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Arginine, lysine, and ornithine are critical to several fundamental aspects of
organismal physiology, including protein structure and function, the urea
cycle, and intracellular signaling. These cationic amino acids are imported by
several membrane transporters, most notably the Cationic Amino acid
Transporters (CATs) in the SLC7 family. Of these, CAT1 is also the receptor for
two orthoretroviruses, and determines the host tropism for these viruses.
Here, using a combination of CryoEM and in vitro biochemical techniques, we
characterize the substrate recognition and transport of CAT1 from Mus mus-
culus. Further, by determining the structures of MmCAT1 in complex with the
receptor binding domain from the Friend Murine Leukemia Virus, we identify
the key structural interactions that determine the virus’ rodent-specific

tropism.

Cationic amino acids are critical to protein structure and function,
cellular physiology, and intracellular signaling. The respective amine
and guanidino groups of the lysine and arginine side chains are fun-
damental to protein folding, and protein-protein and protein-nucleic
acid interactions'. Metabolically, lysine is an essential amino acid in
humans?, while arginine and the non-proteinogenic amino acid orni-
thine are central to the Krebs-Henseleit cycle’s conversion of ammonia
to urea®*. Arginine also regulates cell growth and metabolism through
its potent activation of the mechanistic target of rapamycin complex 1
(mTORCI)’. In cell signaling, arginine is metabolized to produce nitric
oxide, while ornithine is converted to polyamines, thereby modulating
vasodilation®, apoptosis’, and neurotransmission®.

Several proteins in mammalian cells import and export arginine,
lysine, and ornithine, most notably members of the SLC7 gene family.
These include the Cationic Amino acid Transporters 1-3 (CAT1-3), the
Cationic and Neutral L-type amino acid transporters 1 and 2 (y'LATI-2),
and neutral and basic amino acid transporter 1 (b°AT1)°. The CAT
transporters are sodium-independent, with CAT1 having the highest

affinity, and the most sensitive to trans-stimulation, but with the
slowest import rate'®. The transporter is central to intracellular and
paracrine signaling, co-localizing with nitric-oxide synthase in plasma
membrane caveolae" and interacting with TM4SF5 during its arginine-
dependent regulation of the mTORCI complex™. Consistent with its
essential physiological functions, knockout of the SLC7A1 gene in mice
causes perinatal death with anemia and reduced body mass®, while its
overexpression is associated with ovarian and colorectal cancers'". In
addition to their native role in amino acid metabolism, the orthologs of
CAT1 are receptors for oncogenic retroviruses®, including Friend
murine leukemia virus (FrMLV) and other murine leukemia viruses'”**,
and the bovine leukemia virus'®. CAT1 is the primary determinant of
FrMLV tropism****, with key sequence differences between orthologs
explaining why the virus exclusively infects rodent species.

CAT1 belongs to the amino acid-polyamine-organocation (APC)
superfamily of amino acid transporters®. Extensive studies of bacterial
homologs have revealed a LeuT-like fold that mediates alternating
access to a central binding site for amino acid transport® %,
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Understanding of amino acid transport by human SLC7 genes has been
further illuminated by recent structures of b®*ATI1*7, xCT3>*,
LATI**¢, and Ascl**, Structures of AdiC*, engineered GKApcT?, and
b°*AT1” have revealed these proteins’ interactions with arginine,
though the substrate’s binding pose and coordination chemistry are
quite distinct among the distant homologs. Furthermore, the CAT
transporter genes contain a large C-terminal insertion encoding two
additional transmembrane helices with unknown function relative to
the other SLC7-family transporters”, and their bacterial homologs™.
Therefore, to resolve the sequence and structural differences of
CAT transporters that underlie their distinct biochemical and func-
tional differences, we determined MmCATY’s structure, apo and in
complex with arginine, lysine, and ornithine. Further, viral attachment
with solute carriers as receptors has only been described for 5
transporters*®*¢, To understand the high affinity and tropism of the
FrMLV viral model system*’, we characterized MmCATT’s structural
interactions with the virus’s receptor binding domain (FrMLV-RBD).

Results

Overall structure of MmCAT1

To investigate the cationic amino acid transporters’ viral binding and
transport mechanisms, we expressed MmCATL and the previously
crystallized FrMLV-RBD construct using standard methods (Supple-
mentary Fig. 1a—-d)***°. Consistent with its substrate selectivity'”*°,
MmCATI in detergent solution was stabilized by arginine, lysine, and
ornithine, while cysteine and leucine had no effect (Fig. 1a and Sup-
plementary Fig. le) and thermostabilization by arginine was
concentration-dependent (Fig. 1b and Supplementary Fig. 1f). Notably,
this melting curve has two inflection points at 50.9 and 81.6 °C, termed
Twml and Ty,2 respectively, with only the lower inflection point sensitive
to the presence of substrate. This suggests the independent unfolding
of two domains within MmCAT]1, where only one domain binds the
substrate. In vitro, MmCAT transports lysine in proteoliposomes, with
the bacterial transporter LysP* as a positive control (Fig. 1c). The

purified MmCATI binds FrMLV-RBD with a dissociation constant of
9.7 nM (Fig. 1d), consistent with previous measurements®>. The Alexa-
555 labeled FrMLYV receptor binding domain also colocalized with EGFP
tagged MmCAT1 expressed on HEK293 (Fig. le-g), in agreement with
previous studies of RBD binding'®. This MmCAT1:FrMLV-RBD complex
was stable on size exclusion chromatography (Supplementary Fig. 1g,
h) and we therefore determined its structure in the presence of argi-
nine to 2.8 A by cryo-Electron Microscopy (cryo-EM) (Fig. 1h, i, and
Supplementary Fig 2, Table 1).

The high-resolution cryo-EM map of the MmMCATI1:FrMLV-RBD
complex revealed a 1:1 complex and enabled straightforward model
building for both proteins (Fig. 1h, i). We were able to build the entire
transport protein except for residues 20-30 at the N-terminus,
431-465 in intracellular loop 5 (ICL5) between TM10 and Hlla, and
605-622 at the C-terminus. Using the previously determined FrMLV-
RBD structure® as a template, we were able to build residues 43-265 of
the viral surface protein. Notably, being expressed in human cells, our
FrMLV-RBD is glycosylated, and we were able to build N-linked glycans
at Asn46 ™R and Asn202°™M-RED - Similarly, the transporter has
glycans attached at Asn223"™A™ and Asn229MmCAT,

MmCATI is composed of 14 transmembrane helices (Supple-
mentary Fig. 3a, b). Of these, TMs 1-10 and 13-14 fold adopt the classic
APC fold with a structure similar to GKApcT (backbone RMSD 1.5 A)*.
While all of the expected disulfide bonds were found in FrMLV-RBD,
the inter-cysteine bond predicted by AlphaFold®* between
Cys226M™AT! and Cys309M™“AT js notably absent in our final recon-
structed map (Supplementary Fig. 3c). However, the side chains are
correctly oriented for this bond, and disulfides can be broken by
radiation damage®. Therefore, we hypothesize this bond was present
in the purified protein but broken during data collection.

MmCATI also contains the additional transmembrane helices
TM11 and TM12 relative to the canonical APC fold, which appear unique
to the CATs and the related GABA-transporting SLC7A14°*° (Supple-
mentary Fig. 11). Within the MmCATI structure, these helices are
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Fig. 1| MmCAT1 binds FrMLV-RBD and cationic amino acids in solution. Binding
of MmCATI1 to (a) various amino acids and (b) increasing concentrations of arginine
measured by nano Differential Scanning Fluorescence (nanoDSF). Solid lines and

shading in the same color correspond to the average and s.d. of three experiments.
¢ Uptake of *H-Lysine by MmCATI and LysP in proteoliposomes (N =3). d FrMLV-
RBD binding kinetics to MmCAT1 measured by BioLayer Interferometry. Confocal
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imaging of (e) EGFP-tagged MmCAT]L, (f) Alexa555-labeled FrMLV-RBD, and (g)
merged image. Representative image from 5 biological replicates. Scale bar is 10
pm. h Cryo-EM map and (i) experimental model of MmCAT1:FrMLV-RBD complex.
Viral protein and transporter are colored gray and purple, respectively. The glycans
and cholesterol hemisuccinate (CHS) are shown in cyan and yellow, respectively.
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Table 1| Cryo-EM data collection, refinement and validation statistics

MmCAT1:Arg:FrMLV-RBD
(EMDB-50669)

MmCAT1:Lys:FrMLV-RBD
(EMDB-50670)

MmCAT1:Orn:FrMLV-RBD
(EMDB-50671)

MmCAT1(apo):FrMLV-RBD
(EMDB-50668)

(PDB 9FQU) (PDB 9FQV) (PDB 9FQW) (PDB 9FQT)
Data collection and processing
Magnification 105k 105k 105k 105k
Voltage (kV) 300 300 300 300
Electron exposure (e-/A2) 50 50 50 50
Defocus range (um) 1.2--24 1.2--2.4 12--24 -1.2--26
Pixel size (A) 0.825 0.825 0.825 0.825
Symmetry imposed C1 C1 C1 C1
Initial particle picks (no.) 2,375,463 3,150,614 1,567,413 2,482,628
Particles after 2D (no.) 772,292 684,030 579,080 517.673
Final particles (no.) 386,193 417,283 247,27 263,131
Map resolution A) 8.88 -2.79 26.39 - 2.95 45.23 - 3.01 37.34 - 3.50

(GSFSC=0.143)

Refinement

Initial model used AlphaFold & TAOL AlphaFold & 1AOL

AlphaFold & 1AOL AlphaFold & TAOL

Model resolution (A) 3.0 3.1 32 3.8
(FSC=0.5)
Mapasharpening B fac- -120.3 -138.7 -129.2 -155.1
tor (A?)
Model composition
Non-hydrogen atoms 6059 6031 6031 5922
Protein residues 770 770 768 760
Ligands 13 M 12 n
B factors (A2)
Protein 61.64 62.96 66.79 66.80
Ligand 67.29 68.89 68.17 66.92
R.M.S. deviations
Bond lengths (A) 0.002 0.002 0.002 0.003
Bond angles (°) 0.478 0.465 0.502 0.609
Validation
MolProbity score 1.24 1.27 1.23 1.49
Clashscore 4.63 5.15 4.57 9.17
Poor rotamers (%) 0.16 0.00 0.00 0.16
Ramachandran plot
Favored (%) 98.03 98.03 98.68 98.81
Allowed (%) 1.97 1.97 1.32 119
Disallowed (%) 0.00 0.00 0.00 0.00

peripheral to the core transport domain and coordinated nearly
exclusively by van der Waals contacts with TM10 and TM13 (Supple-
mentary Fig. 3d). However, the structure does not immediately suggest
a functional role for TMI1 and TMI2, as they are distant from
the attachment sites of MgtS to GKApcT?, 4F2hc to LAT1, or rBAT to
b%*AT1 and, therefore, unlikely to play a similar role in transporter
stability or activity. Further, these helices are distant from the standard
APC cytoplasmic and extracellular gates, and therefore do not appear
to regulate the transporter’s enzymatic cycle. This is consistent with
the bimodal melting curve of MmCAT]I, suggesting Tyl reflects the
substrate-dependent unfolding of the APC domain while Ty2 corre-
sponds to the separate, substrate-independent unfolding of TMIl
and TMI2.

We noticed two large additional densities attached to the trans-
port domain of the MmCATIL. Based on their shape and location on the
protein surface, we identified these as cholesterol hemisuccinate
(CHS) from the purification buffer (Fig. 1i). The first (CHSI) interacts
with transmembrane helices 2, 6a, and 13, and does not overlap with
the cholesterol or cholesterol hemisuccinate binding sites in

structures of other SLC7-family transporters®. In contrast, the second
(CHS2) interacts with TMs 4, 5a and 8b and is adjacent to the choles-
terol binding site of LAT1*, though in MmCATI this semi-synthetic
sterol sits more deeply into the gap between TM4 and TMS.

Mechanism of FrMLYV high-affinity binding

The interface of MMCAT1 and the FrMLYV receptor binding domain is
dominated by extracellular loop 3 (ECL3) of the transporter and vari-
able region A (VRA) of the viral protein, with additional contacts made
by the RBD’s VRA with ECL1 and Hl1c (Fig. 2a, Supplementary Fig. 3e). A
surface area of 787 A? is buried upon FrMLV-RBD binding, and -16
hydrogen bonds are formed with the transporter. These are arranged
roughly into three layers based on their contacts with MmCATL. In the
first layer, the transporter’s TM1b and TMé6a make three contacts with
the viral protein’s C helix (Fig. 2b). The second and innermost layer is
the most extensive, with a number of hydrogen bonds formed by
MmCATT’s residues between Asp230M™°AT and Glu237M™T, in ECL3,
and the viral protein between Glyl16"™YRE> and Asn1377™MLVRED
(Fig. 2¢). The final layer is formed by Glu221M™T and Lys222M™AT on
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ECL3, and immediately following H5b, with hydrogen bonds to
Asn133FMYRED gand GIn9SF™MUYRED (Fig, 2d).

Notably, our transporter-bound FrMLV-RBD structure is nearly
identical to the previous crystal structure of this domain (RMSD =
0.4 A), with only modest movements that are directly or indirectly
linked to MmCAT1 binding (Fig. 2e). Most notably, the structural motif
corresponding to the VRA sequence motif undergoes a 4° rigid body
rotation away from helix G upon receptor binding, with only the side
chain of Argl197™"®8 moving significantly to make a salt bridge with
Glu60M™ ™ Similarly, the loop between strands 8 and 9 of the RBD
moves to engage with the interfacial helix 11c of MmCAT]L, while helices
F and G also shift toward the transporter. This explains the high affinity
of the viral protein for MmCAT]I, providing a strong enthalpic driving
force while the limited structural changes minimize entropic costs.

This structure explains the physico-chemical role of residues on
MmCATI that have previously been noted as crucial to viral binding.
Introducing MmCATT’s Val233¥mcAT Tyr235MMCATL gnd Glu237MmeAT
into equivalent positions of human CAT1 is sufficient for that ortholog
serve as a receptor for FrMLV?. The critical Tyr235M™A™ makes
hydrophobic contacts with Phe224M™*™ and Val233"™A™, while also
hydrogen bonding with Gly116"™"®E through its side chain hydroxyl
and Aspl20"™-VRED via its backbone amine. The side chain’s intra-
molecular contacts are likely most essential, as smaller residues cause
10*10° fold changes in viral titer, while loss of the side chain hydroxyl
results in only 10-10* fold in infectivity®®. The transporter’s
Glu237M™CAT! js next most impactful to MLV infection?, and interacts
with Thri29MmAT - Asn137M™CATL and Arg131M™A™, This position in
MmCATI tolerates glutamate to aspartate mutation but not charge
reversal®, indicating that charge-charge repulsion at this site is suffi-
cient to block viral binding. Finally, Val233¥™A™ makes short hydrogen
bonds with the backbone of Cys117F™YRE> and Argl19"™VRED The
human chimera with glycine at the equivalent position of Val233MmcAT
has significantly diminished viral infection”, suggesting the side chain
orients the peptide backbone to strengthen the viral-transporter
interaction.

Examining the FrMLV receptor binding domain also reveals the
role of its essential residues to interact with MmCATL. The side chains
of Ser118 ™R and Asp120F™MYRED interact directly, Asp120Qf™-VRED
hydrogen bond to the backbone amines of Tyr235M™CATl gnd
Gly236M™AT and orient Cysl17F™YRED and  Argl19F™MVRED  form
backbone-backbone interactions with Val233¥™AT™, Accordingly, both
Ser118F™YRED and Asp1207™VRED gre critical to binding, with mutation
abrogating RBD binding®. Similarly, the Trp136™"® side chain
makes a hydrogen bond with the backbone carbonyl of Gly236Mm<A™,
and correspondingly, a mutation of this residue blocks the binding of
the viral protein®’.

Substrate binding and selectivity

Within the transport domain, we noticed additional density in the
center of the MmCAT1 near the break in TM1 (Fig. 3a), in a region
corresponding to the canonical binding site of the APC family. The
shape of this density agreed well with the arginine added to the pur-
ification buffer, and we modeled it as the transporter’s sub-
strate (Fig. 3b).

Examining MmMCATI’s coordination of arginine, the substrate’s
peptide amine is liganded by hydrogen bonds with the backbone
carbonyls of Thr45M™AT on TML1 and Tyr257M™mAT, Ala258MMmAT, and
Val260M™“AT on TM6. The substrate’s carboxyl group is also coordi-
nated by hydrogen bonds to the backbone amines of Ala48M™A™ and
Gly49MmAT “and carbonyl of Thr45M™A™ on TML1, and a further addi-
tional hydrogen bond with the side chain of Ser343M™A™ on TM8b. To
validate the role of these interactions, we took advantage of the effect
of substrate on Ty1 of MmCATI1 (Fig. 3c), where arginine increases the
protein’s melting temperature and apparent cooperativity of unfold-
ing. Consistent with their role in coordinating the substrate’s

carboxylate moiety, the S343VM™AT or Y257FM™CAT! mytations ablate
the change in thermostability with arginine binding (Fig. 3c and Sup-
plementary Fig. 4). Curiously, the mutants Y257KM™A™ and Y257EM™CAT!
retain arginine-induced thermostabilization, suggesting that substrate
binding only requires the ability to hydrogen bond at this position.

Exploring the substrate’s side chain coordination by MmCATI1,
we noted the guanidino group hydrogen bonds with the hydroxyl
and carbonyl groups of Ser120M™A™ of TM3, and is nearby the side
chain Asp263"™A™ on TM6b (Fig. 3b). Confirming the proposed
importance of this conserved, acidic moiety**, the mutation
D263KM™CAT gblates arginine binding (Fig. 3¢). In addition, we noticed
a water molecule linked by hydrogen bonds to the substrate’s gua-
nidino group and the carbonyl of Ser44M™A™ on TML. Finally, several
highly conserved residues line the side chain binding pocket. Of
these, Val260M™A™ and Met405M™“™ are conserved in the CAT
transporters (Supplementary Fig. 11) and make van der Waals con-
tacts with the substrate (Fig. 3b). Confirming the importance of these
residues in coordinating the substrate, the mutations V260IM™CAT,
M405KM™AT and M405YM™CAT! reduce or block arginine-induced
thermostabilization of MMCAT1 (Fig. 3c). We also probed the effect
of mutating Gly261M™™, which is immediately adjacent to the sub-
strate’s side chain. Introducing the larger phenylalanine side chain at
this position blocks arginine thermostabilization, though absolute
conservation of a glycine at this position within the APC family makes
deciphering the exact function of this mutation difficult (Supple-
mentary Fig. 11).

We next compared our structure to other arginine-bound APC-
fold transporters. MmCATI1 has a similar mechanism for coordinating
the amino acid carbonyl and amine as GKApcT (Supplementary Fig. 3f).
More generally, the substrate-interacting residues are conserved in
CAT1 homologs (Supplementary Fig. 3g and Supplementary Fig. 11).
Nevertheless, the CAT1 and GKApcT appear to have a subtle difference
in transport mechanism. In the bacterial protein, the terminal amine of
Lys191’s side chain occupies the classic Na2 site of the homologous
LeuT (Supplementary Fig. 3h), and either lysine or asparagine at this
position can bind substrate and drive transport**. However, substrate-
dependent thermostabilization of MmCATI is ablated and significantly
reduced for N197AM™AT and N197KM™ATL respectively (Fig. 3c). This
suggests arginine binding or MmCATT’s structural changes in response
to substrate are defective in these mutants, and the mammalian CAT
transporter transport substrates via a subtly different mechanism from
GKApcT.

In order to further elucidate the substrate binding and selec-
tivity mechanism of MmCATI, we incubated the purified
MmCATLFrMLV-RBD complex with lysine and ornithine, and deter-
mined their cryo-EM structures to 3.0 A (Supplementary Fig. 7, 8, and
Table 1). The lysine and ornithine bound states of MmCAT1 are highly
similar to the arginine bound structure, with respective RMSDs at
0.4 A and 0.3 A (Fig. 3d). MmCATT’s binding sites are nearly identical
when coordinating each cationic amino acid (Fig. 3e, f, and Supple-
mentary Fig. 7e). The side chain amine groups of lysine and ornithine
are coordinated directly by backbone carbonyls and/or side chains
Ser44MmCATL Ser343MmCAT and Ser347M™AT instead of a water mole-
cule in the arginine structure. The backbone amine and carbonyl
groups of lysine and ornithine interact with the same residues of
MmCATI1 as arginine, except that ornithine forms an additional
hydrogen bond between its carbonyl and the side chain of
Tyr257M™CAT. Notably, ornithine has moved by 0.9A toward the
cytoplasmic side of the binding site relative to arginine (Supple-
mentary Fig. 7e). This possibly reflects a shift in lowest-energy
binding pose for MmCATI1 when coordinating an amino acid with a
shorter side chain. The subtle differences in coordinating the catio-
nic amino acid substrates are supported by the differences in
substrate-dependent thermostabilization of MmCAT1. Mutations of
Asn197MMCATL Tyr257MMCATL “and Gly261M™A™ have similar changes in
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MmCAT1

Fig. 2 | FrMLV-RBD makes extensive hydrogen bonds with MmCAT], particu-
larly through ECL3. a Structure of the MmCAT1:FrMLV-RBD complex with inter-
protein contacts highlighted in red and gold, respectively. b-d Inter-protein
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d 1

Glngsq

FrMLV-RBD (MmCAT1-bound)
FrMLV-RBD (apo)

hydrogen bonds between MmCAT1 and FrMLV-RBD. e Aligned structures of
receptor-bound and apo FrMLV-RBD (PDB: 1AOL) colored in gray and blue,
respectively.
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Fig. 3 | MmCATI1 binds cationic amino acids in the active site of the transport
domain. a Structure of MmCATI bound to arginine, with protein and substrate
shown as cartoon and spheres respectively. b Binding site of MmCATI purified with
arginine. Substrate is shown as yellow sticks, while the substrate coordinating water
is shown as a red sphere. Cryo-EM density for the substrate is shown as a semi-

transparent surface. ¢ First melting temperatures (Tyl) for MmCATI and mutants
(N =3). Melting temperatures with and without substrate are shown as blue and
gray bars, respectively. d Overlay of MmCAT1 structures determined with arginine,
lysine, and ornithine. Binding sites of MmCAT1 purified with (e) lysine and (f)
ornithine.

thermostability upon addition of arginine or lysine (Supplementary
Figs. 4, and 5), reflecting the interaction of these residues with shared
moieties of both amino acids. In contrast, V260IM™™ and
M405YM™ATL hoth have more pronounced increases in thermo-
stability in response to lysine than arginine. This corresponds to each
native residue’s closer interaction with arginine side chain than with
the substrate lysine.

Conformational changes upon substrate binding/release

In our MMCAT1:FrMLV-RBD structure bound to arginine, the binding
site is inaccessible from either the cytoplasm or extracellular space
(Fig. 4a) in an inward-facing occluded state. To further probe the CAT1
transport cycle, we purified the MmCAT1:FrMLV-RBD complex without
amino acid in the purification buffer and determined its structure to a
resolution of 3.5 A (Supplementary Fig. 8, and Table 1).
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Fig. 4 | Structural changes between MmCATTY’s inward-occluded and inward-
open conformations. Structure of MmCATI determined in the presence of (a)
arginine and (b) absence of substrate. Structural alignment of MmCAT1 in arginine-
bound and apo states as viewed from (c) the membrane plane and (d) the

MmCAT1:Arg

5

cytoplasmic surface. e Structure of the lateral peptide over the cytoplasmic surface
of arginine-bound MmCATL. f Detailed view of the substrate binding site for
arginine-bound and apo MmCATI, shown in purple and yellow, respectively.

Comparing arginine-bound and substrate-free structures, we
noted this in the absence of arginine the binding site is open to the
cytoplasm, thereby revealing an inward-facing conformation of
MmCATI (Fig. 4b). Opening the cytoplasmic gate is driven by large
movements of TM1a, TMé6b, and TM7 (Fig. 4¢, d). TM1a has undergone
a 14° rigid body swing away from TM5b, pivoting approximately at the
TM1a-TM1b break. TMéb similarly pivots at the TM6a-TMé6b break,
swinging by 22° away from TM8b. Finally, pushed by the movement of
TM1a and TMéb, TM7 rotates by 12° about Gly296M™AT,

We also noticed changes on the extracellular side of the protein
which appear coupled to the intracellular gate (Supplementary Fig. 9a,
b) and thereby distinct from the proposed transport cycles for GKApcT
and AdiC***. In MmCATLI’s inward-facing occluded state, the extra-
cellular gate is composed of TMI's Leu53“"™™ and TMéa’s
Tyr257MmCAT and TM10’s Leu398M™“A™ (Supplementary Fig. 9a). The
inward-occluded to inward-open conformational change leads to
subtle changes of these residues, including Tyr257M™*™ which breaks
a hydrogen bond with Ser127M™A™ and moves into the substrate
binding site. The changes also lead to a rigid body movement of TM1b,
extracellular loop 3, and the virus’ receptor binding domain (Fig. 4c
and Supplementary Fig. 9a). Though the function of this movement in
MmCATT’s transport cycle is unclear, the interface between transpor-
ter and FrMLV-RBD appears preserved, suggesting that transporter
binding to the receptor binding domain and substrate are
independent.

While opening MmMCATT’s cytoplasmic gate involves large move-
ments of TM1a, TMé6b, and TM7, a notably absent structural motif in
either state is the lateral helix identified in GKApcT (Supplementary
Fig. 9¢, d)**. While our construct was designed to include this helix
(Supplementary Fig. 11), instead we found this region forms a short
loop in the substrate-bound states interacting with the cytoplasmic
faces of H3a, TM3b, TM8c, and TM14 (Fig. 4e, Supplementary Fig. 9c,
e). In this substrate-free state, the same region lacks any apparent

density (Supplementary Fig. 9f), suggesting it becomes disordered
after being pulled away from the hash domain of MmCAT1’s APC fold
by the movement of TMIa. Therefore, we hypothesize this region of
the protein, termed the lateral peptide, reversibly latches the CAT
transporter’s TMIa gating helices to the core hash domain®, and
thereby regulating the inward-occluded to inward-open conforma-
tional change. Supporting this notion, the transport activity of
MmCATT1 is blocked by the mutation of Glu107M™A™ at the cytoplasmic
face of TM3b and immediately adjacent to the lateral peptide®. Simi-
larly, TM8c was noted as critical to the affinity for arginine of HsCAT1
and HsCAT2 chimeras®, although in our homologous structure the two
critical residues are oriented away from the lateral peptide and
therefore may act indirectly.

While the overall structure of the complex is similar, the empty
MmCATI binding site indicates we have captured an apo state of the
transporter (Supplementary Fig. 9g, h). The movement of TM1 and
TMé6b leads to the displacement of hydrogen bonding groups from
those helices by an average of 4 A and 2 A, respectively (Fig. 4f). Dis-
rupting these six hydrogen bonds would dramatically decrease the
affinity of the inward-facing state for arginine and thereby drive sub-
strate release. Furthermore, these broken hydrogen bonds are exclu-
sively with the arginine’s backbone amine and carboxylate. This
immediately suggests that inward-occluded to inward-open con-
formational change should be insensitive to the substrate side chain, in
agreement with the similar transport rates for arginine, lysine, and
ornithine™.

Discussion

Here, we determine structures of a CATI1 protein and identify residues
in the binding site that are key to the transporter’s selectivity to argi-
nine, lysine, and ornithine. These substrate-interacting residues were
validated with targeted mutagenesis, though our binding assays can-
not determine if the binding-competent mutants retain transport
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activity. Furthermore, by also capturing a substrate-free inward-open
structure, we identify a key sequence at the N-terminus of CAT pro-
teins that dynamically interacts with the intracellular face of the pro-
tein and thereby likely regulates transporter activity. Finally, by
capturing the structure of MmCAT1 in complex with FrMLV-RBD, we
note that the viral protein’s nanomolar affinity is enthalpically driven
by numerous hydrogen bonds while its rigid structure minimizes
entropic costs.

FrMLV’s receptor binding domain engagement with MmCATI also
explains the variable host tropism and receptors for the Gammare-
trovirus genus. The RBD’s primary interaction with MmCATL’s ECL3 is
quite distinct from the viral attachment of NPC1%%, B°AT1-ACE2 and
SIT1-ACE2 complexes***, NTPC**, MFSD2A*, and ASCT2*. In contrast
to the attachment of these viral proteins to structured and conserved
domains, FrMLV-RBD binds primarily through a stretch of ECL3
between 230 and 237 which is poorly conserved across homologs
(Supplementary Fig.10a). Highlighting the importance of this region to
RBD binding, and consistent with previous viral infection and envelope
protein binding studies?>?, we found that fluorescently labeled FrMLV-
RBD only bound to human or mouse CAT1 chimeras containing the
mouse ECL3 sequence between 227 and 237 (Supplementary
Fig. 10b-d). The distant binding site of FrMLV-RBD from the transport
domain, and poor conservation of this region, indicate that MmCAT1’s
viral binding and amino acid import activities are independent. This
agrees with previous studies showing MmCAT1’s amino acid transport
is not affected by binding to the virus or its envelope glycoprotein®®,
and mutations in the APC domain that block amino acid transport do
not affect the glycoprotein binding®. In contrast, Bovine Leukemia
Virus (BLV) can use several mammalian CAT1 orthologs as receptors®
and blocks amino acid import®. This is consistent with the distant
relationship of BLV and FrMLV envelope proteins (Supplementary
Fig. 10e), and we hypothesize the BLV deltaretrovirus RBD attaches to
CAT1 through a more conserved region of the transport domain.
Furthermore, we noted RBD helices E and F are coupled to the loop
between strands 8 and 9 by a hydrogen bond of Tyr153™M-VRE> and
Asp251"™MYRED (Supplementary Fig. 10f). This structural link indirectly
couples helical movements to receptor binding, and suggests the
corresponding VRC sequence motif may modulate the viral RBD’s
binding affinity and kinetics despite not directly contacting MmCAT1.

The structure of MmCATI provides a hint for the cationic amino
acid selectivity of CAT transporters, which do not transport the neutral
glutamine or unprotonated histidine”. Asp263Y™A™ s the only
charged residue of the binding site and is essential for arginine binding
by MmCATL. Furthermore, this residue is conserved in CATs 1-4,
SLC7A14, and the arginine transporting y'LAT1, y'LAT2, StAdiC, EcA-
diC, and GKApcT. Therefore, despite not directly interacting with the
substrates’ side chains in our inward-occluded structures, we hypo-
thesize electrostatic interactions with this residue will significantly
increase the protein’s selectivity for amino acids with cationic side
chains. Notably, b®AT1 has an asparagine at the equivalent position
but also an aspartate at the equivalent of Val260M™A™ (Supplementary
Fig. 10g), suggesting it uses the same electrostatic mechanism to bind
cationic substrates. Further, we noted the Ser343"™™ coordinates the
water in the binding site, while b®*AT1’s has an alanine at the equivalent
position and the binding site is dehydrated. This serine, absolutely
conserved in CATI1-3, explains their selective exclusion of neutral
amino acids via a more polar and hydrated binding site. Our bio-
chemical results suggest a similar role for Ser347Mm°A™ which is
essential for arginine-dependent thermostabilization of MmCATL
(Supplementary Fig. 4) despite its hydroxyl not directly coordinating
the cationic substrate in the inward-occluded structures. As it is nearby
the arginine’s guanidino group and conserved in the CATI1-3 proteins,
we hypothesize it may transiently interact with substrate during
loading and release. The binding poses of the substrate cationic amino
acids to MmCAT1 also explains why the transporter is selective for

L-arginine and L-lysine over their D stereoisomers”~°, While MmCATI’s
binding site can accommodate a D amino acid’s backbone amine and
carboxylate, its side chain directly clashes with the nearby TM1
and TMS.

Notably, N-Ethylmelamide (NEM) is a CAT-specific inhibitor of
amino acid import and known to modify the equivalent of Cys31M™cA™
and Cys264MMmCATL ¢4 Qur structures reveal that these residues are
adjacent to or within the gating helices TM1a and TMé6b (Supplemen-
tary Fig. 10h). Therefore, chemical modification of either residue may
block access to the binding site or closing of the cytoplasmic gate,
thereby arresting the transport cycle.

Finally, our results suggest a mechanism for CAT1’s role in cellular
sensing of amino acid depletion, where MmCATI’s large arginine-
dependent conformational changes correspond to its substrate-
dependent interactions with TM4SF5 to signal the cells’ arginine sta-
tus to the mTOR complex®. This is consistent with the transceptor
function reported for insect CAT homologs®>®®, though the interac-
tions of mammalian CAT1, TM4SF5, and arginine with other compo-
nents of the mTOR complex to signal cationic amino acid availability
will require further study.

During the final preparation of this manuscript, a complementary
manuscript was published and interested readers can find it here
(https://doi.org/10.1038/s41467-025-67704-6).

Methods

Sequence alignment and analysis

Sequences of SLC7 family proteins and their prokaryotic prototypes
were aligned in PROMALS3D® . The same workflow was used to align
the full-length envelope protein sequences from select deltare-
troviruses, gammaretroviruses, and endogenous retroviruses, the
phylogenetic tree calculated using FastTree 2°%, rooted using the
envelope protein of Rous sarcoma virus.

SLC7A1 cloning

The full-length SLC7A1 gene from Mus musculus was synthesized after
codon optimization for Homo sapiens, and full-length (Metl-Lys622)
and N-terminally truncated (Met13-Lys622) constructs were subcloned
into an in-house developed BacMam expression vector pHTBVLI-
CTGFP-SIII-10H which fuses a tobacco etch virus (TEV) protease clea-
vage site followed by EGFP, twin-strep and 10X His tags. Cloning of the
full-length human SLC7A1 (Metl-Lys629) into pHTBV1.1-C3CGFP-SIII-
10H-GTW, which fuses a 3C protease cleavage site followed by EGFP,
twin-strep and 10X His tags, and all baculovirus production followed
standard methods*®.

MmCAT1 expression and purification

The resulting baculovirus was used to infect Expi293F cells in Freestyle
293 expression medium (GIBCO) in the presence of 5mM sodium
butyrate. Infected cells were grown in an orbital shaker for 48 h at
37 °C, 8% CO, and 75% humidity, harvested by centrifugation (1500x g
for 15 min), washed with phosphate-buffered saline, flash-frozen, and
stored at -80 °C until further use.

The cell pellets were resuspended in extraction buffer (50 mM
HEPES, pH 7.5, 300 mM NaCl, 5% Glycerol) in the presence of cOmplete
Protease Inhibitor Cocktail tablets (Roche). The pellet suspension was
homogenized before adding LMNG and CHS to final concentrations of
1% and 0.2% respectively, and solubilized at 4 °C for 1-2 h with gentle
rotation. The insoluble materials were pelleted at 55,000 xg for
30 min. The supernatants were incubated with pre-equilibrated
StrepTactin Superflow resin (IBA-Lifesciences) for 2 h to allow thor-
ough binding of MmCATL.The resin was then poured into a gravity
column and washed with column buffer (50 mM HEPES, pH 7.5,
300 mM NaCl, 5% Glycerol, 0.003% LMNG, 0.0006% CHS). Protein was
eluted with column buffer supplemented with 25-50 mM desthiobio-
tin (IBA-Lifesciences). Eluted MmCAT1 was either flash-frozen or
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immediately concentrated using a centrifugal concentrator with
100 kDa cut off (Sartorius) and subjected to size exclusion chroma-
tography using a Superdex 200 Increase 10/300 GL column (Cytiva)
pre-equilibrated with MmCATI-SEC buffer (10 mM HEPES, pH 7.5,
150 mM NaCl, 0.003% LMNG, 0.0006% CHS). Peak fractions corre-
sponding to MmCAT1 were pooled and flash-frozen with liquid nitro-
gen until further use.

LysP expression and purification

The LysP protein from Pseudomonas aeruginosa was purified as pre-
viously described”, with the following modifications. Cell were dis-
rupted by sonication on ice, the TEV digestion and dialysis steps
omitted to retain the GFP tag, and the protein was purified on size
exclusion chromatography on Superdex 200 pre-equilibrated in a
buffer containing 20 mM HEPES (pH 7.5), 150 mM NacCl, and 0.025%
(w/v) DDM.

In vitro *H-Lys uptake by MmCAT1

To prepare liposomes, a total of 100 mg of E. coli polar lipids (Avanti
Polar Lipids) was first dissolved in 4 mL of chloroform in a round-
bottom glass flask, and the chloroform was evaporated using Rotavap
in a 40 °C water bath for around 30 min. The glass flask was put in a
vacuum at room temperature overnight to evaporate residual
chloroform. The next day, 3mL of reconstitution buffer (50 mM
phosphate pH 7.6, 1mM DTT) was added to the glass flask, and the
suspension cyclically freeze-thawed 10 times using liquid nitrogen and
a 60°C water bath. The liposome suspension was then extruded
through a polycarbonate filter with 400 nm pores 23 times. This uni-
lamellar liposome stock was snap frozen and stored at -70 °C until
further use.

For the proteoliposome reconstitution, 300 pL empty liposome
stocks were mixed with 0.06 mg LysP or full-length MmCAT1, both GFP
tagged, or reconstitution buffer and supplemented with 1.25% n-octyl-
B-D-glucoside (Anatrace). The liposome-protein-detergent mixture
was incubated on ice for 45 min before being diluted into 35 mL of
reconstitution buffer. The proteoliposomes were recovered by cen-
trifugation at 170,000xg for 1h at 4°C, resuspended in 100 pl
reconstitution buffer, and used fresh for uptake experiments.

To initiate the transport assay, 2.66 pL of *H-Lys (American Radi-
olabeled Chemicals) was added to 300 pL uptake buffer (50 mM
potassium chloride pH 7.6, 1mM DTT), followed by the addition of
25 pL proteoliposomes. After 50 min at room temperature, proteoli-
posomes from 95 pL of the reaction mix were collected on 0.22 pm
MCE filter membranes (Merck) by filtration, washed with ice-cold
reconstitution buffer, and radioactivity quantified on a Microbeta
liquid scintillation counter.

FrMLV-RBD protein production

The Homo sapiens codon-optimized gene of the FrMLV envelope
protein was synthesized and the FrMLV-RBD construct (Ala35-Pro270)
was subcloned into pHR-CMV-TetO2_His6_IRES-EmGFP. Protein was
expressed in adherent HEK293T cells using an in-house developed
lentiviral expression method*’. Media with secreted FrMLV-RBD pro-
teins was dialyzed against MLV buffer (50 mM HEPES, pH 6.9, 300 mM
NaCl, 5% Glycerol) and concentrated to 200 mL and supplemented
with 30 mM imidazole for subsequent purification. The concentrated
supernatant was incubated with Ni-NTA resin pre-equilibrated with
MLV buffer supplemented with 30 mM imidazole for 2h at room
temperature. Resin was washed thoroughly on a gravity flow column
using MLV buffer supplemented with 20 mM imidazole before elution
with MLV buffer supplemented with 500 mM imidazole. Eluted FrMLV-
RBD was concentrated using a centrifugal concentrator with 10 kDa
cut off (Sartorius) and subjected to size exclusion chromatography
using a Superdex 200 Increase 10/300 GL column (Cytiva) pre-
equilibrated with RBD-SEC buffer (10 mM HEPES, pH 7.5, 150 mM

NaCl). Peak fractions corresponding to FrMLV-RBD were pooled and
flash-frozen with liquid nitrogen until further use.

MmCATI1L:FrMLV-RBD complex formation

Affinity-purified MmCAT1 was mixed with SEC-purified FrMLV-RBD at a
molar ratio of 1:2, concentrated using a centrifugal concentrator with
100 kDa cut off (Sartorius), and subjected to size exclusion chroma-
tography using a Superdex 200 Increase 10/300 GL column (Cytiva)
pre-equilibrated with SEC buffer supplemented with 0.003% LMNG
and 0.0006% CHS. Peak fractions corresponding to the
MmCATL:FrMLV-RBD complex were pooled and concentrated for
subsequent experiments.

Structure determination

The MmCATLFrMLV-RBD arginine, lysine, and ornithine complexes
were obtained by supplementing the purified apo complex with
34 mM arginine, 20 mM lysine, and 20 mM ornithine, respectively, for
30 min on ice prior to grid freezing. Those samples at 6.36 mg/ml were
applied to Quantifoil Gold 1.2/1.3, 300 mesh grids. The grids were
blotted using a Mark IV Vitrobot (Thermo Fisher Scientific) at 4 °C and
100 % humidity with force of -10, 5-sec waiting time, and 7 to 9-second
blot times, followed by plunging into liquid ethane.

Cryo-EM grids of the MmCATLFrMLV-RBD apo complex was
prepared by applying the freshly pooled SEC-purified complex to a
Quantifoil Copper 1.2/1.3, 200 mesh grid at 3.8 mg/ml. The grids were
blotted using a Mark IV Vitrobot (Thermo Fisher Scientific) at 4 °C and
100 % humidity with force of -10, 5-sec waiting time, and 7 sec blot
time, followed by plunging into liquid ethane.

Cryo-EM data were collected using a Titan Krios (Thermo Fisher
Scientific) operating at 300 kV using a GIF-Quantum energy filter with a
20 eV slit width (Gatan) and a K3 direct electron detector (Gatan). All
data were automatically collected using EPU software (Thermo Fisher)
with target defocus ranges of -1.2 uM to -2.6 uM for the apo complexes,
and -1.2 uM to -2.4 uM for the arginine, lysine and ornithine complexes.
Each micrograph was dose-fractioned into 50 frames, with an accu-
mulated dose of 50 e/A%

CryoSPARC 3.3.1 was used for all data processing workflows®.
Movies were patch motion corrected, and CTF-corrected and manually
curated based on ice thickness and CTF fit resolution. Particles were
blob-picked, followed by 2D classification. The particles from well-
resolved 2D classes were used for template-based picking followed by
further 2D classification. The best-resolved particles were then used as
training sets for several iterations of Topaz picking’®. The well-resolved
classes were used for ab initio reconstruction followed by hetero-
geneous refinement and non-uniform refinement. Particles from the
first good non-uniform refinement results were used as training sets
for further Topaz picking, followed by 4-5 rounds of heterogeneous
refinement to filter out bad images and non-uniform refinements.
Finally, local refinement was performed using masks around the pro-
teins to minimize the errors caused by detergent micelles. For the apo
structure, further global CTF refinement was performed. Initial models
for MmMCAT1 and the FrMLV-RBD came from AlphaFold** and the
deposited crystal structure (PDB: 1AOL)*, respectively. The models
were rebuilt as necessary in COOT”' and then refined with PHENIX real-
space refinement’.

To compare the densities of the MmCATI1 latch peptide and within
the substrate binding site, maps were scaled to equivalent contours
using the FrMLV-RBD as an internal reference, as previously
described”. Sequence conservation mapped onto the proteins’ struc-
tures was calculated using ConSurf with default settings™”".

DSF binding assay

For DSF binding assays, mutants were generated on the full-length
MmCATI construct in pHTBV1.1-CTGFP-SIII-10H. Wild-type and mutant
proteins were then expressed and purified as described above in a
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buffer of 10 mM HEPES pH 7.5, 150 mM NaCl, 0.003% LMNG, and
0.0006% CHS.

All proteins were incubated in test conditions for 30 min at room
temperature prior to analysis. Amino acid stabilization screening was
carried out using 1 uM wild-type truncated MmCATI with or without
10 mM arginine, lysine, ornithine, leucine, and cysteine. For the argi-
nine titration experiment, 1 uM truncated MmCAT1 was incubated with
a gradient of 0.2-33.3mM arginine. For the substrate-binding site
variants, 1 pM wild-type and mutant MmCAT]1 proteins were incubated
with or without 34 mM arginine or lysine. After incubation, samples
were loaded into standard grade nanoDSF capillaries (Nanotemper),
measured in Prometheus NT.48 device (Nanotemper) with excitation
power 100 % and temperature gradient from 20 °C to 95°C with a
slope of 1 °C/min. Data were analyzed using PR ThermControl software
(Nanotemper). All measurements were performed in technical
triplicates.

In vivo binding assay

FrMLV-RBD was labeled with Alexa555 by incubating SEC-purified
FrMLV-RBD with NHS-Alexa555 (Lumiprobe) at the molar ratio of 1:1 for
2 h at room temperature, followed by overnight dialysis against MLV-
SEC buffer at 4 °C.

ECL3 chimeras of CAT1 were generated on the truncated MmCAT1
and full-length HsCAT1 constructs in pHTBVL1-CTGFP-SIII-IOH and
pHTBV1.1-C3CGFP-SIII-10H-GTW, respectively, were generated using
site-directed mutagenesis. ECL3 sequences for the chimeras are listed
in Supplementary Table 1.

HEK293T cells were seeded in poly-D-lysine coated 96-well
plates (PhenoPlate microplates, Revvity), followed by transient
transfection with MmCATI1 constructs (0.1 pg/well) using Lipofecta-
mine 3000 (Thermo Fisher Scientific) according to manufacturer’s
instructions. After 48 h of transfection, medium was decanted, and
cells washed three times with PBS. Cells were subsequently incu-
bated with FBS-free medium containing 0.015 uM FrMLV-RBD-AF555
at room temperature for 1h, washed three times with PBS, and
imaged on a high-content laser-based spinning disk confocal
microscope (Opera Phenix Plus, Revvity) using a 60x water objective.
Images were processed and analysed using Harmony software (v5.9)
following the analysis pipeline in Supplementary Table 2. 100 images
were taken per well and data was collected from three replicates for
each condition. Normalized co-localization intensity was calculated
as the ratio of the mean of fluorescence emission intensities at
555nm and 509 nm.

FrMLV-RBD binding by BLI

Purified FrMLV-RBD was dialyzed in the BLI buffer (25 mM HEPES, pH
7.5, 125mM NaCl, 0.003% LMNG, 0.0006% CHS) overnight. SEC-
purified MmCATI1 containing the twin-strep and GFP tag was diluted to
100 nM in the BLI buffer before use. A 3-fold serial dilution of FrMLV-
RBD with BLI buffer was used to make BLI samples with viral protein
concentrations of 2.7 uM, 900 nM, 300 nM, 100 nM, and 33.3 nM. An
additional, FrMLV-RBD free sample was prepared for background
subtraction.

Bio-layer Interometry was then performed using the Gator Pivot
(Gator Bio). Streptavidin-coated biosensors Strep-Tactin XT probes
(GatorBio) were first incubated in BLI buffer for 1 min, then dipped into
100 nM MmCAT]1 solution for 2 min, and finally rinsed with BLI buffer
again for 1 min. Association was then measured by dipping the array of
sensors into the six FrMLV-RBD BLI samples, including background
control, for 5min. Finally, dissociation was measured for 5min by
transferring the sensor array into protein-free BLI buffer. All incubation
steps were performed at room temperature with three technical
replicates.

FrMLV-RBD binding kinetics and dissociation constants were
calculated by non-linear regression using Graphpad Prism 10.2.3 after

background subtraction and aligning all traces to the beginning of the
association step.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support this study are available from the corresponding
authors upon request. The cryo-EM maps and models generated in this
study have been deposited in the EMDB database and the Protein Data
Bank, respectively. The cryo-EM maps have been deposited in the
Electron Microscopy Data Bank (EMDB) under accession codes EMDB-
50669 (MmCAT1L:Arg:FrMLV-RBD), EMDB-50670 (MmCA-
T1:Lys:FrMLV-RBD), EMDB-50671 (MmCAT1:0Orn:FrMLV-RBD), EMDB-
50668 (MmCATI(apo):FrMLV-RBD). The atomic coordinates have
been deposited in the Protein Data Bank (PDB) under accession codes
PDB-9FQU (MmCAT1:Arg:FrMLV-RBD), PDB-9FQV (MmCA-
Tl:Lys:FrMLV-RBD), PDB-9FQW (MmCATL:Orn:FrMLV-RBD), PDB-
9FQT (MmCATI1(apo):FrMLV-RBD).

Previously published structures for 1AOL (MLV-RBD), 6F34
(GKApcT), 6L19 (b°*AT1:rBAT), 6IRT (LAT1:4F2hc), and 6XWM (LeuT).
A source data file is available with this manuscript. Source data are
provided with this paper.

References

1. Gupta, M. N. & Uversky, V. N. Biological importance of arginine: a
comprehensive review of the roles in structure, disorder, and
functionality of peptides and proteins. Int. J. Biol. Macromol. 257,
128646 (2024).

2. Young, V. R. Adult amino acid requirements: the case for a major
revision in current recommendations. J. Nutr. 124,
15175-1523S (1994).

3. Krebs, H. A. & Henseleit, K. Untersuchungen uber die Harn-
stoffbildung im Tierkorper. Hoppe-Seyler’s. Z. f.(r. Physiologische
Chem. 210, 33-66 (1932).

4. Meijer, A. J., Lamers, W. H. & Chamuleau, R. A. Nitrogen metabolism
and ornithine cycle function. Physiological Rev. 70, 701-748 (1990).

5. Takahara, T., Amemiya, Y., Sugiyama, R., Maki, M. & Shibata, H.
Amino acid-dependent control of mTORCI signaling: a variety of
regulatory modes. J. Biomed. Sci. 27, 87 (2020).

6. Epstein, F. H., Moncada, S. & Higgs, A. The L-arginine-nitric oxide
pathway. N. Engl. J. Med. 329, 2002-2012 (1993).

7. Brlne, B., Von Knethen, A. & Sandau, K. B. Nitric oxide (NO): an
effector of apoptosis. Cell Death Differ. 6, 969-975 (1999).

8.  Williams, K. Modulation and block of ion channels: a new biology of
polyamines. Cell. Signal. 9, 1-13 (1997).

9. Fotiadis, D., Kanai, Y. & Palacin, M. The SLC3 and SLC7 families of
amino acid transporters. Mol. Asp. Med. 34, 139-158 (2013).

10. Closs, E. I., Graf, P., Habermeier, A., Cunningham, J. M. & For-
stermann, U. Human cationic amino acid transporters hCAT-1,
hCAT-2A, and hCAT-2B: three related carriers with distinct transport
properties. Biochemistry 36, 6462-6468 (1997).

1. McDonald, K. K., Zharikov, S., Block, E. R. & Kilberg, M. S. A caveolar
complex between the cationic amino acid transporter 1 and endo-
thelial nitric-oxide synthase may explain the “arginine paradox”. J.
Biol. Chem. 272, 31213-31216 (1997).

12. Jung, J. W. et al. Transmembrane 4 L six family member 5 senses
arginine for mTORCT1 signaling. Cell Metab. 29, 1306-1319.e7 (2019).

13. Perkins, C. P. et al. Anemia and perinatal death result from loss of
the murine ecotropic retrovirus receptor mCAT-1. Genes Dev. 11,
914-925 (1997).

14. Okita, K. et al. Antitumor effects of novel mAbs against cationic
amino acid transporter 1 (CAT1) on human CRC with amplified CAT1
gene. Cancer Sci. 112, 563-574 (2021).

Nature Communications | (2026)17:2829


http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-50669
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-50669
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-50670
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-50671
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-50668
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-50668
https://doi.org/10.2210/pdb9FQU/pdb
https://doi.org/10.2210/pdb9FQV/pdb
https://doi.org/10.2210/pdb9FQW/pdb
https://doi.org/10.2210/pdb9FQT/pdb
https://doi.org/10.2210/pdb9FQT/pdb
http://doi.org/10.2210/pdb1AOL/pdb
http://doi.org/10.2210/pdb6F34/pdb
http://doi.org/10.2210/pdb6LI9/pdb
http://doi.org/10.2210/pdb6IRT/pdb
http://doi.org/10.2210/pdb6XWM/pdb
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69421-0

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

Gong, W., Chen, Y. & Zhang, Y. Prognostic and clinical significance
of Solute Carrier Family 7 Member 1 in ovarian cancer. Transl.
Cancer Res. TCR 10, 602-612 (2021).

Tailor, C. S., Lavillette, D., Marin, M. & Kabat, D. Cell Surface
Receptors for Gammaretroviruses. in Cellular Factors Involved
in Early Steps of Retroviral Replication (ed. Young, J. A. T.) vol.
281 29-106 (Springer Berlin Heidelberg, Berlin, Heidel-

berg, 2003).

Kim, J. W., Closs, E. I., Albritton, L. M. & Cunningham, J. M. Transport
of cationic amino acids by the mouse ecotropic retrovirus receptor.
Nature 352, 725-728 (1991).

Albritton, L. M., Tseng, L., Scadden, D. & Cunningham, J. M. A
putative murine ecotropic retrovirus receptor gene encodes a
multiple membrane-spanning protein and confers susceptibility to
virus infection. Cell 57, 659-666 (1989).

Bai, L., Sato, H., Kubo, Y., Wada, S. & Aida, Y. CAT1/SLC7Alacts as a
cellular receptor for bovine leukemia virus infection. FASEB J. 33,
14516-14527 (2019).

Albritton, L. M., Kim, J. W., Tseng, L. & Cunningham, J. M. Envelope-
binding domain in the cationic amino acid transporter determines
the host range of ecotropic murine retroviruses. J. Virol. 67,
2091-2096 (1993).

Yoshimoto, T., Yoshimoto, E. & Meruelo, D. Identification of amino
acid residues critical for infection with ecotropic murine leukemia
retrovirus. J. Virol. 67, 1310-1314 (1993).

Boso, G. et al. Patterns of coevolutionary adaptations across time
and space in mouse gammaretroviruses and three restrictive host
factors. Viruses 13, 1864 (2021).

Wong, F. H. et al. The amino acid-polyamine-organocation super-
family. Micro. Physiol. 22, 105-113 (2012).

Jungnickel, K. E. J., Parker, J. L. & Newstead, S. Structural basis for
amino acid transport by the CAT family of SLC7 transporters. Nat.
Commun. 9, 550 (2018).

Ilgl, H. et al. High-resolution structure of the amino acid
transporter AdiC reveals insights into the role of water mole-
cules and networks in oligomerization and substrate binding.
BMC Biol. 19, 179 (2021).

Shaffer, P. L., Goehring, A., Shankaranarayanan, A. & Gouaux, E.
Structure and mechanism of a Na * -independent amino acid
transporter. Science 325, 1010-1014 (2009).

Errasti-Murugarren, E. et al. L amino acid transporter structure and
molecular bases for the asymmetry of substrate interaction. Nat.
Commun. 10, 1807 (2019).

Licht, J. A., Berry, S. P., Gutierrez, M. A. & Gaudet, R. They All Rock: A
Systematic Comparison of Conformational Movements in LeuT-Fold
Transporters. https://doi.org/10.1101/2024.01.24.577062 (2024).
Yan, R. et al. Cryo-EM structure of the human heteromeric amino
acid transporter b ©* AT-rBAT. Sci. Adv. 6, eaay6379 (2020).

Wu, D. et al. Structural basis for amino acid exchange by a human
heteromeric amino acid transporter. Proc. Natl. Acad. Sci. USA. 117,
21281-21287 (2020).

Lee, Y. et al. Ca2+-mediated higher-order assembly of heterodimers
in amino acid transport system bO,+ biogenesis and cystinuria. Nat.
Commun. 13, 2708 (2022).

Oda, K. et al. Consensus mutagenesis approach improves the
thermal stability of system Xc ~ transporter, xcT, and enables cryo-em
analyses. Protein Sci. 29, 2398-2407 (2020).

Parker, J. L. et al. Molecular basis for redox control by the human
cystine/glutamate antiporter system xc-. Nat. Commun. 12,

7147 (2021).

Yan, R., Zhao, X., Lei, J. & Zhou, Q. Structure of the human
LAT1-4F2hc heteromeric amino acid transporter complex. Nature
568, 127-130 (2019).

Yan, R. et al. Mechanism of substrate transport and inhibition of the
human LAT1-4F2hc amino acid transporter. Cell Discov. 7, 16 (2021).

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Lee, Y. et al. Cryo-EM structure of the human L-type amino acid
transporter 1in complex with glycoprotein CD98hc. Nat. Struct.
Mol. Biol. 26, 510-517 (2019).

Li, Y. et al. Cryo-EM structure of the human Asc-1 transporter
complex. Nat. Commun. 15, 3036 (2024).

Rullo-Tubau, J. et al. Structure and mechanisms of transport of
human Asc1/CD98hc amino acid transporter. Nat. Commun. 15,
2986 (2024).

Gao, X. et al. Mechanism of substrate recognition and transport by
an amino acid antiporter. Nature 463, 828-832 (2010).

Yan, R. et al. Structural basis for the recognition of SARS-CoV-2 by
full-length human ACE2. Science 367, 1444-1448 (2020).

Yan, R. et al. Structural basis for the different states of the spike
protein of SARS-CoV-2 in complex with ACE2. Cell Res 31,

717-719 (2021).

Li, H. Z. et al. Structure and function of the SIT1 proline transporter
in complex with the COVID-19 receptor ACE2. Nat. Commun. 15,
5503 (2024).

Li, Y. et al. Structural insight into the substrate recognition and
transport mechanism of amino acid transporter complex ACE2-
BOAT1 and ACE2-SIT1. Cell Discov. 9, 93 (2023).

Asami, J. et al. Structural basis of hepatitis B virus receptor binding.
Nat. Struct. Mol. Biol. 31, 447-454 (2024).

Martinez-Molledo, M., Nji, E. & Reyes, N. Structural insights into the
lysophospholipid brain uptake mechanism and its inhibition by
syncytin-2. Nat. Struct. Mol. Biol. 29, 604-612 (2022).

Khare, S. et al. Receptor-recognition and antiviral mechanisms of
retrovirus-derived human proteins. Nat. Struct. Mol. Biol. https://
doi.org/10.1038/s41594-024-01295-6 (2024).

Hasenkrug, K. J. & Chesebro, B. Immunity to retroviral infection: The
Friend virus model. Proc. Natl. Acad. Sci. USA. 94, 7811-7816 (1997).
Raturi, S. et al. High-throughput expression and purification of
human solute carriers for structural and biochemical studies. JoVE
https://doi.org/10.3791/65878 (2023).

Elegheert, J. et al. Lentiviral transduction of mammalian cells for
fast, scalable and high-level production of soluble and membrane
proteins. Nat. Protoc. 13, 2991-3017 (2018).

Wang, H., Kavanaugh, M. P., North, R. A. & Kabat, D. Cell-surface
receptor for ecotropic murine retroviruses is a basic amino-acid
transporter. Nature 352, 729-731 (1991).

Bicer, D. et al. Structural basis of specific lysine transport by
Pseudomonas aeruginosa permease LysP. Nat. Commun. 17,

37 (2025).

Davey, R. A., Hamson, C. A., Healey, J. J. & Cunningham, J. M. In vitro
binding of purified murine ecotropic retrovirus envelope surface
protein to its receptor, MCAT-1. J. Virol. 71, 8096-8102 (1997).
Fass, D. et al. Structure of a murine leukemia virus receptor-binding
glycoprotein at 2.0 angstrom resolution. Science 277,

1662-1666 (1997).

Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583-589 (2021).

Kato, K. et al. High-resolution cryo-EM structure of photosystem ||
reveals damage from high-dose electron beams. Commun. Biol. 4,
382 (2021).

Jiang, X. et al. SLC7A14 imports GABA to lysosomes and impairs
hepatic insulin sensitivity via inhibiting mTORC2. Cell Rep. 42,
111984 (2023).

Hutchinson, K. & Schlessinger, A. Comprehensive characterization
of LAT1 cholesterol-binding sites. J. Chem. Theory Comput. https://
doi.org/10.1021/acs.jctc.3c01391 (2024).

Malhotra, S., Scott, A. G., Zavorotinskaya, T. & Albritton, L. M.
Analysis of the murine ecotropic leukemia virus receptor
reveals a common biochemical determinant on diverse cell
surface receptors that is essential to retrovirus entry. J. Virol.
70, 321-326 (1996).

Nature Communications | (2026)17:2829

10


https://doi.org/10.1101/2024.01.24.577062
https://doi.org/10.1038/s41594-024-01295-6
https://doi.org/10.1038/s41594-024-01295-6
https://doi.org/10.3791/65878
https://doi.org/10.1021/acs.jctc.3c01391
https://doi.org/10.1021/acs.jctc.3c01391
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69421-0

59. Davey, R. A., Zuo, Y. & Cunningham, J. M. Identification of a
receptor-binding pocket on the envelope protein of friend murine
leukemia virus. J. Virol. 73, 3758-3763 (1999).

60. Wang, H., Kavanaugh, M. P. & Kabat, D. A Critical site in the cell
surface receptor for ecotropic murine retroviruses required for
amino acid transport but not for viral reception. Virology 202,
1058-1060 (1994).

61. Habermeier, A., Wolf, S., Martiné, U., Graf, P. & Closs, E. |. Two amino
acid residues determine the low substrate affinity of human cationic
amino acid transporter-2A. J. Biol. Chem. 278, 19492-19499 (2003).

62. Gong, X. et al. Structural insights into the Niemann-Pick C1 (NPC1)-
mediated cholesterol transfer and Ebola infection. Cell 165,
1467-1478 (2016).

63. lvanova, S. et al. Use of receptor-binding domain derived from
bovine leukemia virus for the diagnosis or treatment of cationic
L-amino acid transporter-related diseases. US Patent 11,573,240
B2 (2023).

64. Beyer, S. R. et al. Identification of cysteine residues in human
cationic amino acid transporter hCAT-2A That are targets for inhi-
bition by N-ethylmaleimide. J. Biol. Chem. 288, 30411-30419 (2013).

65. Colombani, J. et al. A nutrient sensor mechanism controls Droso-
phila growth. Cell 114, 739-749 (2003).

66. Carpenter, V. K. et al. SLC7 amino acid transporters of the yellow
fever mosquito Aedes aegypti and their role in fat body TOR sig-
naling and reproduction. J. Insect Physiol. 58, 513-522 (2012).

67. Pei, J., Kim, B.-H. & Grishin, N. V. PROMALS3D: a tool for multiple
protein sequence and structure alignments. Nucleic Acids Res. 36,
2295-2300 (2008).

68. Price, M. N., Dehal, P. S. & Arkin, A. P. FastTree 2 - approximately
maximum-likelihood trees for large alignments. PLoS ONE 5,
9490 (2010).

69. Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoS-
PARC: algorithms for rapid unsupervised cryo-EM structure deter-
mination. Nat. Methods 14, 290-296 (2017).

70. Bepler, T. et al. Positive-unlabeled convolutional neural networks
for particle picking in cryo-electron micrographs. Nat. Methods 16,
1153-1160 (2019).

71. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular
graphics. Acta Crystallogr D. Biol. Crystallogr 60, 2126-2132 (2004).

72. Afonine, P. V. et al. Real-space refinement in PHENIX for cryo-EM
and crystallography. Acta Crystallogr D. Struct. Biol. 74,

531-544 (2018).

73. Sauer, D. B. et al. Structural basis of ion - substrate coupling in the
Na+-dependent dicarboxylate transporter VCINDY. Nat. Commun.
13, 2644 (2022).

74. Yariv, B. et al. Using evolutionary data to make sense of macro-
molecules with a “face-lifted” ConSurf. Protein Science 32,
e4582 (2023).

75. Xia, L., et al. Structural insights into cationic amino acid transport
and viral receptor engagement by CAT1. Nat. Commun.17,

1108 (2025).

Acknowledgements

We are grateful to Simon Newstead for critical feedback on the manu-
script. We would like to thank Val Millar and Daniel Ebner for access and
help with the Perkin Elmer Opera Phenix instrument, and Malkeet
Sahota, Denise Rohlik, and Benjamin Osborn of Gator Bio for access and
support with the GatorPivot instrument and data collection. We thank
Gamma Chi for assistance with CryoEM data processing. We are grateful
to Emmanuel Nji for the LysP plasmid, expression protocol, and advice
for the *H-Lysine transport assay. This project has received funding from
the Innovative Medicines Initiative 2 Joint Undertaking (JU) under grant
agreement No 807015. The contents of this publication represent the

views of the authors, and the JU is not responsible for any use that may
be made of the information it contains. The JU receives support from the
European Union’s Horizon 2020 Research and Innovation Program and
EFPIA. A.C.W.P. and J.M.E., and D.B.S. were supported by the Innovative
Medicines Initiative 2 Joint Undertaking under grant agreement No
875510. The JU receives support from the European Union’s Horizon
2020 research and innovation program and EFPIA and Ontario Institute
for Cancer Research, Royal Institution for the Advancement of Learning
McGill University, Kungliga Tekniska Hoegskolan, Diamond Light Source
Limited. ZL, BMK and DIS are supported by the Chinese Academy of
Medical Sciences (CAMS) Innovation Fund for Medical Science (CIFMS),
China (grant number: 2024-12M-2-001-1). Electron microscopy was
provided through the Oxford Particle Imaging Center (OPIC), an Instruct-
ERIC center (funded by Wellcome Trust JIF award [060208/Z/00/Z] and
equipment grant [093305/Z/10/Z]) and the Electron Bio-Imaging Cen-
ter, Diamond Light Source Ltd (eBIC; BAG proposal bi28713).

Author contributions

M.Y., D.Z, S\W., D.W., S.B., L.B., and E.P.W. cloned, expressed, and
purified the proteins. M.Y. carried out all structural and biochemical
studies. M.Y., A.C.W.P., and D.B.S. analyzed the structures. Z.L. carried
out all optical microscopy experiments. M.Y. and D.B.S. wrote the
manuscript. All authors participated in manuscript discussion and edit-
ing. JM.E., B.M.K,, D.I.S., and D.B.S. supervised the research.

Competing interests
The authors have no competing interests

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-026-69421-0.

Correspondence and requests for materials should be addressed to
David B. Sauer.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2026

Nature Communications | (2026)17:2829


https://doi.org/10.1038/s41467-026-69421-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Amino acid and viral binding by the high-affinity Cationic Amino acid Transporter 1 (CAT1) from Mus musculus
	Results
	Overall structure of MmCAT1
	Mechanism of FrMLV high-affinity binding
	Substrate binding and selectivity
	Conformational changes upon substrate binding/release

	Discussion
	Methods
	Sequence alignment and analysis
	SLC7A1 cloning
	MmCAT1 expression and purification
	LysP expression and purification
	In vitro 3H-Lys uptake by MmCAT1
	FrMLV-RBD protein production
	MmCAT1:FrMLV-RBD complex formation
	Structure determination
	DSF binding assay
	In vivo binding assay
	FrMLV-RBD binding by BLI
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




