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ABSTRACT: Cationic amino acid transporters (CATs) supply cells
with essential and semiessential dibasic amino acids. Among them, Larginine is the substrate for nitric oxide synthases (NOS) to produce
nitric oxide (NO), a key signaling molecule and second messenger.
In cardiac preparations, we showed that NO acutely and directly
modulates transport activity by noncompetitively inhibiting these
CATs. We hypothesize that this NO regulation occurs through
modiﬁcation of cysteine residues in CAT proteins. Homology
modeling and a computational chemistry approach identiﬁed Cys347
as one of two putative targets for NO binding, of 15 Cys residues
present in the low-aﬃnity mouse CAT-2A (mCAT-2A). To test this
prediction, mammalian cell lines overexpressing mCAT-2A were
used for site-directed mutagenesis and uptake studies. When Cys347 was replaced with alanine (Cys347Ala), mCAT-2A became
insensitive to inhibition by NO donors. In addition, the transport capacity of this variant decreased by >50% compared to that of the
control, without aﬀecting membrane expression levels or apparent aﬃnities for the transported amino acids. Interestingly, replacing
Cys347 with serine (Cys347Ser) restored uptake levels to those of the control while retaining NO insensitivity. Other Cys residues,
when replaced with Ala, still produced a NO-sensitive CAT-2A. In cells co-expressing NOS and mCAT-2A, exposure to extracellular
347
L-arginine inhibited the uptake activity of control mCAT-2A, via NO production, but not that of the Cys Ser variant. Thus, the -SH
moiety of Cys347 is largely responsible for mCAT-2A inhibition by NO. Because of the endogenous NO eﬀect, this modulation is
likely to be physiologically relevant and a potential intervention point for therapeutics.

same transcript that diﬀer by only 20 residues within a stretch of
42 amino acids.3,4,9 These 20 amino acids are located in the
fourth intracellular loop, a domain that determines the kinetic
properties of CAT-2A and CAT-2B.9 Interestingly, when just
two amino acid residues in the fourth intracellular loop of
human CAT-2A (hCAT-2A) are replaced with those of hCAT1, CAT-2A becomes a high-aﬃnity transporter.9,10 CAT-2A is
mainly found in liver, skeletal and cardiac muscle, skin, ovary,
and stomach.3 The murine isoform, mCAT-2A, contains 657
amino acids with an estimated molecular weight of ∼72 kDa9
and three putative N-glycosylation sites, although whether this
feature is required for proper transport activity remains
unknown.
Speciﬁc inhibitors have not been identiﬁed for CATs so far;
nevertheless, they are highly sensitive to the general -SH
reagent N-ethylmaleimide (NEM). Incubation of CATs with

L-Arginine (L-Arg) is a semiessential amino acid that is
synthesized mainly in intestinal epithelial cells and kidney
proximal tubules.1 Some cell types, such as endothelial cells, can
synthesize L-Arg by recycling it from L-citrulline in a process
known as the citrulline−arginine pathway.1 L-Citrulline, in turn,
can be obtained from nitric oxide synthase (NOS) activity (see
below) or from L-ornithine via catabolism of proline or
glutamine. However, many cell types are unable to synthesize
or recycle L-Arg, fully depending on the uptake of this amino
acid to cover cellular demands, including appropriate nitric
oxide (NO) production.2
L-Arg is incorporated into cells through the activity of
cationic amino acid transporters (called CATs3,4), which
belong to solute carrier family 7 (SLC7). CATs are highly
glycosylated, Na+-independent passive transporters that are
selective for the L-enantiomers of cationic amino acids, such as
arginine, lysine, and ornithine.4−8 Five members of this family
have been described (CAT-1, CAT-2A, CAT-2B, CAT-3, and
CAT-4),3,4 with diﬀerent tissue distribution ranges. All CAT
isoforms, except CAT-2A, display KM values in the range of 70−
250 μM for the transported amino acids.3,4,7 CAT-2A is the
only low-aﬃnity member of this family, with apparent aﬃnities
in the millimolar range (KM = 2−16 mM4,6,7), even though
CAT-2A and CAT-2B are alternate splicing products of the
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200 μM NEM for 7−10 min fully inhibits their transport
activity.3,4,6 NEM reacts with cysteine (Cys) residues in
proteins, and CAT-2A contains 15 such residues. Cysteine
thiols can react with other thiols to form disulﬁde bonds or
react with oxidants or oxidized cellular products to form
sulfenic acid intermediates, mixed disulﬁdes with glutathione,
or be further oxidized to sulﬁnic acid.11,12 The reversibility of
this oxidation/nitrosation reaction makes Cys an important
residue in redox signaling and nitrosative stress.
Cys residues 33 and 273 were identiﬁed as the targets for
NEM modiﬁcation and inhibition in hCAT-2A,13 although it is
unknown how these modiﬁcations aﬀect transporter function.
Other amino acid residues have been shown to be critical for
CAT transport activity. For example, replacing Glu107 with Asp
in mCAT-1 leads to a loss of transport activity without aﬀecting
its membrane expression.9,14 Substituting Arg369 with Glu and
inserting Asn at position 381 turn hCAT-2A into a high-aﬃnity
transporter.9,10 However, the role of those residues in
determining CAT substrate aﬃnities remains to be determined.
Nitric oxide is a key signaling molecule, which is
biosynthesized by the enzyme NOS (EC 1.14.13.39) from LArg, NADPH, and O2. Among the three known NOS isoforms,
endothelial NOS (eNOS, NOS III) and neuronal NOS (nNOS,
NOS I) are constitutive whereas inducible NOS (iNOS, NOS
II) is mainly found in macrophages and endothelial cells.15
NOS activity requires several cofactors, such as FAD, FMN,
and tetrahydrobiopterin (BH4). eNOS and nNOS also require
binding of a calcium−calmodulin complex for proper function.
Besides NO, L-citrulline is also produced in this reaction.16 The
soluble guanylyl cyclase (sGC)−cGMP−protein kinase G
(PKG) pathway represents the so-called canonical pathway
for NO signaling. Once activated by high-aﬃnity NO binding to
its heme moiety, sGC catalyzes the conversion of GTP to
cGMP, which in turn activates PKG.17 Activated PKG
phosphorylates downstream proteins.18 Clearly, limiting the
availability of the immediate precursor L-Arg will impair NO
production, thus aﬀecting this signaling cascade. Furthermore,
NO appears to have itself an inhibitory eﬀect on the cGMP−
PKG pathway, because the nitrosating agent S-nitrosocysteine
(CSNO) can desensitize sGC by S-nitrosation.19,20 Indeed, NO
can regulate protein function through S-nitrosation, nitration,
or oxidation.21 S-Nitrosation refers to the modiﬁcation of thiol
groups to form S-nitrosothiol in a reversible, non-enzymatic, or
enzymatic reaction. Likewise, denitrosation can be either
spontaneous or enzymatic; for example, thioredoxin has been
shown to catalyze the denitrosation of several proteins.19,20,22−24
Our previous work using cardiac ventricular myocytes and
giant sarcolemmal vesicles identiﬁed and functionally characterized two distinct cationic amino acid (CAA) transport
components, one with high apparent aﬃnity (KM = 222 μM)
and low capacity and the other with low apparent aﬃnity (KM =
16 mM) and high capacity, whose properties were consistent
with those reported for high-aﬃnity (the ubiquitous CAT-1)
and low-aﬃnity (CAT-2A) CATs.6,7 Both kinetic components
were noncompetitively inhibited by NO donors, although the
low-aﬃnity transporter (CAT-2A) was 3-fold more resistant to
nitric oxide inhibition (Ki ∼ 800 nM) than the high-aﬃnity one
(Ki ∼ 250 nM).25 Inhibition of low-aﬃnity CAT activity by
endogenous NO (likely produced by eNOS) was also detected
in acutely isolated voltage-clamped cardiac myocytes. These
ﬁndings led us to propose a negative feedback modulatory
mechanism on L-Arg transport by NO in rat cardiomyocytes.25
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The rapid onset (a few seconds) of L-Arg current inhibition in
cardiac cells, which remained by adding inhibitors of downstream enzymatic reactions, as well as the lack of substrates and
cofactors in cardiac sarcolemmal vesicles, strongly pointed to a
direct modiﬁcation of the low-aﬃnity transporter by NO.25
We expressed the low-aﬃnity mCAT-2A in mammalian cell
lines and studied NO sensitivity on CAT variants carrying
single-point mutations in several Cys residues, with the goal of
identifying the molecular targets of this CAT−NO interaction.
One Cys, conserved throughout all surveyed species, appears to
account for the NO sensitivity of this transporter. By learning
the molecular details of this regulation, we will better
understand how NO modulates its own biosynthesis, a process
that aﬀects all NO-related signaling pathways.

■

MATERIALS AND METHODS
Cell Culture. Fibroblast-like cell lines derived from monkey
kidneys (COS-7) and human cell lines (HeLa) were grown in
Dulbecco’s modiﬁed Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS) using an incubator at 37 °C with a 5%
CO2 atmosphere.
Cell Transfection. Cells were grown in 60 mm culture
plates to 80−90% conﬂuence before transfection with the lipidbased reagent Lipofectamine2000. The transfection reagent (20
μL) and 8 μg of plasmids were diluted separately with 250 μL of
serum-free DMEM. Diluted plasmids were mixed with the
transfection reagent and incubated at room temperature for 15
min before being added to culture plates containing 4 mL of
DMEM with 10% FBS. The plasmid−Lipofectamine complexes
remained in the culture plates for 48 h. Transfected cells were
collected for functional studies or cell lysate preparations.
Plasmid Construction, Flag Tag, and Site-Directed
Mutagenesis. The mouse CAT-2A (mCAT-2A) full-length
cDNA, gene sequence L11600.1 that contains 1989 nucleotides, was a kind gift from Dr. E. Closs (Department of
Pharmacology, Johannes Gutenberg University, Mainz, Germany). Using this mCAT-2A sequence as a template,
polymerase chain reaction (PCR) ampliﬁcation was performed
with sense and antisense primers that contained the same
restriction enzyme sites as in the pcDNA3.1(+) vector. The
mCAT-2A fragments generated from PCR and the pcDNA3.1(+) vector were digested with appropriate restriction enzymes
and ligated with T4 ligase. Similar strategies were used to insert
mCAT-2A into a 3XFlag-CMV-10 expression vector. To
identify mCAT-2A, the 3XFlag-CMV-10 expression vector
included a 3XFlag tag encoding 22 amino acids (DYKDHDGDYKDHDIDYKDDDDK) on the N-terminus. To obtain
mCAT-2A variants, the codon to be mutated was embedded in
primers that overlapped with each other, after which PCR
ampliﬁcation was performed. For example, the Cys347 (TGC)
to Ala (GCC) substitution used the following four primers:
primer 1, 5′ CTTAAGAAGTTATGCATCATCACCATCACCACATTCCCTGCAGAGCAGTGCT 3′; primer 2,
5′ GAAGACTTGTTGATAAGGCGGCGAGGGAGCCTGCTGCGACAA 3′; primer 3, 5′ CGCCTTATCAACAAGTCTTCTGGGTTCTATGTTCCCCTTA 3′; primer
4, 5′ GATCAAGCTTGGATCCTCAACATTCACTTGTC 3′.
mCAT-2A carrying the desired Cys substitutions was then
inserted into the 3XFlag-CMV-10 vector. Correct insertions/
substitutions were veriﬁed by DNA sequencing. eNOS
plasmids, wild-type bovine eNOS and eNOS-GFP (on the Cterminus), were a generous gift of Dr. W. Duran (Department
of Pharmacology, Physiology and Neuroscience, New Jersey
B
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Membrane Protein Isolation. Labeling and isolation of
cell surface proteins were performed with a Cell Surface Protein
Isolation kit, according to the manufacturer’s instructions.
Brieﬂy, cells were incubated with sulfo-NHS-SS-biotin,
quenched, lysed, and spun. The supernatant was transferred
to a column and incubated with NeutrAvidin agarose beads.
Biotinylated proteins were bound to the avidin beads, whereas
unbound proteins were washed out. Bound proteins were
eluted with DTT (dithiothreitol)/sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS−PAGE) loading
buﬀer and used for Western blot analysis. The Na+/K+-ATPase
α1 subunit was used as a loading control.
Streptavidin Puriﬁcation. Cell lysates were incubated
with 50 μM NEM in a buﬀer containing 250 mM HEPES (pH
8.0), 2.5% SDS, 0.1 mM Neocuproine, and 1 mM DTPA
(diethylenetriaminepentaacetic acid) for 1 h at 50 °C with
frequent shaking. Proteins were precipitated by adding 4 times
the volume of ice-cold acetone to the mixture described above
followed by incubation at −20 °C for 1 h in the dark and
centrifugation at 14000g for 20 min at 4 °C. Precipitated
proteins were dissolved in 100 μL of 20 mM Tris (pH 8.0), and
10 μL aliquots were taken to determine equal loading. Ten
microliters of fresh 10 mM sodium ascorbate and 20 μL of 4
mM pyridyldithio-propionamide-activated biotin (HPDP biotin) were added to 90 μL of the protein solution and incubated
for 1 h in the dark at 23 °C. Biotinylated proteins were puriﬁed
using the streptavidin antibody, as follows. Samples were
diluted with 2 volumes of neutralization buﬀer [20 mM HEPES
(pH 8.0), 100 mM NaCl, 1 mM EDTA, and 0.5% Triton X100] and incubated with 50 μL of streptavidin agarose beads for
1 h at 23 °C with gentle shaking. Beads were washed ﬁve times
with neutralization buﬀer containing 600 mM NaCl, and
biotinylated proteins were eluted with 80 μL of Laemmli buﬀer.
Western Blotting. Wild-type or transfected cells were
treated with a lysis buﬀer composed of 10 mM Tris-HCl (pH
7.2), 150 mM NaCl, 1× protease inhibitor cocktail, and 1%
Triton X-100. The protein concentration was determined with
the BCA (bicinchoninic acid) assay. Equal amounts of protein
were loaded onto 8% SDS−polyacrylamide gels and separated
by electrophoresis. Separated proteins were transferred to
PVDF membranes, incubated with the appropriate primary and
secondary antibodies, and visualized by chemiluminescence.
Membranes that needed to be reprobed were soaked into 50
mL of stripping buﬀer [60 mM Tris-HCl (pH 6.8), 2% SDS,
and 0.7% β-mercaptoethanol] for 30 min at 50 °C and
submitted to standard Western blot procedures.
Homology Modeling and Interaction Potentials. The
crystal structure of a bacterial CAT homologue with arginine
bound [Protein Data Bank (PDB) entry 6F34, resolution of
3.13 Å] was used as the template to obtain a three-dimensional
(3D) homology structure of our transporter.26 The selected
template, which corresponds to an outward-facing occluded
conformation,27 showed the highest sequence identity (42%)
among the available structures in the PDB. Four alignment
algorithms (BLAST, HHBLIST, ALIGNME, and MODELER)
were tested to obtain the most satisfactory matching between
our sequence and that of 6F34. On the basis of the BLAST28
alignment, six residues were added to our sequence in three
diﬀerent locations to satisfy sequence identity and to ﬁt the 3D
positions of key residues conserved in both sequences
[numbering from the truncated/modiﬁed mCAT-2A (see
Figure S1A)]. (i) A “Gly-Ala-Lys-Gly” motif was added after
residue 16. (ii) A proline was added after residue 375. (iii) A

Medical School, Rutgers). Both of these sequences were
inserted into pcDNA3.1(+) vectors. eNOS was used in all
functional assays and Western blots, whereas eNOS-GFP was
used for immunocytochemistry studies.
[14C]-L-Lysine Uptake Experiments. Transfected cells
were washed twice with phosphate-buﬀered saline containing
5% ethylenediaminetetraacetic acid (PBS-EDTA) and then
scraped into this buﬀer. After being pipetted up and down
several times, cells were spun at 1000 rpm for 3 min and
resuspended in a 120 mM KCl/20 mM MOPS-KOH solution
[KCl-MOPS solution (pH 7.40) at 25 °C]. Aliquots of 90 μL
were taken from the cell suspension and incubated with the
KCl-MOPS solution in the absence or presence of Nethylmaleimide (NEM, ﬁnal concentration of 0.2 mM) for at
least 10 min at 37 °C. The uptake reaction, cell washing, and
radioactivity counting were performed as previously described.7,25 L-Lysine (L-Lys) uptake levels were calculated as
the diﬀerence in radioactivity between NEM-free and NEMtreated samples, converted to the amount of L-Lys using
appropriate speciﬁc activity curves, and normalized per
milligram of protein per minute. For those experiments using
the NO donor S-nitroso-N-acetyl-DL-penicillamine (SNAP),
samples were incubated in the dark for 7 min with appropriate
concentrations of this compound before the master solution
was added. This incubation time was enough to ensure a
plateau in NO release, according to previously described NO
electrode measurements.25 Incubation of the sample with
SNAP either in a PBS-EDTA or in a KCl-MOPS solution
yielded similar results. In those uptake experiments using eNOS
and ﬂag-mCAT-2A co-transfected cells, control groups were
incubated with N-nitro-L-arginine methyl ester (L-NAME) for 5
min before the master solution was added.
Fluorescence Measurements of NO Production.
Endogenous NO production was assessed with the ﬂuorescent
dye 4-amino-5-methylamino-2′,7′-diﬂuoroﬂuorescein diacetate
(DAF-FM diacetate) as previously described,25 except that cells
were resuspended in PBS buﬀer and incubated in the dark with
10 μM DAF-FM diacetate for 45 min at room temperature. The
supernatant was removed, and cells were resuspended in 1 mL
of fresh PBS and incubated for 15 min at 37 °C to allow DAFFM activation. Fluorescence levels (λex = 495 nm, and λem = 515
nm) were measured every 12 s with a Cary Eclipse
spectroﬂuorometer.
Immunoﬂuorescence Staining. Cells were grown on
glass coverslips until conﬂuence or 48 h after transfection or cotransfection and ﬁxed with 3% paraformaldehyde for 15 min at
room temperature. After permeabilization with 0.5% Triton X100 for 5 min and proper washes, cells were blocked with 1%
bovine serum albumin in PBS (BSA-PBS) for 30 min and
incubated for 1 h with the anti-Flag M2 antibody in 0.1% BSAPBS, followed by three washes with 0.1% BSA-PBS. Cells were
incubated for 1 h in the dark with ﬂuorescent secondary
antibodies and subsequently washed ﬁve times with 0.1% BSA
to ensure removal of the excess secondary antibody. Washed
coverslips were mounted using ProLong Gold antifade reagent
with DAPI, and pictures were taken after incubation overnight
in the dark. Stained cells were analyzed using a Zeiss
ﬂuorescence microscope equipped with a motorized focus,
which allows for Z-stack image collection. Pictures were taken
using channels of diﬀerent excitation and emission wavelengths
at the same panel and merged using AxioVision software. eNOS
was visualized with its own GFP tag.
C
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Figure 1. Homology model and NO-CAT-2A interaction potentials. (A) 3D representation of the best generated model, highlighting the secondary
structure and the relative position of the transporter respect to the membrane bilayer (orange dotted lines). (B) Same as panel A, emphasizing 10
cysteine residues captured by homology modeling and showing the extracellular loops that were modeled de novo (red) and TM11 and TM12 that
were manually ﬁtted during the sequence alignment (pink). The coordinates of the transported arginine were taken unaltered from the 6F34
D
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Figure 1. continued
structure. (C) Classical molecular interaction potentials using NO as a probe. The isosurface of −1.75 kcal mol−1 is colored red. (D) Similar to panel
C focusing on Cys273 and Cys347, showing the isosurface of −2.25 kcal mol−1 in red. (E) Similar to panel D, showing the isosurface of −2.65 kcal
mol−1 in red. (F) mCAT-2A residues involved in the interaction with L-Arg, <6 Å from the solute (arginine in violet). Cys273 and Cys347 near the
bound arginine are shown using van der Waals radii.

from Thermo Fisher Scientiﬁc. Salts and reagents were of
analytical reagent grade.

threonine was added after residue 428. Four small regions were
modeled de novo with MODELER 9.2429 because no structural
data were available on those regions in the selected template
(Figure S1A). No data were available for the C-terminal
residues from residue 433 to the end, but on the basis of the
predictions by SWISSPROT, MEMBRAIN, and TOPCONS,
we manually matched residues 433−489 to the template,
leaving an undetermined C-terminal region that was ﬁnally
discarded. Using this hand-curated alignment, 2000 structures
were generated with MODELER 9.24. The 10 conformers with
a lower “internal energy” (DOPE score in MODELER) were
kept and analyzed with PROQM and QMEANBRANE to
evaluate the goodness of our 3D homology models as
transmembrane proteins (Figure S1B,C). The best structure
is shown in Figure S1D, highlighting the extracellular loops that
were modeled de novo, and transmembrane helices TM11 and
TM12 that were manually ﬁtted to the template (residues 433−
489). All histidine residues were assumed to be protonated at
the ε position, and all cysteines were considered to be present in
their reduced form.
To determine the ability of mCAT-2A to interact with nitric
oxide, we used NO as a probe to compute 3D interaction
potentials as implemented in CMIP.30 The linear approximation to the Poisson−Boltzmann equation was solved using
dielectric constants (ε) of 4 for mCAT-2A,31 and 8 for the
surroundings to mimic the bilayer environment provided by the
membrane.32 Atomic charges and Lennard-Jones parameters
for the protein were taken from the ﬀ19SB force ﬁeld,33 while
the parameters for NO were taken from ref 34. In this way, we
computed the free energy (electrostatic and van der Waals) for
the interaction between mCAT-2A and NO, considering the
protein as a rigid body.
Statistics. Data are presented as means ± the standard error
(SE) for the indicated number of experiments. Statistical
signiﬁcance was determined using Student’s paired t tests (p <
0.05) after normal distribution assessment by the Shapiro−Wilk
test for small sample sizes. Graphic plots, statistical tests, and
curve ﬁtting were performed with SigmaPlot version 10.0
(Systat Software, Inc., Richmond, CA). Homology models and
molecular graphics were produced using VMD 1.9.335 and
LIGPLOT 4.5.3.36
Reagents. Cell lines were purchased from American Type
Culture Collection (ATCC). DMEM was from ATCC (COS7) or Life Technologies (HeLa). Lipofectamine2000,
pcDNA3.1(+) vector, T4 ligase, ﬂuorescence secondary
antibodies, and ProLong Gold antifade reagent were from
Life Technologies. Restriction enzymes were from New
England BioLabs. PBS-EDTA buﬀer was from ATCC; NEM
and L -NAME were from Fluka. The 3XFlag-CMV-10
expression vector, L-[U-14C]lysine hydrochloride (speciﬁc
activity of 228 Ci mol−1), unlabeled L-Lys, SNAP, anti-Flag
M2 antibody, Laemmli buﬀer, and protease inhibitor cocktail
were obtained from Sigma. DAF-FM diacetate was from
Invitrogen. The Cell Surface Protein Isolation kit, HPDP biotin,
BCA protein assay, and streptavidin antibodies were purchased

■

RESULTS
COS-7 cells were selected to express mCAT-2A because they
were reported to lack expression of NOS isoforms,37,38
preventing a negative feedback modulation of cationic amino
acid transport by endogenous NO.25 On top of this, we used LLys to assess CAT transport activity because this amino acid is
not a NOS substrate, while it is carried with Km, Vmax, and
membrane potential dependence values similar to those of the
NOS substrate L-Arg within a given CAT isoform.4,6,7,25
Together, the choice of cell type and transported amino acid
ensured strict control and a clear deﬁnition of experimental
variables. Nonetheless, HeLa cells were used in some
experiments, with similar results.
Selection of Putative Cysteine Targets. Homology
modeling analysis was performed to gain insight into the
details of the 3D structure of mCAT-2A. A protein−protein
BLAST28 analysis was conducted against the PDB, ﬁnding 42%
identity of the mCAT-2A sequence with a bacterial cationic
amino acid transporter homologue26 determined by X-ray
crystallography (see Materials and Methods). Using this
template, we built a 3D structure for the L-Arg-bound native
mCAT-2A transporter, consisting of 12 transmembrane (TM)
helices that adopt the canonical amino acid polyamine cation
(APC) superfamily fold (Figure 1A).39,40 Of the 15 cysteine
residues present in the mCAT-2A sequence, we were able to
recover 10 cysteines in our 3D homology model, seven of which
are located in TM segments: Cys85 (TM2), Cys171 (TM4),
Cys264 (TM6), Cys273 (TM6), Cys299 (TM7), Cys347 (TM8),
and Cys427 (TM10) (Figure 1B). We then computed classical
molecular interaction potentials30 to predict the interaction of
NO with Cys residues within our best generated mCAT-2A
homology model (see Materials and Methods). At high free
energy values, NO can interact with most of the Cys residues in
the TM region of the transporter, as shown in Figure 1C. As
cutoﬀ free energy values were decreased (isosurface, −2.25 kcal
mol−1), only four residues remain as putative NO targets
[Cys273 and Cys347 (Figure 1D); Cys264 and Cys299 (not
shown)]. Finally, at an isosurface potential of −2.65 kcal mol−1,
NO appears to interact only with mCAT-2A regions around
Cys273 and Cys347 (Figure 1E), showing speciﬁcity for these
residues. Cys273 is positioned close to the amino acid binding
pocket (Figure 1F) even though it does not interact directly
with the L-Arg molecule. This residue, together with Cys33
[located at the intracellular N-terminus (Figure 1B)], has been
reported to be the target for NEM inhibition in hCAT-2A.13
Because all CAT activities were measured as NEM-sensitive
uptake, we focused our site-directed mutagenesis studies on
Cys347.
CAT-2A Functional Expression. To assess CAT-2A
expression levels, a Cys-free 22-amino acid ﬂag tag was added
to the N-terminus of mCAT-2A (ﬂag-mCAT-2A). NEMsensitive uptake of L-Lys uniformly labeled with 14C was
measured in cell suspensions incubated with media containing
E
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lane), the smeared band fades as a narrow band appears near 70
kDa, which is consistent with the molecular weight of a
deglycosylated ﬂag-mCAT-2A. Furthermore, transport activities of mCAT-2A and the ﬂag-tagged protein were inhibited by
NO (Figure 2C), as previously reported in rat cardiac
myocytes.25 In fact, incubation with 100 μM NO donor
SNAP, a concentration that releases ∼4 μM NO,25 resulted in
an average of 80% inhibition of transport. Altogether, these
results indicate that ﬂag-mCAT-2A was functionally expressed
in COS-7 cells and displays sensitivity to NO exposure.
Transport Activity and NO Sensitivity in Flag-mCAT2A Cysteine 347 Variants. To remove the -SH group, Cys347
was replaced with an alanine (ﬂag-Cys347Ala variant) and
expressed in COS-7 cells. Transport activities and NO
sensitivity were determined in parallel by measuring 10 mM
347
L-Lys uptake in ﬂag-mCAT-2A and the ﬂag-Cys Ala variant.
The results in Figure 3A show two distinct features. First, 100
μM SNAP treatment did not signiﬁcantly change uptake levels
in the Cys347Ala variant, unlike the control behavior (75%
inhibition, on average). Thus, NO inhibition of transport was
lost in the ﬂag-Cys347Ala protein. Second, basal transport
activity measured with the ﬂag-Cys347Ala variant was only 38%
of that determined with control ﬂag-mCAT-2A (1.2 nmol mg−1
min−1 vs 3.2 nmol mg−1 min−1). This decrease in uptake levels
could be the result of decreased protein expression levels and/
or impaired turnover due to structural changes.
To assess the former possibility, cell membrane fractions
were prepared, and membrane proteins were labeled with
biotin, treated (or not) with N-glycosidase, and isolated with
streptavidin beads. Both the avidin-bound and unbound
fractions were subjected to SDS−PAGE and, subsequently, to
Western blotting with the anti-Flag antibody. As anticipated,
the results in Figure 3B show that both proteins were
glycosylated and sensitive to N-glycosidase treatment. Moreover, expression levels for the ﬂag-Cys347Ala variant were
comparable to those of ﬂag-mCAT-2A in the bound
(membrane fraction) and unbound fractions. Immunoﬂuorescence studies demonstrated similar expression patterns for
both proteins, primarily along the cell plasma membrane but
also somewhat within the cells, apparently in the Golgi
apparatus (Figure 3C). Altogether, these results showed no
diﬀerences between the control and Cys347Ala-substituted ﬂagmCAT-2A in terms of expression levels and distribution
patterns.
In light of the ﬁndings presented above, the decreased
transport activity of the Cys347Ala variant prompted us to
investigate kinetic changes in the transporter caused by the Ala
substitution. L-Lys uptake levels were determined in parallel in
the Cys347Ala variant and control ﬂag-mCAT-2A at 1, 2, 5, 10,
and 20 mM L-Lys. The results are displayed in Figure 4 together
with the best-ﬁtting hyperbolic functions for L-Lys concentrations of ≤10 mM (see below). Best-ﬁt KM values were found
to be 5.3 ± 2.3 and 9.1 ± 1.7 mM for the Cys347Ala variant and
control ﬂag-mCAT-2A, respectively. Statistical analysis showed
that these two KM values were not signiﬁcantly diﬀerent at the
95% level (p = 0.08). Best-ﬁt Vmax values were 2.3 ± 0.5 and 5.2
± 0.5 nmol mg−1 min−1 for the Cys347Ala variant and control
ﬂag-mCAT-2A, respectively. The Cys347Ala Vmax value was
found to be signiﬁcantly lower than that for the control at the
99.5% level (p = 0.002). The Vmax (Ala)/Vmax (Cys) ratio of
0.44 is consistent with the value of 0.38 found above for 10 mM
Lys (see Figure 3A). These results demonstrate that the loss of
polarity and/or the -SH side chain in residue 347 decreased the

millimolar L-Lys concentrations. Results in Figure 2A show 10
mM L-Lys uptake levels in COS-7 cells transfected with mCAT-

Figure 2. mCAT-2A functional expression in COS-7 cells. (A) Uptake
levels in nontransfected cells (black) and in cells expressing
pcDNA3.1(+) (gray), mCAT-2A (dark gray), or ﬂag-mCAT-2A
(light gray). Uptake was measured with 10 mM L-Lys for 3 min and
normalized to the amount of protein per minute. Background
radioactivity in the presence of NEM was typically ≤8% of total
radioactivity levels, similar to values found in cardiac sarcolemmal
vesicles.7 Bars represent the mean ± SE from four to eight
experiments, each performed in triplicate [**99% statistical signiﬁcance (p = 0.008); n.s., not signiﬁcantly statistically diﬀerent]. (B) ﬂagmCAT-2A detection in COS-7 cell lysates. Representative Western
blot of ﬂag-mCAT-2A detected with the anti-Flag antibody: left lane,
molecular weight ladder; middle lane, ﬂag-mCAT-2A (top arrow);
right lane, ﬂag-mCAT-2A treated with N-glycosidase F (SigmaAldrich, 2 units/100 μg of protein, 30 min, 37 °C) (bottom arrow).
(C) Eﬀect of SNAP on mCAT-2A activity. Uptake levels were
measured with 10 mM L-Lys in COS-7 cells expressing mCAT-2A or
ﬂag-mCAT-2A in the absence (black and dark gray, respectively) or
after a 7 min incubation with 100 μM NO donor SNAP (gray and light
gray, respectively). Bars represent the mean ± SE of ﬁve experiments,
each performed in triplicate [*95% statistical signiﬁcance (p = 0.018)].

2A inserted into two separate vectors: the pcDNA3.1(+)
plasmid (5.4 kb) with no tags and the 3XFlag-CMV-10
expression vector (6.3 kb) with a 3XFlag tag to generate ﬂagmCAT-2A. First, nontransfected COS-7 cells showed low levels
of cationic amino acid uptake (0.23 ± 0.09 nmol mg−1 min−1),
probably because of the activity of the ubiquitous high-aﬃnity,
low-capacity CAT-1. Addition of the pcDNA3.1(+) vector
alone did not signiﬁcantly modify uptake levels (0.19 ± 0.05
nmol mg−1 min−1). Expression of mCAT-2A increased L-Lys
uptake levels 12−14-fold (2.7 ± 0.2 nmol mg−1 min−1),
compared to that of nontransfected cells. Equally increased
transport activity was observed with ﬂag-mCAT-2A (2.9 ± 0.4
nmol mg−1 min−1). Thus, addition of the N-terminus ﬂag did
not appear to aﬀect mCAT-2A function.
Western blotting of ﬂag-mCAT-2A expressed in COS-7 cells
was performed on samples treated (or not) with N-glycosidase
F. Figure 2B (middle lane) shows the typical behavior reported
for the highly glycosylated CAT-2A,4,41 with a smeared band
that runs around 100 kDa. Upon glycosidase treatment (right
F
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Figure 3. Transport activity, NO sensitivity, and expression levels of Cys347Ala ﬂag-mCAT-2A in COS-7 cells. (A) Control (black) and Cys347Ala
variant (dark gray) uptake levels were determined with 10 mM L-Lys for 3 min, in the absence or presence of 100 μM SNAP (gray and light gray for
control and Cys347Ala, respectively). Bars represent the mean ± SE of three to eight experiments, each performed in triplicate [*95% statistical
signiﬁcance (p = 0.015 for control NO sensitivity, and p = 0.022 for control vs variant uptake levels)]. (B) Representative Western blot of ﬂagmCAT-2A and its Cys347Ala variant. Flag-mCAT-2A- and ﬂag-Cys347Ala-transfected cells were harvested in parallel after a 48 h transfection. Total
protein expression was estimated by adding bound and unbound fractions. Note the typical behavior for glycosylated and deglycosylated forms in
both cases. The Na+,K+-ATPase α1 subunit was used as a loading control. (C) Immunoﬂuorescence staining of COS-7 cells transfected with ﬂagmCAT-2A or the Cys347Ala variant.

Transport Activity and NO Sensitivity in Cys347Ser
Flag-mCAT-2A. In an attempt to rescue mCAT-2A basal
transport activity, a more conservative substitution, i.e., cysteine
to serine (Cys347Ser), was introduced in residue 347. Because
the Cys → Ser substitution preserves the polarity and bulkiness
of the replaced side chain, this change was not expected to
cause large conformational rearrangements in the protein
(provided that the target cysteine does not participate in
disulﬁde bond formation). Uptake assays performed with this
variant yielded values of 0.8 ± 0.1 and 2.2 ± 0.1 nmol mg−1
min−1 at 2 and 10 mM L-Lys, respectively, values that were not
signiﬁcantly diﬀerent from those of the control ﬂag-mCAT-2A
(Figure 5A). Therefore, the presence of an -OH group at
position 347 restored the wild-type-like kinetic behavior,
suggesting that a polar side chain in this position is required
for normal transport activity and that Cys347 does not
participate in a disulﬁde bond within mCAT-2A. In addition,
incubating the samples with 100 μM SNAP showed that uptake
levels in the Cys347Ser variant remained insensitive to the
presence of NO (Figure 5B), similar to the behavior observed
for the Cys347Ala variant. These results indicate that the -SH
group in residue 347 is involved in (and perhaps responsible
for) NO inhibition of mCAT-2A.

transport capacity (Vmax) without signiﬁcantly aﬀecting the
substrate apparent binding aﬃnity of mCAT-2A.
We also noticed that, in the presence of 20 mM L-Lys, control
and Cys347Ala variant transport activities became similar and
were both higher than the values predicted by the best-ﬁtting
curves (Figure 4, inset). This increase in transport capacity was
likely caused by a substantial accumulation of L-Lys within cells
incubated for 3 min with a 20 mM concentration of this amino
acid, thus facilitating changes in CAT-2A kinetics, a
phenomenon known as trans-stimulation.3,4 In this regard, we
have previously reported a modest but signiﬁcant 2.7-fold transstimulation of the low-aﬃnity L-Lys uptake component in rat
cardiac sarcolemmal vesicles.7 The ﬁnding that the Cys347Ala
variant displayed trans-stimulation suggests that residue Cys347
does not play a role in the transport steps involved in this
reaction. Furthermore, this ﬁnding indicates that the presence
of the trans-substrate could overcome the decreased transport
capacity produced by the Cys → Ala substitution.
In summary, replacing Cys347 with Ala in mCAT-2A resulted
in the loss of NO sensitivity, with no changes in protein
expression levels and patterns but with an impaired turnover
rate.
G
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Figure 4. L-Lys concentration dependence of uptake. Experiments
were run for 3 min at each L-Lys concentration for the control (●) and
Cys347Ala variant (○). Symbols represent the mean ± SE from three to
ﬁve experiments for each concentration point (performed in parallel
and in triplicate). Hyperbolic functions were ﬁtted to each curve (≤10
mM L-Lys), with the best-ﬁt Vmax and KM values reported in the text.
The inset shows the measured and expected uptake values with 20 mM
347
L-Lys for the control and ﬂag-Cys Ala variant. Expected uptake values
were calculated with the best-ﬁt parameters from both nonlinear
regressions at 20 mM L-Lys. Labels for the inset Y-axis were NEMsensitive L-Lys uptake (nanomoles per milligram per minute).
Figure 5. Transport activity and NO sensitivity of Cys347Ser ﬂagmCAT-2A. (A) Uptake levels measured with 2.0 and 10 mM L-Lys for
the control (black, dark gray) and ﬂag-Cys347Ser variant (gray, light
gray). Bars represent the mean ± SE from three to four experiments for
each concentration point (performed in parallel and in triplicate). The
results for the control and Ser variant were not statistically signiﬁcantly
diﬀerent at each L-Lys concentration. (B) NO sensitivity of transport.
Uptake levels were measured with 10 mM L-Lys for 3 min in the
absence or presence of 100 μM SNAP for the control (black, gray) or
ﬂag-Cys347Ser variant (dark gray, pale gray), respectively. Bars
represent the mean percent ± SE relative to that of control ﬂagmCAT-2A (n = 3−8 for each group). Control vs Cys347Ser with or
without SNAP treatment, not statistically signiﬁcantly diﬀerent.

Other Potentially Reactive Cys Residues in mCAT-2A.
On the basis of inspection of the mCAT-2A primary sequence,
residues Cys171 (TM4) and Cys427 (TM10) were also potential
targets for NO modiﬁcation. Both residues are located within
microenvironments containing hydrophobic amino acids
surrounded by acid−base motifs 6−8 Å from the Cys residue,
which have been implicated in S-nitrosation of several
proteins.42 Thus, separate Ala substitutions (Cys171Ala and
Cys427Ala) carried by the 3XFlag-CMV-10 vector were
introduced into COS-7 cells for functional studies. First, uptake
assays with 10 mM L-Lys show that both variants Cys171Ala
(Figure 6A) and Cys427Ala (Figure 6B) displayed amino acid
transport levels that were not signiﬁcantly diﬀerent from those
of control ﬂag-mCAT-2A (p = 0.22 and p = 0.15 for residues
171 and 427, respectively). NO donor treatment inhibited 88%
of the Cys171Ala variant transport activity compared to a 77%
inhibition in the control (Figure 6A). Similarly, transport
activity in the Cys427Ala variant was reduced by 66% compared
to 75% inhibition in parallel control assays (Figure 6B).
Altogether, these data show that cysteine residues 171 and 427
are not important for mCAT-2A normal transport function and
are not involved in NO regulation of this transporter.
Eﬀect of Endogenously Produced NO. Having demonstrated that exogenous NO can inhibit mCAT-2A function and
that the Cys347Ser substitution yields a NO-resistant phenotype,
the question becomes whether this mechanism is physiologically relevant. Because COS-7 cells lack expression of NOS
isoforms, we attempted to generate endogenous NO in mCAT2A-expressing COS-7 cells by inducing iNOS functional
synthesis with lipopolysaccharide (LPS), LPS with interferonγ, or LPS with ATP. These treatments have been documented
to stimulate iNOS functional expression in other cell types.43,44
However, in our hands, these reagents failed to stimulate iNOS
expression in neither COS-7 nor HeLa cells, even by combining
diﬀerent concentrations and exposure times.

In light of this, we decided to co-transfect cells with eNOS
and mCAT-2A (Figure 7). Western blotting was performed to
verify co-expression of eNOS and ﬂag-mCAT-2A in COS-7 and
HeLa cells (Figure 7A), using cell lysates prepared after
transfection for 48 h. eNOS was detected at the expected
monomer molecular weight of ∼140 kDa16 in cells cotransfected with control ﬂag-mCAT-2A or the Cys347Ser
variant. Notice that eNOS was not detected in nontransfected
cells. The same membranes were reprobed with the anti-Flag
M2 antibody to verify expression of ﬂag-mCAT-2A or the
Cys347Ser variant, including the typical glycosylation/deglycosylation patterns. A moderate decrease in eNOS and Cys347SerCAT-2A co-expression levels was observed with the Cys → Ser
substitution, compared to the control ﬂag-mCAT-2A (Figure
7A). Immunostaining of co-transfected cells was performed
with the ﬂag-labeled transporters and eNOS-GFP (Figure 7B).
Merged images of eNOS and mCAT-2A or the Cys347Ser
variant do not overlap, because transporters mainly localize to
the cell plasma membrane and eNOS has been reported to
localize in the proximity of but not within the membrane.45
To investigate the inhibition of cationic amino acid transport
by endogenous NO, both proteins must be functionally
expressed. In this regard, our previously reported two-step
H

https://dx.doi.org/10.1021/acs.biochem.0c00729
Biochemistry XXXX, XXX, XXX−XXX

Biochemistry

pubs.acs.org/biochemistry

Article

Figure 7. Functional co-expression of eNOS, ﬂag-mCAT-2A, and its
Cys347Ser variant in HeLa cells. (A) Western blots showing eNOS
(mouse monoclonal anti-eNOS antibody, BD Biosciences, 1:2500
dilution), ﬂag-mCAT-2A, and ﬂag-Cys347Ser variant expression in cotransfected cells. gly indicates glycosylated, and non-gly deglycosylated
by N-glycosidase F treatment. (B) Representative pictures of
immunoﬂuorescence staining in HeLa cells co-transfected with
eNOS-GFP and the ﬂag-mCAT-2A/Cys347Ser variant. eNOS
(green) is located primarily in the cytosol, while ﬂag-mCAT-2A
(red) resides in the plasma membrane. (C) NO production in
nontransfected (●), ﬂag-mCAT-2A-transfected (▽), and ﬂag-mCAT2A/eNOS co-transfected HeLa cells (■). L-Arg was added (5 mM,
arrow) in parallel to cell suspensions after 3 min of baseline recording.
Data points represent the mean ± SE for three experiments performed
under each condition.

Figure 6. Transport activity and NO sensitivity in Cys171Ala- and
Cys427Ala-substituted mCAT-2A. (A) Control (black) and ﬂagCys171Ala variant (dark gray) NEM-sensitive uptake levels were
determined with 10 mM L-Lys for 3 min, in the absence or presence of
100 μM SNAP (control, gray; Cys171Ala, light gray). Bars represent the
mean ± SE from four to eight experiments performed in triplicate for
each group [*95% statistical signiﬁcance (p = 0.019); **99% statistical
signiﬁcance (p = 0.006)]. Percentage inhibition for the control vs the
Cys171Ala variant, not signiﬁcantly diﬀerent (p = 0.26). (B) Control
(black) and ﬂag-Cys427Ala variant (dark gray) uptake levels were
determined as described for panel A, in the absence or presence of 100
μM SNAP (control, gray; Cys427Ala, light gray). Bars represent the
mean ± SE from ﬁve to eight experiments performed in triplicate for
each group [*95% statistical signiﬁcance, control (p = 0.018),
Cys427Ala variant (p = 0.028)]. Percentage inhibition for the control
vs the Cys427Ala variant, not signiﬁcantly diﬀerent (p = 0.13).

as a compromise between the eﬀect of L-Arg as a competitive
agonist for L-Lys transport (and vice versa) and the need to
ensure that enough L-Arg enters the cells for proper NO
production, while keeping [14C]-L-Lys as a radiotracer. Under
these conditions, the transport activity of ﬂag-mCAT-2A was
found to be 1.8 ± 0.1 nmol mg−1 min−1 (Figure 8A). These
roughly 60% uptake levels compared to those reported in
previous sections are consistent with the presence of a lower LLys concentration together with the competitive eﬀect of L-Arg.
Simultaneously, another aliquot of the same cell batch was
incubated for 3 min with 1 mM L-NAME, a general NOS
inhibitor, and processed in parallel. In this case, ﬂag-mCAT-2A
uptake levels were measured to be 2.6 ± 0.2 nmol mg−1 min−1.
This value is, on average, 44% larger than that found in the LNAME-free group (Figure 8A). Thus, when eNOS was
inhibited by L-NAME, i.e., in the absence of NO production,
CAT-2A-mediated transport activity was signiﬁcantly increased.
Nonetheless, to conﬁrm that this inhibitory eﬀect occurs only in
the presence of the NOS substrate, L-Arg, we performed 10 mM
L-Lys uptake experiments with or without L-NAME preincubation, in HeLa cells co-expressing ﬂag-mCAT-2A and eNOS.
The results in Figure 8B show that L-Lys uptake levels in the LNAME preincubated group were not signiﬁcantly diﬀerent from
those of the group with no L-NAME treatment (2.5 ± 0.2 and
2.8 ± 0.4 nmol mg−1 min−1, respectively; p = 0.14). These data
indicate that, regardless of the presence of an eNOS block, no
inhibitory eﬀect on mCAT-2A is observed when L-Lys is the

experimental design, i.e., exposing cells to extracellular L-Arg
and subsequently detecting intracellular NO production with
the ﬂuorescent dye DAF-FM,6,25 is well suited to test for the
functional co-expression of mCAT-2A and eNOS. Time
courses of ﬂuorescence changes were measured spectroﬂuorometrically with a microplate reader containing HeLa cells
preloaded with 10 μM DAF-FM (Figure 7C). The baseline
ﬂuorescence was measured for 3 min before the addition of 5
mM L-Arg (arrow). Nontransfected HeLa cells as well as cells
transfected with only ﬂag-mCAT-2A showed no changes in
ﬂuorescence upon addition of L-Arg. On the contrary, those
cells co-transfected with mCAT-2A and eNOS showed a clear
increase in ﬂuorescence, which was biphasic in nature, with an
initial fast component not resolved in time within the 20 s
sampling interval after the addition of L-Arg, followed by a
steady plateau. Thus, mCAT-2A and eNOS were functionally
co-expressed in HeLa cells.
To study the eﬀect of endogenous NO production on CAT2A transport activity, the experimental design used here for
uptake assays was modiﬁed to include 5 mM L-Arg and 5 mM LLys in the reaction medium. These concentrations were chosen
I
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signiﬁcant diﬀerences between L-NAME-treated and nontreated groups (p = 0.10). These results strongly suggest that
the -SH group in Cys347 side chain is involved in mCAT-2A
inhibition by endogenous NO.

■

DISCUSSION
Nitric oxide is an important signaling molecule and second
messenger;21,46 its production is carefully regulated at multiple
levels. For example, excessive NO production blocks NOS
activity in a typical inhibition by the product.47 Our group has
previously shown that NO can also regulate its own production
by a negative feedback modulation on the transport activity of
cationic amino acid transporters.25 We report here for the ﬁrst
time the involvement of mCAT-2A Cys347 (TM8) in this
modulation.
Cysteine substitutions were carried by a ﬂag-tagged mCAT2A construct. The KM value determined for L-Lys transport by
this construct, 9.1 mM, was consistent with that found when
studying the L-Arg concentration dependence of membrane
currents in voltage-clamped rat ventricular cardiomyocytes
(K0.5 = 11.0 mM)6 and in good agreement with the KM range
reported for CAT-2A.4 The Vmax value found for ﬂag-mCAT2A, ∼5 nmol mg−1 min−1, was slightly larger than that reported
for rat cardiac sarcolemmal vesicles (4 nmol mg−1 min−1),7
likely because of a higher level of CAT-2A expression in our
mammalian cell expression systems. The NO sensitivity of
uptake and enhancement of amino acid import by the presence
of a trans-substrate were also observed in our ﬂag-tagged
construct. Altogether, the kinetic properties of ﬂag-mCAT-2A
expressed in COS-7 and HeLa cells were similar to those
reported for endogenous CAT-2A from rat cardiomyocyte
plasma membranes.6,7,25
Removal of the -SH moiety in Cys347 turned mCAT-2A into a
NO-insensitive transporter. Our previous work showed that the
membrane electric ﬁeld sensed by the transported molecule
becomes stronger in the presence of NO,25 suggesting that the
target residue(s) for NO inhibition might be located within a
transmembrane segment in CAT-2A. Cys347 is also located in
the TM that precedes the fourth intracellular loop formed by
residues 355−397, which determines CAT-2A’s low apparent
aﬃnity (compared to that of its splice variant, CAT-2B).
Additionally, a protein−protein sequence BLAST analysis
showed that a cysteine in position 347 is conserved in 100%
of 30 analyzed sequences. Altogether, the location and
conservation of Cys347 suggest that this residue plays a key
role in the transport activity of mCAT-2A.
Alanine substitution of Cys347 reduced by ∼60% the
transport capacity of this transporter, a decrease that could be
explained by a reduction in the total number of transporters,
lower turnover rates resulting in a decreased availability of
functional transporters, or a combination of these possibilities.
In this regard, Western blotting of mCAT-2A showed
comparable expression levels of this protein in the plasma
membrane for both the control and the Cys347Ala variant. In
terms of function, the apparent aﬃnity for L-Lys activation of
transport was not signiﬁcantly aﬀected by the Cys347Ala
substitution. Nonetheless, the impaired transport capacity of
the Cys347Ala variant highlights the importance of this cysteine
residue in CAT-2A function. However, the requirement of
Cys347 for normal transport activity appears not to be absolute
because control uptake levels were recovered when this residue
was replaced with a Ser. Thus, the polarity of Cys347 also seems
to contribute to the microenvironment needed for cationic

Figure 8. Cationic amino acid transport and endogenously produced
NO in HeLa cells. (A) L-Lys uptake studies in ﬂag-mCAT-2A and
eNOS co-transfected cells. L-Arg (5 mM) was used to produce NO,
and L-NAME (1 mM) to inhibit NO synthesis. Uptake levels for the LArg group (black) and the L-Arg/L-NAME group (white) were
measured in parallel. Bars represent the mean ± SE from ﬁve
experiments performed in triplicate [***99.5% statistical signiﬁcance
(p = 0.0043)]. (B) Eﬀect of L-NAME on L-Lys transport. L-Lys (10
mM) uptake levels in cells co-expressing eNOS and ﬂag-mCAT-2A
were measured in the absence (black) or presence of 1 mM L-NAME
preincubation (white). Measurements were performed in parallel (n =
3). (C) Eﬀect of endogenous NO on L-Lys transport by the ﬂagCys347Ser variant. L-Lys (5 mM) uptake levels were measured in
Cys347Ser-substituted mCAT-2A and eNOS co-expressing cells, in the
presence of 5 mM L-Arg with (white) or without 1 mM L-NAME
preincubation (black). Uptake was measured in parallel for the two
groups (n = 4). n.s., not statistically signiﬁcantly diﬀerent.

only transported amino acid. Thus, L-Arg is required as a
precursor for NO to inhibit mCAT-2A.
Assuming that endogenous NO modulation and exogenous
NO modulation of mCAT-2A function take place by the same
mechanism, the prediction can be made that the Cys347 to Ser
substitution would result in NO-insensitive uptake levels. Thus,
similar experiments were performed with eNOS and Cys347Ser
variant co-transfected HeLa cells. Cells incubated with 5 mM LArg and 5 mM L-Lys displayed average uptake levels of 2.1 ±
0.2 and 1.9 ± 0.1 nmol mg−1 min−1 in the absence and presence
of 1 mM L-NAME, respectively (Figure 8C). Statistical analysis
of four such experiments performed in parallel revealed no
J

https://dx.doi.org/10.1021/acs.biochem.0c00729
Biochemistry XXXX, XXX, XXX−XXX

Biochemistry

pubs.acs.org/biochemistry

Article

uptake. Additional evidence in support of the exclusive role of
Cys347 as the target for NO modulation of transport comes from
electrophysiological studies. Constitutive NOS activation in
voltage-clamped cardiomyocytes resulted in an ∼70% inhibition of peak inward L-Arg current by endogenous NO.25 These
inhibition levels were similar to those measured here, even
though zero-current levels were obtained by withdrawing L-Arg
from the extracellular solution rather than using NEM; i.e.,
Cys273 was always available.
Endogenous NO was produced by applying extracellular LArg to cells co-expressing mCAT-2A and eNOS. The Cys347Ser
variant proved to be insensitive to inhibition by endogenous
NO, strongly suggesting that Cys347 is also the target for NO
modulation of mCAT-2A activity under physiological conditions. Nonetheless, the reversibility of NO binding is
necessary for this regulation to be physiologically meaningful.
Although we did not show any data in this regard in mammalian
cell cultures, we have previously demonstrated the reversibility
of blockage by NOS-generated NO on low-aﬃnity L-Arg
currents in rat cardiac myocytes.25 Likewise, we did not show
any conclusive evidence for protein S-nitrosation as the
mechanism underlying NO inhibition of L-Lys uptake. Nonetheless, the clear involvement of NO (exogenous or
endogenous) and the -SH group of Cys347, plus previous
evidence showing that downstream eﬀectors in the NO
canonical pathway are not involved in this regulation,25 point
to mCAT-2A S-nitrosation as the probable mechanism. Protein
S-nitrosation involving the chaperone protein Hsp90 has been
documented to be involved in a negative feedback mechanism
of NO production by regulating NOS activity.48 Considering
that Cys347 is strictly conserved throughout CAT isoforms,
transient inhibition of transport could be a general mechanism
for NO to downregulate the direct supply of L-Arg to NOS and,
in so doing, modulate its own levels. This regulatory mechanism
occurs naturally in rat acutely isolated ventricular cardiomyocytes,25 as well as with mCAT-2A and eNOS heterologously
expressed in COS-7 and HeLa cells, an indication that whatever
players might be needed for this modulation, all are present in
these cell types. Because, in addition, L-Lys uptake is
noncompetitively inhibited by NO donors in cardiac
sarcolemmal vesicles (which are supposedly free of cofactors,
second messengers, etc.), it seems safe to conclude that the
inhibition of amino acid transport results from a direct
interaction between NO and the -SH group of Cys347.
Recent results, however, appear to be at variance with a direct
modulation by exogenous NO (or nitrosating agents) of human
CAT-2A expressed in amphibian oocytes.49 By comparing their
results with our previous work,25 these authors postulate the
existence of an interacting protein needed for the CAT-NO
crosstalk that might be present in rat cardiomyocyte
membranes but not in Xenopus laevis oocytes. Under this
scenario, such interacting protein would have to remain
attached to the membrane during preparation of cardiac
sarcolemmal vesicles.7,25 Additional explanations may be
related to (a) diﬀerential packing/folding of CATs in the
oocyte plasma membrane aﬀecting Cys347 accessibility, (b)
speciﬁc lipid−protein interactions that might be required for
NO modulation of transport, which are absent in the oocyte
membrane, and (c) the direct involvement of a particular lipid
in the CAT-NO interaction, which is not present in amphibians.
Perplexingly, when hCAT-2A is expressed in Xenopus oocytes,
the Cys347Ala variant shows L-[3H]Arg uptake levels similar to
those of the wild-type control whereas the Cys427Ala variant

amino acid transport by mCAT-2A. The kinetic behavior
displayed by the Ser variant excluded the participation of Cys347
in disulﬁde bond formation as part of the molecular mechanism
for cationic amino acid transport.
Stimulation of transport by the substrate at the other side of
the membrane is a signature feature of CATs.4 Despite the
lower basal uptake levels detected with the Cys347Ala variant,
trans-stimulation was preserved because, at suﬃciently high
external L-Lys concentrations (i.e., upon substantial accumulation of intracellular L-Lys in a 3 min incubation), transport
activity became similar to that of the control. This observation
implies that the transport step that becomes rate-limiting as a
result of the Ala substitution is compensated by acceleration of
another step related to the presence of a trans-substrate. In a
classical four-state model4 containing the extracellularly facing
unoccupied (To) and ligand-bound (ToL) transporter and the
intracellularly facing ligand-bound (TiL) and unoccupied (Ti)
transporter, the amino acid inward transport sequence would be
To ↔ To L ↔ Ti L → Ti ↔ To

One explanation that follows this reaction scheme is that the
last step (outward reorientation of the unoccupied transporter)
becomes slow when the polar group is removed from Cys347. In
the absence of the intracellular substrate, the third reaction step
is irreversible. However, in the presence of the trans-substrate,
the transporter can shuttle back and forth through faster ligandbound steps (exchange mode), thus bypassing the slow step.
Interestingly, amino acid residues located in the fourth
intracellular loop, part of TM9, and TM10 have been reported
to inﬂuence the sensitivity of hCAT-2A to trans-stimulation.10
Our ﬁnding that modiﬁcation of a Cys located in TM8 did not
aﬀect mCAT-2A trans-stimulation does not collide with this
observation.
Other conserved transmembrane residues, such as Cys171 and
Cys427, predicted by sequence local environment to be putative
NO targets (ref 42 and references therein), were shown here
not to be involved in NO inhibition of transport. Furthermore,
the Cys171Ala and Cys427Ala constructs display uptake levels
comparable to those of control ﬂag-mCAT-2A. When mCAT2A NO sensitivity was studied, cells were incubated with NEM
before applying SNAP. Although removal of the -SH group in
Cys347 rendered a NO-insensitive phenotype, NO inhibition of
NEM-sensitive uptake was still apparent for control mCAT-2A
and the Cys171Ala and Cys427Ala variants. The occurrence of
NO block on top of NEM inhibition implies that these two
compounds bind to diﬀerent cysteine residues in mCAT-2A.
However, Cys273 could also be reactive to NO. A reversed
incubation sequence (e.g., SNAP before NEM) will not clarify
this possibility because NO modulation of mCAT-2A was
shown to be reversible,25 and thus, an eventual reaction
between NO and the sulfhydryl group in residue 273 will be
gradually replaced by irreversible NEM modiﬁcation, with
results indistinguishable from those in cells initially incubated
with NEM. Our computational chemistry studies show that
Cys347 and Cys273 are the most likely targets of NO. However,
measuring transporter function as NEM-sensitive uptake clearly
leaves Cys347 as the only residue available to undergo NO
modulation of cationic amino acid transport by CAT-2A. In
addition, Cys273 NO sensitivity, if any, would have a modest
impact on transporter function because residue 347 was shown
to be responsible for 70−80% of total uptake inhibition upon
incubation with NO, considering that nonspeciﬁc radioactivity
levels in the presence of NEM are typically ≤8% of total L-Lys
K
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shows signiﬁcantly reduced uptake levels,13 a behavior
symmetrically opposite to what we found for mCAT-2A
expressed in COS-7 and HeLa cells. Whether this diﬀerence
relates to diﬀerent cellular or membrane environments,
although in line with some of the suggestions above, remains
an open question.
In conclusion, a negative feedback NO modulation of CATmediated L-Arg transport is likely to play an important role in
the control of NO levels. Several studies have demonstrated
that under conditions of L-Arg depletion, NOS generates
superoxide radicals that, in turn, lead to the production of the
harmful reactive nitrogen species, peroxynitrite,50−53 resulting
in cell oxidative damage. Our results may contribute to the
conversion of L-Arg transporters into therapeutic targets, as an
intervention point for modulating NO synthesis in multiple
diseases of the heart, the vasculature, and the nervous and
immune systems.
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