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STRUCTURAL BIOLOGY

Structural basis for the substrate recognition and
transport mechanism of the human y"LAT1-4F2hc
transporter complex

Lu Dai'?t, Qian Zeng'*t, Ting Zhang'*t, Yuanyuan Zhang>t, Yi Shi*t, Yaning Li*t, Kangtai Xu'?,
Jing Huang®*, Zilong Wang'%*, Qiang Zhou®*, Renhong Yan'*

Heteromeric amino acid transporters (HATs), including y*LAT1-4F2hc complex, are responsible for transporting
amino acids across membranes, and mutations in y*LAT1 cause lysinuric protein intolerance (LPI), a hereditary
disorder characterized by defective cationic amino acid transport. The relationship between LPI and specific mu-
tations in y"LAT1 has yet to be fully understood. In this study, we characterized the function of y*LAT1-4F2hc
complex in mammalian cells and determined the cryo-EM structures of the human y"LAT1-4F2hc complex in two
distinct conformations: the apo state in an inward-open conformation and the native substrate-bound state in an
outward-open conformation. Structural analysis suggests that Asp>** in y"LAT1 plays a crucial role in coordination
with sodium ion and substrate selectivity. Molecular dynamic (MD) simulations further revealed the different

transport mechanism of cationic amino acids and neutral amino acids. These results provide important insights
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into the mechanisms of the substrate binding and working cycle of HATs.

INTRODUCTION

Amino acids, as the fundamental building blocks of proteins, are
indispensable for sustaining life, participating in multiple critical
biological processes within cells (I). To maintain cellular balance,
amino acid transporters play a pivotal role by facilitating the move-
ment of amino acids across cell membranes (1-3). Among these, the
heteromeric amino acid transporter (HAT) family stands out. Com-
prising a light and a heavy chain linked by a conserved disulfide
bridge, HATs enable the transport of amino acids, polyamines, and
drugs across membranes (4-7).

The light chain of HATs governs substrate specificity and trans-
port activity, while the heavy chain acts as a regulatory subunit es-
sential for proper transporter function (8, 9). 4F2hc (SLC3A2), one
of the two known heavy-chain proteins of HATS, is vital for mem-
brane trafficking and transport activity of the light chains (9, 10). Its
intracellular N terminus, transmembrane (TM) helix, and extracel-
lular domain are all involved in interactions with the light chains
(9, 11, 12). Beyond its role in amino acid transporters, 4F2hc serves
as a cell surface antigen involved in immune responses and as a re-
ceptor for certain extracellular matrix proteins (13-15). Dysregula-
tion and mutations of HATs have been linked to inherited or
metabolic disorders such as cystinuria, lysinuric protein intolerance
(LPI), and multiple cancers (16-19).
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The y*LAT1-4F2hc complex is a prototypical member of HATS, fa-
cilitating sodium-dependent influx transport of neutral amino acids
and sodium-independent influx of dibasic amino acids in an electro-
neutral exchanging manner studied by the Xenopus oocyte system
(17, 20, 21). Specifically, y"LAT1 is prominently expressed in the baso-
lateral membranes of epithelial cells in both the kidney and intestine.
Mutations occurring in the gene encoding y*LAT1 are responsible for
LPI, a rare metabolic disorder characterized by defective transport of
cationic amino acids, particularly lysine, ornithine, and arginine, at the
basolateral membranes of intestinal and renal tubular cells (22). Pre-
dominantly observed in populations from Finland, Japan, Italy, and
North Africa, LPI manifests with a spectrum of symptoms including
failure to thrive, poor appetite, growth retardation, hepatosplenomega-
ly, and substantial osteoporosis (23-25). While specific treatment regi-
mens can help manage LPI, a definitive cure has yet to be discovered (25).

Despite the inward-facing and outward-facing occluded cryo-
electron microscopy (cryo-EM) structures of the human LAT1-4F2hc
complex were determined (9, 26-28), in addition to which the available
structural information related with HATs includes the crystal struc-
tures of bacterial homologs (29-33), and the varied resolution EM
structures of the LAT2-4F2hc, xCT-4F2hc, and Asc-1-4F2hc complex
(10-12, 34-39), the precise transport mechanism of the y " LAT1-4F2hc
complex and its correlation with LPI pathogenesis remain elusive. Our
study unveils the outward-open cryo-EM structures of the human
y*LAT1-4F2hc complex, bound with native substrates L-leucine (Leu),
L-lysine (Lys), and L-arginine (Arg), respectively, in an outward-facing
conformation. These elucidated structures provide invaluable insights
into the intricate mechanisms underlying substrate recognition and
transport, thus contributing notably to our understanding of LPI and
paving the way for targeted therapeutic interventions.

RESULTS

Structural determination of y*LAT1-4F2hc complex with
different substrates

While the function of the y"LAT1-4F2hc complex has been exten-
sively studied using the Xenopus oocyte system, its workings within

10f10


mailto:huangjing@​westlake.​edu.​cn
mailto:wangzl6@​sustech.​edu.​cn
mailto:wangzl6@​sustech.​edu.​cn
mailto:zhouqiang@​westlake.​edu.​cn
mailto:yanrh@​sustech.​edu.​cn

SCIENCE ADVANCES | RESEARCH ARTICLE

mammalian cells are less well understood. To investigate its trans-
port properties, we initially characterized the function of the
y"LAT1-4F2hc complex by measuring the currents associated with
sodium-Leu cotransport in human embryonic kidney (HEK) 293T
cells coexpressing y'LAT1 and 4F2hc. The results indicated that the
y'LAT1-4F2hc complex efficiently transports Leu with sodium ions
and exhibits dose-dependent electrogenic activity (fig. S1, A and B).
In addition, microscale thermophoresis (MST) affinity assays re-
vealed comparable binding affinities of the complex for Leu, Lys,
and Arg (fig. S1, Cto F).

To further explore the impact of sodium ions on the transport of
neutral and cationic amino acids, we substituted the sodium chlo-
ride buffer with choline chloride (ChoCl) buffer in the cell-based
transport assay. Our findings reveal that in the absence of sodium
ions, the transport of Leu is nearly undetectable, whereas the trans-
port of Lys and Arg was significantly enhanced, highlighting distinct
transport mechanisms for these amino acids (Fig. 1, A and B).

To deepen our understanding of its working mechanism, we de-
termined the cryo-EM structures of the human y"LAT1-4F2hc
complex in both the apo state and bound with native substrates
(Leu, Lys, and Arg) at resolutions of 3.7, 3.0, 3.3, and 2.9 A, respec-
tively (Fig. 1C and fig. S2, A to C). For detailed procedures regarding
recombinant cloning, protein overexpression, purification, and
structural determination, please refer to Materials and Methods
(figs. S3 to S5 and table S1). The overall architecture of the y ' LAT1-
4F2hc complex is closely similar to that of the LAT1-4F2hc complex
with the 0.822 A root mean square deviation through 822 amino
acids (Fig. 1C and fig. S2D).

In the case of Arg-bound structure, y"LAT1 comprises 12 TM
segments organized into a classical LeuT fold. TM1 to TM5 are
linked to TM6 to TM10 through a pseudo twofold symmetry axis
parallel to the membrane. TM 1, TM2, TM6, and TM7 constitute the
helix bundle domain or core domain, while TM3, TM4, TM8, and
TMO9 form the hash domain. TM1 and TM6 harbor unwound re-
gions at their center, creating a substrate binding site. TM11 and
TM12 are oriented antiparallel to TM9 and TM10, followed by a
lateral helix at the C-terminal end. 4F2hc extensively interacts with
y'LAT1 at the extracellular side, the TM region, and the intracellu-
lar side (Fig. 1C and figs. S2 and S6), resembling the structure of the
LAT1-4F2hc complex, another representative member of HAT (9).
However, the extracellular domain of 4F2hc exhibits greater flexibil-
ity in apo state, as well as in Leu-bound or Lys-bound y"LAT1 com-
pared to Arg-bound y*LAT1 (Fig. 1C and fig. S2, A to C).

In the extracellular region, additional hzdrogen bonds are estab-
lished between Arg®®® of y*LAT1 and Ser’”* of 4F2hc, enhancing the
binding between the 4F2hc and y"LAT1 when compared with the
outward-facing occluded conformation of LAT1 (fig. S7, A and B).
Similarly, in the inward-open LAT1 structure, Arg™> of 4F2hc in
Arg-bound y'LAT1 partakes in the interaction with the light chain
(fig. S7B). The apo structure of the y'LAT1-4F2hc complex closely
resembles the LAT1-4F2hc structure bound to BCH, adopting an
inward-open conformation with a slight shift of TM1a and TM6b
(fig. S8A).

Substrate binding patterns of y'LAT1

The substrates Leu, Lys, and Arg of y*LAT1 are all bound to the
unwound regions of TM1 and TMS6, with their carboxyl and amino
groups hydrogen bonded to the main chain atoms of the transporter
(Fig. 2). The side chain of the gating residue Phe*”’, corresponding
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to Phe®? in LAT1, rotates away from the substrate binding site, re-
sulting in an open conformation and a spacious extracellular vesti-
bule that encompasses a chamber beneath the bound substrate
(fig. S8B).

Specifically, the a-carboxylate group of Leu forms three hydro-
gen bonds with the oxygen atoms of Ile’' and the nitrogen atom in
Ser”® and Gly** in TM1, and the a-amino group of Leu forms hydro-
gen bonds with the oxygen atoms of Met™” and Ile’' in TM1, Tyr*"*
in TM7, and Ser®® in TM6 (Fig. 2C). The a-carboxylate group of
Arg forms several hydro§en bonds with the nitrogen atoms in the
main chain of Gly**, Ser”, and Gly**, while the a-amino group of
Arg forms hydrogen bonds with the oxygen atoms of Ser*** and
Ser”® in TM6, Tyr”’* in TM7, and Met*® in TM1. The guanidine
group of Arg is stabilized by the nitrogen atom of Asn* in TM1 and
the oxygen atoms of Ser”*” in TM6 (Fig. 2B). Similarly, the main
chain of Lys is close to that of Arg, while the nonpolar segment of
the Lys side chain engages with Gly**! in TM6 through hydrophobic
interactions. This interaction prompts a shift in the Lys closer to
TM6 compared to the Arg-bound structure (Fig. 2D). Notably, since
Leu substrate has a relatively short tail and lacks polarity, its side
chain mainly interacts with the TM1 via hydrophobic interactions
and does not engage in interactions with TM6, while the tail of Arg
and Lys engage the interactions with TM1 and TMS6, exhibiting a
different substrate selectivity mechanism (Fig. 2E).

A putative sodium ion binding site in y'LAT1

In the region of the cryo-EM map with y*"LAT1 bound with Leu,
additional density above background levels may be indicative of a
sodium ion, consistent with the presence of 150 mM NaCl in the
sample (Fig. 3A). Oxygen atoms from Asp>*, Ser”®, and Tyr**
form a pocket well-positioned to coordinate sodium ion at the cen-
ter. The average distance in coordination with the sodium ion is
2.7A. Notably, the side chain of Trp** interacts with the sodium ion
via cation-pi interactions (Fig. 3A), potentially contributing to sta-
bilizing Leu in the pocket. Notably, the corresponding ion density is
invisible in the Lys-bound structure despite the existence of sodium
ion (fig. S9A). Because of the average length of possible formed in-
teraction with the extra density that is above 3.4 A in the Arg-bound
structure, it could not support the building of a sodium ion. We
speculated that there is a water molecule rather than sodium ion in
that position (fig. S9B).

When comparing the structures of y'LAT1 bound to three dif-
ferent substrates, it is observed that in the Leu-bound y " LAT1 struc-
ture, Asp>** and Tyr’® coordinate with sodium ion. Conversely, in
the Lys-bound and Arg-bound y*LAT1 structure, Asp**’ and Tyr’®
can engage in hydrogen bond interactions. This special binding pat-
tern might imply the different transport mechanism of y"LAT1 with
neutral amino acids like Leu and cationic amino acids like Arg and
Lys (fig. S9, A and B).

Sequence alignment of the HAT family (fig. S10) reveals that
they all share the conserved residues as y"LAT1 at these sites: Phe”’,
Trp?**4, and Tyr*”*. By combining the key residues in the pocket
across the three substrate-bound structural conformations and the
residues responsible for the localization of sodium ion, we identified
seven potentially critical residues of y"LAT1 and set up mutations
for functional studies: S238A, S240A, W242A, D243A, D243N,
Y274A, and Y389A. All mutants, compared to wild-type (WT)
y'LAT1, showed a compromised transport activity but with an
equal level of expression and colocation of the plasma membrane,
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Fig. 1. Overall structures of y*LAT1-4F2hc complex. (A and B) The absence of sodium ions in extracellular solution hampers the transport of Leu and en-
hances the transport of Lys and Arg. *P < 0.05, **P < 0.01, and ***P < 0.001, one-way analysis of variance (ANOVA) followed by Tukey’s test, data are presented
as mean + SEM. (C) Cartoon structure of the y*LAT1-4F2hc Arg-bound (blue) and y*LAT1 adopts an outward-open conformation with Arg in the center of the
substrate binding pocket. ns, not significant.
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Fig. 2. Three-substrate binding analysis. (A) The overall structure of y*LAT1
bound with three different substrates. The direction indicated by the black arrow in
the box is the substrate binding site. (B to D) The interaction networks of Arg (blue),
Leu (pink), and Lys (orange) with y*LAT1 are shown. (E) Structural comparison of
the substrate binding sites of y"LAT1 with Arg, Leu, and Lys. Arg, Leu, and Lys are
colored blue, pink, and orange, respectively. The gray dashed lines represent hydro-
gen bonds, and the gray amino acids are involved in the hydrophobic interactions.

suggesting an important role in substrate coordination and trans-
port (Fig. 3B and fig. S11).

To further elucidate the roles of the Trp**? and Asp***, which are
implicated in interactions with the sodium ion (Fig. 3A), we per-
formed MST and whole-cell patch-clamp recordings. The results
showed that the D243 A mutation significantly diminished the bind-
ing affinity for Leu, while the W242A mutation had a comparatively
minor impact (fig. S1D). This disparity likely stems from the stron-
ger interaction between the side chain of Asp*** and the sodium ion
(Fig. 3A). Both mutations are critical for maintaining substrate
binding stability, which closely aligns with their impact on transport
activity fig. S3B). In the case of Lys, both W242A and D243A muta-
tions caused a significant decrease in binding affinity and substan-
tially impaired transport activity, despite the absence of direct
interactions with Lys in the solved structure (Fig. 3C and fig. S1E).
This suggests that the interactions involving Trp*** and Asp*** are
essential for stabilizing Lys during key stages of the transport pro-
cess. In contrast, these mutations did not significantly affect Arg
binding affinity and transport activity (Fig. 3D and fig. S1F), imply-
ing that Arg binding is less dependent on these particular residues.
Together, these findings imply that the y"LAT1-4F2hc complex may
use distinct mechanisms for the transport of neutral versus dibasic
amino acids.

242

Molecular dynamic simulation for the sodium binding

To further evaluate the role of sodium ion during substrate trans-
port, we performed a series of molecular dynamic (MD) simulations
with CHARMM36m (C36m) force field (Fig. 4, fig. S12, and movie
S1). We observe that the a-carboxylate group of the substrate can
bind to the pocket through polar interactions with Ser>> and Gly>* in
TM1 for hundreds of nanoseconds, despite the dissociation event
can be observed for all three substrates. The a-amino group of three
substrates can form hydrogen bond with oxygen atoms of Ser*** and
Ser™®, Facilitated by additional contacts, the Lys and Arg substrates
are prone to interact with Ser**’. Notably, besides Asn*, a salt bridge
between the guanidino group of the substrate Arg and Glu'*® can be
formed, stabilizing the Arg pose of pointing the a-amino group of
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Fig. 3. Na™ binding site in the y+LAT1-4F2hc Leu-bound structure. (A) The inter-
action interface of the Na* binding site and the polar interactions are shown as gray
dashes. Leu is displayed as bright pink, and the sodium ion is displayed as purple.
(B) Key residue mutations inhibit the transport activity of y*LAT1, currents induced by
30 mM Leu. ####P < 0,0001, compared with WT-y*LAT1 and calculated by one-way
ANOVA followed by Tukey’s test. Data present mean + SEM. (C) W242A and D243A
mutations inhibit the transport activity of y*LAT1. Currents were induced by 30 mM
Lys perfusion. **#P < 0.001 and **P < 0.01 compared with WT-y*LAT1, calculated
by one-way ANOVA followed by Tukey’s test. (D) W242A and D243A mutations have
no effect on the transport activity of y*LAT1. Currents were induced by 30 mM Arg
perfusion; not significant compared with WT-y*LAT1, calculated by one-way ANOVA
followed by Tukey’s test. Data are presented as mean + SEM.

Arg toward Ser*’ in the Arg-bound structure. In the Lys-bound

structure, the e-ammonium group can form a hydrogen bond with
the hydroxyl group Ser'®! and Ser**, and the additional contacts
with Ser*** can provide stronger interactions. This result is consis-
tent with our cryo-EM observations.

First, all the sodium unbinding events are observed in our simu-
lations for the identified sodium binding pocket. We then speculated
that cation-n interaction between sodium ion and the indole ring of
the side chain in Trp*** might contribute to stabilizing sodium bind-
ing into the pocket formed by Asp**, Trp**?, Ser*®, and Tyr’®’. It is
well-known that additive protein force fields such as C36m underes-
timate cation-n interaction (40), so we performed MD simulations
with an ad hoc fix to C36m with Non-Bonded FIX (NBFIX) param-
eters fitting based on high level quantum mechanics calculations
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Fig. 4. MD simulations for the Na* binding site. (A) The interaction energy scan for a Na* and indole was obtained using DLPNO-CCSD(T) methods with aug-cc-pVTZ
basis set (green line) in comparison with that using C36m force field (purple line) by varying the distance at the direction perpendicular to the indole six-membered ring.
The dashed pink line represents the NBFIX modification to C36m that restores the QM cation-r interactions between the sodium ion and indole. (B) The distance between
Na™ and the minimum carboxyl oxygen of Asp>®, the hydroxyl oxygen of Tyr*®°, backbone oxygen of Ser?*’, and the six-membered ring center of Trp**? during the simu-
lation with NBFIX modification. (C) Snapshot of the simulation with NBFIX modification for the sodium binding pocket. The two water molecules coordinated with Na‘t

were also highlighted.

(Fig. 4A). Simulations based on such a modified force field can re-
sult in a stable binding mode of Na* under a timescale of more than
100 ns. In this conformation, the Trp**%, Asp*®, Tyr**’, and oxygen
of Ser** backbone are well coordinated with sodium ion (Fig. 4, B
and C). In addition, two water molecules were involved in stabiliz-
ing the sodium ion (Fig. 4C). These results also suggest a reason why
sodium cannot be observed in Lys and Arg binding structures due
to the larger impact on Ser**’.

Conformational changes induced by substrate binding

When aligning the three substrate-bound structures with y*LAT1,
we observed that the binding positions of the y'LAT1-4F2hc com-
plex bound to Lys and Leu are highly similar, with TM1 and TM6
superimposing well, despite their differing charging properties and
structures (Fig. 2E).

We also compared the outward-open conformation of y*'LAT1
with the inward-open conformation of y"LAT1 and the outward-
occluded in LAT1 3,5-diiodo-L-tyrosine-bound structure (27), re-
spectively, and revealed the movement of TM1, TM6, and TM10
(Fig. 5, A and B). The TM1 and TM6 are notably rotated to open the
extracellular tubule and subsequently the open of Phe*”’, leading to
a more outward-open state (Fig. 5, A and B). This conformational
change represents a unique feature within the HAT family and po-
tentially indicating the next step in the transport cycle of y*LAT1.
The entire transport process of the HATs can be inferred from the
states of the conserved gating residue, including Phe* in the
inward-open conformation of LAT1, Phe** in the outward-occluded
conformation of LAT1, and Phe*” in the outward-open conforma-
tion of y*LAT1 (fig. S8B).

Mapping of LPI-related mutations

The mutations in y"LAT1 are associated with LPI, yet their specific
effects on the transport activity of the complex remain elusive. In this
study, we used the structures presented herein to map LPI-related
mutations, which are dispersed throughout the entire sequence, onto
the three-dimensional (3D) structure. These mutations were classi-
fied into three categories (Fig. 6) (41, 42). Class I mutations, includ-
ing M50K, S53L, G54V, and S238F, are situated along the putative
transport path. Class II mutations, encompassing T188I, K191E,
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Fig. 5. The conformational change of y*LAT1. (A and B) Structural comparison
among the y*LAT1-4F2hc bound with Arg (blue), the outward-occluded structure
of LAT1 bound with 3,5-diiodo-L-tyrosine (gray), and the inward-open structure of
y'LAT1 apo (yellow). The movements of TM1 and TM6 are shown in the middle and
right, respectively.

E251D, R333M, L334R, G338D, N365Y, and S386R, may influence
transport activity by altering the local environment at these sites.
Notably, Glu®' and Arg”> form a salt bridge in the WT protein. In
addition, Lys"" of y+LAT1, corresponding to Lys'** in BasC (29),
occupies a position equivalent to Na2. Class III mutations involve
substitutions to proline (L124P, A140P, L261P, and S489P), which
could affect the secondary structure and/or conformational changes
during the transporter’s working cycle.

DISCUSSION

In this study, we systematically describe the transport of various ami-
no acids by y'LAT1-4F2hc complex, providing further insights into
the transport mechanism of HAT family members. While much of
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the fundamental transport activity was previously established (20),
our research highlights the use of HEK-293T cells for patch-clamp
studies, which reveals more detailed aspects of transport dynamics.

Among the light-chain proteins of HAT, y*LAT1 and y"LAT2 are
unique in mediating both sodium-dependent influx of neutral amino
acids and sodium-independent influx of cationic amino acids. In the
Xenopus oocyte system, the efflux of cationic amino acids like Arg
occurs in exchange with an uptake buffer containing sodium or with
Leu or Arg alone, but no Leu efflux is mediated by the y"LAT1-4F2hc
heterodimer. This transport property is considered electroneutral
(17, 20, 21). In contrast, our study uses whole-cell patch-clamp re-
cordings in mammalian cells to characterize the electrogenic trans-
port of sodium-dependent leucine and sodium-independent lysine
by the y*LAT1-4F2hc complex. Mutations in key residues signifi-
cantly reduce the transport activity of the y"LAT1-4F2hc complex,
confirming this transport property. We speculate that the electro-
genic nature of the complex results from the excessive influx of so-
dium ions, lysine, or arginine during the transport cycle.

In addition, the study of point mutations Trp*** and Asp** pro-
vides evidence that the transporter operates through distinct transport
modes for cationic and neutral amino acids, depending on sodium de-
pendency. Within the cationic amino acids, Lys and Arg exhibit differ-
ent binding affinities with W242A and D243 A mutations and transport
activities, highlighting a unique transport mode for each substrate.

Sequence alignment and structural analysis of these light-chain
proteins revealed a negatively charged residue at position Asp?*?, which
may coordinate a sodium ion in the structure of Leu-bound y"LAT1-
4F2hc in an average distance of 2.7A (Fig. 3A and fig. $10). We also
compared the Leu-bound structure with the apo structure, and the
outward-facing occluded conformation of LAT1 (fig. S13A). When
compared with these structures, the side chain of Tyr*> shows an obvi-
ous shift toward TM6 in the apo structure, which could notably de-
crease the average distance of sodium ion coordination, implying more
stable binding of the sodium ion in this conformation (fig. S13B).

Given that LAT1, LAT2, Asc-1, and b**AT (43, 44) mediate the
influx of the neutral amino acids, while xCT catalyzes the influx of
negative charged cystine, and all of these transporters work in a
sodium-independent manner, we speculated the Asp** of y"LAT1
plays an important role for the selectivity of neutral amino acids and
cationic amino acids. The corresponding residue of Asp”*’ in y"LAT1
is corresponding to Asn*® in LAT1, which was shown to be critical
for the transport activity of LAT1. Upon y"LAT1 transports a neutral
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Fig. 6. LPl-related mutations mapping in the y*LAT1. LPl-related mutations
mapping in the complex, which can be classified into classes |, Il, and Ill that are
colored in purple, orange, and green, respectively.
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amino acid into the cell, Asp** is neutralized by a sodium ion. When

the transporter undergoes a conformational change from the outward-
facing state to the inward-facing state, the neutral substrate and sodium
ion will be released into the cytosol, and the negative charge of Asp”*
might facilitate the binding of cationic amino acids in the cytoplasm to
the y'LAT1-4F2hc transporter complex.

The structures of outward-open conformation of the y"LAT1-4F2hc
complex greatly expand the mechanistic understanding of human
HATs. Since the highly conserved sequence identity, we speculate that
y"LAT1and LAT1 probably share a conserved structure and a transport
mechanism (fig. S10). Structural comparison between the present
y"LAT1-4F2hc complex and the LAT1-4F2hc complex show that the
interfaces between the light-chain transporter and 4F2hc are conserved
in both the outward-facing and the inward-facing conformations, con-
firming the previous model that 4F2hc might appear to stabilize the
scaffolding domain of light chain during an alternating-access cycle. The
rotation of the core domain leads to the close of the intracellular vesti-
bule and opening the extracellular vestibule, which is similar to the
working mechanisms investigated in the bacterial homologs (32, 45, 46).
The TMs 10, 11, and 12 also undergo rotation alongside with the core
domain during the conformation cycle of the transporter, resulting in a
substantial movement of the IL;o_; loop, locking of which may inhibit
the transport activity of the transporter (47).

On the basis of this structural analysis, we propose a selective
working model for y*LAT1 (Fig. 7). y'LAT1 loads extracellular sub-
strates (possible neutral amino acids with sodium ion or cationic
amino acids alone), and then TM1b and TM6a rotate to close the
outward gate. During the transition from the outward-open con-

formation to the outward-occluded conformation, the rotation of
237

TM1b and TM6a triggers the close of the gating residue Phe*” to the
ECD ECD
Hraie 4F2he
1b
62 1 6a
s .
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15 4 16 . 1
X o d
= 4 @ sodium ion
1a gp P 1a“‘6b
@ Substrate

Fig. 7. Putative working model for the y*LAT1-4F2hc complex. The model
shows a transport mechanism of y*LAT1.y*LAT1 loads extracellular substrates, and
then TM1b and TM6a rotate to close the outward gate. During the transition from
the outward-open conformation to the outward-occluded conformation, the rota-
tion of TM1b and TM6a triggers the close of the gating residue Phe® to the oc-
cluded configuration. At the same time, the TM10 are also involved in an obvious
shift. ECD, extracellular domain of 4F2hc.

60f 10



SCIENCE ADVANCES | RESEARCH ARTICLE

occluded configuration. At the same time, the TM10 is also involved
in an obvious shift to trigger the transfer of substrate. In summary,
the high-resolution structures of the y*LAT1-4F2hc complex in
outward-open conformation reported in this work represent a major
step toward a detailed mechanistic understanding of human HATs.

MATERIALS AND METHODS

Protein expression and purification

The full-length human cDNA of y"LAT1 (accession number:
NM_001126105.3) was subcloned into pCAG with N-terminal FLAG
tag and 4F2hc (isoform b, accession number: NM 001012662.2) into
pCAG with N-terminal 10xHis tag from a cDNA library generated
from HEK-293T cells. The mutations were generated by a standard
two-step polymerase chain reaction. To ensure the utmost quality, all
maxim-plasmids used for cell transfection underwent preparation
using the GoldHi Endo Free Plasmid Maxi Kit Beijing Com Win
Biotech Co., Ltd. (CWBIO). Plasmid quality was assessed using the
Trans2K Plus DNA Marker (TransGen Biotech).

The recombinant protein was produced through overexpression
in HEK-293F mammalian cells at 37°C within a Multitron-Pro
shaker (Infors), maintaining a consistent speed of 130 rpm and an
environment of 5% CO,. To achieve coexpression of y*LAT1 and its
mutations and 4F2hc, cells underwent transient transfection using
the plasmids and polyethyleneimines (PEIs) (Yeasen, 40816ES03).
This transfection occurred when the cell density reached approxi-
mately 2.0 X 10%/ml. For the transfection of 1 liter of cell culture,
around 0.75 mg of y"LAT1 plasmids and 0.75 mg of 4F2hc plasmids
were premixed with 3 mg of PEIs in 50 ml of fresh medium, allow-
ing them to interact for 15 min before being introduced into the cell
culture. The transfected cells were cultivated for a duration of 48 to
60 hours before the harvesting process commenced. After the com-
pletion of 60 hours of transfection, cells were collected by subjecting
them to centrifugation at 3500g for a duration of 15 min. Subse-
quently, they were resuspended in a buffer comprising 25 mM
Hepes (pH 7.5), 150 mM NaCl, and a combination of three protease
inhibitors: aprotinin (1.3 pg/ml; Macklin, A6353), pepstatin (0.7 pg/
ml; Macklin, P6117), and leupeptin (5 pg/ml; Macklin, L812486).

The extraction and purification of the y"LAT1-4F2hc complex
were carried out following established methods. First, the membrane
fraction was solubilized at 4°C for 2 hours using 1% (w/v) Lauryl
Maltose Neopentyl Glycol (LMNG) (Anatrace, NG310) supplement-
ed with 0.1% (w/v) cholesteryl hemisuccinate tris salt (Anatrace,
CH210). Subsequently, cell debris was removed via centrifugation at
15,000¢ for 45 min. The resulting supernatant was then applied to
anti-FLAG M2 affinity resin (GenScript, L00432). Following this step,
the resin was thoroughly rinsed with a wash buffer that consisted of
25 mM Hepes (pH 7.5), 150 mM NaCl, and 0.02% (w/v) glyco-
diosgenin (GDN) (Anatrace, GDN101). The protein of interest was
subsequently eluted using the wash buffer supplemented with FLAG
peptide (0.2 mg/ml). Then, elution of anti-FLAG M2 affinity resin
was further purified with Nickel-Nitrilotriacetic Acid (Ni-NTA) af-
finity resin (QIAGEN, 30230). Wash buffer and elution bufter of nickel
resin were the wash buffer mentioned above plus 10 and 300 mM
imidazole, respectively. Then, the protein complex was subjected to
size exclusion chromatography (Superose 6 Increase 10/300 GL, GE
Healthcare) in buffer containing 25 mM Hepes (pH 7.5), 150 mM
NaCl, and 0.02% GDN. The peak fractions were collected and con-
centrated for EM analysis.

Daietal., Sci. Adv. 11, eadq0558 (2025) 19 March 2025

Cryo-EM sample preparation and data acquisition

The protein of y"LAT1-4F2hc complex was incubated with 2 mM Lys,
2mM Leu, or 10 mM Arg. Protein mixtures were concentrated to
10 mg/ml, and aliquots (3.5 pl) of the mixture were placed on glow-
discharged holey carbon grids (Quantifoil Au R1.2/1.3), which were
blotted for 3.0 or 3.5 s and flash-frozen in liquid ethane cooled by liquid
nitrogen with Vitrobot (Mark IV, Thermo Fisher Scientific). The cryo-
grids were transferred to a Titan Krios operating at 300 kV equipped
with a Gatan K3 Summit detector and a Gatan Imaging Filter (GIF)
Quantum energy filter. Movie stacks were automatically collected
using AutoEMation (48), with a slit width of 20 eV on the energy filter
and a defocus range from —1.2 to —2.2 pm in super-resolution mode at
a nominal magnification of x81,000. Each stack was exposed for 2.56 s
with an exposure time of 0.08 s per frame, resulting in a total of
32 frames per stack. The total dose rate was approximately 50 e "/A*
for each stack. The stacks were motion-corrected with MotionCor2
(49) and binned twofold, resulting in a pixel size of 1.087, 0.855, or
0.827 A/pixel. Meanwhile, dose weighting was performed (50). The
defocus values were estimated with Getf (51).

Data processing

The particles of y'LAT1-4F2hc bound with Arg were automatically
picked from manually selected micrographs using Relion 3.0 (52-
55). After 2D classification, good particles were selected and sub-
jected to a global angular searching 3D classification using the
cryo-EM map of the LAT1-4F2hc complex as the initial model with
only one class. For each of the last several iterations of the global
angular searching 3D classification, a local angular searching 3D
classification was performed, during which the particles were classi-
fied into four classes. Nonredundant good particles were selected
from the local angular searching 3D classification. Then, these se-
lected particles were subjected to multireference 3D classification,
local defocus correction, 3D autorefinement, and postprocessing.
To further improve the map quality in the TM region, focused 3D
classification and autorefinement were performed by applying ap-
propriate mask on the TM region. The 2D classification, 3D classifi-
cation, and 3D autorefinement were performed with Relion 3.0 The
resolution was estimated with the gold-standard Fourier shell cor-
relation 0.143 criterion (56) with high-resolution noise substitution
(57). The y*LAT1-4F2hc bound with Leu and Lys and in apo state of
cryo-EM structures was solved cryoSPARC (58). Patch-based con-
trast transfer function (CTF) estimation was used to estimate the
CTF correction parameters of micrographs in cryoSPARC. Particles
were automatically picked using Template picker. Several rounds of
2D classification were performed, and the selected particles from 2D
classification were subject to several cycles of heterogeneous refine-
ment with C1 symmetry. Particles from the best class were subjected
to nonuniform refinement and local CTF refinement. The resolution
was estimated with the gold-standard Fourier shell correlation 0.143
criterion (56) with high-resolution noise substitution (57). Refer to
Materials and Methods, figs. S3 to S5, and table S1 for details of data
collection and processing.

Model building and structure refinement

The model building was accomplished with Phenix (59) and Coot (60).
The AlphaFold predict atomic model of the y*LAT1-4F2hc was used
for the initial model of y"LAT1-4F2hc apo state, y"LAT1-4F2hc bound
with Arg, y"LAT1-4F2hc bound with Lys, and y*LAT1-4F2hc bound
with Leu and fitted into focused refined maps of substrate binding part
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using MDFF (MD flexible fitting) (61). Except for the Arg-bound
structure, where the 4F2hc density was well-resolved, the other struc-
tures exhibited weak 4F2hc density, preventing model building. Cer-
tain regions, including the cytoplasmic N terminus and C terminus
among these structures, were not resolved. These regions likely exhibit
flexibility, which could account for their lack of resolution in our struc-
tural data. Furthermore, these unresolved loop regions are not in-
volved in substrate recognition or transport, so their absence does not
affect the functional analysis. Each residue was manually checked with
Coot with the chemical properties taken into consideration during
model building. Statistics associated with data collection, 3D recon-
struction, and model building are summarized in table S1.

MST assay

MST experiments were conducted using a Monolith NT.115 (Nano-
Temper Technologies, Munich, Germany). Green fluorescent pro-
tein (GFP)-tagged y"LAT1-4F2hc complex and its mutations were
expressed and purified as previously described. The GFP-labeled
protein was incubated with increasing concentrations of the native
substrates (0.06nM to 2 pM) in 25 mM Hepes (pH 7.5), 150 mM
NaCl, and 0.01% GDN buffer for 5 min on ice. The samples were
loaded into standard MST capillaries, and measurements were per-
formed at 25°C. The MST signal was detected at 800 nm with the
laser power set to 40%. Data were analyzed using the MST optics.
Affinity Analysis software (NanoTemper Technologies) was used to
calculate the binding affinity via a one-site binding model. Control
experiments using buffer alone and nonfluorescent ligand were con-
ducted to assess nonspecific binding. All experiments were repeated
in triplicate, and results are presented as the mean + SD.

Whole-cell patch-clamp recordings

HEK-293T cells were cultured in Dulbecco’s modified Eagle’s me-
dium (high glucose, Gibco) containing 10% fetal bovine serum
(Gibco, USA) and streptomycin/penicillin (Thermo Fisher Scientif-
ic, USA). When the cells grew to 70% density, transfections of
y'LAT1 or its mutants together with 4F2hc were performed by us-
ing Lipofectamine 2000 (Thermo Fisher Scientific, USA) with 2.5 pg
of DNA for each plasmid plus 0.5 pg of plasmid of GFP. Eight hours
after transfection, the medium with DNA-lipid complex was re-
moved and replaced by a fresh medium. Forty-eight hours after
transfection, the cells were reseeded onto poly-D-lysine-coated cov-
erslips 4 hours before the patch-clamp recordings. For the whole-
cell recording, patch pipettes (3 to 7 megohm) that were fabricated
from 1.0-mm capillary glass using a P-97 puller were used to record
currents with an EPC-10 USB amplifier (HEKA). The bath solution
contained 140 mM NaCl, 5 mM KCl, 2 mM MgCl,, 2 mM CaCl,,
10 mM glucose, and 10 mM Hepes, adjusted to pH 7.4 with
NaOH. The bath solution without Na™ contained 140 mM ChoCl,
5 mM KCI, 2 mM MgCl, 2 mM CaCl,, 10 mM glucose, and 10 mM
Hepes, adjusted to pH 7.4 with tris. The pipette solution contained
126 mM K-gluconate, 10 mM NaCl, 1 mM MgCl,, 10 mM Hepes,
and 10 mM EGTA, adjusted to pH 7.4 with KOH. The recording
chamber (1500 pl) was continuously superfused at 2 ml/min.

Confocal imaging

Immunostaining was performed to check the expression level of
y"LAT1 and its mutants. The transfected cells were fixed in 4% para-
formaldehyde for 30 min at room temperature. The cells were then

washed three times with phosphate-buffered saline (PBS), blocked
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with 5% donkey serum with 0.1% Triton X-100 in PBS for 1 hour at
room temperature, and then incubated overnight at 4°C with the pri-
mary antibody: anti-FLAG antibody (mouse, 1:1000; Sino Biological,
109143-MM13). The coverslips were washed in PBS and incubated
with the secondary antibody (1:400; fluorescein isothiocyanate-
donkey anti-mouse, Jackson ImmunoResearch, 715-165-150) for
1 hour at room temperature. The coverslips were then washed with
PBS and mounted in Fluroshield with 4’,6-diamidino-2-phenylindole
(Sigma-Aldrich, USA). GFP was fused to the N terminus of y"LAT1
and its various mutants and then cotransfected them with 4F2hc in
293T cells to observe the membrane expression patterns. Images
were obtained by a confocal laser scanning microscope LSM 980
(Zeiss, Germany). Each group has four coverslips, and two pictures
were taken from each cover glass.

Western blot

Cells were transfected with y*LAT1, and its mutants were lysed in ra-
dioimmunoprecipitation assay lysis buffer (Beyotime, China) with
protease inhibitors (Roche, Germany) and phosphatase inhibitors
(Roche, Germany). The homogenate was centrifuged at 12,000 rpm for
20 min, and the sediment was discarded. The concentration of protein
was measured by an enhanced Bicinchoninic Acid Assay (BCA) pro-
tein assay kit (Beyotime, China). Samples were run on SurePAGETM
(GenScipy, China) and then transferred to polyvinylidene difluoride
membranes (Sigma-Aldrich, USA). Blots were incubated in 5% no-fat
milk for 2 hours at room temperature for blocking and then probed
and anti-FLAG (mouse, 1:1000; Sino Biological, 109143-MM13) over-
night at 4°C. After washing, horseradish peroxidase (HRP)-conjugated
anti-mouse antibody (goat, 1:1000; Abcam, ab205719) was incubated
for 2 hours at room temperature. HRP-conjugated glyceraldehyde
phosphate dehydrogenase (1:10,000; Proteintech, HRP-60004) was
used as a loading control. Immunoblot analysis was performed with
enhanced chemiluminescent immunoblot detection reagents (NCM
Biotech, China) and analyzed with Image].

Supplementary Materials
The PDF file includes:

Figs.S1to S13

Table S1

Legend for movie S1

Other Supplementary Material for this manuscript includes the following:
Movie S1
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