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26  Abstract

27  LAT1 (SLC7ADS5) transports large neutral amino aads their derivatives across the
28 plasma membrane and plays pivotal roles in canedr proliferation, immune
29 response and drug delivery across the blood-brainen. Despite recent advances in
30 structural understanding of LAT1, how it discrimi@s substrates and inhibitors
31 including the clinically relevant anticancer drugsnains elusive. Here we report six
32  structures of LAT1, captured in three different fmwmations and bound with diverse
33 bioactive ligands, elucidating its substrate tramspand inhibitory mechanisms.
34  JPH203, also known as nanvuranlat or KYT-0353 amceatly in clinical trials as an
35 anticancer drug, binds to the wide-open substratgity pocket of LAT1. It adopts a
36 U-shaped conformer, with its amino-phenylbenzoxar@adiety pushing against
37 transmembrane helix 3 (TM3), bending TM10 and &mgsthe transporter in the
38 outward-facing conformation. In contrast, the pbisyical substrate L-Phe does not
39 exhibit such inhibitory interactions, whereas melpin, a slow substrate, poses steric
40  hindrance in the pocket, explaining its inhibitagtivity. Unexpectedly, the “classical’
41 system L inhibitor BCH induces an occluded state&kes structural intermediate
42  required for substrate transpoft.ans stimulation assays show that BCH facilitates
43  transporter turnover and is therefore a transplertabstrate. These findings provide
44  a structural framework for the intricate mechanisofissubstrate recognition and
45 inhibition of LAT1, paving the way for developingame specific and effective drugs
46  against it.
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48  Introduction

49  System L is the major amino acid transport systeah supplies large neutral amino
50 acids into cellsq, 2) (Fig. 1a). Among four molecular species congtiyisystem L
51 (LAT1-4), LAT1 is unique in its wide substrate sgedy (3-5), which ranges from
52 neutral amino acids such as L-Leu and L-Phe to niwdkier derivatives such as
53 thyroid hormones (e.g.sTand &) and an alkylating agent melphalan (Fig. 1b). &inc
54 LATL1 is upregulated in various types of cancer,infsibitors are known as potent
55 anti-tumor agents6j (Fig. 1a), its radiotracers are used in the pasitemission
56  tomography (PET) and the single photon emissionpeed tomography (SPECT)
57  for cancer imaging 7, 8), and the boronated substrates are employed fosnbo
58 neutron capture therapy (BNCT) for cancer treatniérl). LAT1 is also responsible
59 for the delivery of amino acid drugs and pro-driagsoss the blood-brain barrier
60 (BBB), such as gabapentin and L-DOPA (Fig. 1b)spribed for epilepsy9j and
61 Parkinson’s diseasé(), respectively.

62

63 JPH203 (Fig. 1b) is a high-affinity inhibitor of TA with a sub-micromolar 1§ and
64  no detectable inhibition on LAT2L{). With such outstanding selectivity and potency,
65 JPH203 has been proved effective against diffetgmes of cancersl®, 13) and
66  successfully completed Phase | and Il clinicallgrias a first-in-class drug against
67  Dbiliary tract cancerld, 15). Although its structural design is inspired by JPH203
68 has a bulkier hydrophobic side chain, which may rbsponsible for its high
69 selectivity and affinity (Fig. 1b). 2-aminobicyc(@;2,1)-heptane-2-carboxylic acid,
70 also known as BCH, is a “classical” system L intubwith broad specificity towards
71 both LAT1 and LAT2, as well as other systeml). BCH has a bicyclic norbornane

72  moiety and is significantly smaller than other Dased inhibitors (Fig. 1b).
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73

74 A recent structural study of LAT1 showed that JP818@ not bind to their purified
75 LAT1 (16), presumably due to the presence of detergentchwhindered the
76  structural understanding of JPH203. Additionallye tsame study reported a LAT1
77  structure with a BCH ligand modelled; however, tigand density was very weak
78 and indistinguishable from the apo map, and causisaquired when interpreting this
79 model (Fig. S1, difference maps). Therefore, theibition mechanism by BCH
80 remains to be elucidated. More recently, JX molegulhich are bicyclic meta-Tyr
81 derivatives, were reported as high affinity inhopt and the associated cryo-EM
82 structures revealed how these compounds bind to ¢leward-occluded
83 conformations of LAT1 17). This was the first structural demonstration ygtem L
84  inhibition, but the different core structures of iXibitors compared to JPH203 and
85 other amino acid-like compounds have hampered tiderstanding of how the well-
86  known system L inhibitors bind to and inhibit LAT1.

87

88 Here, we employ the lipid nanodisc system and edaatryo-microscopy (cryo-EM)
89 to study the structure of LAT1. The structural geak accompanied by the functional
90 assays of site-directed mutants illuminate how LAdynamically interacts with
91 transportable and non-transportable compoundsydimady JPH203.

92

93 Results

94

95 LATL1in lipid nanodiscs

96 We hypothesized that lipid environment is the k@ynvestigating system L transport

97 and inhibition. We purified LAT1-CD98hc and reconged it into nanodiscs (Fig.
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98 S2a), with a phospholipid mixture supplemented wvaittolesterol, which has been
99  shown to be important for transport activiiy8). To add fiducial markers for single-
100 particle analysis, we generated mouse monocloriddaghes and screened structure-
101 specific binders by ELISA, FACS and negative-staliectron microscopy. The Fab
102  fragment from clone 170 (Fab170) was found to han@D98hc (Fig. S2b), similar to
103  a previously characterized antibody MEM-10B)( and was used for subsequent
104 studies. These technical improvements and samgimiaption led to the structure
105 determination of LAT1-CD98hc bound to JPH203 byoeBM at nominal resolution
106 of 3.9 A. Focused refinement on the transmembrameach (TMD) yielded a map
107  with better density for the ligand, with local regns extending to 3.6 A (Fig. S2

108 and Tables S1 and S2).

109

110  JPH203 binds to the outwar d-open pocket of LAT1

111  The structure of LAT1 bound to JPH203 shows an atdwacing conformation with
112  the extracellular halves of TM1 and TM6 (named TMdid TM6a) widely open
113 (Fig. 1c). The cryo-EM map shows a well-resolvedsiy for JPH203, which adopts
114 a U-shaped conformer and is stuck between the @adhthe bundle domains (Fig.
115 1d). Itsa-carboxy ando-amino groups are recognized by the unwound regains
116 TM1 and TM6, respectively, agreeing well with theogmosed binding modes for
117 amino acid substrates (Fig. 1d). Unexpectedly SHaenino-2-phenylbenzoxazol side
118 group (Fig. 1d) is not accommodated in the prewoysoposed “distal pocket”
119 surrounded by TM6 and TM1Qa9), but instead faces TM3 in an opposite direction
120 and is partially exposed to the extracellular sol\(&ig. 1d). The three aromatic rings
121  align nearly parallel to each other and face afjalrophobic patch formed by lle140,

122 Serl44, llel47, Vall48 and 11e397 on TM3 and TME®(2a). The core dichloro-
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123 Tyr moiety of JPH203 (Fig. 1d) is sandwiched by tammmatic residues: Phe252
124 forms a T-shaped—nx interaction with the terminal phenyl moiety of J®}3 on the
125  extracellular side and Tyr259 forms halogen bondirigraction with chloride atom
126  of JPH203 (Fig. 2b). Furthermore, JPH203 introduaekink on TM10 with its
127  nitrogen atom wedging into the helix (Fig. 2a). &ter, these interactions widen the
128 substrate binding pocket of LAT1 and fix it in tivde, outward-open conformation.
129

130 JPH203 is known for its outstanding selectivity IoAT1 over LAT2 (11). To
131 analyze how selectivity is conferred, we comparatdna acid sequences of LAT1
132 and LAT2 around the JPH203-interacting residues fandd key differences (Fig.
133 2c). For instance, Serl44 is substituted to AsiLAT2, which may hinder the
134 accommodation of the side group, and Phe400 to Mddich may weaken
135 hydrophobic interactions. To test how these residn@uence inhibitor sensitivity,
136 we generated single or double variants of LAT1 ameluated their inhibition by
137 JPH203 using radioactive L-Leu uptake assays W#hopus oocytes (Fig. S4a).
138 Among several variants tested, the double varigd@OWN/S144N, which retained
139 ~20% of the maximal L-Leu transport activity of twédd-type, altered the sensitivity
140 to JPH203, with almost negligible inhibition evenlauM, suggesting that one of
141 these residues may be important for JPH203 seiigc(vig. S4b). Although a single
142 variant S144N abolished L-Leu transport and thss iithibition could not be
143 evaluated (Fig. S4a), the variant F400V retained #uctivity and the JPH203
144  sensitivity at around 30% (Fig. S4a,b), suggestire Serl44 is a key residue for
145 JPH203 selectivity. To further probe structuraledetinants of JPH203 recognition,
146  we examined other amino acid substitutions (Fig:) S8urprisingly, F252W showed

147  stronger inhibition by JPH203 than the wild-typethwiCso value dropping from 542
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148 nM to 36 nM (Fig. 2d,e). This may be explained mhanced aromatic interaction
149 between the introduced tryptophan and the termptanyl moiety of JPH203,
150 consistent with the observation that adding a metlgyoup to the terminal ring of
151 JPH203 improves its affinity20), presumably by enhancing the aromaticity.

152

153  We next compared the JPH203-bound LAT1 structuté wiose bound to JX-075,
154 JX-078 and JX-1191{). These compounds are bound to the same sit@ ipdbket,
155  but their detailed binding poses and structura¢ctff on LAT1 are different (Fig.
156  S3a-—c). The core 2-amino-1,2,3,4-tetrahydro-2-nagitacid moiety of JX inhibitors
157 is positioned deeper in the pocket and closer t&;Thy about 2 A as compared to the
158 equivalent moieties of JPH203 (Fig. S3a). In additithe gating bundle (TM1b and
159 TM6a) adopts a more closed conformation for thesdies than that for JPH203 (Fig.
160 S3a). Among the three JX structures reported, abdyl1l9 adopts a U-shaped
161 conformation akin to JPH203, but the blurred ligaedsity suggests that its terminal
162 moiety is flexible and lacks the critical T-shaped stacking with Phe252 that was
163 observed in JPH203 (Fig. S3b,c). Interestingly, stieicture of LAT1 bound to
164 diiodo-Tyr (17) aligns well with the core Tyr moiety of JPH203gFS3c). These
165 compounds share two halogen atoms at 3- and S5tipos, which appear to
166  contribute to the large opening angle of TM1b aiMba& (Fig. S3c). However, due to
167 the absence of the bulky side group, in the diibgiobound structure TM10 adopts a
168 straight form 17), rendering the substrate-binding site not as kyidpen as in the
169 JPH203-bound structure (Fig. 2a). Taken togetheth the bi-halogenated Tyr core
170 and the bulky side group of JPH203 contribute ® iilximal opening of TM1b,
171 TM6a and TM10 to ensure the wide outward-open aomddion of LAT1 observed

172  here.
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173

174  Phe and Melphalan show different degrees of interactions within the pocket

175  Given the successful structure determination of LAbund to JPH203 in nanodiscs,
176  we next determined the structures of LAT1 bound fghysiological substrate L-Phe
177  and a slow substrate melphalan (Fig. 3a—c). We sdsendipitously obtained an apo
178  outward-open structure from the sample incubateith i (see Methods), which
179 served as a reference for ligand density validaffeig. S5; also see Methods). All
180 three structures adopt a similar outward-facingfaonation, in which TM1b and
181 TM6a are widely open with slightly different anglgsg. 3a—d). In the apo outward-
182  open structure, Phe252 is flipped “up”, exposingshbstrate-binding pocket towards
183  the extracellular solvent (Fig. 3d).

184

185 In the L-Phe- and melphalan-bound structures, theitg poses of the ligands agree
186  well with previous predictions2{) and that of JPH203, where the substrate carboxy
187 and amino groups are recognized by the exposed chain atoms of TM1 and TM6,
188 respectively (Fig. 3f,g). The phenyl ring of L-Pfazes Gly255 and forms van der
189 Waals interactions with its fCatom (Fig. 3f), consistent with our previous fingli
190 that Gly255 is important for recognition of larganino acids19). Melphalan shows
191 similar interactions in the core, but the additidnia-(2-chloroethyl)amino side group
192 is placed in the space surrounded by TM3, TM6a aMilO0 to form further
193 interactions (Fig. 4g). Although the moderate logsolution of the map (~ 3.9 A)
194  obscures precise positioning of individual atomg.(Bc and Fig. S5), each of the two
195 chloroethyl moieties appears to point upwards aswmivards, with terminal chloride
196 atoms within halogen-bonding distances to Tyr258 &sn404 (Fig. 3f). These

197 additional interactions would add steric hindraneeTM3, TM6b and TM10 and
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198 restrict the conformational change, which couldla&ixpits slow transport rate across
199 the blood-brain barrie2@) and its inhibitory action on amino acid transpgdit

200

201  Alkylating agents are known to be transported d#feint rates by LAT1, acting
202 sometimes as strong inhibitors, depending on tteeie structures and the positions of
203 the mustard moiety. For example, phenylglycine-mus{PGA) is transported at a
204 higher rate than melphala23), whereas meta-substituted phenylalanine mustard
205 derivatives act as potent inhibitor24( 25). Our structure suggests that the shorter
206  core structure of PGA would pose weaker steric flsinde around TM10 to enable
207 faster transport, whereas the bulkier substitutieapecially at the meta position
208 might add severe steric hindrance, enhancing itampproperties.

209

210  Non-selective system L-inhibitor BCH induces an occluded state

211  We next determined the structure of LAT1 bound tglassical” system L inhibitor
212  BCH at 3.7 A resolution (Fig. 4a,b). Intriguinglynlike all the other inhibitor-bound
213  structures, the BCH-bound LAT1 is captured in amlwded state, a previously
214 unseen conformation where the ligand is fully sgafeom both sides of the
215 membrane (Fig. 4c). We note that this conformationsiderably differs from the
216  previous “BCH-bound”, inward-open structur&6), in which the modelled BCH
217  shows poor density that is indistinguishable fréwat without any substrate (Fig. S1).
218 BCH is bound in the canonical substrate-bindingkpbcwith its carboxy and amino
219 moieties recognized by the exposed main chain atdm$i1l and TM6 (Fig.4b). In
220 comparison to the JPH203-bound structure (Fig. #he) pocket of BCH-bound LAT1
221 is significantly narrowed (Fig. 4e). TM1b and TM6ame closer to TM3 so the

222 hydrophobic norbornane moiety of BCH contacts S&ril147 and Vall48, and
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223  Phe252 sits on top of BCH to completely occludéam the extracellular solvent
224  (Fig. 4d,e). In addition, TM10 is twisted by abal@® to form a straight helix (Fig.
225  4f), bringing Phe400 in contact with the side fatdhe norbornane moiety. These
226  collective structural changes collapse the spaaewias occupied by the 5-amino-2-
227  phenylbenzoxazol moiety of JPH203, and the pocketjust large enough to
228 accommodate BCH (Fig. 4c).

229

230  JPHZ203 blocks but BCH facilitates transporter turnover

231 In the “alternating-access” scheme of membranespaiers 26), an occluded state
232 represents the key intermediate that connectsutwaod- and inward-open states to
233 enable substrate translocatioB7); Our observation that BCH induces such an
234  occluded state suggests that BCH may facilitate stansitions and thus enhance the
235 transporter turnover. To test this, we performemhgport assays usingenopus
236  oocytes expressing LATL. kis inhibition assays, in which the inhibitor is prese
237 the external solution, BCH inhibited the uptakeh# radioactive L-Leu into oocytes
238 (Fig. 4g). This action was similar to that of JPE2@lthough BCH needed much
239 higher concentrations to achieve similar level ohibition (Fig. 4g). We next
240 performed trans stimulation assays, by first pre-loading radioaztiL-Leu into
241 oocytes and then monitoring of the efflux of raditbaty upon application of
242 compounds of interest in the external solution (). The result showed that
243  extracellular BCH indeed facilitated L-Leu effluxom the cell to the external
244  solution (Fig. 4h). The total efflux was comparalle that stimulated by a
245  physiological substrate L-Leu (Fig. 4h). By contra$®H203 did not facilitate efflux
246  (Fig. 4h,i), consistent with its blocking actiorofin the extracellular side (Fig. 1c).

247  These observations demonstrate that BCH is a toatadyle substrate of LAT1, which

10
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248 acts as a competitive inhibitor when present withssrates on the same side of the
249 membrane. This action is in stark contrast with 38 which, as shown above, is a
250  bonafide blocker acting on the extracellular side of LAT1.

251

252 Structural rearrangementsin the transport mechanism

253  During image processing, we found that cryo-EM da#tBAT1 incubated with some
254  of the ligands contained subpopulation of partialepresenting the inward-open
255  structures (Fig. S2g,h,i,j). In all of these, wdesoobserved an empty substrate-
256  binding site, suggesting that the inward-open dtage low-affinity state that prefers
257 ligand release. By combining all these particles, abtained the apo inward-open
258  structure at 3.6 A resolution (Fig. S2k), which @deted all major conformations of
259 LAT1 and enabled detailed investigation of struagtuearrangements during substrate
260 transport (Fig. 5).

261

262  Major structural changes occur in the gating bunitleagreement with other well-
263  studied LeuT-fold transporters (Fig. 5&p). In the outward-open to occluded state
264 transition, TM6a and TM1b incline towards the hdsimain by about 18° (Fig. 5a),
265 and Phe252 sits atop the substrate, sealing tineceltilar vestibule (Fig. 4e). TM10
266 undergoes helix rearrangements that include thatioot of about 160°, bringing
267  Phe400 into direct hydrophobic contact with thessistte (Fig. 5b). Accompanied by
268 these, EL4 moves closer to the CD98hc ectodomaitind occluded to inward-facing
269 state transition, TM6a and TM1b undergo furtheramvrotation towards the hash
270 domain, accompanied by the movements of EL4, whak meets EL2 and CD98hc
271  (Fig. 5a). TM10 undergoes a further shift of ab8ud, to tighten the extracellular

272  gate. Upon adopting the inward-open state, TM1aTdvéb swing open, creating an

11
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273 intracellular vestibule that would allow the releasf substrates inside the cell (Fig.
274  5a,c). The binding of a counter-substrate fromdi@ghe cell would trigger the reverse
275  process to complete an antiporter turnover.

276

277  We found that the N-terminal residues 44-50, wtaoh disordered in the inward-
278 facing conformations1g, 19), form a defined structure in the outward-open and
279 occluded conformations (Fig. 5e). This region formmultiple hydrophilic and
280 hydrophobic interactions at the interface of thehhand bundle domains to strengthen
281 the cytoplasmic gate. To test if this region playsole in substrate transport, we
282  generated an N-terminal truncation variant of LA@gsignated\1-50. This variant
283 retained cell surface expression in oocytes (Figp,§, but showed no transport
284  activities (Fig. 5f), demonstrating the importarafethese residues for the catalytic
285 mechanism. We also tested several other variarttisofegion but observed varying
286 degrees of cell-surface localizations, which hamgerdentification of critical
287  residues for substrate translocation and protaiffidking.

288

289  Notably, we observed the numerous lipid densitigsosinding the TMD of LAT1—
290 CD98hc (Fig. S7). Of these, one cholesterol bounthe cleft between TM9 and
291 TM12 shows prominent density only in the inwardfopgtate and gets blurred
292  towards the occluded and outward-facing stategyesimg its conformation-specific
293 binding (Fig. S7). Indeed, TM12 moves drasticallyridg the transporter’'s
294  conformational change (Fig. 5d) and generatesfasu@able for cholesterol binding
295 only in the inward-facing state (Fig. S7c¢). Thiansient binding of cholesterol to the
296 TM9-TM12 cleft may explain why cholesterol is nedde enhance the activity of

297  LATL1 invitro (18).

12
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298

299 Discussions

300 In this study, by combining lipid nanodisc and cBMl, we have determined the
301 structures of LAT1 in three different conformaticasd revealed the mechanisms by
302 which it recognizes physiological substrates arerapeutic compounds. Notably,
303 JPH203 is the sole LAT1 inhibitor currently in humalinical trials for cancer
304 treatment 14, 15). Our structure provides the first atomic insigitb its mechanism
305 of action. While BCH, another system L inhibitogshlong been used to evaluate the
306 roles of system L in various biological preparasid@8, 29), under the assumption
307 that its action is solely to inhibit amino acid uptake, @fructural and functional
308 analyses have shown that it serves as a gersuibstrate that can stimulate transporter
309 turnover. This would call for careful re-evaluatiohin vivo andin vitro studies in
310 which BCH was applied extracellularly, as it mayt mmly inhibit the uptake of
311 neutral amino acids but also enhance their effour study has also revealed the
312 recognition mechanism of melphalan, a chemothetapagent that is known to be
313  slowly transported by system 14)( shedding light on the mechanisms by which
314 various bioactive amino acid derivatives interathwAT1.

315

316 Previous pharmacophore modelling suggested thasubstrate-binding pocket of
317 LAT1 has a large hydrophobic “free” space capabfe aocommodating the
318 hydrophobic side groups of inhibitors or prodrugs 30). Our structural findings
319 demonstrate that this long-predicted hydrophobiacepis not a rigid, pre-defined
320 pocket. Instead, it comprises highly mobile struatelements, namely TM6, TM10
321 and part of TM3, which dynamically adapt their comiations to fit the ligands of

322 varying shapes. For instance, in the case of JPHR@& mechanism is exploited to
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block the transporter, where the amino-phenylbeazolkmoiety wedges into TM10
to expand the hydrophobic space and arrest theogoafional change (Fig. 6). In
contrast, BCH shows an opposite action, where thbarmnane moiety attracts TM10
to narrow the hydrophobic pocket and facilitate tdoaformational change (Fig. 6).
Notably, the occluded pocket observed for BCH is twarrow to accomodate
melphalan. This aligns with the observed sloweardpart rate of melphalan and other
large amino acid derivatives such as We propose that the transport process of
these large amino acid derivatives may involveask” occluded state, where the
substrate is not as tightly confined by surroundiegidues as it is for BCH, yet it
could still be translocated across the membrare $8ries of conformational changes.
Another possibility is that the previously proposddtal pocket” plays a role in the

transport of such larger substrates.

In conclusion, the structures of LAT1 bound wittbstiates and inhibitors provide a
basis for understanding its amino acid transpord Brhibition mechanisms, and

establish a blueprint for the better design ofdpamtable or non-transportable drugs
targeting system L. Additionally, the nanodisc systemployed here holds promise

for further structural and biochemical charactdioraof LAT1.
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342 Methods

343  Protein expression and purification

344 Human LAT1-CD98hc was expressed and purified esdlgmas describedlQ). To
345 improve structural integrity of the protein, we nfel purification protocols in
346 several ways. First, we used high-expression batadieHEK293 cells, by using
347  concentrated baculoviruses for maximal infectidicieincy of two components3().
348 Second, we skipped a FLAG-tag purification step asetl only the GFP-nanotrap for
349  affinity purification. Third, the wash buffer forER-nanotrap was supplemented with
350 phospholipid mixture (0.0025% POPC, 0.0025% POP®v)w Finally, gel filtration
351 in the presence of detergent was skipped, and Efer@anotrap eluate was directly
352 concentrated and used for nanodisc reconstitutior. nanodisc reconstitution,
353  purified protein was mixed with POPC:POPG:cholesté?:2:1 (w/w)) and MSP2N2
354 at a 1:5:100 molar ratio and incubated overnightl ategrees, with the step-wise
355 addition of Bio-Beads SM-2 as describ&2)( The reconstituted complex was further
356 purified by size-exclusion chromatography (SEC)ao8uperose 6 Increase 3.2/300
357  column with the SEC buffer (20 mM Tris-HCI, pH 9X50 mM NacCl).

358

359  Monoclonal Antibody generation and selection

360 The animal experiments conformed to the guidelioglined in the Guide for the
361 Care and Use of Laboratory Animals of Japan andevegproved by the Chiba
362 University Animal Care Committee (approval numb80-174), and performed
363 according to ARRIVE guidelines. 4-week-old femal&kMMpJImsSlIdpr/lpr mice
364 were purchased from Nihon SLC (Shizuoka, Japang. t€mperature of the animal
365 breeding room was controlled at 20-25°C, and thletihg was alternated between

366 day and night at 12 h/12 h. Mice were immunizechviiposomes made of purified
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367 LAT1-CD98hc and Egg PC (Avanti Polar Lipids, InBirmingham, AL.). After
368 several rounds of immunization, splenocytes from ithmunized mice were fused
369 with P3Ul myeloma cells and generated hybridomagnf@&@mational and
370  extracellular-domain recognizing antibodies produubg hybridomas were screened
371 Dby using liposome-ELISA, antigen-denatured-ELIS38)(and flow cytometry. 1gGs
372 from established clones were purified by Protein d@lumn (Cytiva, Inc.,
373  Marlborough, MA.) from culture supernatants andedigd into Fab fragments by
374 Papain (Nacalai tesque, Inc., Kyoto, Japan), arttid¢u purified on Protein A column
375 (Cytiva). A total of 20 clones were assessed feirthinding sites on LAT1-CD98hc
376  using negative-stain microscopy. The Fab fragmemn fclone 170 (Fab170), which
377  showed rigid binding on the extracellular epitope&C®98hc, similar to a previously
378 characterized MEM-10819), was used for the structural studies.

379

380 Cryo-EM sample preparation

381 Nanodisc-reconstituted LAT1-CD98hc was complexeth wiab170, subjected gel
382 filtration and concentrated to about 15 mg/ml fyroeEM sample preparation.,d of
383 sample was applied to glow-discharged Quantifoil @flat holey carbon grids
384  (copper, 400 mesh, 1.2/1.3 hole size) and blotie@+4 seconds using Vitrobot Mark
385 |. To improve particle distribution, 1.5 mM fluoated Fos-Choline-8 was added
386 immediately before sample application. For JPH208,inhibitor was added from a 2
387 mM stock solution in DMSO to a final inhibitor casttration of 20uM and the
388 mixture was further incubated at 37°C for 10 miretwsure full binding. For L-Phe
389 (final 5 mM), melphalan (final 40QM), BCH (final 30 mM) and T (final 50 uM),
390 the ligands were added to the sample approximdtéipur before vitrification and

391 kept on ice. For § we also tried longer incubation, by including before the final
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392 gel filtration step and all subsequent steps, lithar of the strategies yielded-T
393  bound LAT1 structures.

394

395  Cryo-EM data acquisition, processing and structure determination

396 A total of 84,295 cryo-EM movies were collected wmltiple separate sessions,
397 summarized in Fig. S2d-j. All data were collectad tbe same Titan Krios G3
398 microscope equipped with a BioQuantum K3 camera abminal magnification of
399 105 kx, which corresponds to a calibrated pixet iz0.837 A /pix. The camera was
400 operated in the counted super-resolution mode withinning factor of 2 and the
401 energy filter slit width was set to 30 eV. The &len flux rate was 15 épix/sec, the
402  exposure time 2.5 sec, and the total exposure BF.eAll movies were fractionated
403 into 50 frames. Data were collected with EPU sofenaith the aberration-free image
404  shift method. Data quality was monitored with crig@d®RC Live v2.15 34).

405

406  All cryo-EM data processing was performed in RELIGN 35, 36). Movies were
407  motion-corrected in MotionCor237) with 5 x 5 patches and the contrast transfer
408 function (CTF) was estimated in CTFFIND&S|. Particles were picked with a
409 Laplacian-of-Gaussian picker and Topa8)(and extracted with down-sampling to a
410 pixel size of 3.45 A. All good particles after ralsnof 2D and 3D classifications were
411 combined, duplicates removed, and the non-redurmkatitles were extracted with a
412 final pixel size of 1.5345 A. Further 3D classifiom showed that the L-Phe, JPH203,
413 T3 (long incubation) and no-substrate datasets awedaionly one conformation,
414 whereas the melphalan, BCH og (Short incubation) datasets contained multiple
415 conformations. Focused classification showed thasd datasets contained the apo

416 inward-open structures to a varying ratio, whichreveirther classified and combined
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417 to yield a single reconstruction. After combininbet particles of the same
418 conformation, Bayesian polishindQ) was performed with trained parameters.

419

420 Even after separating the discrete conformatiohahges, the continuous structural
421 flexibility of each component (LAT1, CD98hc, Fabdathe surrounding nanodisc)
422  hampered high-resolution reconstruction for theae®f interest. To overcome this,
423  we resorted to multibody refinemertlj. Details of the refinement parameters and
424  particle selection strategies are described els@vi@@anuscript in preparation).
425 Briefly, three bodies were defined, designatechas‘tore”, “Fab” and “TMD” (Fig.
426  S2lI). The “core” mask includes LAT1-CD98hc excluglithe nanodisc and Fab170,
427  the “Fab” mask includes only Fab170, and the “TMDé&sk includes LAT1, TM1’ of
428 CD98hc and the entire nanodisc. Particles werectgglethrough repeated “refine,
429 subtract and classify” cycles, and the final retusions of the “TMD” body from
430 multibody refinements were used for model buildofighe TMD for all datasets. The
431 models for the whole complex (LAT1-CD98hc—Fabl7®revbuilt only for the
432  JPH203-bound, BCH-bound and inward-open apo shatesing the consensus map
433 as representatives of the outward-facing, occluatedl inward-facing conformations,
434  respectively.

435

436 A published inward-open structure (PDB ID: 6IRS)viiast rigid-body fitted into the
437 maps in ChimeraX 1.04R). Subsequent model building was performed in CQQT
438  (43) with ligand restraints generated in AceDR#@)( Refinement was performed in
439  Servalcat 45) using two unfiltered half-maps. The BCH compoi8tyma) contains
440 exo- and endo-carboxy isomers with an unknown ratie chose an isomer with an

441  exo-carboxylic group for modelling, based on a mes NMR study of BCH from
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442  the same supplied§). Data collection and refinement statistics arevshin Tables
443 S1 and S2.

444

445  Cryo-EM ligand validation

446  For ligand validation in cryo-EM maps, we utilizethap validation tools in
447 REFMACS @7). First, we used Servalcat) to calculate “omit” Fo — Fc difference
448 maps from the two unfiltered half maps and the nidyamitted models for each
449  ligand-bound state. The Fo — Fc maps clearly rexethle presence of the ligands (Fig.
450 S5). Second, we used EMDAg) to calculate Fo — Fo maps between the ligand-
451 bound and apo states. Maps were first fitted tdheatber using FSC-based auto-
452  resolution threshold and providing a “TMD” mask.ef the apo map was subtracted
453  from each ligand-bound map. This analysis revealedr densities for all ligands,
454  JPH203, L-Phe, melphalan and BCH, fitting well thedels (Fig. S5).

455

456  Transport measurements and expression analysis using X. laevis oocytes

457  Functional and expression analyses of LAT1 us{ntpevis oocytes were conducted
458 as described previously unless otherwise spedific@noted 19). LAT1 mutants
459  with amino acid substitutions or afterminal truncation A1-50) were constructed
460 by whole-plasmid PCR using PrimeSTAR MAX DNA polyrase (Takara). The
461 corresponding codons were altered as follows fomanacid substitution: S144N
462 (AAT), F252Y (TAT), F252W (TGG), Y259F (TTC), F394{TAT), F400V (GTG),
463  F400I (ATT), F400L (TTA), and FA00W (TGG).

464

465 Uptake experiments of LAT1 iX. laevis oocytes were performed in Nitee ND96

466  buffer containing 50uM of L-[**C]Leu (3.37CiTmol™, Moravek) for 30 min at
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467 room temperature. The indicated concentration$6f2D3 or BCH were added to the
468 buffer when specified. After the lysis of oocytesthw10% (v/v) SDS, the
469 radioactivity was determined usingtacintillation counter (LSC-3100, Aloka, Tokyo,
470 Japan). In efflux experiments, oocytes were pretag with 50 nL of 10QuM L-
471 [*C]Leu (3.3 nCi/ oocyte). After an extensive washhwice-cold Na-free ND96
472  buffer, the oocytes were incubated in the buffethwor without the indicated
473  concentrations of JPH203, BCH, or L-Leu for 15 ratrroom temperature to induce
474  efflux of preloaded LY'C]Leu. Then the radioactivity in the buffer and teenaining
475  radioactivity in the oocytes were separately cotinte[*“C]Leu efflux was expressed
476 as a percentage of total radioactivity (the radivdg in the buffer divided by the
477  sum of the radioactivity of the buffer and the remrag radioactivity in oocytes).

478

479  Detection of LAT1 by immunoblotting in the total mbranes ofX. laevis oocytes
480 was performed with anti-LAT1 (1:2,000, KE026; Tr&®nic) and peroxidase goat
481 anti-rabbit IgG (1:10,000, Jackson ImmunoReseatamnunofluorescence detection
482 of LAT1 in paraffin sections oK. laevis oocytes was performed with anti-LAT1
483  (1:500, J-Pharma) and Alexa Fluor 488-conjugatdédmouse IgG (A21202, 1:1000,
484 Invitrogen). Images were acquired using a fluoreseemicroscope (BZ-9000,
485 Keyence) equipped with a x100 objective lens (CBhFApoX, numerical aperture
486 1.40, Nikon). Reproducibility of the results was nfioned by independent
487  experiments using different batches of oocytes.

488

489 Materialsfor radioactive assays

490 *C-leucine (338 mCi/mmol) was purchased from MoraBechemicals (Brea, CA).

491 Standard amino acids and 2-aminobicyclo[2.2.1]hep&carboxylic acid (BCH)
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492  were purchased from Sigma-Aldrich (St Louis, MAJH203 ((S)-2-amino-3-(4-((5-
493  amino-2-phenylbenzo [d]oxazol-7-yl)methoxy)-3,5farophenyl) propanoic acid,
494  CAS No. 1037592-40-7) (2HCI salt; purity99%) was provided by J-Pharma Co.,
495 Ltd (Tokyo, Japan). Unless otherwise stated, otifemicals were purchased from
496  Wako Pure Chemical Industries (Osaka, Japan).

497

498 Dataavailability

499 The atomic coordinates have been deposited to iRrBta Bank under accession
500 numbers 8KDD, 8KDF, 8KDG, 8KDH, 8KDI, 8KDJ, 8KDN, 8KDO an@KDP.
501 Cryo-EM maps have been deposited to Electron Maopg Data Bank under
502 accession numbers EMD-37132, EMD-37134, EMD-371B§|D-37136, EMD-
503 37137, EMD-37138, EMD-37140, EMD-37141 and EMD-3Z1All other data will
504 be available upon request.
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Figure 1 | Structure of LAT1 bound to JPH203
a) Schematic representation of the LAT1 functions in cancer cells.
b) Chemical structures of selected LAT1 substrates and inhibitors.
¢) Cryo-EM map and the overall structure of LAT1 bound to JPH203. The map of the transmembrane domain
after local refinement is shown. Nanodisc densities are not displayed for clarity.
d) Close-up view of the JPH203-binding site overlayed with the map.
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Figure 2 | Structural basis of LAT1 inhibition by JPH203

a,b) Close-up views of the JPH203-binding site. Interacting residues are shown as stick models. Hydrogen
bonds are depicted as dotted lines. The 5-amino group of JPH203 is marked by an asterisk. The previously
predicted “distal pocket” is marked by gray dotted circles.

¢) Schematic diagram of the interactions between JPH203 and LAT1. Hydrogen bonds are depicted as black
dashed lines. Hydrophobic contacts are depicted by green splines. A n—7 interaction is depicted as a green
dashed line connecting two green dots.

d) Inhibition of LAT1 by JPH203 at different concentrations. Uptake of L-['“C]Leu into Xenopus oocytes
expressing co-expressing CD98hc and wild-type or F252W LAT1 was measured in the presence of JPH203 at
indicated concentrations. As a negative control, water was injected instead of cRNAs. Data are mean + SD
and each data point represents a single oocyte (n = 7-10).

e) Concentration-dependent inhibition curves by JPH203 for wild-type or F252W LAT], calculated using the
same data as shown in panel d.
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Figure 3 | Cryo-EM structures of LAT1 bound to Phe and melphalan or in apo in the outward-facing

conformation

a) Overlay of the Phe- and melphalan-bound LAT1, with the ligands displayed as stick models. The square

indicates the region zoomed up in panels e—h.

b,f) Structure of Phe-bound LAT1 in the outward-open conformation.

¢,g) Structure of melphalan-bound LAT]1 in the outward-open conformation.
d,h) Structure of apo LAT1 in the outward-open conformation.

) Superposition of the Phe-bound, melphalan-bound and apo LAT]1 structures.
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Figure 4 | LAT1 bound to BCH in the occluded conformation

a) Close-up view of BCH modelled into the cryo-EM map.

b) Cut-away surface representation of LAT1, showing that BCH is occluded from both sides of the membrane.
¢) Interaction of BCH with the surrounding residues. Dotted lines depict hydrogen bonds.

d,e) Comparison of JPH203- and BCH-binding sites of LAT1. The ligands and important residues are shown
as sticks and spheres.

f) Rotation of Phe400 in the JPH203-bound (transparent) to BCH-bound (opaque) structures.

g) cis inhibition assay. Uptake of L-['*C]Leu into Xenopus oocytes expressing wild-type LAT1 and CD98hc
was measured in the presence or absence of inhibitors in the external buffer solution. As a control, water was
injected instead of cRNAs. Data are mean = SD and each data point represents a single oocyte (n = 6-10).

h) trans stimulation assay. Efflux of pre-loaded -['*C]Leu from Xenopus oocytes was measured in the
presence or absence of indicated compounds in the external buffer solution. In the small inset, the radioactivity
in the buffer was expressed as a percentage to the total radioactivity (buffer + oocytes). Data are mean + SD
and each data point represents a single oocyte (n = 7-10).
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Figure 5 | Structural rearrangements of LAT1 for substrate transport.

a) Superposition of three major conformational states of LAT1 observed in the study, depicting the ‘rocking-
bundle’ movements relevant to substrate translocation. The hash domain of LAT1 is colored gray and TM1°
of CD98hc is green. The bundle domain is colored differently for three conformations: inward-open (pink),
occluded (purple) and outward-open (cyan).

b,c¢) Superposition of TM10 in the three conformations.

d) Superposition of TM12 in the three conformations.

e) Close-up view of an N-terminal region of LAT1 in the outward-open state.

f) Uptake of L-[*C]Leu into Xenopus oocytes expressing CD98hc and wild-type or A1-50 LAT1. Data are
mean = SD and each data point represents a single oocyte (n = 7—10).

g) Superposition of the whole LAT1-CD98hc complex in the three conformations.
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Figure 6 | Transport cycle of LAT1 and inhibition mechanisms.

a—d) Schematic representation of amino acid transport by LAT1 and its inhibition by JPH203 and BCH. All
four panels represent experimental structures reported in the study. In the outward-facing state (a,b), LAT1
can accept substrates from extracellular solvent, with mobile Phe252 on TM6 facilitating access (b). The
white transparent circle depicts the distal pocket predicted previously, and the yellow circle the hydrophobic
space found in this study. When JPH203 binds (a), TM10 is bent, Phe252 closes, and TM1b and TM6a are
pushed open, locking the transporter in the outward-facing state and blocking substrate access. Binding of
BCH induces the occluded conformation (c), characterized by the rotation of Phe400 on TM10 toward the
pocket. Eventually LAT] transitions to the inward-facing state (d), which has low affinity for the substrate
and releases it into the cell.



