the dissection of the molecular transport mechanisms. The
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substrate-binding site of LATs determined in complex with a substrate or competitive
inhibitors shows a conserved design consisting of two unwound segments of
transmembrane (TM) 1 and TM6, which contain residues that recognize the a-amino and
carboxyl groups of the substrate (21-25). Each member of the HAT family displays a
preference for transporting a certain set of substrates (2). LAT2/CD98hc, LAT1/CD98hc and
Asc1/CD98hc transport neutral amino acids but of different sizes. LAT1 is specialized in
large neutral amino acids but it is inefficient for L-glutamine, and it does not transport small
amino acids. LATZ2 transports both large and small neutral amino acids and it is highly
efficient for L-glutamine. Finally, Asc1 mediates the preferential uptake of small neutral

amino acids, including D-isomers, particularly D-serine (26-28).

Despite recent advances in resolving the structure of several HATs, the molecular
mechanisms explaining why each member of the family shows exquisite preference for
certain substrates but not others are mostly unknown. Here we addressed the structural
bases of substrate specificity in the HAT family. To this end, we used cryo-electron
microscopy (cryo-EM) to determine the structure of human LAT2/CD98hc in inward-facing
open and apo conformation. We used this structure to study substrate-binding determinants
by combining Protein Energy Landscape Exploration (PELE) and Molecular Dynamics (MD),
together with mutational and functional studies. We reveal that a few residues present in the
substrate-binding pocket and nearby regions determine substrate preference, and we
demonstrate how the substrate preference of several HATs can be interconverted. In
addition, a region located at a certain distance of the substrate cavity but whose structure
critically influences the conformation of the substrate-binding site also regulates substrate
preference. This region accumulates mutations associated with ARHL and cataracts that

alter hLAT2 substrate specificity.

Our work uncovers key structural determinants that govern, by different mechanisms, the
differences in substrate specificity found within HAT members of neutral amino acid
transporters. It also provides the structural bases for mutations in LAT2/CD98hc associated

with deafness and cataracts.

Results
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Cryo-EM of hLAT2/CD98hc

We used single-particle cryo-electron microscopy (cryo-EM) to determine the structure of
hLAT2/CD98hc in its apo form and identified the structural basis underlying substrate-size
selectivity in the human LAT subfamily of neutral amino acid transporters. After expression
in HEK293-6E cells, hLAT2/CD98hc was purified by double affinity chromatography and a
final purification step using size exclusion chromatography (S/ Appendix, Fig. S1A, B and
C). The purified complex was functionally active in transport assays using proteoliposomes
(SI Appendix, Fig. S1D).

The peak fraction of the size exclusion chromatography was applied to holey grids, vitrified
and observed using a 300 kV Titan Krios electron microscope (Thermo Scientific™) (S/
Appendix, Fig. S2A). Reference-free 2D averages of the extracted particles revealed that
most of the ~140 kDa complex was made of well-defined transmembrane helices inserted
within the detergent micelle, whereas an ectodomain was placed outside the micelle (S/
Appendix, Fig. S2B). Extracted particles were subjected to several rounds of 2D and 3D
classification and 176,132 were selected to reconstruct a high-resolution volume of
hLAT2/CD98hc, as described in Methods (S/ Appendix, Fig. S3).

The cryo-EM map of hLAT2/CD98hc revealed the extracellular ectodomain of CD98hc
sitting on top of LAT2 and anchored to the membrane by a transmembrane helix (TM1’) that
reaches the cytoplasmic side and interacts with hLAT2 (Fig. 1A and B). This structure is in
agreement with previous low-resolution models of hLAT2/CD98hc (29, 30) and similar to
other recently solved human HATs (19-23). Indeed, human LAT2/CD98hc apo structure is
very similar (r.m.s.d. for all backbone atoms of 1.36 A) to the reported structure of this
transporter bound to L-tryptophan (23) (S/ Appendix, Fig. S4A). Average resolution
estimates of the hLAT2/CD98hc cryo-EM map reported here were 3.9 A and 3.7 A using
Fourier Shell Correlation (FSC) in RELION (31) and ResMap (32), respectively (S/
Appendix, Fig. S2C and D). These estimations included the effect of the micelle and the
disparity of resolution between the ectodomain and the rigid hLAT2 protein. However, most
of hLAT2 was resolved at resolutions between 2.5 and 3.0 A (S/ Appendix, Fig. S2E and
Table S1), thereby allowing the unambiguous assignment of residues in each helical

element during modeling of the atomic structure of hLAT2 (S/ Appendix, Fig. S5). The lower
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resolution of the CD98hc ectodomain suggested some flexibility with respect to the hLAT2

subunit in the membrane region.

In addition, an elongated density near transmembrane helices (TM) 3, 9, 10, and 12 was
observed and interpreted as digitonin (Fig. 1A and B). The planar shape of this density was
more elongated than that of cholesterol and it extended towards a disordered density in the
extracellular region. A cholesterol molecule in this position might play a physiological role,

as also proposed for hLAT1 (33).

hLAT2/CD98hc apo structure

We modeled the complete structure of the hLAT2/CD98hc heterodimer in the absence of
substrate (Fig. 1B), except for N-terminal residues 1-60 for CD98hc and 1-40 for hLATZ2 for
which we could not identify any density (hLAT2 and CD98hc isoform f numbering used in
this study). With the exception of these areas, the sequences of hLAT2 and CD98hc were
fully resolved. Like other members of the LAT subfamily, hLAT2 adopts the APC superfamily
fold (19-25). TM1-TM5 and TM6-TM10 are related by a pseudo two-fold symmetry axis
within the plane of the membrane. TM1 and TM6 are unwound in the center, forming two
discontinuous helices named 1a, 1b, and 6a, 6b (see details later). h(LAT2 and CD98hc are
linked by a disulfide bridge between Cys 154 (hLAT2) and Cys 109 (CD98hc) and by a
variable number of interactions between TM1’ and the transmembrane portion of hLAT2
(Fig. 1B and S/ Appendix, Fig. S6). TM1' crosses the lipid bilayer next to the hLAT2 hash
domain (i.e., TMs 3, 4, 8 and 9) forming helix-helix contacts with residues in TM4 and the
extracellular end of TM3 in hLAT2 (Fig. 1B and S/ Appendix, Fig. S6). These contacts are
mediated by hydrophobic residues Phe 88’, Trp 89’ and 92’, Leu 96’, Ala 99’, and lle 102’
and 103’ in CD98hc TM1’, and Leu 147, Leu 150 and Phe 151 in TM3, and Leu 163, 164,
171, lle 167 and Trp 174 in TM4 in LAT2 (SI Appendix, Fig. S6). Interestingly, Trp 174, which
is conserved only in hLAT2 and hAsc1, faces Phe 88 and Trp 89’ in TM1’, forming an
aromatic triad in the TM1’-TM4 interface (SI Appendix, Fig. S6). Nevertheless, mutation of
Trp 174 to alanine (the corresponding residue in hLAT1) had no effect on protein expression,

plasma membrane localization or [*H] L-alanine uptake.

Unwound regions in TM1 and TM6 form the hLAT2 substrate-binding site
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In the absence of substrates, the hLAT2/CD98hc structure is in an inward (cytoplasmic)-
facing open conformation with TM1a and TM6b tilted to open a vestibule connecting the
cytoplasm to the center of the transporter (Fig. 2A). At the end of this passage, a particular
spatial conformation of unwound regions connecting TM1a with TM1b and TM6b with TM6a
forms an empty space that, together with residues in TM1a, TM6b, TM3 and TM8, define
the substrate-binding site, described before for several amino acid transporters with APC
fold (21-23, 25, 34, 35). In particular, in all the transporters in the LAT subfamily, TM1a
contains a **G(S/T)G®" motif with the amide nitrogen atoms of Gly 55, Ser 56 and Gly 57
oriented towards the empty space, providing the possibility of hydrogen bonding with the
carboxyl group of substrates. In addition, the unwound region connecting TM6a and TM6b
of hLAT2 contains Gly 246 with its carbonyl group facing the empty space formed by TM1
and TM6, and Trp 248 facing residues in the adjacent TM2 and TM10 (Fig 2B). In addition,
Asn 134 from TM3 locates in the vicinity, and this residue was found to be important for the
mechanism of substrate selectivity (see below). This substrate-binding cavity is connected
to another small vestibule in hLAT2 (Fig. 2A). This open space was first discovered in hLAT1
and interpreted as a distal substrate-binding site (22). In this inward-facing conformation,
access of the central cavity to the extracellular space is blocked by several hydrophobic and

polar residues, which form a barrier for substrates (Fig. 2A).

The conformation of the unwound regions in TM1 and TM6 is critical to define an open space
that can accommodate substrates and to configure an orientation of residues facing this
space and ready to interact with substrates. In hLAT2/CD98hc, these requirements are
achieved by a set of interactions between residues in TM1 and TM6 with neighboring regions
of the structure (Fig. 2C and D). A hydrophobic cluster formed by lle 58 and Phe 59 in TM1,
Leu 198 and lle 201 in TM5, and Val 322 in TM8 stabilizes the unwound region of TM1 (Fig.
2C). In addition, hydrogen bonds between the hydroxyl oxygen atoms of Ser 56 in TM1 and
Ser 325 in TM8, the carbonyl oxygen atom of lle 53 in TM1 and the hydroxyl oxygen atom
of Tyr 280 in TM7, and the epsilon nitrogen atom of Lys 194 in TM5 and the carbonyl oxygen
atom of lle 54 in TM1 are also established (Fig. 2C).

Similarly, the unwound region of TM6 establishes various interactions with residues from
TMs 2, 7 and 10 (Fig. 2D). Indeed, the oxygen atoms of the side chains of residues Ser 242,
Tyr 245 and Asn 249 in TM6 form a hydrogen bond network with the oxygen atoms of
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hydroxyl groups of Tyr 396 in TM10, Thr 277 in TM7, and Tyr 399 in TM10, respectively (Fig.
2D). Moreover, Trp 248 in TM6 establishes aromatic interactions with Tyr 399 in TM10 and
Tyr 93 in TM2, as well as hydrophobic contacts with residues in TM2. Finally, as is also the
case of TM1, the hydroxyl oxygen atom of Tyr 280 in TM7 interacts with the carbonyl oxygen
atom of Ala 244 in TM6 (Fig. 2D).

Structural basis for substrate specificity in hLAT2

A unique feature of hLAT2 within the LAT subfamily is its substrate specificity towards both
large and small neutral amino acids, including L-glutamine (26-28). Very recently, cryo-EM
structures of hLAT2/CD98hc bound to L-leucine and L-tryptophan were solved (23);
however, they did not shed light on the molecular mechanisms underlying small neutral

amino acid and L-glutamine selectivity in hLATZ2.

To characterize the structural bases for substrate specificity in hLAT2, we performed
molecular docking and PELE studies using a set of hLAT2 amino acid substrate ligands
(Gly, L-Ala, L-Trp and L-GIn) in the apo hLAT2/CD98hc structure. Substrate docking
experiments and PELE analysis predicted a minimal energy-binding mode for all the
substrates tested (S/ Appendix, Fig. S7). This binding mode corresponded to the wild type
(also referred to as canonical) pose within backbone atoms of unwound regions of TM1 and
TM6, as reported for other SLC7 transporters (BasC (25), GKApcT (34), human b>AT (21),
LAT1 (22) and LAT2 (23)). Indeed, the calculated pose of L-tryptophan in hLAT2 is very
similar to the cryo-EM structure of hLAT2/CD98hc bound to this substrate, which is
compatible with two positions of L-tryptophan (23) (S/ Appendix, Fig. S4B, C and D). In the
calculated poses, one of the a-carboxyl oxygen atoms of glycine, L-alanine, L-glutamine and
L-tryptophan establishes H-bonds with the nitrogen atom of Gly 55, Ser 56 and Gly 57
residues in the GSG motif in the unwound segment of TM1 (Fig. 3A, B and S/ Appendix,
Fig. S8). In contrast, the contacts established by the a-amino group of these different
substrates with the unwound region of TM6 were substantially more diverse among the
tested substrates. Nevertheless, for all the substrates, the hydrogen bond between the
carbonyl oxygen atom of Gly 246 (Fig. 2B) and the a-amino nitrogen atom of the substrate

was conserved (Fig 3A, B and S/ Appendix, Fig. S8).



250
251
252
253
254
255
256
257
258

259

260
261
262
263
264
265
266

267

268

269
270
271
272
273
274
275
276
277
278
279
280
281

In addition, other residues contributed to the establishment of additional interactions specific
to each substrate. The side chain of L-alanine showed hydrophobic contacts with the
aromatic ring of Phe 243 (Fig. 3A), whereas the side chain of L-glutamine interacted via a
H-bond with the amide nitrogen atom of the side chain of residue Asn 134 in TM3 and the
carbonyl oxygen atom of Asn 52 in TM1 (Fig. 3B). Finally, the side chain of L-tryptophan
presented hydrophobic stacking with Gly 246 and Gly 247 in TM6 and H-bond with the amide
oxygen atom of the side chain of Asn 134 in TM3 (S/ Appendix, Fig. S8B). The hydrophobic
staking of L-tryptophan with Gly 246 and Gly 247 was also observed in the cryo-EM structure
of hLAT2/CD98hc in complex with L-tryptophan (23) (S/ Appendix, Fig S4B and D).

A second cavity connected to the substrate-binding pocket has been suggested to form a
distal binding site capable of accommodating large side chains (22, 23) (Fig. 2A). Our PELE
analysis did not predict any substrate occupying this distal site. Moreover, the recognition of
the substrate a-amino and carboxyl groups by the GSG motif and Gly 246 seemed
incompatible with the occupancy of the distant “distal site” in hLAT2 in the inward-facing
conformation, even for amino acids with large side chains such as L-tryptophan (S/
Appendix, Fig. S8B).

Determinants of substrate specificity in the LAT subfamily of transporters

Despite similar structures, the members of the LAT subfamily of transporters show important
differences in substrate specificity, the structural basis of which are still unknown. Although
recognition of amino acid substrates by the cytoplasmic face of the transporter is defined
mainly by interactions with backbone atoms of hLAT2, sequence alignment revealed some
significant differences at the core of the binding site of hLAT1, hLAT2 and hAsc1 (Fig. 3C).
We characterized these differences to identify the molecular bases of the different substrate
selectivity reported for neutral amino acid LAT transporters (26-28). Two of the substrate-
interacting residues predicted by the PELE analysis (Gly 246 and Asn 134) are not fully
conserved in hLAT2, hLAT1 and hAsc1 (Fig. 3C). Gly 246 in hLAT2, which is conserved in
hLAT1, became a serine residue in hAsc1. We tested the relevance of this residue in
determining hAsc1 as a poor transporter for large neutral amino acids, in contrast to hLAT2
and hLAT1 (26-28). Interestingly, mutation G246S in hLAT2 caused a dramatic decrease in
the uptake of large substrates ([*H] L-tryptophan, [*H] L-glutamine and [*H] L-histidine) but
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increased the uptake of small neutral amino acids ([*H] glycine and [°H] L-alanine) (Fig. 3D
and S/ Appendix, Table S2). Conversely, the reverse mutation in hAsc1 (S246G) resulted in
a large decreased uptake of the smallest substrates ([*H] glycine and [*H] L-alanine) and in
an increased uptake of the large substrates, with the exception of [*H] L-glutamine (Fig. 3E
and S/ Appendix, Table S2).

PELE analysis predicted that the hydroxyl group of Ser 246 in the hLAT2 G246S mutant
provided an additional H-bond with the a-amino nitrogen atom of the substrates (S/
Appendix, Fig. S9), resulting in an improved energy of substrate binding in the canonical
mode for all the substrates studied (S/ Appendix, Fig. S7). Interestingly, mutation G246S in
hLAT2 induced an alternative-binding mode facilitated by the H-bond of the hydroxyl oxygen
atom of Ser 246 with the carbonyl oxygen atom of Phe 243 due to the rotation of the Ca of
Ser 246. This additional binding mode might facilitate escape from (or hinder binding to) the
wild type pose, slightly shifting the substrate side chain out of the main wild type site/location
(SI Appendix, Fig. S9). Notice that the new intra-protein hydrogen bond between the
mutated Ser 246 and Phe 243 hampers the formation of wild type substrate interactions.
While the interaction between the hydroxyl group of Ser 246 in the hLAT2 G246S mutant
with the a-amino nitrogen atom of the substrates was found for all the substrates, the shifted
pose was observed only in those amino acids with larger side chains that allowed them to
establish interactions with additional residues such as Asn 134 (SI Appendix, Fig. S9). This
differential behavior between substrates with small and large side chains might explain the
increased uptake of small substrates and the reduced transport activity of large substrates
in the G246S LAT2 mutant and also in part in hAsc1.

Kinetic analysis of the [°H] amino acid uptake by the hLAT2 mutant G246S revealed different
mechanisms underlying transporter substrate selectivity (S/ Appendix, Fig. S10 and Table
S3). Indeed, L-alanine uptake showed a decreased extracellular Kn,, suggesting that the
improved binding energy calculated for this substrate in the G246S mutant at the cytosolic
side may apply for its binding at the extracellular side. For L-glutamine and L-tryptophan,
the external kinetics showed decreased Vpmax (50%) (SI Appendix, Fig. S10 and Table S3).
PELE analysis indicated alternative energetically favorable poses for both substrates at the
internal side of the transporter. If this operates at the external side, these alternative poses

may be non-productive, reducing Vmax. Additionally, hLAT2 G246S mutant increased L-

10
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glutamine extracellular K., suggesting that G246S impairs one or several transport-limiting
steps affecting K». Whether alternative poses at the substrate-binding site of L-glutamine

predicted by PELE affect these transport-limiting step(s) remains to be established.

In contrast to hLAT2, hLAT1 does not mediate the uptake of small neutral amino acids and
it is a low affinity L-glutamine transporter (26, 27). Moreover, glutamine is not a good
intracellular exchange substrate for LAT1 (36). Interestingly, residue Asn 134 in hLAT2 is a
serine residue in hLAT1 (Fig. 3C). When we mutated this residue in hLAT2, the substrate
specificity of the N134S mutant changed dramatically, showing reduced [°H] L-glutamine,
[*H] glycine and [*H] L-alanine uptake (Fig. 3D and S/ Appendix, Table S2), thus mimicking
hLAT1. This observation thus points to a key role for Asn 134 in the particular substrate
selectivity of hLAT2 compared to that of hLAT1. PELE transporter-substrate structural
analysis showed that Asn 134 was a potential interacting residue in the wild type binding
mode for L-glutamine and L-tryptophan but not for small substrates (Fig. 3A, B and S/
Appendix, Fig. S8). In addition, the energy profile for the substrate binding in wild type hLAT2
compared to that of the N134S mutant showed a different substrate binding energy
landscape (SI Appendix, Fig. S11). The N134S mutant favors the exploration of alternative
binding sites by L-alanine, even though with a worse binding energy than the wild type
binding. External kinetics of the [*H] L-alanine transport showed a clear increase in the
extracellular Ky, without impact on Viax (S Appendix, Fig. S10 and Table S3). Whether this
increase of the external Ky, is a consequence of altered binding or to defective transport-

limiting step(s) in the transport cycle that increases K, remains to be established.

This mutation also reduces the range of binding energy of L-glutamine poses within the wild
type site (S Appendix, Fig. S11) which would result in reduced entropy and binding affinity.
In this regard, [°H] L-glutamine uptake kinetic analysis in the N134S mutant showed a
increased extracellular K. However, Vn.x was also reduced by ~50%, suggesting that Asn
134 governs both L-glutamine translocation and external K, (SI Appendix, Fig. S10 and
Table S3). In contrast, the mutation does not cause significant alterations in the landscape
of energy binding for L-tryptophan, which would explain why the transport of this substrate
is not altered in the N134S mutant (S/ Appendix, Fig. S10 and Table S3). Therefore, a
change in the residue that occupies the position of Asn 134 in LAT2 explains some of the

differences in substrate selectivity in hLAT1 and hLAT2. Our PELE analysis did not predict

11
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changes in the energy landscape that might explain the reduced transport of glycine caused
by N134S (S/ Appendix, Fig. S11). The role of Asn 134 in the transport of glycine could be
due to their participation during conformational transitions of the transporter whose

structures are not yet available.

Age-Related Hearing Loss mutations map a region that regulates substrate specificity

Age-related hearing loss (ARHL) or presbycusis is one of the most prevalent chronic medical
conditions associated with aging. Although ARHL is multifactorial, loss-of-function mutations
in hLATZ2 transporter protein gene (SLC7A8) have been associated with this condition (9).
Two of the four hLAT2 mutations described (V460E and T402M) show a nearly complete
reduction of both L-alanine and L-tyrosine transport activity (9). Val 460 is located at the
cytoplasmic face of TM12 with its side chain facing towards the aliphatic chain of membrane
lipids. In hLAT2/CD98hc, TM12 comprises ~8 turns of amino acid residues composed mostly
of hydrophobic side chains that shield the polypeptide backbone whose H-bond donor and
acceptor groups face against the interior of the lipid membrane. Therefore, charged residues
within the transmembrane helix would either reduce the stability of the helix in the membrane
or inhibit its insertion into the lipid bilayer. Supporting this hypothesis, the hLAT2 V460E
mutant showed reduced protein expression and impaired plasma membrane localization,
the protein being retained in the endoplasmic reticulum (ER) (9). Also, a prediction of the
apparent free energy difference (AG) for insertion of the wild type and V460E hLAT2 protein
sequences (-0.29 and 1.36 Kcal/mol, respectively) into the ER membrane suggested that
the Sec61 translocon-mediated ER membrane insertion was impaired in the ARHL mutant
(37).

The underlying molecular bases for the transport defect of mutation T402M is unknown. Thr
402 locates at a region where the cytoplasmic ends of TM10 and TM2 establish multiple
contacts (Fig. 4A). In addition, the unwound region of TM6 contains several residues that
interact with TM10, such as Ser 242 with Tyr 396, and Asn 249 with Try 399. Also, Trp 248
presents 1-11 bonds with Tyr 93 (TM2) and Tyr 399 (TM10). Tyr 93 is part of a GALCYAEL
motif (¥*G (A/s) L (C/s) (Y/F) A E (Ln)%; large letter indicates the most frequent residue;
hLAT2 numbering) located in TM2 and which is conserved in human LATs (Fig. 4B).
Together, TM2, TM10 and TM6 form a well-interconnected region and we hypothesized that

this contributes to maintaining the correct conformation of TM6 and that changes in this
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connectivity affect the conformation of TM6 and substrate-binding site. To test this
hypothesis, we studied the potential influence of interactions between Tyr 93 and Thr 402,
residues that are located at a distance compatible with hydrogen bonding connecting TM2
and TM10. To this end, we generated mutations to Ala that would disrupt this putative bond
and we then analyzed the effects on transport. The T402M ARHL mutant shows reduced
uptake of alanine (9), whereas the T402A mutant (the equivalent residue in hLAT1) had a
minimal effect on the substrate activity and selectivity profile (Fig. 4C and S/ Appendix, Table
S2), suggesting that Thr 402 - Tyr 93 hydrogen bond was not determinant for hLAT2
transport function. In contrast, the Y93A mutant resulted in a nearly complete reduction of
[*H] glycine, [°H] L-alanine and [®H] L-glutamine uptake, with a minimal effect on the transport
of [*H] L-isoleucine, [®H] L-histidine and [*H] L-tryptophan (Fig. 4C and S/ Appendix, Table
S2). This result mapped the influence of a region far from the substrate-binding site on

substrate specificity.

We then performed MD analysis of wild type hLAT2 and the Y93A mutant to explore the
molecular basis of the altered substrate selectivity. In the presence of bound L-alanine, MD
showed that the mr-stacking interactions Tyr 93 (TM2) - Trp 248 (TM6) and Tyr 93 - Tyr 399
(TM10) are stable, whereas in the Y93A mutant Trp 248 occupies the space of the absent
side chain of Tyr 93, thereby facilitating the displacement of Gly 246 (S/ Appendix, Fig. S12).
Displacement of Gly 246 in the unwound segment of TM6 widens the distance between the
backbone atoms that bind the a-amino carboxyl moiety of L-alanine by ~4-5 A (Fig. 5A). As
a result, first, the amino group of L-alanine detaches from Gly 246 in TM6 (Fig. 5B), and
second, the connection between the carboxylate group of L-alanine with TM1 is lost (Fig.
5C and D), thus destabilizing the wild type binding pose of L-alanine, and consequently,
reducing the transport activity for this amino acid (Fig. 4C and S/ Appendix, Table S2).
Interestingly, the Y93A mutation did not affect the external K., but decreased dramatically
the Vimaxof [°H] L-alanine and [®H] L-glutamine uptake (S Appendix, Fig. S10 and Table S3).
This suggests that the proper interaction of L-alanine, and eventually L-glutamine, with both
unwound segments of TM1 and TM6 is a requirement to trigger transport. Whether the Y93A
mutation compromises the transit from outward-facing to the occluded state or from this

state to the inward-facing state remains to be established.

13



413
414
415
416
417
418
419

420

421

422
423
424
425
426
427
428
429
430
431

432

433
434
435
436
437
438
439
440
441
442
443
444

In sharp contrast, L-tryptophan, because of its larger side chain, establishes hydrophobic
stacking with Gly 246 and Gly 247 at the unwound region of TM6, acquiring a wild type pose
and preventing the migration of Gly 246 (Fig. 5E and S/ Appendix, Fig. S12). As expected,
the Y93A mutation did not affect K, and had a minimal effect on Vinax of [°H] L-tryptophan
influx (S Appendix, Fig. S10 and Table S3). This observation would thus explain the activity
of the Y93A mutant for large amino acids, particularly L-tryptophan (Fig. 4C and S/ Appendix,
Table S2).

Discussion

The recent structures of several members of the HAT family of transporters reveal that they
have a very similar architecture. Intriguingly, each HAT has evolved to specialize in the
transport of a subset of substrates, and this specialization drives the significant differences
in the physiological functions of each member of the family. Here we provide a significant
advance in our understanding of the structural and molecular basis defining substrate
specificity in the HAT family. Based on cryo-EM structure of hLAT2/CD98hc in inward-facing
conformation, PELE analysis of amino acid substrate binding and transport studies, we have
identified residues within the substrate-binding site (Gly 246 and Asn 134) and in a scaffold
of the unwound segment of TM6 (Tyr 93 in TM2) that are key for substrate specificity
between the human transporters LAT2, LAT1 and Asc1.

The core of the substrate-binding site in all HATs is formed by unwound segments in TM1
and TMG6, whose residues expose their amide backbone atoms, which serve as engaging
platform for the a-amino carboxyl moiety of each substrate. Interestingly, TM6 is less
conserved among human LATs than TM1 (25) (Fig. 3C). In particular, in hLAT2, Gly 246,
which is a key residue interacting with the substrate a-amino group, is a serine residue in
human Asc1 (Fig. 3C). LAT2 has a unique substrate selectivity profile and it mediates the
exchange of all neutral amino acids, including L-glutamine (26). Interestingly, our results
showed that a serine residue at position 246 (as in hAsc1 or G246S hLAT2 mutant) resulted
in a transporter with a substrate preference for small neutral amino acids. In contrast, a
glycine residue in this position (as in hLAT2 or S246G hAsc1 mutant) shifted the transporter
preference to large neutral amino acids. Small substrates such as glycine and L-alanine are

not naturally well transported by hLAT1, but when the equivalent position to Gly 246 in
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hLAT2 is mutated in hLAT1 (G255A) (Fig. 3C), hLAT1 shows improved capacity to transport

L-alanine and L-valine whilst reducing the transport of larger amino acids (19).

Therefore, Gly 246 in TM6 of hLAT2 and the equivalent position in other HATs of neutral
amino acids are part of the mechanism that contributes to discriminating small from large
substrates and our PELE and transport kinetics experiments shed light on the molecular
basis underlying the role of this glycine/serine residue. According to this model, the hydroxyl
group of a serine residue in this position would stabilize the binding of the a-amino group of
small amino acids, thus increasing their transport. This view is favored by the decreased
external Kn, for L-alanine uptake in the hLAT2 G246S mutant. In contrast, this hydroxyl group
would facilitate a shift of large substrates from the wild type pose, favored by the interaction
of their large side chains with other residues in the substrate vestibule, and then decreasing
their transport. Interestingly, L-glutamine and L-tryptophan uptake kinetics in hLAT2 G246S
mutant point towards deficient catalytic steps of the transport cycle that reduce substrate
translocation (L-glutamine and L-tryptophan) and increase external K, (L-glutamine).
However, the transport cycle steps of L-glutamine and L-tryptophan uptake affected by
G246S mutation are at present unknown. Interestingly, amino acid uptake experiments
confirm, at least partially, the predictions based on the inward-open structure, which would
suggest that interactions of the substrate with its binding site are very similar in the outward
and inward-facing conformations. However, another explanation might be that substrate-
transporter interactions in the inward-open state are a more important determinant of

transport rates than those in the outward-open state.

Structural analysis revealed an asparagine residue in hLAT2 TM3 (Asn 134) that pointed
towards Gly 246 and that is not conserved in hLAT1 (S144). In fact, the N134S mutation
greatly reduced the uptake of small neutral amino acids and L-glutamine in hLAT2 without
affecting the transport of larger amino acids (Fig. 3D), suggesting that Asn 134 would be the
main residue responsible for the differences in selectivity of small neutral amino acids and
L-glutamine between hLAT2 and hLAT1 (26, 27). According to the PELE analysis, the
N134S mutant would facilitate the binding of L-alanine out of the canonical substrate-binding
mode and would constrain the poses of L-glutamine within the substrate-binding site, thus
reducing transport. However, [*H] L-alanine and [*H] L-glutamine kinetic analysis as well as

defective transport of glycine in hLAT2 N134S mutant cannot be fully explained in the
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scenario of the inward-facing conformation of hLAT2. In this regard, the bacterial alanine-
glycine APC ftransporter AgcS contains a glutamine residue in TM3 -the same
transmembrane region where Asn 134 is located- that presents H-bonding with the a-amino
nitrogen atom of the substrate in the occluded conformation (38). This observation suggests
that Asn 134 in hLAT2 might be important for the binding of small substrates in the occluded

conformation during the transport cycle.

We found that the conformation of the substrate-binding site in hLAT2, and consequently
substrate selectivity, is controlled by a region outside the binding site, which has a significant
impact since several mutations in this region alter substrate preference and associate with
some human diseases (10). The unwound segments of TM1 and TM6 are stabilized with
multiple connections (Fig. 2C and D). In particular, the unwound region of TM6 (Ser 242,
Trp 248 and Asn 249) interacts with residues in TM2 (Tyr 93) and TM10 (Tyr 396 and Try
399). In contrast to TM1, these stabilizing interactions are not conserved among LATs and
are possibly responsible for the differences observed in the conformation of the unwound
region of TM6 in the structure of several LATs (19-25). Mutations Y396A and Y399A,
predicted to destabilize the conformation of the unwound region in TM6 (Fig. 4A), almost
completely abolished L-tryptophan and L-leucine uptake, thereby highlighting the relevance

of these residues for the function of the transporter (23).

Interestingly, the Y93A mutation changed the substrate profile of hLATZ2, eliminating the
transport of small substrates (glycine, L-alanine, and in less extend L-valine) and L-
glutamine but sustaining that of large substrates (L-isoleucine, L-histidine and L-tryptophan)
(Fig. 4C). Indeed, the substrate selectivity profile for the Y93A mutant greatly resembles that
of hLAT1 (27). Molecular dynamics analysis of wild type hLAT2 and Y93A mutant in the
presence of substrates (L-alanine and L-tryptophan) suggested a molecular mechanism that
explains the changes in substrate selectivity in the YO3A mutant. In this regard, we propose
that TM2 acts as a scaffold for the unwound region in TM6, maintaining the conformation of
the binding site. Thus, significant modifications of residues in TM2 may alter the transport
activity and/or selectivity profile of hLAT2. Similarly, in the bacterial APC amino acid
transporter MhsT, interaction of the 2°GMG?*’ motif (equivalent to 2’ GWN?*° in hLAT2) in
the unwound region of TM6 with the highly conserved glutamate residue 66 in TM2 (in an

equivalent position to Tyr 93 in hLAT2) has recently been reported (39). Interestingly, the
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interaction between Glu 66 and the GMG motif changes depending on the size of the
substrate bound, thereby regulating binding pocket volume and modulating transporter

substrate selectivity (39).

Residue Tyr 93 in hLAT2 lies within a motif of TM2 that is conserved in human LATs %G
(A/s) L (C/s) (Y/F) A E (Ln)*® (Fig. 4B) and that is involved in connections of TM2 with TM6,
TM7 and the TM10-11 loop. The fully conserved Ala 94 presents hydrophobic interactions
with Leu 265 in TM7, and Glu 95 presents salt bridges with Arg 418, with the fully conserved
Arg 410 and with Lys 421 within the TM10-11 loop. Interestingly, the A94T mutation
associated with cataracts results in defective L-tryptophan transport, with no impact on the
transport of L-alanine or L-tyrosine (10), while the R418C variant associated with ARHL
reduces the transport activity of L-alanine and L-tyrosine by ~50% (9). These results
reinforce the idea that modifying interactions of the TM2 motif with other regions of the
protein would affect the substrate selectivity profile of human LAT2 by re-shaping the

substrate-binding site.

Taken together, our findings provide structural basis that regulates substrate preference in
heteromeric amino acid transporters for neutral amino acids. Our results highlight the
concept that substrate specificity in these transporters requires a variety of kinetic
mechanisms to reach substrate specificity in a scenario of broad substrate range. Thus, a
unique combination of residues in the binding site differentially regulates substrate
interaction and/or translocation. Besides, particular differences in the conformation of the
unwound TM6 region due to interaction with surrounding TMs, are also key determinants of
the substrate selectivity profile. Accordingly, we found that TM2 acts as a scaffold for TM6,
regulating its conformation and its capacity to transport certain substrates. This scaffold
region accumulates mutations associated with some human diseases and our model
suggests that these would cause disease by distorting the conformation of TM6, thus altering

substrate selectivity.

Methods

Cell lines. HelLa cells were maintained at 37°C in a humidified 5% CO- environment in

DMEM supplemented with 10% fetal bovine serum, 50 units/ml penicillin, 50 pg/ml
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streptomycin and 2 mM L-glutamine. HEK293-6E cells (40) were cultured following the
provider’'s standard protocols in chemically defined F17 Freestyle medium (Invitrogen, Life
Technologies, Darmstadt, Germany) supplemented with 1 g/l pluronic F68 (Applichem,
Darmstadt, Germany), 4 mM L-glutamine and 12.5 mg/l G418. HEK293-6E cells were grown
in polycarbonate shake flasks with vented lids and with a capacity of 125 ml to 2 | (Triforest
Plasticware, Irvine, USA) in a Brunswick S41il CO; shaker with 25 mm orbital (Eppendorf,
Merck KGaA, Darmstadt, Germany) at 37°C, 5% CO; and 120 rpm (80 rpm for 3 | flasks)

without exceeding 2x10° cells/ml during maintenance and 25% flask capacity.

Subcloning of hLAT2 and CD98hc proteins. cDNA encoding for the human LAT2
transporter protein was subcloned by amplification from human Strep-Tagll-LAT2 (N-
terminally tagged) in pcDNA3.1+ (29) with KOD polymerase (Toyobo, Osaka, Japan),
following manufacturer’s instructions, using the following primer pair: Fw:
AGGAGATATACCATGgaagaaggagccaggcaccgaaacaacaccg; Rv:
CTTCCAGACCGCTTGAgggctggggcetgecccgecac  (lower case indicates gene-specific
sequence, upper case indicates plasmid-specific sequence). The resulting 1605 bp PCR
product was then treated with Dpnl to remove the template and purified using AmPure
magnetic beads as per the manufacturer’s instructions (Beckman Coulter, Brea, USA). The
purified PCR product was then cloned into the Kpnl and Bmtl-cut pPEU24TT plasmid
containing a C-terminal 3C site-eGFP-10xHis fusion by InFusion (Takara, Kyoto, Japan)
following manufacturer’s instructions. Similarly, human CD98hc (isoform f) cDNA was
amplified from the His-CD98hc (N-terminally tagged) in pcDNA4-His-MaxC (41) by KOD
polymerase using the following primer pair: Fw:
TCGAAAAAAGCAGCGGCatgagccaggacaccgaggtggatatg; Rv:
GTGATGGTGATGTTTAggccgegtaggggaageggag (lower case indicates gene-specific
sequence, upper case indicates plasmid-specific sequence). The 1600bp product was then
purified (as hLAT2 PCR product) and cloned into Kpnl and Pmel-cut pPEU22TT plasmid by
InFusion. pPEU22TT contains an N-terminal OneStrep tag (Strepll-spacer-Strepll) and in
this instance the resident C-terminal His-tag was not used as a stop codon was inserted into
the reverse primer. Both pPEUTT plasmid variants are derived from the pTT plasmid
containing the OriP origin of replication to allow episomal replication in the 293-6E cells (40)

(please see https://www.irbbarcelona.org/en/research/protein-expression for pPEUTT

plasmid details). All DNA constructs were fully verified by sequencing before use.
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Transient transfection and production of hLAT2/CD98hc heterodimer in HEK293-6E
cells. Transient production of hLAT2/CD98hc heterodimer in a suspension of HEK293-6E
cells was performed as previously described (40). Briefly, cells were grown to 1.5x10°
cells/mlin 2 | Erlenmeyer flasks with ventilation membrane caps (Triforest Plasticware Irvine,
USA) with a working volume of 600 ml culture/flask at 37°C and 5% CO- with shaking at 120
rom. PEI:DNA polyplexes were prepared by mixing a total of 1 pg (1:1 w/w hLAT2 and
CD98hc) plasmid-DNA and 4 pug PEI-MAX 40000 (Polysciences Europe GmbH, Germany)
per ml culture in approximately 1/10" of total culture volume of fresh media. Polyplexes were
allowed to form for 3 min at room temperature with intermittent mixing before addition to the
cells. After addition of the DNA:PEI complexes, the cells were incubated for a further 48 h
with shaking at 37°C and 5% CO.. They were then harvested by centrifugation at 500 x g
for 15 min, and the cell pellets were washed twice with 50 ml of PBS and then stored at -
80°C until use.

hLAT2/CD98hc purification for cryo-EM. All subsequent steps were carried out at 4°C.
Whole HEK293-6E cells expressing hLAT2-3C-GFP-10His/OneStrep-CD98hc heterodimer
were solubilized using 2% (w/v) digitonin (Merck, Darmstadt, Germany) for 2 h in
solubilization buffer (20 mM Tris-Base, 150 mM NaCl, pH 7.4). Following ultracentrifugation
(200,000 % g for 1 h), the soluble fraction was incubated for 2 h with Strep-Tactin Superflow
resin (IBA Lifesciences, Goéttingen, Germany) equilibrated with purification buffer (20 mM
Tris-Base, 150 mM NaCl, 0.1% digitonin, pH 7.4). Protein-bound resin was washed twice
with 12 column volumes (CVs) of purification buffer. Protein was eluted in Strep elution buffer
(20 mM Tris-Base, 150 mM NaCl, 2.5 mM D-desthiobiotine, pH 7.4), and eluted protein was
incubated for 2 h with Ni**-NTA Superflow beads (Qiagen, Hilden, Germany) equilibrated in
Nickel washing buffer (20 mM Tris-Base, 150 mM NacCl, 0.1% digitonin, 20 mM imidazole,
pH 7.4). Protein-bound beads were washed twice with 12 CVs of washing buffer
supplemented with 20 mM and 40 mM imidazole. The beads were then washed once with
12 CVs of HRV-3C buffer (20 mM Tris-Base, 150 mM NaCl, 0.1% digitonin, 20 mM
imidazole, 0.5 mM EDTA, pH 7.4) before on-column cleavage with HRV-3C protease (IRB
Barcelona Protein Expression Core Facility, Barcelona, Spain) for 16 h. Column flowthrough
containing cleaved hLAT2/CD98hc was concentrated by centrifugation in an Amicon Ultra-
15 filter unit (100,000 kDa molecular weight cut-off; Millipore, Temecula, CA) at 3,220 x g
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until reaching 1.2 mg/ml. The heterodimer was subjected to size exclusion chromatography
(SEC) on a Superdex 200 5/150 GL column (GE Healthcare, Chicago, USA) equilibrated
with 20 mM Tris-Base, 150 mM NaCl, and 0.1% digitonin, pH 7.4. The peak fraction was

collected, concentrated and used for grid preparation.

Cryo-EM of hLAT2/CD98hc. The specimen was vitrified using 3 pl of freshly purified
hLAT2/hCD98hc applied to glow-discharged Quantifoil R 0.6/1 Cu 300 mesh grids (Electron
Microscopy Sciences, Hatfield, USA). Grids were blotted for 2 s under 95% humidity and
plunge-frozen in liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific, Waltham,
USA). Cryo-EM datasets were collected on a Titan Krios G2 electron microscope operating
at 300 kV and equipped with a GIF (Gatan) and a K3 summit direct electron detector (Gatan)
in counting mode at the Electron Bio-Imaging Centre (eBIC) (UK) and at the facilities of the
University of Leicester (UK). Parameters and statistics of cryo-EM data acquisition are

shown in S/ Appendix, Table S1.

Image Processing. Movie-frames from K3 were aligned using MotionCor2 (42) with 35
patches per image, applying dose weighting. Contrast transfer function (CTF) parameters
were determined using Gctf (43). Particles were selected using Topaz, after training the
neural network using a manually selected subset (44). Subsequent image processing was
performed using RELION 3.1 (31), cryo-SPARC (45) and cisTEM (46). The initial data set
was subjected to several rounds of reference-free 2D classification to obtain 319,613
particles that generated 2D averages with excellent signal to noise ratio for the
transmembrane helices and showing different views of hLAT2/hCD98hc (S/ Appendix, Fig.
S2). Selected particles were used to generate an ab initio model in cryoSPARC that was
used for a first consensus refinement in RELION 3.1 (S/ Appendix, Fig. S3). The particles
were then classified into six subgroups using 3D Classification in RELION 3.1. The quality
of each subgroup was evaluated by analysis of the structural details in sections along the z-
axis. The best group of particles was refined to a medium resolution density depicting all the
transmembrane helices in the hLAT2/hCD98hc complex. Subsequently, this 3D
classification step was repeated six times, selecting the best class in each run and
combining all the particles selected into one group (22). After removing all the duplicated
particles, the final dataset comprised 176,132 particles, which were polished using RELION

3.1 and two rounds of CTF refinement in cisTEM. In this latter step, a mask was used,
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excluding the micelle and applying a low-pass filter outside the mask. Post-processing and
B-factor sharpening were performed using the protocols in RELION 3.1. Volumes were also
post-processed using SPoC (47), which helped to visualize the connectivity of the densities
and the interpretation of the resulting volume, and it was used for representations in Figure
1. Average resolutions of the structure were estimated as 3.9 A using Fourier Shell
Correlation (FSC) using the gold-standard criterion and a cut-off of 0.143 in RELION (31)
and 3.7 A using ResMap (32) (SI Appendix, Fig. S2). Local resolution estimates using
ResMap showed that most of LAT2 was resolved between 2.5 and 3.0 A (SI Appendix, Fig.
S2).

Model building. Modeling was started by preparing a model of hLAT2 based on the atomic
structures of hLAT1 using I-TASSER for automatic template matching and homology
modeling (48). This hLAT2 homology model in complex with CD98hc from PDB 6IRS was
fitted as a rigid body into our high-resolution hLAT2/CD98hc cryo-EM density. Subsequent
manual adjustments in the atomic model were performed using Coot (49) and Phenix real
space refinement was used as the final refinement step to improve the geometries of the
model (50). N-terminal residues 1-40 for hLAT2 and 1-60 for CD98hc were not visible in our
cryo-EM density and therefore not included in the atomic model. A digitonin molecule was
added next to TM3, TM9, TM10, and TM12 rigid fitted in the extra density described in Figure
1.

hLAT2/CD98hc purification for amino acid transport assays. All subsequent steps were
performed at 4°C. Whole HEK293-6E cells expressing the hLAT2-3C-GFP-10His/OneStrep-
CD98hc heterodimer were solubilized using 2% (w/v) digitonin (Merck, Darmstadt,
Germany) for 2 h in solubilization buffer (20 mM Tris-Base, 150 mM NaCl, pH 7.4). Following
ultracentrifugation (200,000 x g for 1 h), the soluble fraction was incubated for 2 h with Strep-
Tactin Superflow resin (IBA Lifesciences, Géttingen, Germany) equilibrated with purification
buffer (20 mM Tris-Base, 150 mM NaCl, 0.1% digitonin, pH 7.4). Protein-bound resin was
washed twice with 12 CVs of purification buffer. Protein was eluted in Strep elution buffer
(20 mM Tris-Base, 150 mM NaCl, 2.5 mM D-desthiobiotine, pH 7.4), and eluted protein was
incubated for 2 h with Ni**-NTA Superflow beads (Qiagen, Hilden, Germany) equilibrated in
Nickel washing buffer (20 mM Tris-Base, 150 mM NacCl, 0.1% digitonin, 20 mM imidazole,

pH 7.4). Protein-bound beads were washed three times with 20 CVs of washing buffer before
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elution with washing buffer supplemented with 350 mM imidazole. The purified protein was
desalted on a PD minitrap G-25 desalting column (GE Healthcare, Chicago, USA) and
centrifuged in an Amicon Ultra (100,000 kDa molecular weight cut-off; Millipore) at 3,220 x

g until the desired concentration was reached.

Reconstitution into proteoliposomes. The liposomes, composed of a 5:1 ratio of L-a-
phosphatidylcholine type [I-S (Sigma-Aldrich, Sant Louis, USA) to brain total lipid extract,
were prepared as previously described (19). The lipids were dried under N, and
resuspended in reconstitution buffer (20 mM NaszPOs;, 150 mM NaCl, pH 7) at a
concentration of 20 mg/ml. After 10 rounds of freezing and thawing by liquid nitrogen, the
liposomes were extruded through 0.4 um polycarbonate membranes (Sigma-Aldrich, Sant
Louis, USA) up to 21 times. The purified hLAT2-GFP/CD98hc protein was added to reach
the desired protein to lipid ratio of 1:20 (w:w). To destabilize the liposomes, 1.25% R-D-
octylglucoside was added for 30 min, and the mixture was then incubated on ice for 5 min
with occasional agitation. The protein was incubated with liposomes for 60 min at a
concentration of 0.8 pg of protein per mg of lipid. Digitonin and R-D-octylglucoside were
removed by overnight dialysis at 4°C against 100 volumes of reconstitution buffer.
Proteoliposome (PL) suspensions were frozen in liquid nitrogen and stored at -80°C until

use.

Amino acid transport assays in proteoliposomes. For uptake experiments, liposomes
were filled with 5 mM L-valine by adding the amino acid to the PL suspension, which was
then subjected to three freeze/thaw cycles. The extraliposomal amino acid content was then
removed by ultracentrifugation (100,000 x g for 1 h at 4°C) and PLs were resuspended to
one-third of the initial volume with reconstitution buffer. Amino acid uptake assays were
initiated after mixing 10 pl of cold PLs with 180 ul of transport buffer (20 mM NasPO., 150
mM NaCl, pH 7) plus 0.5-1 pCi/180 pl of radiolabeled L-valine (Perkin Elmer, Waltham,
USA) supplemented with 10 uM unlabeled L-valine. This mixture was then incubated at room
temperature for the indicated periods. Transport experiments were stopped by the addition
of 2 ml of ice-cold stop buffer (reconstitution buffer containing 5 mM L-valine) and filtration
through 0.45 uym pore-size membrane filters (Sartorius Stedim Biotech, Cedex, France).

Filters were then washed twice with 2 ml of stop buffer and dried, and the trapped
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radioactivity was counted. For transport assays we used hLAT2-GFP/CD98hc since GFP-
untagged hLAT2/CD98hc was unstable during our protocol to reconstitute it in
proteoliposomes. Transport values are expressed in pmol of L-valine per ug of protein and
for the indicated time. hLAT2-GFP/CD98hc protein in PLs was determined by silver staining
(Pierce, Rockford, USA) in SDS-PAGE gels compared with known amounts of hLAT2-
GFP/CD98hc in digitonin micelles, determined by nanodrop and loaded in the same gel.
hLAT2-GFP/CD98hc overexpressed in HelLa cells shows the same transport activity and

substrate selectivity as the one shown by the non-GFP-tagged version.

Mutagenesis and transfection of wild type hLAT2/CD98hc and mutants. HelLa cells
were transiently transfected in a 24-well plate with 300 ng/well of the human Strep-Tagll-
LAT2 (N-terminally tagged) in pcDNA3.1+ (29) or pEGFP-C1 (Clontech, Palo Alto, USA)
and 200 ng/well of the His-CD98hc (isoform f) (N-terminally tagged) in pcDNA4-His-MaxC
(41) using Lipofectamine 2000 (Invitrogen, Carlsbad, USA). Single point mutations were
introduced using the QuikChange mutagenesis kit (Stratagene, San Diego, USA). All
mutations were verified by sequencing. Amino acid transport assays were carried out 24 h

after transfection.

hLAT2/CD98hc amino acid transport assays in HelLa cells. Amino acid uptake
measurements were performed on hLAT2/CD98hc and GFP/CD98hc-transfected Hela
cells. Uptake rates were measured as previously described (9). Briefly, replicate cultures
were incubated with 10 uM cold L-amino acid (glycine, L-alanine, L-valine, L-isoleucine, L-
glutamine, L-histidine and L-tryptophan) and 1 uCi/ml [*H] L-amino acid at room temperature
for 1 min in a sodium-free (137 mM choline chloride) transport buffer that also contained 5
mM KCI, 2 mM CaCl,, 1 mM MgSO4 and 10 mM HEPES (pH 7.4). Transporter-mediated
amino acid uptake was calculated by subtracting the uptake measured in GFP-transfected
cells. For kinetic studies cells were incubated with 1 nCi/ml [*H] L-amino acid and varying
concentrations of unlabelled L-amino acid (0—2000 uM). One 24-well plate for each condition
(wild type, mutant or GFP transfected cells) and each substrate (L-alanine, L-glutamine and
L-tryptophan) was seeded with 4x10* HeLa cells per well. After 24 h, cells were transfected
as stated above and transport assays were performed 24 h after transfection. To improve
amino acid uptake values reproducibility, transfection efficiency was determined by GFP-

fluorescence analysis in a control 24-well plate and only experiments with >80% of
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transfected cells we used. Moreover, all 24 wells from a single 24-well plate were assayed
at a time and for 1 min of transport, minimizing in that way point-by-point incubation
variability. Cold substrates were prepared at 100 mM, aliquoted and stored at -20°C until
use. Aliquots were thaw only once to reduce variability. The Michaelis-Menten and Eadie-
Hofstee equations were then applied to calculate K» and Vmax values (SI Appendix, Table
S3) using the GraphPad Prism software. Uptake was terminated by washing with an excess
volume of chilled transport buffer. Data are expressed as the mean + s.e.m. of three

experiments performed on different days and on different batches of cells.

PELE enzyme-substrate interaction modeling.

The cryo-EM structure of hLAT2 was prepared for protein energy landscape exploration
(PELE) simulations with the Protein Preparation Wizard (PrepWizard) tool implemented in
Schrédinger (51). Missing hydrogen atoms were added by the utility applyhtreat in the
PrepWizard tool. PROPKA 3.0 was used to calculate the protonation state of titratable
residues at pH 7.4 and, on the basis of the predicted pKa values, the hydrogen-bonding
network was optimized. The resulting structure was subjected to a restrained minimization
step with the OPLSAA force field (FF), keeping heavy atoms in place and optimizing only

the positions of the hydrogen atoms.

The PELE software was used to map the enzyme substrate interaction (52). PELE is a
heuristic Monte Carlo (MC) procedure designed to map protein-ligand induced fit
interactions and extensively used in drug design (53) and enzyme engineering (54). Each
MC step involves a complex series of events, including ligand and protein (backbone)
perturbation, side-chain sampling, and a minimization. Typically, tens to hundreds of
thousands of MC steps are used to explore the substrate binding (or migration) space, where
we record structural parameters and the OPLS2005 force field enzyme-substrate interaction
energy. Two sets of simulations were performed. First, from an initially docked structure
obtained with the Glide software (55, 56), we ran a local PELE exploration for each substrate
in the wild type transporter. As expected, PELE retrieved the wild type (also referred to as
canonical) pose as the main minimum, which could not be obtained in the initial docking due
to the closeness of the Apo form. The second set, performed for the wild type and the
selected mutants started from the canonical pose, and the ligand was allowed to explore a

larger space; the center of mass was allowed to move within an 8 A window. For each
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enzyme-substrate system, simulations involved 128 computing cores running for 1,250 MC
steps each, which involved on average ~36 wall clock hours on the MareNostrum |V

supercomputer at the Barcelona Supercomputing Center.

Molecular dynamics simulations.

The structure of LAT2 in complex with L-alanine and L-tryptophan generated by PELE (Fig.
3A and S/ Appendix, Fig. S8B) was prepared for MD simulations. The same structures were
used to model the corresponding Y93A mutants in the holo form. To model the membrane
in the system, hLAT2 coordinates were pre-oriented with respect to the membrane (parallel
to the z-axis) by alignment with BasC (PDB 6F2W) in the OPM database
(http://opm.phar.umich.edu) (57). The protein was then embedded in a POPC lipid bilayer
using the CHARMM-GUI Membrane Builder by the replacement method (58-61). Next, 192

lipid molecules were placed in the lipid bilayer (i.e., 100 and 92 lipids in the upper and bottom

leaflet, respectively) with its center at z=0. The system was then solvated using a TIP3PM
water layer of 225 A thickness above and below the lipid bilayer. NaCl ions corresponding
to 0.15M (47 negative and 45 positive) were also added to the system using MC sampling.
Finally, with the CHARMM-GUI Membrane Builder, we also generated the necessary scripts
to perform minimization, equilibration and production runs in AMBER, using the CHARMM36
force field (C36 FF), as explained below. The simulations were run for the four systems
using the C36 FF for lipids and the CHARMM TIP3P water model, at constant temperature
(300 K) and pressure (1 bar), under Periodic Boundary Conditions, and with Particle Mesh
Ewald electrostatics. The simulation time step was set to 2 fs in conjunction with the SHAKE
algorithm to constrain the covalent bonds involving hydrogen atoms. After standard
Membrane Builder minimization (2.5 ps) and equilibration (375 ps in 6 steps), production

simulation was run (1 ys for each trajectory).
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Figure legends

Figure 1 | Cryo-EM volume and atomic structure of hLAT2/CD98hc.

(A) Two views of the cryo-EM map of hLAT2/CD98hc. CD98hc is shown in pink and the
location of its transmembrane helix (TM17) is indicated. hLAT2 structure is color-coded as a
rainbow (dark blue, cyan, green, yellow and red) from the N- to the C-terminus. A density
assigned to digitonin is shown in dark purple. (B) Two views of the atomic model of
hLAT2/CD98hc using a color-coding as in “A”. The position of the N-terminus of CD98hc
and the disulfide bridge linking the two subunits in hLAT2/CD98hc are shown.

Figure 2 | Unwound regions in TM1 and TM6 form the substrate-binding site opened

to the cytosol.

(A) Structure of hLATZ2, represented as a surface, with a section to show the central cavity
harboring the substrate-binding site opened to the cytoplasm but without access to the
extracellular space. The TM1a and TMG6b helical regions that open the vestibule are shown
superimposed. A distal cavity connects to the central vestibule. (B) TM1 and TM6 forming
the substrate-binding site are shown as cartoon with key residues highlighted. The
contribution of N134 from the adjacent helix TM3 to the substrate binding is shown. (C) The
conformation of TM1 is maintained by interactions with residues in the vicinity. (D)
Interactions between TM6 and neighboring regions of the structure. Color codes for hLAT2
helices and residues in all the panels are as used in Figure 1. Oxygen atoms are shown in

red and nitrogen atoms in blue.

Figure 3 | Structural determinants of the substrate-binding site in the LAT subfamily

of transporters.

(A) and (B) Selected poses in the wild type binding site from the PELE analysis for L-alanine
and L-glutamine substrates, respectively. Carbon atoms of the indicated residues follow the
color codes for hLAT2 helices and residues as used in Figure 1. C atoms of the substrates
are shown in pink, whereas O and N atoms of substrates and residues are shown in red and
blue, respectively. Black lines connect atoms located at H bond distance. (C) hLAT2

sequence alignment with human LAT1 and Asc1. Unwound regions of TM1 and TM6, as
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well as Asn 134, are shown. (D) Transport of 10 uM radiolabeled (*H) glycine, L-alanine, L-
valine, L-isoleucine, L-glutamine, L-histidine and L-tryptophan in HeLa cells by human wild
type LAT2 (white bars) and hLAT2 mutants G246S (black bars) and N134S (gray bars).
Data are expressed as meants.e.m. from at least 3 independent experiments run in
quadruplicate. (E) Transport of 10 yM radiolabeled [°H] glycine, L-alanine, L-valine, L-
isoleucine, L-glutamine, L-histidine and L-tryptophan in HelLa cells by human wild type Asc1

(white bars) and hAsc1 mutant S246G (black bars). Data are expressed as in (D).

Figure 4 | Tyrosine 93 in TM2 regulates substrate specificity.

(A) Contacts between the transmembrane helices TM2, TM6, TM10 hold the conformation
of TM6. Color codes for hLAT2 helices and residues are as used in Figure 1. Oxygen atoms
are shown in red and nitrogen atoms in blue. (B) hLAT2 sequence alignment of the motif
GALCYAEL with that of human LATs. (C) Transport of 10 uM radiolabeled (*H) glycine, L-
alanine, L-valine, L-isoleucine, L-glutamine, L-histidine and L-tryptophan in HelLa cells by
human wild type LAT2 (white bars) and hLAT2 mutants T402A (black bars) and Y93A (gray
bars). Data are expressed as meants.e.m. from at least 3 independent experiments run in

quadruplicate.

Figure 5 | Molecular dynamics analysis of wild type hLAT2/CD98hc and mutant Y93A
bound to L-alanine or L-tryptophan.

Evolution of the N atom of Ser 56 - O atom of Gly 246 (A), N1 atom of the substrate - O
atom of Gly 246 (B) and N atom of Ser 56 - C2 atom of the substrate (C) distances for
hLAT2/CD98hc wild type (WT) and YO3A mutant. The lines in panels A-C indicates the time
(640 ns) corresponding to the snapshots shown in panels D and E. Snapshots of L-alanine
(D) and L-tryptophan (E) bound to wild type and Y93A mutant. Cartoons and C atoms are
shown in blue (TM1) and green (TM6) in wild type hLAT2 and in gray in Y93A mutant.
Substrate C atoms are shown in pink and gray in wild type hLAT2 and Y93A mutant,
respectively. O and N atoms in substrates and residues are shown in red and blue,

respectively. Black lines connect atoms located at H bond distance.
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1064  Figure 5
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