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Abstract 29 

Despite having similar structures, each member of the Heteromeric Amino acid Transporter 30 

(HAT) family shows exquisite preference for the exchange of certain amino acids. Substrate 31 

specificity determines the physiological function of each HAT and their role in human 32 

diseases. However, HAT transport preference for some amino acids over others is not yet 33 

fully understood. Using cryo-EM of apo human LAT2/CD98hc and a multidisciplinary 34 

approach, we elucidate key molecular determinants governing neutral amino acid specificity 35 

in HATs. A few residues in the substrate-binding pocket determine substrate preference. 36 

Here we describe mutations that interconvert the substrate profiles of LAT2/CD98hc, 37 

LAT1/CD98hc and Asc1/CD98hc. In addition, a region far from the substrate-binding pocket 38 

critically influences the conformation of the substrate-binding site and substrate preference. 39 

This region accumulates mutations that alter substrate specificity and cause hearing loss 40 

and cataracts. Here we uncover molecular mechanisms governing substrate specificity 41 

within the HAT family of neutral amino acid transporters and provide the structural bases for 42 

mutations in LAT2/CD98hc that alter substrate specificity and that are associated with 43 

several pathologies. 44 

45 

Significance 46 

The transport of amino acids across the plasma membrane plays a central role in physiology. 47 

The Heteromeric Amino acid Transporters (HATs) of neutral amino acids (LAT1/CD98hc, 48 

LAT2/CD98hc and Asc1/CD98hc) participate in a variety of processes such as modulation 49 

of glutamatergic neurotransmission and synaptic plasticity, auditory function, and promotion 50 

of brain development and tumour growth by supporting mTORC1 activity. We identify 51 

substrate specificity determinants of neutral amino acids HATs within the substrate-binding 52 

cavity and in a nearby region that holds the conformation of the substrate-binding site. LAT2 53 

mutations in this scaffold region are associated with human diseases and our results pave 54 

the way to understand the molecular mechanisms of these pathologies. 55 

56 
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Introduction 57 

Amino acids play a central role in cellular metabolism. Dysregulation of both intra and extra-58 

cellular amino acid concentrations is associated with pathological conditions (1). Amino acid 59 

transfer across the plasma membrane is mediated by specific transporters that bind and 60 

transport these molecules from the extracellular medium into the cell, or vice versa. 61 

62 

Heteromeric Amino acid Transporters (HATs) are a family of amino acid transporters 63 

comprised by a heavy subunit and a light subunit, linked by a conserved disulfide bridge (2). 64 

Heavy subunits (SLC3 family) are ancillary proteins required for trafficking the 65 

holotransporter to the plasma membrane (2), whereas the light subunits (LATs; SLC7 family) 66 

transport amino acids and confer substrate specificity to the heterodimer (2). HATs are 67 

amino acid exchangers that harmonize amino acid concentrations at each side of the plasma 68 

membrane and as such they play a critical role in amino acid homeostasis (1, 3). 69 

70 

The physiological relevance of HATs is highlighted by their role in cancer and several 71 

inherited diseases (4-8). HAT neutral amino acid transporters in particular are gaining 72 

momentum as several mutations linked to human diseases have recently been identified 73 

and new physiological roles for this group of transporters have been uncovered using 74 

knockout mouse models (8-13). Several loss-of-function mutations in human LAT2/CD98hc 75 

(SLC7A8/SLC3A2) are associated with age-related hearing loss (ARHL) (9) and cataracts 76 

(10). Also, some coding variants are linked to an increased risk of autism spectrum disorder 77 

(14). In addition, hLAT2/CD98hc overexpression in pancreatic cancer cells sustains 78 

glutamine-dependent mTOR activation to promote glycolysis and chemoresistance (15). 79 

This observation thus points to hLAT2/CD98hc as a potential pharmacological target in this 80 

particular type of cancer. On the other hand, LAT1/CD98hc (SLC7A5/SLC3A2), which is 81 

also linked to cancer (4, 7), participates in brain development and autism spectrum disorder 82 

(12). Finally, Asc1/CD98hc (SLC7A10/SLC3A2) is considered a target to regulate 83 

glutamatergic neurotransmission in some cognitive disorders, such as schizophrenia (16, 84 

17), and a relevant player in adipocyte lipid storage, obesity, and insulin resistance (18). 85 

86 

Several atomic structures of HATs (19-24) and LATs (25) have recently been described, 87 

thus paving the way for the dissection of the molecular transport mechanisms. The 88 
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substrate-binding site of LATs determined in complex with a substrate or competitive 89 

inhibitors shows a conserved design consisting of two unwound segments of 90 

transmembrane (TM) 1 and TM6, which contain residues that recognize the α-amino and 91 

carboxyl groups of the substrate (21-25). Each member of the HAT family displays a 92 

preference for transporting a certain set of substrates (2). LAT2/CD98hc, LAT1/CD98hc and 93 

Asc1/CD98hc transport neutral amino acids but of different sizes. LAT1 is specialized in 94 

large neutral amino acids but it is inefficient for L-glutamine, and it does not transport small 95 

amino acids. LAT2 transports both large and small neutral amino acids and it is highly 96 

efficient for L-glutamine. Finally, Asc1 mediates the preferential uptake of small neutral 97 

amino acids, including D-isomers, particularly D-serine (26-28). 98 

99 

Despite recent advances in resolving the structure of several HATs, the molecular 100 

mechanisms explaining why each member of the family shows exquisite preference for 101 

certain substrates but not others are mostly unknown. Here we addressed the structural 102 

bases of substrate specificity in the HAT family. To this end, we used cryo-electron 103 

microscopy (cryo-EM) to determine the structure of human LAT2/CD98hc in inward-facing 104 

open and apo conformation. We used this structure to study substrate-binding determinants 105 

by combining Protein Energy Landscape Exploration (PELE) and Molecular Dynamics (MD), 106 

together with mutational and functional studies. We reveal that a few residues present in the 107 

substrate-binding pocket and nearby regions determine substrate preference, and we 108 

demonstrate how the substrate preference of several HATs can be interconverted. In 109 

addition, a region located at a certain distance of the substrate cavity but whose structure 110 

critically influences the conformation of the substrate-binding site also regulates substrate 111 

preference. This region accumulates mutations associated with ARHL and cataracts that 112 

alter hLAT2 substrate specificity. 113 

114 

Our work uncovers key structural determinants that govern, by different mechanisms, the 115 

differences in substrate specificity found within HAT members of neutral amino acid 116 

transporters. It also provides the structural bases for mutations in LAT2/CD98hc associated 117 

with deafness and cataracts. 118 

119 

Results 120 
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Cryo-EM of hLAT2/CD98hc 121 

We used single-particle cryo-electron microscopy (cryo-EM) to determine the structure of 122 

hLAT2/CD98hc in its apo form and identified the structural basis underlying substrate-size 123 

selectivity in the human LAT subfamily of neutral amino acid transporters. After expression 124 

in HEK293-6E cells, hLAT2/CD98hc was purified by double affinity chromatography and a 125 

final purification step using size exclusion chromatography (SI Appendix, Fig. S1A, B and 126 

C). The purified complex was functionally active in transport assays using proteoliposomes 127 

(SI Appendix, Fig. S1D). 128 

 129 

The peak fraction of the size exclusion chromatography was applied to holey grids, vitrified 130 

and observed using a 300 kV Titan Krios electron microscope (Thermo Scientific™) (SI 131 

Appendix, Fig. S2A). Reference-free 2D averages of the extracted particles revealed that 132 

most of the ~140 kDa complex was made of well-defined transmembrane helices inserted 133 

within the detergent micelle, whereas an ectodomain was placed outside the micelle (SI 134 

Appendix, Fig. S2B). Extracted particles were subjected to several rounds of 2D and 3D 135 

classification and 176,132 were selected to reconstruct a high-resolution volume of 136 

hLAT2/CD98hc, as described in Methods (SI Appendix, Fig. S3).  137 

 138 

The cryo-EM map of hLAT2/CD98hc revealed the extracellular ectodomain of CD98hc 139 

sitting on top of LAT2 and anchored to the membrane by a transmembrane helix (TM1’) that 140 

reaches the cytoplasmic side and interacts with hLAT2 (Fig. 1A and B). This structure is in 141 

agreement with previous low-resolution models of hLAT2/CD98hc (29, 30) and similar to 142 

other recently solved human HATs (19-23). Indeed, human LAT2/CD98hc apo structure is 143 

very similar (r.m.s.d. for all backbone atoms of 1.36 Å) to the reported structure of this 144 

transporter bound to L-tryptophan (23) (SI Appendix, Fig. S4A). Average resolution 145 

estimates of the hLAT2/CD98hc cryo-EM map reported here were 3.9 Å and 3.7 Å using 146 

Fourier Shell Correlation (FSC) in RELION (31) and ResMap (32), respectively (SI 147 

Appendix, Fig. S2C and D). These estimations included the effect of the micelle and the 148 

disparity of resolution between the ectodomain and the rigid hLAT2 protein. However, most 149 

of hLAT2 was resolved at resolutions between 2.5 and 3.0 Å (SI Appendix, Fig. S2E and 150 

Table S1), thereby allowing the unambiguous assignment of residues in each helical 151 

element during modeling of the atomic structure of hLAT2 (SI Appendix, Fig. S5). The lower 152 
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resolution of the CD98hc ectodomain suggested some flexibility with respect to the hLAT2 153 

subunit in the membrane region. 154 

 155 

In addition, an elongated density near transmembrane helices (TM) 3, 9, 10, and 12 was 156 

observed and interpreted as digitonin (Fig. 1A and B). The planar shape of this density was 157 

more elongated than that of cholesterol and it extended towards a disordered density in the 158 

extracellular region. A cholesterol molecule in this position might play a physiological role, 159 

as also proposed for hLAT1 (33). 160 

 161 

hLAT2/CD98hc apo structure 162 

We modeled the complete structure of the hLAT2/CD98hc heterodimer in the absence of 163 

substrate (Fig. 1B), except for N-terminal residues 1–60 for CD98hc and 1–40 for hLAT2 for 164 

which we could not identify any density (hLAT2 and CD98hc isoform f numbering used in 165 

this study). With the exception of these areas, the sequences of hLAT2 and CD98hc were 166 

fully resolved. Like other members of the LAT subfamily, hLAT2 adopts the APC superfamily 167 

fold (19-25). TM1–TM5 and TM6–TM10 are related by a pseudo two-fold symmetry axis 168 

within the plane of the membrane. TM1 and TM6 are unwound in the center, forming two 169 

discontinuous helices named 1a, 1b, and 6a, 6b (see details later). hLAT2 and CD98hc are 170 

linked by a disulfide bridge between Cys 154 (hLAT2) and Cys 109 (CD98hc) and by a 171 

variable number of interactions between TM1’ and the transmembrane portion of hLAT2 172 

(Fig. 1B and SI Appendix, Fig. S6). TM1' crosses the lipid bilayer next to the hLAT2 hash 173 

domain (i.e., TMs 3, 4, 8 and 9) forming helix-helix contacts with residues in TM4 and the 174 

extracellular end of TM3 in hLAT2 (Fig. 1B and SI Appendix, Fig. S6). These contacts are 175 

mediated by hydrophobic residues Phe 88’, Trp 89’ and 92’, Leu 96’, Ala 99’, and Ile 102’ 176 

and 103’ in CD98hc TM1’, and Leu 147, Leu 150 and Phe 151 in TM3, and Leu 163, 164, 177 

171, Ile 167 and Trp 174 in TM4 in LAT2 (SI Appendix, Fig. S6). Interestingly, Trp 174, which 178 

is conserved only in hLAT2 and hAsc1, faces Phe 88’ and Trp 89’ in TM1’, forming an 179 

aromatic triad in the TM1’-TM4 interface (SI Appendix, Fig. S6). Nevertheless, mutation of 180 

Trp 174 to alanine (the corresponding residue in hLAT1) had no effect on protein expression, 181 

plasma membrane localization or [3H] L-alanine uptake.  182 

 183 

Unwound regions in TM1 and TM6 form the hLAT2 substrate-binding site 184 
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In the absence of substrates, the hLAT2/CD98hc structure is in an inward (cytoplasmic)-185 

facing open conformation with TM1a and TM6b tilted to open a vestibule connecting the 186 

cytoplasm to the center of the transporter (Fig. 2A). At the end of this passage, a particular 187 

spatial conformation of unwound regions connecting TM1a with TM1b and TM6b with TM6a 188 

forms an empty space that, together with residues in TM1a, TM6b, TM3 and TM8, define 189 

the substrate-binding site, described before for several amino acid transporters with APC 190 

fold (21-23, 25, 34, 35). In particular, in all the transporters in the LAT subfamily, TM1a 191 

contains a 55G(S/T)G57 motif with the amide nitrogen atoms of Gly 55, Ser 56 and Gly 57 192 

oriented towards the empty space, providing the possibility of hydrogen bonding with the 193 

carboxyl group of substrates. In addition, the unwound region connecting TM6a and TM6b 194 

of hLAT2 contains Gly 246 with its carbonyl group facing the empty space formed by TM1 195 

and TM6, and Trp 248 facing residues in the adjacent TM2 and TM10 (Fig 2B). In addition, 196 

Asn 134 from TM3 locates in the vicinity, and this residue was found to be important for the 197 

mechanism of substrate selectivity (see below). This substrate-binding cavity is connected 198 

to another small vestibule in hLAT2 (Fig. 2A). This open space was first discovered in hLAT1 199 

and interpreted as a distal substrate-binding site (22). In this inward-facing conformation, 200 

access of the central cavity to the extracellular space is blocked by several hydrophobic and 201 

polar residues, which form a barrier for substrates (Fig. 2A).  202 

 203 

The conformation of the unwound regions in TM1 and TM6 is critical to define an open space 204 

that can accommodate substrates and to configure an orientation of residues facing this 205 

space and ready to interact with substrates. In hLAT2/CD98hc, these requirements are 206 

achieved by a set of interactions between residues in TM1 and TM6 with neighboring regions 207 

of the structure (Fig. 2C and D). A hydrophobic cluster formed by Ile 58 and Phe 59 in TM1, 208 

Leu 198 and Ile 201 in TM5, and Val 322 in TM8 stabilizes the unwound region of TM1 (Fig. 209 

2C). In addition, hydrogen bonds between the hydroxyl oxygen atoms of Ser 56 in TM1 and 210 

Ser 325 in TM8, the carbonyl oxygen atom of Ile 53 in TM1 and the hydroxyl oxygen atom 211 

of Tyr 280 in TM7, and the epsilon nitrogen atom of Lys 194 in TM5 and the carbonyl oxygen 212 

atom of Ile 54 in TM1 are also established (Fig. 2C). 213 

 214 

Similarly, the unwound region of TM6 establishes various interactions with residues from 215 

TMs 2, 7 and 10 (Fig. 2D). Indeed, the oxygen atoms of the side chains of residues Ser 242, 216 

Tyr 245 and Asn 249 in TM6 form a hydrogen bond network with the oxygen atoms of 217 
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hydroxyl groups of Tyr 396 in TM10, Thr 277 in TM7, and Tyr 399 in TM10, respectively (Fig. 218 

2D). Moreover, Trp 248 in TM6 establishes aromatic interactions with Tyr 399 in TM10 and 219 

Tyr 93 in TM2, as well as hydrophobic contacts with residues in TM2. Finally, as is also the 220 

case of TM1, the hydroxyl oxygen atom of Tyr 280 in TM7 interacts with the carbonyl oxygen 221 

atom of Ala 244 in TM6 (Fig. 2D). 222 

 223 

Structural basis for substrate specificity in hLAT2 224 

A unique feature of hLAT2 within the LAT subfamily is its substrate specificity towards both 225 

large and small neutral amino acids, including L-glutamine (26-28). Very recently, cryo-EM 226 

structures of hLAT2/CD98hc bound to L-leucine and L-tryptophan were solved (23); 227 

however, they did not shed light on the molecular mechanisms underlying small neutral 228 

amino acid and L-glutamine selectivity in hLAT2.  229 

 230 

To characterize the structural bases for substrate specificity in hLAT2, we performed 231 

molecular docking and PELE studies using a set of hLAT2 amino acid substrate ligands 232 

(Gly, L-Ala, L-Trp and L-Gln) in the apo hLAT2/CD98hc structure. Substrate docking 233 

experiments and PELE analysis predicted a minimal energy-binding mode for all the 234 

substrates tested (SI Appendix, Fig. S7). This binding mode corresponded to the wild type 235 

(also referred to as canonical) pose within backbone atoms of unwound regions of TM1 and 236 

TM6, as reported for other SLC7 transporters (BasC (25), GkApcT (34), human b0+AT (21), 237 

LAT1 (22) and LAT2 (23)). Indeed, the calculated pose of L-tryptophan in hLAT2 is very 238 

similar to the cryo-EM structure of hLAT2/CD98hc bound to this substrate, which is 239 

compatible with two positions of L-tryptophan (23) (SI Appendix, Fig. S4B, C and D). In the 240 

calculated poses, one of the α-carboxyl oxygen atoms of glycine, L-alanine, L-glutamine and 241 

L-tryptophan establishes H-bonds with the nitrogen atom of Gly 55, Ser 56 and Gly 57 242 

residues in the GSG motif in the unwound segment of TM1 (Fig. 3A, B and SI Appendix, 243 

Fig. S8). In contrast, the contacts established by the α-amino group of these different 244 

substrates with the unwound region of TM6 were substantially more diverse among the 245 

tested substrates. Nevertheless, for all the substrates, the hydrogen bond between the 246 

carbonyl oxygen atom of Gly 246 (Fig. 2B) and the α-amino nitrogen atom of the substrate 247 

was conserved (Fig 3A, B and SI Appendix, Fig. S8). 248 

 249 
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In addition, other residues contributed to the establishment of additional interactions specific 250 

to each substrate. The side chain of L-alanine showed hydrophobic contacts with the 251 

aromatic ring of Phe 243 (Fig. 3A), whereas the side chain of L-glutamine interacted via a 252 

H-bond with the amide nitrogen atom of the side chain of residue Asn 134 in TM3 and the 253 

carbonyl oxygen atom of Asn 52 in TM1 (Fig. 3B). Finally, the side chain of L-tryptophan 254 

presented hydrophobic stacking with Gly 246 and Gly 247 in TM6 and H-bond with the amide 255 

oxygen atom of the side chain of Asn 134 in TM3 (SI Appendix, Fig. S8B). The hydrophobic 256 

staking of L-tryptophan with Gly 246 and Gly 247 was also observed in the cryo-EM structure 257 

of hLAT2/CD98hc in complex with L-tryptophan (23) (SI Appendix, Fig S4B and D). 258 

 259 

A second cavity connected to the substrate-binding pocket has been suggested to form a 260 

distal binding site capable of accommodating large side chains (22, 23) (Fig. 2A). Our PELE 261 

analysis did not predict any substrate occupying this distal site. Moreover, the recognition of 262 

the substrate α-amino and carboxyl groups by the GSG motif and Gly 246 seemed 263 

incompatible with the occupancy of the distant “distal site” in hLAT2 in the inward-facing 264 

conformation, even for amino acids with large side chains such as L-tryptophan (SI 265 

Appendix, Fig. S8B).  266 

 267 

Determinants of substrate specificity in the LAT subfamily of transporters  268 

Despite similar structures, the members of the LAT subfamily of transporters show important 269 

differences in substrate specificity, the structural basis of which are still unknown. Although 270 

recognition of amino acid substrates by the cytoplasmic face of the transporter is defined 271 

mainly by interactions with backbone atoms of hLAT2, sequence alignment revealed some 272 

significant differences at the core of the binding site of hLAT1, hLAT2 and hAsc1 (Fig. 3C). 273 

We characterized these differences to identify the molecular bases of the different substrate 274 

selectivity reported for neutral amino acid LAT transporters (26-28). Two of the substrate-275 

interacting residues predicted by the PELE analysis (Gly 246 and Asn 134) are not fully 276 

conserved in hLAT2, hLAT1 and hAsc1 (Fig. 3C). Gly 246 in hLAT2, which is conserved in 277 

hLAT1, became a serine residue in hAsc1. We tested the relevance of this residue in 278 

determining hAsc1 as a poor transporter for large neutral amino acids, in contrast to hLAT2 279 

and hLAT1 (26-28). Interestingly, mutation G246S in hLAT2 caused a dramatic decrease in 280 

the uptake of large substrates ([3H] L-tryptophan, [3H] L-glutamine and [3H] L-histidine) but 281 
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increased the uptake of small neutral amino acids ([3H] glycine and [3H] L-alanine) (Fig. 3D 282 

and SI Appendix, Table S2). Conversely, the reverse mutation in hAsc1 (S246G) resulted in 283 

a large decreased uptake of the smallest substrates ([3H] glycine and [3H] L-alanine) and in 284 

an increased uptake of the large substrates, with the exception of [3H] L-glutamine (Fig. 3E 285 

and SI Appendix, Table S2). 286 

 287 

PELE analysis predicted that the hydroxyl group of Ser 246 in the hLAT2 G246S mutant 288 

provided an additional H-bond with the α-amino nitrogen atom of the substrates (SI 289 

Appendix, Fig. S9), resulting in an improved energy of substrate binding in the canonical 290 

mode for all the substrates studied (SI Appendix, Fig. S7). Interestingly, mutation G246S in 291 

hLAT2 induced an alternative-binding mode facilitated by the H-bond of the hydroxyl oxygen 292 

atom of Ser 246 with the carbonyl oxygen atom of Phe 243 due to the rotation of the Cα of 293 

Ser 246. This additional binding mode might facilitate escape from (or hinder binding to) the 294 

wild type pose, slightly shifting the substrate side chain out of the main wild type site/location 295 

(SI Appendix, Fig. S9). Notice that the new intra-protein hydrogen bond between the 296 

mutated Ser 246 and Phe 243 hampers the formation of wild type substrate interactions. 297 

While the interaction between the hydroxyl group of Ser 246 in the hLAT2 G246S mutant 298 

with the α-amino nitrogen atom of the substrates was found for all the substrates, the shifted 299 

pose was observed only in those amino acids with larger side chains that allowed them to 300 

establish interactions with additional residues such as Asn 134 (SI Appendix, Fig. S9). This 301 

differential behavior between substrates with small and large side chains might explain the 302 

increased uptake of small substrates and the reduced transport activity of large substrates 303 

in the G246S LAT2 mutant and also in part in hAsc1. 304 

 305 

Kinetic analysis of the [3H] amino acid uptake by the hLAT2 mutant G246S revealed different 306 

mechanisms underlying transporter substrate selectivity (SI Appendix, Fig. S10 and Table 307 

S3). Indeed, L-alanine uptake showed a decreased extracellular Km, suggesting that the 308 

improved binding energy calculated for this substrate in the G246S mutant at the cytosolic 309 

side may apply for its binding at the extracellular side. For L-glutamine and L-tryptophan, 310 

the external kinetics showed decreased Vmax (»50%) (SI Appendix, Fig. S10 and Table S3). 311 

PELE analysis indicated alternative energetically favorable poses for both substrates at the 312 

internal side of the transporter. If this operates at the external side, these alternative poses 313 

may be non-productive, reducing Vmax. Additionally, hLAT2 G246S mutant increased L-314 
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glutamine extracellular Km, suggesting that G246S impairs one or several transport-limiting 315 

steps affecting Km. Whether alternative poses at the substrate-binding site of L-glutamine 316 

predicted by PELE affect these transport-limiting step(s) remains to be established.  317 

 318 

In contrast to hLAT2, hLAT1 does not mediate the uptake of small neutral amino acids and 319 

it is a low affinity L-glutamine transporter (26, 27). Moreover, glutamine is not a good 320 

intracellular exchange substrate for LAT1 (36). Interestingly, residue Asn 134 in hLAT2 is a 321 

serine residue in hLAT1 (Fig. 3C). When we mutated this residue in hLAT2, the substrate 322 

specificity of the N134S mutant changed dramatically, showing reduced [3H] L-glutamine, 323 

[3H] glycine and [3H] L-alanine uptake (Fig. 3D and SI Appendix, Table S2), thus mimicking 324 

hLAT1. This observation thus points to a key role for Asn 134 in the particular substrate 325 

selectivity of hLAT2 compared to that of hLAT1. PELE transporter-substrate structural 326 

analysis showed that Asn 134 was a potential interacting residue in the wild type binding 327 

mode for L-glutamine and L-tryptophan but not for small substrates (Fig. 3A, B and SI 328 

Appendix, Fig. S8). In addition, the energy profile for the substrate binding in wild type hLAT2 329 

compared to that of the N134S mutant showed a different substrate binding energy 330 

landscape (SI Appendix, Fig. S11). The N134S mutant favors the exploration of alternative 331 

binding sites by L-alanine, even though with a worse binding energy than the wild type 332 

binding. External kinetics of the [3H] L-alanine transport showed a clear increase in the 333 

extracellular Km without impact on Vmax (SI Appendix, Fig. S10 and Table S3). Whether this 334 

increase of the external Km is a consequence of altered binding or to defective transport-335 

limiting step(s) in the transport cycle that increases Km remains to be established.  336 

 337 

This mutation also reduces the range of binding energy of L-glutamine poses within the wild 338 

type site (SI Appendix, Fig. S11) which would result in reduced entropy and binding affinity. 339 

In this regard, [3H] L-glutamine uptake kinetic analysis in the N134S mutant showed a 340 

increased extracellular Km. However, Vmax was also reduced by »50%, suggesting that Asn 341 

134 governs both L-glutamine translocation and external Km (SI Appendix, Fig. S10 and 342 

Table S3). In contrast, the mutation does not cause significant alterations in the landscape 343 

of energy binding for L-tryptophan, which would explain why the transport of this substrate 344 

is not altered in the N134S mutant (SI Appendix, Fig. S10 and Table S3). Therefore, a 345 

change in the residue that occupies the position of Asn 134 in LAT2 explains some of the 346 

differences in substrate selectivity in hLAT1 and hLAT2. Our PELE analysis did not predict 347 



 12 

changes in the energy landscape that might explain the reduced transport of glycine caused 348 

by N134S (SI Appendix, Fig. S11). The role of Asn 134 in the transport of glycine could be 349 

due to their participation during conformational transitions of the transporter whose 350 

structures are not yet available.  351 

 352 

Age-Related Hearing Loss mutations map a region that regulates substrate specificity 353 

Age-related hearing loss (ARHL) or presbycusis is one of the most prevalent chronic medical 354 

conditions associated with aging. Although ARHL is multifactorial, loss-of-function mutations 355 

in hLAT2 transporter protein gene (SLC7A8) have been associated with this condition (9). 356 

Two of the four hLAT2 mutations described (V460E and T402M) show a nearly complete 357 

reduction of both L-alanine and L-tyrosine transport activity (9). Val 460 is located at the 358 

cytoplasmic face of TM12 with its side chain facing towards the aliphatic chain of membrane 359 

lipids. In hLAT2/CD98hc, TM12 comprises ~8 turns of amino acid residues composed mostly 360 

of hydrophobic side chains that shield the polypeptide backbone whose H-bond donor and 361 

acceptor groups face against the interior of the lipid membrane. Therefore, charged residues 362 

within the transmembrane helix would either reduce the stability of the helix in the membrane 363 

or inhibit its insertion into the lipid bilayer. Supporting this hypothesis, the hLAT2 V460E 364 

mutant showed reduced protein expression and impaired plasma membrane localization, 365 

the protein being retained in the endoplasmic reticulum (ER) (9). Also, a prediction of the 366 

apparent free energy difference (ΔG) for insertion of the wild type and V460E hLAT2 protein 367 

sequences (-0.29 and 1.36 Kcal/mol, respectively) into the ER membrane suggested that 368 

the Sec61 translocon-mediated ER membrane insertion was impaired in the ARHL mutant 369 

(37). 370 

 371 

The underlying molecular bases for the transport defect of mutation T402M is unknown. Thr 372 

402 locates at a region where the cytoplasmic ends of TM10 and TM2 establish multiple 373 

contacts (Fig. 4A). In addition, the unwound region of TM6 contains several residues that 374 

interact with TM10, such as Ser 242 with Tyr 396, and Asn 249 with Try 399. Also, Trp 248 375 

presents π-π bonds with Tyr 93 (TM2) and Tyr 399 (TM10). Tyr 93 is part of a GALCYAEL 376 

motif (89G (A/S) L (C/S) (Y/F) A E (L/I)96; large letter indicates the most frequent residue; 377 

hLAT2 numbering) located in TM2 and which is conserved in human LATs (Fig. 4B). 378 

Together, TM2, TM10 and TM6 form a well-interconnected region and we hypothesized that 379 

this contributes to maintaining the correct conformation of TM6 and that changes in this 380 
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connectivity affect the conformation of TM6 and substrate-binding site. To test this 381 

hypothesis, we studied the potential influence of interactions between Tyr 93 and Thr 402, 382 

residues that are located at a distance compatible with hydrogen bonding connecting TM2 383 

and TM10. To this end, we generated mutations to Ala that would disrupt this putative bond 384 

and we then analyzed the effects on transport. The T402M ARHL mutant shows reduced 385 

uptake of alanine (9), whereas the T402A mutant (the equivalent residue in hLAT1) had a 386 

minimal effect on the substrate activity and selectivity profile (Fig. 4C and SI Appendix, Table 387 

S2), suggesting that Thr 402 - Tyr 93 hydrogen bond was not determinant for hLAT2 388 

transport function. In contrast, the Y93A mutant resulted in a nearly complete reduction of 389 

[3H] glycine, [3H] L-alanine and [3H] L-glutamine uptake, with a minimal effect on the transport 390 

of [3H] L-isoleucine, [3H] L-histidine and [3H] L-tryptophan (Fig. 4C and SI Appendix, Table 391 

S2). This result mapped the influence of a region far from the substrate-binding site on 392 

substrate specificity. 393 

 394 

We then performed MD analysis of wild type hLAT2 and the Y93A mutant to explore the 395 

molecular basis of the altered substrate selectivity. In the presence of bound L-alanine, MD 396 

showed that the π-stacking interactions Tyr 93 (TM2) - Trp 248 (TM6) and Tyr 93 - Tyr 399 397 

(TM10) are stable, whereas in the Y93A mutant Trp 248 occupies the space of the absent 398 

side chain of Tyr 93, thereby facilitating the displacement of Gly 246 (SI Appendix, Fig. S12). 399 

Displacement of Gly 246 in the unwound segment of TM6 widens the distance between the 400 

backbone atoms that bind the α-amino carboxyl moiety of L-alanine by ~4-5 Å (Fig. 5A). As 401 

a result, first, the amino group of L-alanine detaches from Gly 246 in TM6 (Fig. 5B), and 402 

second, the connection between the carboxylate group of L-alanine with TM1 is lost (Fig. 403 

5C and D), thus destabilizing the wild type binding pose of L-alanine, and consequently, 404 

reducing the transport activity for this amino acid (Fig. 4C and SI Appendix, Table S2). 405 

Interestingly, the Y93A mutation did not affect the external Km but decreased dramatically 406 

the Vmax of [3H] L-alanine and [3H] L-glutamine uptake (SI Appendix, Fig. S10 and Table S3). 407 

This suggests that the proper interaction of L-alanine, and eventually L-glutamine, with both 408 

unwound segments of TM1 and TM6 is a requirement to trigger transport. Whether the Y93A 409 

mutation compromises the transit from outward-facing to the occluded state or from this 410 

state to the inward-facing state remains to be established.          411 

 412 
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In sharp contrast, L-tryptophan, because of its larger side chain, establishes hydrophobic 413 

stacking with Gly 246 and Gly 247 at the unwound region of TM6, acquiring a wild type pose 414 

and preventing the migration of Gly 246 (Fig. 5E and SI Appendix, Fig. S12). As expected, 415 

the Y93A mutation did not affect Km and had a minimal effect on Vmax of [3H] L-tryptophan 416 

influx (SI Appendix, Fig. S10 and Table S3). This observation would thus explain the activity 417 

of the Y93A mutant for large amino acids, particularly L-tryptophan (Fig. 4C and SI Appendix, 418 

Table S2). 419 

 420 

Discussion 421 

The recent structures of several members of the HAT family of transporters reveal that they 422 

have a very similar architecture. Intriguingly, each HAT has evolved to specialize in the 423 

transport of a subset of substrates, and this specialization drives the significant differences 424 

in the physiological functions of each member of the family. Here we provide a significant 425 

advance in our understanding of the structural and molecular basis defining substrate 426 

specificity in the HAT family. Based on cryo-EM structure of hLAT2/CD98hc in inward-facing 427 

conformation, PELE analysis of amino acid substrate binding and transport studies, we have 428 

identified residues within the substrate-binding site (Gly 246 and Asn 134) and in a scaffold 429 

of the unwound segment of TM6 (Tyr 93 in TM2) that are key for substrate specificity 430 

between the human transporters LAT2, LAT1 and Asc1.  431 

 432 

The core of the substrate-binding site in all HATs is formed by unwound segments in TM1 433 

and TM6, whose residues expose their amide backbone atoms, which serve as engaging 434 

platform for the α-amino carboxyl moiety of each substrate. Interestingly, TM6 is less 435 

conserved among human LATs than TM1 (25) (Fig. 3C). In particular, in hLAT2, Gly 246, 436 

which is a key residue interacting with the substrate α-amino group, is a serine residue in 437 

human Asc1 (Fig. 3C). LAT2 has a unique substrate selectivity profile and it mediates the 438 

exchange of all neutral amino acids, including L-glutamine (26). Interestingly, our results 439 

showed that a serine residue at position 246 (as in hAsc1 or G246S hLAT2 mutant) resulted 440 

in a transporter with a substrate preference for small neutral amino acids. In contrast, a 441 

glycine residue in this position (as in hLAT2 or S246G hAsc1 mutant) shifted the transporter 442 

preference to large neutral amino acids. Small substrates such as glycine and L-alanine are 443 

not naturally well transported by hLAT1, but when the equivalent position to Gly 246 in 444 
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hLAT2 is mutated in hLAT1 (G255A) (Fig. 3C), hLAT1 shows improved capacity to transport 445 

L-alanine and L-valine whilst reducing the transport of larger amino acids (19).  446 

 447 

Therefore, Gly 246 in TM6 of hLAT2 and the equivalent position in other HATs of neutral 448 

amino acids are part of the mechanism that contributes to discriminating small from large 449 

substrates and our PELE and transport kinetics experiments shed light on the molecular 450 

basis underlying the role of this glycine/serine residue. According to this model, the hydroxyl 451 

group of a serine residue in this position would stabilize the binding of the α-amino group of 452 

small amino acids, thus increasing their transport. This view is favored by the decreased 453 

external Km for L-alanine uptake in the hLAT2 G246S mutant. In contrast, this hydroxyl group 454 

would facilitate a shift of large substrates from the wild type pose, favored by the interaction 455 

of their large side chains with other residues in the substrate vestibule, and then decreasing 456 

their transport. Interestingly, L-glutamine and L-tryptophan uptake kinetics in hLAT2 G246S 457 

mutant point towards deficient catalytic steps of the transport cycle that reduce substrate 458 

translocation (L-glutamine and L-tryptophan) and increase external Km (L-glutamine). 459 

However, the transport cycle steps of L-glutamine and L-tryptophan uptake affected by 460 

G246S mutation are at present unknown. Interestingly, amino acid uptake experiments 461 

confirm, at least partially, the predictions based on the inward-open structure, which would 462 

suggest that interactions of the substrate with its binding site are very similar in the outward 463 

and inward-facing conformations. However, another explanation might be that substrate-464 

transporter interactions in the inward-open state are a more important determinant of 465 

transport rates than those in the outward-open state.  466 

 467 

Structural analysis revealed an asparagine residue in hLAT2 TM3 (Asn 134) that pointed 468 

towards Gly 246 and that is not conserved in hLAT1 (S144). In fact, the N134S mutation 469 

greatly reduced the uptake of small neutral amino acids and L-glutamine in hLAT2 without 470 

affecting the transport of larger amino acids (Fig. 3D), suggesting that Asn 134 would be the 471 

main residue responsible for the differences in selectivity of small neutral amino acids and 472 

L-glutamine between hLAT2 and hLAT1 (26, 27). According to the PELE analysis, the 473 

N134S mutant would facilitate the binding of L-alanine out of the canonical substrate-binding 474 

mode and would constrain the poses of L-glutamine within the substrate-binding site, thus 475 

reducing transport. However, [3H] L-alanine and [3H] L-glutamine kinetic analysis as well as 476 

defective transport of glycine in hLAT2 N134S mutant cannot be fully explained in the 477 
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scenario of the inward-facing conformation of hLAT2. In this regard, the bacterial alanine-478 

glycine APC transporter AgcS contains a glutamine residue in TM3 -the same 479 

transmembrane region where Asn 134 is located- that presents H-bonding with the α-amino 480 

nitrogen atom of the substrate in the occluded conformation (38). This observation suggests 481 

that Asn 134 in hLAT2 might be important for the binding of small substrates in the occluded 482 

conformation during the transport cycle. 483 

 484 

We found that the conformation of the substrate-binding site in hLAT2, and consequently 485 

substrate selectivity, is controlled by a region outside the binding site, which has a significant 486 

impact since several mutations in this region alter substrate preference and associate with 487 

some human diseases (10). The unwound segments of TM1 and TM6 are stabilized with 488 

multiple connections (Fig. 2C and D). In particular, the unwound region of TM6 (Ser 242, 489 

Trp 248 and Asn 249) interacts with residues in TM2 (Tyr 93) and TM10 (Tyr 396 and Try 490 

399). In contrast to TM1, these stabilizing interactions are not conserved among LATs and 491 

are possibly responsible for the differences observed in the conformation of the unwound 492 

region of TM6 in the structure of several LATs (19-25). Mutations Y396A and Y399A, 493 

predicted to destabilize the conformation of the unwound region in TM6 (Fig. 4A), almost 494 

completely abolished L-tryptophan and L-leucine uptake, thereby highlighting the relevance 495 

of these residues for the function of the transporter (23). 496 

 497 

Interestingly, the Y93A mutation changed the substrate profile of hLAT2, eliminating the 498 

transport of small substrates (glycine, L-alanine, and in less extend L-valine) and L-499 

glutamine but sustaining that of large substrates (L-isoleucine, L-histidine and L-tryptophan) 500 

(Fig. 4C). Indeed, the substrate selectivity profile for the Y93A mutant greatly resembles that 501 

of hLAT1 (27). Molecular dynamics analysis of wild type hLAT2 and Y93A mutant in the 502 

presence of substrates (L-alanine and L-tryptophan) suggested a molecular mechanism that 503 

explains the changes in substrate selectivity in the Y93A mutant. In this regard, we propose 504 

that TM2 acts as a scaffold for the unwound region in TM6, maintaining the conformation of 505 

the binding site. Thus, significant modifications of residues in TM2 may alter the transport 506 

activity and/or selectivity profile of hLAT2. Similarly, in the bacterial APC amino acid 507 

transporter MhsT, interaction of the 235GMG237 motif (equivalent to 247GWN249 in hLAT2) in 508 

the unwound region of TM6 with the highly conserved glutamate residue 66 in TM2 (in an 509 

equivalent position to Tyr 93 in hLAT2) has recently been reported (39). Interestingly, the 510 
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interaction between Glu 66 and the GMG motif changes depending on the size of the 511 

substrate bound, thereby regulating binding pocket volume and modulating transporter 512 

substrate selectivity (39).  513 

 514 

Residue Tyr 93 in hLAT2 lies within a motif of TM2 that is conserved in human LATs 89G 515 

(A/S) L (C/S) (Y/F) A E (L/I)96 (Fig. 4B) and that is involved in connections of TM2 with TM6, 516 

TM7 and the TM10-11 loop. The fully conserved Ala 94 presents hydrophobic interactions 517 

with Leu 265 in TM7, and Glu 95 presents salt bridges with Arg 418, with the fully conserved 518 

Arg 410 and with Lys 421 within the TM10-11 loop. Interestingly, the A94T mutation 519 

associated with cataracts results in defective L-tryptophan transport, with no impact on the 520 

transport of L-alanine or L-tyrosine (10), while the R418C variant associated with ARHL 521 

reduces the transport activity of L-alanine and L-tyrosine by ~50% (9). These results 522 

reinforce the idea that modifying interactions of the TM2 motif with other regions of the 523 

protein would affect the substrate selectivity profile of human LAT2 by re-shaping the 524 

substrate-binding site.  525 

 526 

Taken together, our findings provide structural basis that regulates substrate preference in 527 

heteromeric amino acid transporters for neutral amino acids. Our results highlight the 528 

concept that substrate specificity in these transporters requires a variety of kinetic 529 

mechanisms to reach substrate specificity in a scenario of broad substrate range. Thus, a 530 

unique combination of residues in the binding site differentially regulates substrate 531 

interaction and/or translocation. Besides, particular differences in the conformation of the 532 

unwound TM6 region due to interaction with surrounding TMs, are also key determinants of 533 

the substrate selectivity profile. Accordingly, we found that TM2 acts as a scaffold for TM6, 534 

regulating its conformation and its capacity to transport certain substrates. This scaffold 535 

region accumulates mutations associated with some human diseases and our model 536 

suggests that these would cause disease by distorting the conformation of TM6, thus altering 537 

substrate selectivity. 538 

 539 

Methods  540 

Cell lines. HeLa cells were maintained at 37°C in a humidified 5% CO2 environment in 541 

DMEM supplemented with 10% fetal bovine serum, 50 units/ml penicillin, 50 μg/ml 542 
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streptomycin and 2 mM L-glutamine. HEK293-6E cells (40) were cultured following the 543 

provider’s standard protocols in chemically defined F17 Freestyle medium (Invitrogen, Life 544 

Technologies, Darmstadt, Germany) supplemented with 1 g/l pluronic F68 (Applichem, 545 

Darmstadt, Germany), 4 mM L-glutamine and 12.5 mg/l G418. HEK293-6E cells were grown 546 

in polycarbonate shake flasks with vented lids and with a capacity of 125 ml to 2 l (Triforest 547 

Plasticware, Irvine, USA) in a Brunswick S41il CO2 shaker with 25 mm orbital (Eppendorf, 548 

Merck KGaA, Darmstadt, Germany) at 37°C, 5% CO2 and 120 rpm (80 rpm for 3 l flasks) 549 

without exceeding 2×106 cells/ml during maintenance and 25% flask capacity. 550 

 551 

Subcloning of hLAT2 and CD98hc proteins. cDNA encoding for the human LAT2 552 

transporter protein was subcloned by amplification from human Strep-TagII-LAT2 (N-553 

terminally tagged) in pcDNA3.1+ (29) with KOD polymerase (Toyobo, Osaka, Japan), 554 

following manufacturer’s instructions, using the following primer pair: Fw: 555 

AGGAGATATACCATGgaagaaggagccaggcaccgaaacaacaccg; Rv: 556 

CTTCCAGACCGCTTGAgggctggggctgccccgccac (lower case indicates gene-specific 557 

sequence, upper case indicates plasmid-specific sequence). The resulting 1605 bp PCR 558 

product was then treated with DpnI to remove the template and purified using AmPure 559 

magnetic beads as per the manufacturer’s instructions (Beckman Coulter, Brea, USA). The 560 

purified PCR product was then cloned into the KpnI and BmtI-cut pPEU24TT plasmid 561 

containing a C-terminal 3C site-eGFP-10xHis fusion by InFusion (Takara, Kyoto, Japan) 562 

following manufacturer’s instructions. Similarly, human CD98hc (isoform f) cDNA was 563 

amplified from the His-CD98hc (N-terminally tagged) in pcDNA4-His-MaxC (41) by KOD 564 

polymerase using the following primer pair: Fw: 565 

TCGAAAAAAGCAGCGGCatgagccaggacaccgaggtggatatg; Rv: 566 

GTGATGGTGATGTTTAggccgcgtaggggaagcggag (lower case indicates gene-specific 567 

sequence, upper case indicates plasmid-specific sequence). The 1600bp product was then 568 

purified (as hLAT2 PCR product) and cloned into KpnI and PmeI-cut pPEU22TT plasmid by 569 

InFusion. pPEU22TT contains an N-terminal OneStrep tag (StrepII-spacer-StrepII) and in 570 

this instance the resident C-terminal His-tag was not used as a stop codon was inserted into 571 

the reverse primer. Both pPEUTT plasmid variants are derived from the pTT plasmid 572 

containing the OriP origin of replication to allow episomal replication in the 293-6E cells (40) 573 

(please see https://www.irbbarcelona.org/en/research/protein-expression for pPEUTT 574 

plasmid details). All DNA constructs were fully verified by sequencing before use. 575 
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 576 

Transient transfection and production of hLAT2/CD98hc heterodimer in HEK293-6E 577 

cells. Transient production of hLAT2/CD98hc heterodimer in a suspension of HEK293-6E 578 

cells was performed as previously described (40). Briefly, cells were grown to 1.5x106 579 

cells/ml in 2 l Erlenmeyer flasks with ventilation membrane caps (Triforest Plasticware Irvine, 580 

USA) with a working volume of 600 ml culture/flask at 37°C and 5% CO2 with shaking at 120 581 

rpm. PEI:DNA polyplexes were prepared by mixing a total of 1 μg (1:1 w/w hLAT2 and 582 

CD98hc) plasmid-DNA and 4 μg PEI-MAX 40000 (Polysciences Europe GmbH, Germany) 583 

per ml culture in approximately 1/10th of total culture volume of fresh media. Polyplexes were 584 

allowed to form for 3 min at room temperature with intermittent mixing before addition to the 585 

cells. After addition of the DNA:PEI complexes, the cells were incubated for a further 48 h 586 

with shaking at 37°C and 5% CO2. They were then harvested by centrifugation at 500 x g 587 

for 15 min, and the cell pellets were washed twice with 50 ml of PBS and then stored at -588 

80ºC until use.  589 

 590 

hLAT2/CD98hc purification for cryo-EM. All subsequent steps were carried out at 4°C. 591 

Whole HEK293-6E cells expressing hLAT2-3C-GFP-10His/OneStrep-CD98hc heterodimer 592 

were solubilized using 2% (w/v) digitonin (Merck, Darmstadt, Germany) for 2 h in 593 

solubilization buffer (20 mM Tris-Base, 150 mM NaCl, pH 7.4). Following ultracentrifugation 594 

(200,000 × g for 1 h), the soluble fraction was incubated for 2 h with Strep-Tactin Superflow 595 

resin (IBA Lifesciences, Göttingen, Germany) equilibrated with purification buffer (20 mM 596 

Tris-Base, 150 mM NaCl, 0.1% digitonin, pH 7.4). Protein-bound resin was washed twice 597 

with 12 column volumes (CVs) of purification buffer. Protein was eluted in Strep elution buffer 598 

(20 mM Tris-Base, 150 mM NaCl, 2.5 mM D-desthiobiotine, pH 7.4), and eluted protein was 599 

incubated for 2 h with Ni2+-NTA Superflow beads (Qiagen, Hilden, Germany) equilibrated in 600 

Nickel washing buffer (20 mM Tris-Base, 150 mM NaCl, 0.1% digitonin, 20 mM imidazole, 601 

pH 7.4). Protein-bound beads were washed twice with 12 CVs of washing buffer 602 

supplemented with 20 mM and 40 mM imidazole. The beads were then washed once with 603 

12 CVs of HRV-3C buffer (20 mM Tris-Base, 150 mM NaCl, 0.1% digitonin, 20 mM 604 

imidazole, 0.5 mM EDTA, pH 7.4) before on-column cleavage with HRV-3C protease (IRB 605 

Barcelona Protein Expression Core Facility, Barcelona, Spain) for 16 h. Column flowthrough 606 

containing cleaved hLAT2/CD98hc was concentrated by centrifugation in an Amicon Ultra-607 

15 filter unit (100,000 kDa molecular weight cut-off; Millipore, Temecula, CA) at 3,220 × g 608 
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until reaching 1.2 mg/ml. The heterodimer was subjected to size exclusion chromatography 609 

(SEC) on a Superdex 200 5/150 GL column (GE Healthcare, Chicago, USA) equilibrated 610 

with 20 mM Tris-Base, 150 mM NaCl, and 0.1% digitonin, pH 7.4. The peak fraction was 611 

collected, concentrated and used for grid preparation.  612 

 613 

Cryo-EM of hLAT2/CD98hc. The specimen was vitrified using 3 μl of freshly purified 614 

hLAT2/hCD98hc applied to glow-discharged Quantifoil R 0.6/1 Cu 300 mesh grids (Electron 615 

Microscopy Sciences, Hatfield, USA). Grids were blotted for 2 s under 95% humidity and 616 

plunge-frozen in liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific, Waltham, 617 

USA). Cryo-EM datasets were collected on a Titan Krios G2 electron microscope operating 618 

at 300 kV and equipped with a GIF (Gatan) and a K3 summit direct electron detector (Gatan) 619 

in counting mode at the Electron Bio-Imaging Centre (eBIC) (UK) and at the facilities of the 620 

University of Leicester (UK). Parameters and statistics of cryo-EM data acquisition are 621 

shown in SI Appendix, Table S1. 622 

 623 

Image Processing. Movie-frames from K3 were aligned using MotionCor2 (42) with 35 624 

patches per image, applying dose weighting. Contrast transfer function (CTF) parameters 625 

were determined using Gctf (43). Particles were selected using Topaz, after training the 626 

neural network using a manually selected subset (44). Subsequent image processing was 627 

performed using RELION 3.1 (31), cryo-SPARC (45) and cisTEM (46). The initial data set 628 

was subjected to several rounds of reference-free 2D classification to obtain 319,613 629 

particles that generated 2D averages with excellent signal to noise ratio for the 630 

transmembrane helices and showing different views of hLAT2/hCD98hc (SI Appendix, Fig. 631 

S2). Selected particles were used to generate an ab initio model in cryoSPARC that was 632 

used for a first consensus refinement in RELION 3.1 (SI Appendix, Fig. S3). The particles 633 

were then classified into six subgroups using 3D Classification in RELION 3.1. The quality 634 

of each subgroup was evaluated by analysis of the structural details in sections along the z-635 

axis. The best group of particles was refined to a medium resolution density depicting all the 636 

transmembrane helices in the hLAT2/hCD98hc complex. Subsequently, this 3D 637 

classification step was repeated six times, selecting the best class in each run and 638 

combining all the particles selected into one group (22). After removing all the duplicated 639 

particles, the final dataset comprised 176,132 particles, which were polished using RELION 640 

3.1 and two rounds of CTF refinement in cisTEM. In this latter step, a mask was used, 641 
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excluding the micelle and applying a low-pass filter outside the mask. Post-processing and 642 

B-factor sharpening were performed using the protocols in RELION 3.1. Volumes were also 643 

post-processed using SPoC (47), which helped to visualize the connectivity of the densities 644 

and the interpretation of the resulting volume, and it was used for representations in Figure 645 

1. Average resolutions of the structure were estimated as 3.9 Å using Fourier Shell 646 

Correlation (FSC) using the gold-standard criterion and a cut-off of 0.143 in RELION (31) 647 

and 3.7 Å using ResMap (32) (SI Appendix, Fig. S2). Local resolution estimates using 648 

ResMap showed that most of LAT2 was resolved between 2.5 and 3.0 Å (SI Appendix, Fig. 649 

S2). 650 

 651 

Model building. Modeling was started by preparing a model of hLAT2 based on the atomic 652 

structures of hLAT1 using I-TASSER for automatic template matching and homology 653 

modeling (48). This hLAT2 homology model in complex with CD98hc from PDB 6IRS was 654 

fitted as a rigid body into our high-resolution hLAT2/CD98hc cryo-EM density. Subsequent 655 

manual adjustments in the atomic model were performed using Coot (49) and Phenix real 656 

space refinement was used as the final refinement step to improve the geometries of the 657 

model (50). N-terminal residues 1-40 for hLAT2 and 1-60 for CD98hc were not visible in our 658 

cryo-EM density and therefore not included in the atomic model. A digitonin molecule was 659 

added next to TM3, TM9, TM10, and TM12 rigid fitted in the extra density described in Figure 660 

1. 661 

 662 

hLAT2/CD98hc purification for amino acid transport assays. All subsequent steps were 663 

performed at 4°C. Whole HEK293-6E cells expressing the hLAT2-3C-GFP-10His/OneStrep-664 

CD98hc heterodimer were solubilized using 2% (w/v) digitonin (Merck, Darmstadt, 665 

Germany) for 2 h in solubilization buffer (20 mM Tris-Base, 150 mM NaCl, pH 7.4). Following 666 

ultracentrifugation (200,000 × g for 1 h), the soluble fraction was incubated for 2 h with Strep-667 

Tactin Superflow resin (IBA Lifesciences, Göttingen, Germany) equilibrated with purification 668 

buffer (20 mM Tris-Base, 150 mM NaCl, 0.1% digitonin, pH 7.4). Protein-bound resin was 669 

washed twice with 12 CVs of purification buffer. Protein was eluted in Strep elution buffer 670 

(20 mM Tris-Base, 150 mM NaCl, 2.5 mM D-desthiobiotine, pH 7.4), and eluted protein was 671 

incubated for 2 h with Ni2+-NTA Superflow beads (Qiagen, Hilden, Germany) equilibrated in 672 

Nickel washing buffer (20 mM Tris-Base, 150 mM NaCl, 0.1% digitonin, 20 mM imidazole, 673 

pH 7.4). Protein-bound beads were washed three times with 20 CVs of washing buffer before 674 
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elution with washing buffer supplemented with 350 mM imidazole. The purified protein was 675 

desalted on a PD minitrap G-25 desalting column (GE Healthcare, Chicago, USA) and 676 

centrifuged in an Amicon Ultra (100,000 kDa molecular weight cut-off; Millipore) at 3,220 × 677 

g until the desired concentration was reached. 678 

679 

Reconstitution into proteoliposomes. The liposomes, composed of a 5:1 ratio of L-α-680 

phosphatidylcholine type II-S (Sigma-Aldrich, Sant Louis, USA) to brain total lipid extract, 681 

were prepared as previously described (19). The lipids were dried under N2 and 682 

resuspended in reconstitution buffer (20 mM Na3PO4, 150 mM NaCl, pH 7) at a 683 

concentration of 20 mg/ml. After 10 rounds of freezing and thawing by liquid nitrogen, the 684 

liposomes were extruded through 0.4 μm polycarbonate membranes (Sigma-Aldrich, Sant 685 

Louis, USA) up to 21 times. The purified hLAT2-GFP/CD98hc protein was added to reach 686 

the desired protein to lipid ratio of 1:20 (w:w). To destabilize the liposomes, 1.25% ß-D-687 

octylglucoside was added for 30 min, and the mixture was then incubated on ice for 5 min 688 

with occasional agitation. The protein was incubated with liposomes for 60 min at a 689 

concentration of 0.8 μg of protein per mg of lipid. Digitonin and ß-D-octylglucoside were 690 

removed by overnight dialysis at 4°C against 100 volumes of reconstitution buffer. 691 

Proteoliposome (PL) suspensions were frozen in liquid nitrogen and stored at -80°C until 692 

use. 693 

694 

Amino acid transport assays in proteoliposomes. For uptake experiments, liposomes 695 

were filled with 5 mM L-valine by adding the amino acid to the PL suspension, which was 696 

then subjected to three freeze/thaw cycles. The extraliposomal amino acid content was then 697 

removed by ultracentrifugation (100,000 × g for 1 h at 4°C) and PLs were resuspended to 698 

one-third of the initial volume with reconstitution buffer. Amino acid uptake assays were 699 

initiated after mixing 10 μl of cold PLs with 180 μl of transport buffer (20 mM Na3PO4, 150 700 

mM NaCl, pH 7) plus 0.5–1 µCi/180 µl of radiolabeled L-valine (Perkin Elmer, Waltham, 701 

USA) supplemented with 10 µM unlabeled L-valine. This mixture was then incubated at room 702 

temperature for the indicated periods. Transport experiments were stopped by the addition 703 

of 2 ml of ice-cold stop buffer (reconstitution buffer containing 5 mM L-valine) and filtration 704 

through 0.45 μm pore-size membrane filters (Sartorius Stedim Biotech, Cedex, France). 705 

Filters were then washed twice with 2 ml of stop buffer and dried, and the trapped 706 
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radioactivity was counted. For transport assays we used hLAT2-GFP/CD98hc since GFP-707 

untagged hLAT2/CD98hc was unstable during our protocol to reconstitute it in 708 

proteoliposomes. Transport values are expressed in pmol of L-valine per µg of protein and 709 

for the indicated time. hLAT2-GFP/CD98hc protein in PLs was determined by silver staining 710 

(Pierce, Rockford, USA) in SDS-PAGE gels compared with known amounts of hLAT2-711 

GFP/CD98hc in digitonin micelles, determined by nanodrop and loaded in the same gel. 712 

hLAT2-GFP/CD98hc overexpressed in HeLa cells shows the same transport activity and 713 

substrate selectivity as the one shown by the non-GFP-tagged version.  714 

 715 

Mutagenesis and transfection of wild type hLAT2/CD98hc and mutants. HeLa cells 716 

were transiently transfected in a 24-well plate with 300 ng/well of the human Strep-TagII-717 

LAT2 (N-terminally tagged) in pcDNA3.1+ (29) or pEGFP-C1 (Clontech, Palo Alto, USA) 718 

and 200 ng/well of the His-CD98hc (isoform f) (N-terminally tagged) in pcDNA4-His-MaxC 719 

(41) using Lipofectamine 2000 (Invitrogen, Carlsbad, USA). Single point mutations were 720 

introduced using the QuikChange mutagenesis kit (Stratagene, San Diego, USA). All 721 

mutations were verified by sequencing. Amino acid transport assays were carried out 24 h 722 

after transfection.  723 

 724 

hLAT2/CD98hc amino acid transport assays in HeLa cells. Amino acid uptake 725 

measurements were performed on hLAT2/CD98hc and GFP/CD98hc-transfected HeLa 726 

cells. Uptake rates were measured as previously described (9). Briefly, replicate cultures 727 

were incubated with 10 μM cold L-amino acid (glycine, L-alanine, L-valine, L-isoleucine, L-728 

glutamine, L-histidine and L-tryptophan) and 1 μCi/ml [3H] L-amino acid at room temperature 729 

for 1 min in a sodium-free (137 mM choline chloride) transport buffer that also contained 5 730 

mM KCl, 2 mM CaCl2, 1 mM MgSO4 and 10 mM HEPES (pH 7.4). Transporter-mediated 731 

amino acid uptake was calculated by subtracting the uptake measured in GFP-transfected 732 

cells. For kinetic studies cells were incubated with 1 µCi/ml [3H] L-amino acid and varying 733 

concentrations of unlabelled L-amino acid (0–2000 µM). One 24-well plate for each condition 734 

(wild type, mutant or GFP transfected cells) and each substrate (L-alanine, L-glutamine and 735 

L-tryptophan) was seeded with 4x104 HeLa cells per well. After 24 h, cells were transfected 736 

as stated above and transport assays were performed 24 h after transfection. To improve 737 

amino acid uptake values reproducibility, transfection efficiency was determined by GFP-738 

fluorescence analysis in a control 24-well plate and only experiments with >80% of 739 
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transfected cells we used. Moreover, all 24 wells from a single 24-well plate were assayed 740 

at a time and for  1 min of transport, minimizing in that way point-by-point incubation 741 

variability. Cold substrates were prepared at 100 mM, aliquoted and stored at -20ºC until 742 

use. Aliquots were thaw only once to reduce variability. The Michaelis-Menten and Eadie-743 

Hofstee equations were then applied to calculate Km and Vmax values (SI Appendix, Table 744 

S3) using the GraphPad Prism software. Uptake was terminated by washing with an excess 745 

volume of chilled transport buffer. Data are expressed as the mean ± s.e.m. of three 746 

experiments performed on different days and on different batches of cells. 747 

 748 

PELE enzyme-substrate interaction modeling. 749 

The cryo-EM structure of hLAT2 was prepared for protein energy landscape exploration 750 

(PELE) simulations with the Protein Preparation Wizard (PrepWizard) tool implemented in 751 

Schrödinger (51). Missing hydrogen atoms were added by the utility applyhtreat in the 752 

PrepWizard tool. PROPKA 3.0 was used to calculate the protonation state of titratable 753 

residues at pH 7.4 and, on the basis of the predicted pKa values, the hydrogen-bonding 754 

network was optimized. The resulting structure was subjected to a restrained minimization 755 

step with the OPLSAA force field (FF), keeping heavy atoms in place and optimizing only 756 

the positions of the hydrogen atoms. 757 

 758 

The PELE software was used to map the enzyme substrate interaction (52). PELE is a 759 

heuristic Monte Carlo (MC) procedure designed to map protein−ligand induced fit 760 

interactions and extensively used in drug design (53) and enzyme engineering (54). Each 761 

MC step involves a complex series of events, including ligand and protein (backbone) 762 

perturbation, side-chain sampling, and a minimization. Typically, tens to hundreds of 763 

thousands of MC steps are used to explore the substrate binding (or migration) space, where 764 

we record structural parameters and the OPLS2005 force field enzyme-substrate interaction 765 

energy. Two sets of simulations were performed. First, from an initially docked structure 766 

obtained with the Glide software (55, 56), we ran a local PELE exploration for each substrate 767 

in the wild type transporter. As expected, PELE retrieved the wild type (also referred to as 768 

canonical) pose as the main minimum, which could not be obtained in the initial docking due 769 

to the closeness of the Apo form. The second set, performed for the wild type and the 770 

selected mutants started from the canonical pose, and the ligand was allowed to explore a 771 

larger space; the center of mass was allowed to move within an 8 Å window. For each 772 
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enzyme-substrate system, simulations involved 128 computing cores running for 1,250 MC 773 

steps each, which involved on average ~36 wall clock hours on the MareNostrum IV 774 

supercomputer at the Barcelona Supercomputing Center.  775 

 776 

Molecular dynamics simulations.  777 

The structure of LAT2 in complex with L-alanine and L-tryptophan generated by PELE (Fig. 778 

3A and SI Appendix, Fig. S8B) was prepared for MD simulations. The same structures were 779 

used to model the corresponding Y93A mutants in the holo form. To model the membrane 780 

in the system, hLAT2 coordinates were pre-oriented with respect to the membrane (parallel 781 

to the z-axis) by alignment with BasC (PDB 6F2W) in the OPM database 782 

(http://opm.phar.umich.edu) (57). The protein was then embedded in a POPC lipid bilayer 783 

using the CHARMM-GUI Membrane Builder by the replacement method (58-61). Next, 192 784 

lipid molecules were placed in the lipid bilayer (i.e., 100 and 92 lipids in the upper and bottom 785 

leaflet, respectively) with its center at z = 0. The system was then solvated using a TIP3PM 786 

water layer of 225 Å thickness above and below the lipid bilayer. NaCl ions corresponding 787 

to 0.15 M (47 negative and 45 positive) were also added to the system using MC sampling. 788 

Finally, with the CHARMM-GUI Membrane Builder, we also generated the necessary scripts 789 

to perform minimization, equilibration and production runs in AMBER, using the CHARMM36 790 

force field (C36 FF), as explained below. The simulations were run for the four systems 791 

using the C36 FF for lipids and the CHARMM TIP3P water model, at constant temperature 792 

(300 K) and pressure (1 bar), under Periodic Boundary Conditions, and with Particle Mesh 793 

Ewald electrostatics. The simulation time step was set to 2 fs in conjunction with the SHAKE 794 

algorithm to constrain the covalent bonds involving hydrogen atoms. After standard 795 

Membrane Builder minimization (2.5 ps) and equilibration (375 ps in 6 steps), production 796 

simulation was run (1 µs for each trajectory). 797 
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Figure legends 977 

 978 

Figure 1 | Cryo-EM volume and atomic structure of hLAT2/CD98hc. 979 

(A) Two views of the cryo-EM map of hLAT2/CD98hc. CD98hc is shown in pink and the 980 

location of its transmembrane helix (TM1´) is indicated. hLAT2 structure is color-coded as a 981 

rainbow (dark blue, cyan, green, yellow and red) from the N- to the C-terminus. A density 982 

assigned to digitonin is shown in dark purple. (B) Two views of the atomic model of 983 

hLAT2/CD98hc using a color-coding as in “A”. The position of the N-terminus of CD98hc 984 

and the disulfide bridge linking the two subunits in hLAT2/CD98hc are shown. 985 

 986 

Figure 2 | Unwound regions in TM1 and TM6 form the substrate-binding site opened 987 

to the cytosol. 988 

(A) Structure of hLAT2, represented as a surface, with a section to show the central cavity 989 

harboring the substrate-binding site opened to the cytoplasm but without access to the 990 

extracellular space. The TM1a and TM6b helical regions that open the vestibule are shown 991 

superimposed. A distal cavity connects to the central vestibule. (B) TM1 and TM6 forming 992 

the substrate-binding site are shown as cartoon with key residues highlighted. The 993 

contribution of N134 from the adjacent helix TM3 to the substrate binding is shown. (C) The 994 

conformation of TM1 is maintained by interactions with residues in the vicinity. (D) 995 

Interactions between TM6 and neighboring regions of the structure. Color codes for hLAT2 996 

helices and residues in all the panels are as used in Figure 1. Oxygen atoms are shown in 997 

red and nitrogen atoms in blue. 998 

 999 

Figure 3 | Structural determinants of the substrate-binding site in the LAT subfamily 1000 

of transporters. 1001 

(A) and (B) Selected poses in the wild type binding site from the PELE analysis for L-alanine 1002 

and L-glutamine substrates, respectively. Carbon atoms of the indicated residues follow the 1003 

color codes for hLAT2 helices and residues as used in Figure 1. C atoms of the substrates 1004 

are shown in pink, whereas O and N atoms of substrates and residues are shown in red and 1005 

blue, respectively. Black lines connect atoms located at H bond distance. (C) hLAT2 1006 

sequence alignment with human LAT1 and Asc1. Unwound regions of TM1 and TM6, as 1007 
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well as Asn 134, are shown. (D) Transport of 10 µM radiolabeled (3H) glycine, L-alanine, L-1008 

valine, L-isoleucine, L-glutamine, L-histidine and L-tryptophan in HeLa cells by human wild 1009 

type LAT2 (white bars) and hLAT2 mutants G246S (black bars) and N134S (gray bars). 1010 

Data are expressed as mean±s.e.m. from at least 3 independent experiments run in 1011 

quadruplicate. (E) Transport of 10 µM radiolabeled [3H] glycine, L-alanine, L-valine, L-1012 

isoleucine, L-glutamine, L-histidine and L-tryptophan in HeLa cells by human wild type Asc1 1013 

(white bars) and hAsc1 mutant S246G (black bars). Data are expressed as in (D). 1014 

  1015 

Figure 4 | Tyrosine 93 in TM2 regulates substrate specificity. 1016 

(A) Contacts between the transmembrane helices TM2, TM6, TM10 hold the conformation 1017 

of TM6. Color codes for hLAT2 helices and residues are as used in Figure 1. Oxygen atoms 1018 

are shown in red and nitrogen atoms in blue. (B) hLAT2 sequence alignment of the motif 1019 

GALCYAEL with that of human LATs. (C) Transport of 10 µM radiolabeled (3H) glycine, L-1020 

alanine, L-valine, L-isoleucine, L-glutamine, L-histidine and L-tryptophan in HeLa cells by 1021 

human wild type LAT2 (white bars) and hLAT2 mutants T402A (black bars) and Y93A (gray 1022 

bars). Data are expressed as mean±s.e.m. from at least 3 independent experiments run in 1023 

quadruplicate.  1024 

 1025 

Figure 5 | Molecular dynamics analysis of wild type hLAT2/CD98hc and mutant Y93A 1026 

bound to L-alanine or L-tryptophan. 1027 

Evolution of the N atom of Ser 56 - O atom of Gly 246 (A), N1 atom of the substrate - O 1028 

atom of Gly 246 (B) and N atom of Ser 56 - C2 atom of the substrate (C) distances for 1029 

hLAT2/CD98hc wild type (WT) and Y93A mutant. The lines in panels A-C indicates the time 1030 

(640 ns) corresponding to the snapshots shown in panels D and E. Snapshots of L-alanine 1031 

(D) and L-tryptophan (E) bound to wild type and Y93A mutant. Cartoons and C atoms are 1032 

shown in blue (TM1) and green (TM6) in wild type hLAT2 and in gray in Y93A mutant. 1033 

Substrate C atoms are shown in pink and gray in wild type hLAT2 and Y93A mutant, 1034 

respectively. O and N atoms in substrates and residues are shown in red and blue, 1035 

respectively. Black lines connect atoms located at H bond distance. 1036 
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