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Abstract: Objective: Cystine stones account for 1%—2% of adult and up to 10% of pediatric kidney stones. They result from
cystinuria, an autosomal recessive disorder caused by mutations in solute carrier family 3 member 1 (SLC3417) and SLC7A49,
which encode the renal cystine transporter subunits. These mutations impair cystine reabsorption, raising urinary cystine levels
and driving stone formation. Current diagnostic options remain limited in terms of detecting molecular dysfunctions. Thus, we
aimed to develop a nonradioactive, cell-based method for the functional assessment of cystine transporters and mutation-specific
pathologies. Methods: Using human embryonic kidney 293 (HEK293) cells transiently co-expressing wild-type or mutant
SLC3A41 and SLC7A49, we developed an integrated approach that combined a selenocystine-based fluorescence uptake assay with
AlphaFold3-based structural predictions to rapidly and accurately assess cystine transporter function and the molecular impact of
genetic mutations. Results: The affinity of the SLC3A1/SLC7A9 complex was comparably apparent for selenocystine (Michaelis
constant K =(156.3+24.2) umol/L) and cystine (literature K approximately 200 umol/L). Using operational thresholds (mild >60%,
moderate 20%—-60%, severe <20% residual activity), the assay differentiated the functional impacts of eight clinically characterized
variants, including SLC749 A70V, A182T, G105R, R333W, V170M, A354T, and P482L, and SLC341 M467T, with categorical
assignments consistent with previously published radioisotope-based functional data. AlphaFold3 modeling, combined with molecular
docking, provides mechanistic interpretations of the dysfunction observed in the P482L and A354T mutants. Conclusions: The
integrated approach employed in this work, which combines a sensitive selenocystine fluorescence assay with artificial intelligence
(Al)-powered structural analysis, enables the rapid, precise diagnosis of cystinuria variants. This platform is compatible with standard
microplate-reader infrastructure and offers potential utility in variant-interpretation pipelines and future genotype-guided therapeutic
decision-making, pending prospective clinical validation.
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1 Introduction patients, result from cystinuria, an autosomal recessive

disorder caused by mutations in the solute carrier family

Cystine stones, which account for 1%—-2% of
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3 member 1 (SLC3A1) and SLC7A49 genes. These mu-
tations impair renal cystine reabsorption, promoting
crystallization (Chillarén et al., 2010; Copelovitch,
2012; Thomas et al., 2014; Servais et al., 2021). There-
fore, early diagnosis and targeted intervention are crit-
ical to prevent the progression of stone formation and
kidney damage.

Current diagnostic alternatives remain limited,
particularly when it comes to detecting cystine trans-
port dysfunctions at the molecular level. Several prac-
tical bottlenecks have constrained the large-scale
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functional characterization of cystinuria-related variants.
Radioisotope-based uptake assays using [*S]-L-cystine
(Font et al., 2001) or [“C]-L-cystine (Mizoguchi et al.,
2001; Lee et al., 2022) remain the established gold
standard for transporter function, whereas the safety
risks of radioisotope handling, the requirement for spe-
cialist licensed facilities, and the generation of radioac-
tive waste jointly preclude routine or high-throughput
use. Mass spectrometry-based cystine quantification, al-
though sensitive, requires expensive instrumentation
and technical expertise not readily available in most
diagnostic laboratories (Servais et al., 2021). As a re-
sult, although the Human Gene Mutation Database
(HGMD; January 2025 version) lists over 278 patho-
genic mutations in SLC341 and 182 in SLC7A9 (Stenson
et al., 2003), only a small fraction has been functionally
characterized, leaving a substantial proportion of iden-
tified variants classified as variants of uncertain signifi-
cance (VUSs) and limiting their clinical interpretabil-
ity (Lee et al., 2022). These bottlenecks highlight a
clear unmet need for sensitive, non-radioactive, and
scalable functional assays to evaluate cystine transporter
variants.

Advances in molecular structural biology have
created new avenues for understanding the pathophysio-
logy of cystine stones. In particular, recent work on
the SLC3A1/SLC7A9 complex structure has signifi-
cantly improved our understanding of the molecular
mechanisms underlying cystine transport (Wu et al.,
2020; Yan et al., 2020; Lee et al., 2022). Additionally,
advances in protein structure prediction, such as the use
of AlphaFold, have provided unprecedented opportu-
nities to model the structural consequences of genetic
mutations in cystine transporter proteins (Zhang et al.,
2024). These structural insights are valuable for under-
standing how mutations affect protein function and, in
turn, cystine reabsorption in the kidneys.

To provide a rapid molecular pathological analy-
sis technique of cystine stones, we present an integrated
approach combining a fluorescence-based cystine trans-
port assay with AlphaFold3-based structure prediction.
We selected selenocystine as a functional surrogate for
cystine on the following grounds: (1) selenocystine is
the direct selenium analog of cystine, which differs only
in the substitution of the disulfide bridge (-S-S-) with
a diselenide bond (—Se—Se—), and the two molecules
share near-identical backbone geometry, charge distri-
bution, and overall dimensions; (2) the reduced form of
cystine, selenocysteine, reacts with acrylate-containing
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fluorescent dyes approximately 100-fold faster due to
the lower acid dissociation constant (pKa) and higher
nucleophilicity of the selenol group, providing supe-
rior sensitivity; and (3) the selenocystine/fluorescein
0,0'-diacrylate (FOdA) fluorescence has been widely
used as a validated approach for studying the cystine/
glutamate antiporter SLC7A11 system (also known as
xCT) (Shimomura et al., 2021). The fluorescence assay
offers a sensitive and efficient method for detecting
cystine transport activity, while AlphaFold enables the
prediction of structural alterations in cystine trans-
porter proteins caused by specific mutations. Our ap-
proach combines these two modalities—functional and
structural—to bridge the gap between genetic mutation
and consequence at the protein level, with the goal of
supporting more targeted diagnostic and therapeutic
strategies for cystinuria.

2 Results
2.1 Selenocystine transport by SLC3A1/SLC7A9

SLC3A1/SLC7A9 heterodimers are responsible
for the reabsorption of cystine and basic amino acids
in renal proximal tubules. On the basis of structural
similarity among amino acids and a recent report that
selenocystine can be transported by the SLC3A2/
SLC7A11 complex (Shimomura et al., 2021), we hy-
pothesized that selenocystine, the selenium analog of
cystine, could also serve as a substrate for SLC3A1/
SLC7A9. To validate this hypothesis, we employed
atomic absorption spectroscopy (AAS) to quantify sele-
nocystine uptake mediated by the SLC3A1/SLC7A9
heterodimer. As shown in Fig. 1a, selenium was detected
exclusively in human embryonic kidney 293 (HEK293)
cells co-expressing both SLC341 and SLC7A49. However,
the time-consuming and complex operation of AAS
limits its application in high-throughput analysis. We
therefore applied a novel method to monitor SLC3A1/
SLC7AO9 transporting activity. The principle of the assay
is to collect cell-incorporated selenocystine, reduce it
to selenocysteine using #ris(2-carboxyethyl)phosphine
(TCEP), and allow the selenol group of selenocysteine
to react with the acrylate moieties of FOdA to generate a
fluorescent adduct with a specific excitation/emission
peak (Fig. 1b).

Due to the higher reducing activity of the selenol
group, selenocystine is significantly more reactive in
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Fig. 1 SLC3A1/SLC7A9-dependent selenocystine uptake in HEK293 cells by atomic absorption spectroscopy (AAS) and

fluorescence uptake assay. (a) The cellular selenium content

of HEK293 cells was quantified by AAS after 30-min exposure

to 200 pmol/L selenocystine. Data represent functional uptake mediated by the SLC3A1/SLC7A9 heterodimer. The methodology
details are provided in the supplementary materials and methods. The values are expressed as meantstandard deviation
(SD), n=3. ™ P<0.001 vs. control group (transfected with pCDNA3.1). (b) Graphic model of selenocystine-based fluorescence
uptake assay. TCEP: tris(2-carboxyethyl) phosphine; FOdA: fluorescein O,0'-diacrylate; b"*AT/rBAT: functional heterodimeric
b"* amino acid transport complex assembled from light chain b**AT (SLC7A9) and heavy chain rBAT (renal basolateral
amino acid transporter, SLC3A1); HEK293: human embryonic kidney 293 cells; SLC3A1: solute carrier family 3 member 1.

transforming the dye compared to cystine. As shown
in Fig. 2a, the in vitro fluorescence signal was more
than 100-fold stronger with selenocystine than with
cystine. We next tested the cellular uptake of seleno-
cystine or cystine by HEK293 cells overexpressing
SLC3A41/SLC7A49. As shown in Fig. 2b, the assay was
sensitive enough to detect selenocystine incorporation
at 25 umol/L, while cystine incorporation was not de-
tectable even at high concentrations (600 umol/L).
Additionally, the selenocystine incorporation was sat-
urable and followed Michaelis-Menten kinetics with
Michaelis constant (K,) of (156.3£24.2) umol/L and
maximum velocity (V) of (7.65+0.45)-fold the base
value. Fig. 2¢ shows that SLC3A1/SLC7A9 transports
selenocystine in a time-dependent manner. These find-
ings demonstrate the superior sensitivity of this assay
for detecting selenocystine transport. To further vali-
date that SLC3A1/SLC7A9 transporters are responsi-
ble for selenocystine transport, HEK293 cells were
transfected with SLC341 or SLC7A49 alone or both. As

shown in Fig. 2d, only HEK293 cells co-expressing
SLC3A1 and SLC7A49 were able to detect the assay signal.

2.2 Transport characteristics of selenocystine and
cystine via SLC3A1/SLC7A9

Selenocystine has lower solubility in urine com-
pared to cystine, while its significantly lower physio-
logical concentration prevents crystallization under nor-
mal conditions. However, a dysfunction of SLC3A1/
SLC7A9 transporters leads to impaired cystine reab-
sorption and cystine crystallization in the kidney. To
assess whether cystine and selenocystine show com-
parable apparent affinity for SLC3A1/SLC7A9 trans-
porters, we varied the ratio of cystine to selenocystine
in the extracellular medium while keeping the total
concentration constant. As shown in Fig. 3a, a cystine/
selenocystine ratio of 1:1 reduced the fluorescent signal
to approximately 50% of the signal observed with seleno-
cystine alone, a 3:1 ratio reduced the signal to approx-
imately 25%, and a 1:3 ratio retained approximately
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Fig. 2 Uptake of selenocystine by SLC3A1/SLC7A9-expressing HEK293 cells. (a) Increasing concentrations of selenocystine
(Se-CssC) and non-labeled cystine (CssC) in Hanks’ buffer were reacted with FOdA substrate for 30 min at 37 °C. Fluorescence
signals generated by Se-CssC or CssC were measured using a multifunctional microplate reader. (b) Dose-dependent
uptake of Se-CssC or CssC by SLC3A41/SLC7A9-expressing HEK293 cells. Cells were treated with increasing concentrations
of Se-CssC or CssC for 30 min, and uptake was quantified using a standard curve. Selenocystine transport by SLC3A1/
SLC7A9 was fitted to Michaelis-Menten equations, and Michaelis constant (K,) and maximum velocity (V,, ) were
determined by nonlinear regression using GraphPad Prism software. (¢) Time-dependent uptake of Se-CssC or CssC by
SLC3A41/SLC7A9-expressing HEK293 cells. Cells were incubated with 200 pmol/L Se-CssC or CssC for the indicated
durations, and fluorescence intensity was measured to assess uptake over time. (d) HEK293 cells expressing the indicated
transporter genes were treated with 200 pmol/L Se-CssC or 1000 pmol/L CssC for 30 min. Fluorescence intensity was
normalized to that under the control conditions. The values are expressed as meantstandard deviation (SD), n=3.

SLC3A1: solute carrier family 3 member 1; a.u.: arbitrary unit.

75% of this signal. The proportional change in fluores-
cent signal with varying cystine-to-selenocystine ratios
indicates that cystine and selenocystine compete for
the same transporter binding site with comparable ap-
parent affinity, supporting the use of selenocystine as a
reliable functional surrogate for cystine in this assay.
To further assess the selectivity of SLC3A1/
SLC7A9 transporters, we utilized known basic amino
acid substrates (lysine, arginine, and ornithine) to com-
pete with selenocystine. As depicted in Fig. 3b, a 1:1
mixture of ornithine and selenocystine blocked over
half of the transport signal, while a 3:1 mixture of or-
nithine and selenocystine blocked about 90% of the
signal, indicating higher apparent affinity of the trans-
porter for ornithine. Similarly, Figs. 3¢ and 3d illus-
trate that the selectivity for arginine and lysine is sig-
nificantly greater than that for selenocystine. In contrast,
neutral amino acids such as glycine, alanine, and serine,
as well as the acidic amino acids aspartate and gluta-
mate, did not inhibit selenocystine transport (Figs. 3e
and 3f). The tyrosine competition was constrained
to a 3-fold competitor excess (600 umol/L tyrosine
vs. 200 umol/L selenocystine) because of the aqueous

solubility ceiling of tyrosine (approximately 600—
700 pmol/L at 37 °C); no inhibition was observed,
further supporting the conclusion that tyrosine is not
a substrate. The overall hierarchy of substrate prefer-
ence is consistent with previous studies based on iso-
topes (Bertran et al., 1992; Wells and Hediger, 1992;
Chairoungdua et al., 1999), which highlights the reli-
ability of the selenocystine-based fluorescence assay
in evaluating transport selectivity.

To validate the assay against clinically annotated
variants, we examined several clinically relevant mis-
sense variants of SLC749 and SLC3A1 that had been
previously characterized using radioisotope-based
methods; these variants were selected according to
their pathogenic classification and population frequency
in gnomAD (https://gnomad.broadinstitute.org) and
ClinVar (https://www.ncbi.nlm.nih.gov/clinvar). To
enable transparent stratification, we classified variants
as mild (residual transport activity>60% of wild-type),
moderate (20%—60% of wild-type), or severe (<20% of
wild-type), consistent with the qualitative classifications
reported in the foundational radioisotope-based liter-
ature (Feliubadalo et al., 1999; Font et al., 2001).
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Fig. 3 Transport function and substrate selectivity of SLC3A1/SLC7A9. Competitive inhibition of selenocystine (Se-CssC)
transport by unlabeled amino acids. SLC341/SLC7A49-expressing HEK293 cells were treated with Se-CssC and competing
amino acids (total concentration: 400 pmol/L) at a ratio of 4:0 (control), 2:2, or 1:3 (Se-CssC:competitor). Transport
activity is expressed as a percentage relative to the control condition (Se-CssC only, 4:0 ratio). (a) Competition with cystine
(CssC). (b) Competition with ornithine (Orn). (¢) Competition with lysine (Lys). (d) Competition with arginine (Arg).
(e) Competition with glycine (Gly). (f) Inhibition of Se-CssC transport (200 pmol/L initial extracellular concentration) in
competition assays containing 1 mmol/L unlabeled amino acids as indicated, with the exception of tyrosine (Tyr), which
was used at 600 pmol/L because of low solubility. His: histidine; Cys: cysteine; Ser: serine; Asn: asparagine; Gln: glutamine;
Thr: threonine; Glu: glutamate; Asp: aspartate; Pro: proline; Ala: alanine; Trp: tryptophan; Phe: phenylalanine; Val:
valine; Met: methionine; Leu: leucine; Ile: isoleucine; SLC3A1: solute carrier family 3 member 1. Transport is displayed
as percentage of no competing amino acid (only Se-CssC). Data are presented as meantstandard deviation (SD), n>3.

Statistical significance was determined by comparison with the corresponding control group. * P<0.05 and ~ P<0.01.

SLC749 A182T (1s79389353; gnomAD frequency
0.004 069, “conflicting classifications of pathogenicity’)
and A70V (rs769448665; gnomAD frequency 0.000029,
“likely pathogenic”) have previously been associated
with mild functional impairment (Font et al., 2001; Reig
et al., 2002). Consistent with those reports, both vari-
ants in this study showed only mild impairments in the
selenocystine-based fluorescence assay (Figs. 4a and
4b). SLC749 G105R (rs121908480; frequency 0.000492)
and R333W (rs121908484; frequency 0.000 208), both
classified as “pathogenic/likely pathogenic,” have
previously been associated with moderate-to-severe
functional impairment (Font et al., 2001; Lee et al.,
2022). Our assay results corroborated these find-
ings, clearly showing moderate-to-severe transporter

dysfunction (Figs. 4c and 4d). Furthermore, SLC749
P482L (rs146815072), SLC7A9 V170M (rs121908479),
SLC7A49 A354T (rs939028046), and SLC341 M467T
(rs121912691), all classified as “pathogenic” or
“pathogenic/likely pathogenic,” have previously been
reported as severe loss-of-function variants (Feliubadalo
et al., 1999; Font et al., 2001; Reig et al., 2002; Shigeta
et al., 2006; Lee et al., 2022); consistent with those re-
ports, all four showed near-complete loss of transport
activity in our assay (Figs. 4e and 4f). The residual
transport activities of all characterized variants are
summarized in Table S1.

Collectively, these results confirm that the
selenocystine-based fluorescence assay accurately and
reliably captures the spectrum of transporter dysfunction



(@ =
g6 - WT
8 = SLC7A9 ATOV
“3 lg 4 -+ SLC7A9 A182T
o™
e ! 2 ]
=8
252
Kol
O
m‘g 0 T T T T T T T 1
0 10 20 30 40 50 60 7
Time (min)
() ~
8357 - WT
8 E 41 = SLC7A9 G105R
85 -+ SLC7A9 R333W
P10 34
om
S0
= 1& 2 -
_qz’ > )k//-/"j
5% 11
v
o c 0 T T T T T T 1
- 0 10 20 30 40 50 60 70
Time (min)
(e) = ..
g2 6 -~ WT
§ = = SLC7A9 V170M
g 41 + SLC7A9 A354T
‘g Q ¥ SLC7A9 P482L
25 & SLC3A1 M467T
2227
T [
RS
[v'4 E 0

T T T T T T 1
0 10 20 30 40 50 60 70
Time (min)

Journal of Zhejiang University-SCIENCE B 2026 27(7):806-816 | 811

(b)

83 2 - WT
SE4 = SLC7A9 ATOV
@f) 5 & SLCTA9 A182T
om
o
©
EES
8% 1
[0)
20—+
0 100 200 300 400 500
Se-CssC (umol/L)
(@) 035
es - WT
SE 4 - SLC7A9 G105R
Qv 4~ SLC7A9 R333W
™ 3
2
©
.GZ) > 2 —
Ta 1
C g
g —————————
0 100 200 300 400 500
Se-CssC (umol/L)
® =
S 6
§ s - WT
g e = SLC7A9 V170M
2< 4 s SLC7A9 A354T
§ Q ¥ SLC7A9 P482L
= = & SLC3A1 M467T
(9] 2
=2
£ — = ]
[0}
2o —
0 100 200 300 400 50

Se-CssC (umol/L)

Fig. 4 Selenocystine transport capacity of wild-type (WT) and clinically reported mutants of SLC749 and SLC3A1.
HEK?293 cells co-expressing WT SLC3A41 with either WT SLC7A49 or indicated mutants were treated with selenocystine.
Transport activity (fluorescence intensity) is expressed as fold change relative to the base value (untreated control). (a) Time-
dependent uptake of 200 pmol/L selenocystine by WT SLC7A49, SLC749 A70V, or SLC749 A182T. (b) Dose-dependent
uptake of selenocystine (0-400 pmol/L, 30 min incubation) for WT SLC7A49, SLC749 A70V, or SLC749 A182T. (¢, d) Time-
dependent and dose-dependent uptake assays for WT SLC749, SLC7A9 G105R, or SLC749 R333W. (e, f) Time-dependent
and dose-dependent uptake assays for WT SLC341/SLC749, SLC3A1 WT/SLC749 V170M, SLC3A1 WT/SLC749 A354T,
SLC3A1 WT/SLC7A9 P482L, or SLC341 M467T/SLC749 WT. Data are presented as meantstandard deviation (SD), n=3.
SLC3AT1: solute carrier family 3 member 1; Se-CssC: selenocystine; a.u.: arbitrary unit.

caused by clinically significant mutations in SLC749
and SLC341, underlining its robustness and utility in
functional diagnostics.

2.3 Lack of selenocystine transport capacity of
SLC7A13 (AGT1)

An unsolved paradox in renal amino-acid trans-
port is that SLC3A1 is highly expressed in the S3 seg-
ment of the proximal tubules, whereas SLC7A9 ex-
pression is highest in the S1 segment. Researchers have
proposed the hypothesis that additional light- or heavy-
chain partners exist for SLC3A1 and/or SLC7A9, and
SLC7A13 (AGT1) has been proposed as the missing
cystine transporter partner for SLC3A1 based on its
colocalization with SLC3A1 in the S3 segment and on
evidence that purified AGT1-SLC3A1 reconstituted

in proteoliposomes transports cystine, aspartate, and glu-
tamate (Nagamori et al., 2016). Controversially, this
proposal has faced scrutiny due to conflicting genetic
evidence (Olschok et al., 2018).

We therefore used our assay to reexamine whether
SLC7A13 mediates selenocystine transport in a cell-
based context. Full dose—response curves (selenocys-
tine, 0-600 pumol/L) were obtained for four trans-
porter combinations expressed in HEK293 cells (Figs. 5a
and 5b): SLC3A1/SLC7A13, SLC3A2/SLC7A13,
SLC3A1/SLC7A11, and SLC3A2/SLC7A11. Neither
SLC3A1/SLC7A13 nor SLC3A2/SLLC7A13 produced
a concentration-dependent fluorescence signal distin-
guishable from the untransfected blanks at any tested
concentration. In contrast, the positive control SLC3A2/
SLC7AL11 displayed clear, saturable, and dose-dependent
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a.u.: arbitrary unit.

uptake, consistent with the known physiology of
the XCT system, and SLC3A1/SLC7A11 produced
no detectable signal, consistent with the established
specificity of SLC7A11 for SLC3A2 as its obligate
partner. These results indicate that in the present
cell-based expression system, SLC7A13-containing
complexes do not mediate detectable selenocystine
transport.

2.4 Rapid identification of AlphaFold-predicted
structural changes causing impairment

AlphaFold2 and AlphaFold3 have shown remark-
able accuracy in predicting protein structures (Jumper
et al., 2021; Abramson et al., 2024). When combined
with small-molecule docking tools, these computational
predictions provide a foundation for the mechanistic
interpretation of cystinuria-related mutations. To assess
whether AlphaFold3-predicted structural perturbations
can rationalize the functional impairments measured
in our assay, we compared the predicted structures of
wild-type and mutant SLC7A49 alongside the correspond-
ing selenocystine-uptake data, focusing on variants for
which the prediction yielded a discrete, residue-level
structural feature.

Two examples are given to directly illustrate the
structure—function correlation. First, at position 482,
the AlphaFold3 model places Pro482 at the cytoplas-
mic gate region of the transport channel, where its com-
pact ring side chain leaves the substrate path unob-
structed (Fig. 6a, left). The P482L substitution intro-
duces a bulky leucine side chain that protrudes into the
channel and sterically occludes the predicted substrate
pathway (Fig. 6a, middle), whereas P482G leaves the

channel essentially unobstructed (Fig. 6a, right). These
predictions correlate directly with the measured trans-
port activity: P482L retains only approximately 5% of
wild-type activity, while P482G retains approximately
100% (Fig. 6b; Table S1). This pairing provides a
structural rationale for the loss of function of P482L
(Shigeta et al., 2006), which had not previously been
mechanistically explained. Moreover, because a dif-
ferent substitution at the same residue (P482G) is pre-
dicted to leave the channel open and is functionally
tolerated, it acts as an internal control supporting the
specificity of the structural interpretation.

Second, the SLC749 A354T mutant, which re-
tains <5% of wild-type transport activity (Figs. 4e and
4f; Table S1), does not directly contact the substrate
channel in the AlphaFold3 model. Instead, the Thr354
side chain is predicted to disrupt local packing of the
surrounding transmembrane helix and to propagate
conformational changes to the distal residues Phe322
and Arg326, both of which reorient toward the trans-
port channel (Fig. 6¢). This predicted reorientation is
consistent with the near-complete loss of transport ac-
tivity observed experimentally and provides a mech-
anistic explanation for the dysfunction of a variant
whose loss of function would not be obvious from the
position of the mutated residue alone.

Together, the explicit pairing of predicted structural
perturbations with measured transport activities at two
independent sites (P482 and A354) supports the value
of combining AlphaFold3 modeling with the selenocys-
tine fluorescence assay for variant interpretation in cys-
tinuria. It should be noted that for the remaining variants
in our panel (SLC749 A70V, A182T, G105R, R333W,
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Fig. 6 Structure prediction and functional characterization of mutants of SLC749 by a selenocystine uptake assay. (a) Surface
structural comparison of wild-type (WT) and mutant b"*AT at position 482. Left to right: surface representations of WT
b**AT, P482L mutant, and P482G mutant. Residue 482 (red) highlights conformational changes induced by proline-to-leucine
(P482L) or proline-to-glycine (P482G) substitution. (b) HEK293 cells co-expressing WT SLC3A41 with SLC749 WT, SLC7A9
P482G, or SLC7A49 P482L were treated with 200 pmol/L selenocystine for the indicated duration. Transport activity
(fluorescence intensity) is expressed as fold change relative to the base value (untreated control). Data are presented as
meanztstandard deviation (SD), n=3. (¢) Structural perturbation of residues Phe322 and Arg326 induced by the A354T
mutant of b"*AT. Surface representation of WT b"*AT (background, red) with residues Phe322 (right, red) and Arg326
(left, red). Structural rearrangements caused by the A354T mutation are shown in cyan. The mutation at position 354 (not
displayed) disrupts local interactions, altering the conformation of distal residues 322 and 326. SLC7A9: solute carrier family

7 member 9; Pro: proline; Leu: leucine; Arg: arginine; Gly: glycine; Phe: phenylalanine; a.u.: arbitrary unit.

V170M, and SLC341 M467T), AlphaFold3 did not
reveal a discrete structural feature comparable to the
channel-occlusion or pocket-reorientation events seen
at P482 and A354; rather than the over-interpretation
of subtle model differences, we have limited the ex-
plicit structure—function pairings to cases where the
prediction is both confidently supported (mean pre-
dicted local distance difference test (pLDDT)>80 in
the affected region) and mechanistically interpretable.
We further emphasize that AlphaFold3 produces com-
putational models rather than experimental structures,
and hence the interpretations above will benefit from
validation by cryogenic electron microscopy (cryo-EM)
or X-ray crystallography of selected mutants in future
work.

3 Discussion

Traditional approaches for evaluating cystine trans-
porter function, including radioisotope-based uptake

assays and mass spectrometry-based cystine quantifi-
cation, present significant limitations in clinical con-
texts. Although numerous pathogenic mutations have
been identified in SLC341 and SLC7A49, the vast ma-
jority remain functionally uncharacterized. This gap
is largely due to the impracticality of conventional as-
says for routine use: radioisotope methods carry safety
risks and require specialized facilities, while mass spec-
trometry demands expensive instrumentation and tech-
nical expertise not readily available in most laborato-
ries (Servais et al., 2021). To address this need, our
study introduces a non-radioactive fluorescence-based
uptake assay using selenocystine as a cystine analog,
enabling the sensitive, cost-effective, and scalable as-
sessment of SLC3A1/SLC7A9 transporter function. In
agreement with prior studies on the cystine/glutamate
antiporter (Shimomura et al., 2021), we have con-
firmed that selenocystine closely mimics cystine in
transport assays, supporting the validity of our fluo-
rescence-based method for detecting cystine trans-
port activity.
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Our approach relies on standard microplate read-
ers and non-hazardous reagents rather than radioac-
tive substrates or capital-intensive equipment. This ac-
cessibility makes the assay well-suited to systematic
functional reclassification of the many SLC3A41 and
SLC749 VUSs currently cataloged in ClinVar and
HGMD, providing the type of functional evidence
increasingly valued in variant-interpretation frame-
works. Notably, fluorometric detection methods are gen-
erally regarded as simple, rapid, and highly sensitive,
which is consistent with our findings (Kalaiyarasan
etal., 2019).

A major finding of this study is the capacity of the
proposed assay to evaluate the functional impact of clin-
ically relevant variants in cystinuria. Specifically, vari-
ants previously associated with mild cystinuria pheno-
types (e.g., SLC749 A70V and A182T) showed mini-
mal transport impairment in our assay, whereas inter-
mediate variants such as SLC749 G105R and R333W
led to moderate reductions in transport efficiency. Se-
vere loss-of-function mutations, including SLC749
P482L, V170M, and A354T, and SLC341 M467T, ex-
hibited near-complete loss of transport activity, align-
ing with the more severe clinical phenotype of patients
(Font et al., 2001; Bartoccioni et al., 2008).

These results validate the proposed assay as a re-
liable tool for assessing transporter activity and dem-
onstrate its capacity to stratify variants by functional
severity. Such stratification may have future clinical
relevance; however, translating these cell-based find-
ings into the clinical prediction of disease severity and
stone risk will require prospective validation in pa-
tient cohorts with known genotypes and phenotypes,
including correlation with urinary cystine excretion and
stone-recurrence rates. In addition, establishing stan-
dardized assay thresholds for mild, moderate, and se-
vere functional classifications will be a prerequisite
for clinical implementation. To achieve this goal, vali-
dation in patient-derived samples (urinary exfoliated
tubular cells or induced pluripotent stem cell (iPSC)-
derived renal organoids) offers a plausible route.

Our data also clarify the proposed role of SLC7A13
(AGT1) in renal cystine transport. In our cell-based
system, SLC7A13-containing complexes showed no
detectable selenocystine uptake, consistent with genetic
evidence arguing against a major role for SLC7A13
in cystinuria (Olschok et al., 2018). The discrepancy
with the previously reported proteoliposome-based

activity may reflect differences between purified-protein
reconstitution and intact mammalian cells, including
post-translational modification, protein folding, and
membrane context (Nagamori et al., 2016). Thus, our
findings support SLC3A1/SLC7A9 as the principal cys-
tine transporter complex relevant to cystinuria.

In addition to functional measurements, integrat-
ing structural predictions provides a mechanistic in-
sight into how particular mutations cause transporter
dysfunction. AlphaFold-based models can help ex-
plain, for example, how the SLC749 P482L muta-
tion introduces a steric block in the transport path-
way, correlating with the markedly reduced cystine
uptake observed experimentally. Similarly, the A354T
variant was found to disrupt transmembrane domain
rotations, leading to transporter inactivation. These
findings underline the potential of combining struc-
tural modeling with functional assays for the rapid
and accurate characterization of cystine transport
impairments.

As a limitation of this study, the structural analyses
presented here rely on AlphaFold3-predicted models
rather than experimentally determined structures.
AlphaFold3 predictions, while locally reliable in high-
pLDDT regions, do not capture dynamic conforma-
tional states, ligand-induced rearrangements, or the
native membrane-lipid environment. Structural models
were used to generate mechanistic hypotheses that were
subsequently tested by the functional assay, providing
an orthogonal line of evidence rather than relying on the
predictions in isolation. Nevertheless, experimental val-
idation by cryo-EM or X-ray crystallography of the
specific mutant complexes studied here, particularly
P482L and A354T, would provide definitive structural
confirmation and is identified as an important direc-
tion for future work.

In summary, our fluorescence-based selenocys-
tine transport assay combining structural predictions
provides a high-sensitivity, reliable tool for assessing
cystine transporter function and identifying transport-
deficient variants. Future studies should focus on val-
idating its clinical applicability and integrating it into
high-throughput screening platforms to facilitate
cystinuria-related research and therapeutic development.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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