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Abstract

A plasma membrane amino acid transporter BO* (ATB%*), encoded by the SL.C6A14 gene, is
specific for neutral and basic amino acids. It is up-regulated in several types of malignant cancers.
Neurotransmitter transporters of the SLC6 family interact with specific SEC24 proteins of the
COPII complex along their pathway from the endoplasmic reticulum (ER) to Golgi. This study
focused on the possible role of SEC24 proteins in ATBO* trafficking. Rat ATB?* was expressed in
HEK?293 cells, its localization and trafficking were examined by Western blot, deglycosylation,
immunofluorescence (co-localization with ER and frans-Golgi markers) and biotinylation. The
expression of ATBO* at the plasma membrane was decreased by dominant negative mutants of
SAR1, a GTPase, whose activity triggers the formation of the COPIl complex. ATB?* co-
precipitated with SEC24C (but not with the remaining isoforms A, B and D). This interaction was
confirmed by immunocytochemistry and the proximity ligation assay. Co-localization of SEC24C
with endogenous ATBO:* was also observed in MCF-7 breast cancer cells. Contrary to the
endogenous transporter, part of the overexpressed ATB* is directed to proteolysis, a process
significantly reversed by a proteasome inhibitor bortezomib. Co-transfection with a SEC24C
dominant negative mutant attenuated ATBO* expression at the plasma membrane, due to
proteolytic degradation. These results support a hypothesis that lysine at position +2 downstream
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of the ER export “RI” motif on the cargo protein is crucial for SEC24C binding and for further
trafficking to the Golgi. Moreover, there is an equilibrium between ER export and degradation
mechanisms in case of overexpressed transporter.
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1 Introduction

Essential nutrients enter the cells via specialized transport systems located at the plasma
membrane. Amino acids are used as both, energetic substrates and protein building blocks,
and can be taken up by the cells due to the activity of transporters, which differ in substrate
specificity, energy dependence as well as regulation of their cellular expression. The amino
acid transporter B0+ (ATBO:%), encoded by the SLC6A14 gene, belongs to a superfamily of
neurotransmitter transporters of amino acids and osmolytes, which co-transport their
substrates along with Na* and CI~ ions (for reviews see, [1,2]). Indices “0” and “+” refer to
ATBO* substrate specificity, namely neutral and basic amino acids, respectively. ATB* was
originally cloned from human mammary gland and its mMRNA was detected in hippocampus,
salivary gland, lungs and trachea [3], but it was also found to be expressed in the brain,
particularly in astrocytes and brain capillary endothelial cells forming the blood-brain barrier
[4-6]. Due to its broad substrate specificity, ATB%* appears to play a key role in amino acid
delivery to cancer cells. ATB?* was found to be up-regulated in malignant estrogen-receptor
positive breast cancer lines [7,8]. Apart from the possibility of SLC6A14 regulation at
transcriptional level, ATB%* is known to be regulated post-translationally as well. It has
seven potential glycosylation sites in its second extracellular loop and one in its third
extracellular loop [3]. When overexpressed, its electrophoretic mobility is lower than
predicted from its amino acid sequence [9], suggestive of a highly glycosylated form in vivo.
Moreover, activation of protein kinase C resulted in increased transporter phosphorylation of
a serine moiety and increased amount of ATB?* in the plasma membrane, as well as in an
augmented transport activity catalyzed by ATBO* [5,9]. These observations hinted toward a
possible regulation of ATB%* during the course of its trafficking to the cell surface.

Trafficking of many transporters has been reported to play a significant role in their
regulation and their expression at the plasma membrane. Several studies revealed that
protein kinase C (PKC) can regulate SLC6 family members. Transporters for dopamine
[10,11], serotonin [12], noradrenaline [13,14] and glycine [15-17] were reported to undergo
internalization upon PKC stimulation, which correlated with decreased transport activity. We
observed an opposite phenomenon in the case of ATB?* whose activity and surface
expression were increased upon PKC activation [5,9].

ATB* is a highly hydrophobic protein comprised of twelve transmembrane domains. It is
delivered to the plasma membrane following several steps of vesicle budding, movement and
fusion to different membranous compartments. The first step of transporter trafficking is the
export from the endoplasmic reticulum (ER) compartment to c/s-Golgi. This anterograde
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transport relies on coatomer Il (COPII) proteins. The assembly of COPII begins with the
recruitment of SEC23/SEC24 proteins by the GTPase SAR1, after GDP-GTP exchange is
catalyzed by SEC12, an ER-resident guanine nucleotide exchange factor. Subsequently, the
SEC13/SEC31 complex is also recruited. The hydrolysis of GTP on SAR1 results in vesicle
fission (for review, see [18]). SLC6 transporters were shown to depend on a direct
interaction with SEC24 proteins, and that this interaction relies on specific SEC24 paralogs,
on ER export motifs localized on the cargo protein C-terminal regions. A hydrophobic
residue at the +2 position downstream from the ER export motif correlated with a preference
for SEC24 isoform D, while a hydrophilic residue at the same site preferentially recruited
SEC24 isoform C [19]. Similar to the serotonin transporter, the C-terminal of ATB%* also
contains an ER export “RI” motif, with a lysine moiety at the +2 position, qualifying for an
interaction with SEC24C [19,20]. Therefore, the present study focused on a putative role of
SEC24 proteins in ATB%* trafficking between the ER and Golgi, the initial step in
transporter delivery to its site of action at the plasma membrane.

2 Materials and Methods

2.1 Materials

2.2 Vectors

Polyclonal antibodies against SEC24 A, B, C and D isoforms used in immunoprecipitation
experiments were purchased from Cell Signaling Technology (Denver, Massachusetts,
USA), rabbit anti-SEC24C antibody (NBP1-81550) and rabbit polyclonal anti-calnexin
antibody were from Novus Biologicals (Cambridge, UK). Biotin rabbit anti-SLC6A14
antibody was from USBiological Life Sciences (VWR International, Gdansk, Poland). TGN
(trans-Golgi network protein 2) goat polyclonal antibody (C-15) was from Santa Cruz
Biotechnology, Inc. (AMX, £.6dz, Poland). Alexa Fluor 568® goat anti-mouse, Alexa Fluor
488® goat antirabbit, Alexa Fluor 568® donkey anti-rabbit, Alexa Fluor 488® donkey anti-
mouse, Alexa Fluor 647® donkey anti-goat antibodies, Alexa Fluor 568® conjugated
streptavidin, ProLong® Diamond Antifade Mountant with DAPI and TO-PRO®-3 were from
Thermo Fisher Scientific (Life Technologies Polska, Warsaw, Poland). Alexa Fluor® 488-
conjugated AffinityPure Fab Fragment Goat Anti-Rabbit IgG (H + L) was from Jackson
ImmunoResearch Laboratories, Inc. (Ely, Cambridgeshire, UK). EZ-Link® Sulfo-NHS-LC-
Biotin [Sulfosuccinimidyl-6-(biotinamido) hexanoate] and Pierce® Avidin Agarose Resin
were from Pierce (Rockford IL, USA), jetPRIME® transfection reagent was from Polypus
Transfection (VWR International, Gdansk, Poland). Peptide-A#-(acetyl-B-glucosaminyl)-
asparagine amidase (PNGase F, EC 3.5.1.52), endoglycosidase H (Endo H, EC 3.2.1.96) and
plasmid pCl-neo were from PROMEGA (Warsaw, Poland). Bortezomib (PS-341) was from
Selleckchem (STI, Poznan, Poland). Geneticin (G418) was from BioShop (Burlington,
Canada). Duolink in situ detection kit, monoclonal anti-FLAG M2 antibody, anti-FLAG M2
affinity agarose gel, rabbit serum, IGEPAL CA-630 (octylphenoxypolyethoxyethanol,
nonidet P-40) and all other reagents were from Sigma (Poznan, Poland).

Rat ATB%* cDNA was cloned into the p3xFLAG-CMV14 vector (p3xFLAG-CMV14/B%+),
as described [9]. Vectors encoding dominant negative mutants of Sarl GTPase (Sarla-T39N
and Sar1b-T39N) were obtained as given in [21]. Vectors pCl-neo encoding dominant
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negative mutants of SEC24 isoforms - Sec24C-D796V/D797N (Sec24C-VN) and Sec24D-
D733V/N734N (Sec24D-VN) were obtained and used as given in [20,21].

2.3 Cell culture and treatment

Epithelial adenocarcinoma MCF-7 cells (kindly provided by prof. Bozena Kaminska-
Kaczmarek, Nencki Institute of Experimental Biology, Warsaw, Poland) were cultured in
10% fetal bovine serum, 90% Dulbecco's modified Eagle's medium supplemented with
penicillin (100 U/ml), streptomycin (100 pg/ml) and fungizone (0.25 pug/ml). HEK293 cells
(ATCC, Manassas, VA, USA) were cultured in 10% fetal bovine serum, 90% Eagle's
minimum essential medium supplemented with penicillin, streptomycin and fungizone, as
given above. Cells were cultured at 37 °C in a humid atmosphere of 5% CO,. Transfection
of HEK293 cells was performed with jetPRIME® according to the supplier protocol. The
cells were either taken for experiments after 24 h or 48 h (transient transfection) or grown in
the culture medium supplemented with 300 pg/ml geneticin (stable transfection), as
described in [9]. Transfection with the dominant negative mutants Sarla-T39N and Sarlb-
T39N [19,21,22] was done simultaneously with p3xFLAG-CMV14/B%*. Each plasmid
encoding dominant negative Sarl mutants (Sarla-T39N and Sarlb-T39N) was used in 3:1
excess over p3xFLAG-CMV14/B0%* [23], plasmids encoding Sec24C-VN or Sec24D-VN
were used in excess over p3xFLAG-CMV14/B%*, as indicated in the figure legends [24]. In
experiments with protein kinase C activations the cells were washed with 138 mM NacCl, 10
mM Tris, pH 7.4 and treated for 30 min either with 0.1% dimethylsulfoxide (DMSO) as a
vehicle or with 200 nM phorbol 12-myristate 13-acetate (PMA). Cell viability was assayed
using 0.4% trypan blue staining and a hemocytometer chamber.

2.4 Immunoblotting and immunoprecipitation

After the pretreatment outlined in the pertinent figure legends, cells were washed with PBS
and lysed in 150 mM NaCl, 10 mM EDTA, 1% IGEPAL CA-630 (nonidet P-40), 50 mM
Tris, pH 7.4 supplemented with protease inhibitor cocktail. After estimation of protein
content the samples containing an equal amount of protein were subjected either to
immunoblotting or to immunoprecipitation with anti-FLAG M2 affinity agarose gel. Elution
was performed with 3xFLAG® PEPTIDE (3 pg/100 pg protein). The blots were analyzed
with antibodies indicated in figure legends.

2.5 Immunocytochemistry analysis

HEK?293 cells were washed three times with phosphate buffered saline (PBS) and fixed with
methanol precooled at =20 °C. The cells were kept at =20 °C for 15 min, followed by three
consecutive washes with PBS at room temperature. The unspecific binding sites were
blocked for 2 h at room temperature with 5% goat serum in PBS. The cells were treated for
1 h at 4 °C with anti-FLAG antibody (1:1000) and one of the following antibodies: anti-
calnexin antibody (1:500), anti-TGN38 (1:100), anti-SEC24C (1:200), anti-SEC24D
(1:100). The following antibodies (1:500 each) were used for detection of primary
antibodies: Alexa Fluor 568 conjugated goat anti-mouse and Alexa Fluor 488 conjugated
goat anti-rabbit antibodies in double labeling, Alexa Fluor 568® donkey anti-rabbit, Alexa
Fluor 488® donkey anti-mouse, Alexa Fluor 647® donkey anti-goat antibodies in triple
labeling experiment. MCF-7 cells were fixed with methanol, as described above and after
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blocking with goat serum were incubated with either SEC24C (1:200) or SEC24D (1:100)
antibodies and, after washing, with the Alexa Fluor® 488-conjugated AffinityPure Fab
Fragment Goat Anti-Rabbit IgG (H + L) (1:400). The cells were next blocked overnight with
5% goat serum in PBS, then washed 3 times with PBS and additionally fixed for 10 min at
room temperature with 1% paraformaldehyde. After 3 washes with PBS, they were
incubated for 20 min with 20 mM NH4CI in PBS, washed 3 times with PBS and blocked for
2 h with 5% goat serum. They were subsequently washed 3 times with PBS and blocked for
2 h at room temperature with 20% rabbit serum in PBS. After washing with PBS, the cells
were next incubated with the anti-SLC6A14-biotin conjugated antibody (1:250), followed
by incubation with Alexa Fluor 568® conjugated streptavidin (1:500). The cells were next
rinsed 3 times with PBS and the samples were mounted in ProLong® Diamond Antifade
Mountant with DAPI. The cells were examined with Confocal Microscopes Zeiss LSM 780
or Zeiss LSM 800 with Airyscan Detector (in both cases using 63x oil immersion objective),
with excitation at 488 nm and emission at 495-550 nm for Alexa Fluor 488, excitation at
561 nm and emission at 580-640 nm for Alexa Fluor 568 and excitation at 647 nm and
emission at 645—-700 nm for Alexa Fluor 647. Excitation at 405 nm and emission at 414-471
nm were used for detection of DAPI.

2.6 Proximity ligation assay

A possibility of a direct interaction of ATBO* with the SEC24 proteins was analyzed by
proximity ligation assay. HEK293 cells were transfected with either p3xFLAG-CMV14 or
p3XFLAG-CMV14/B%*. The cells were subsequently washed and fixed with methanol, as
for immunocytochemistry experiments, followed by incubation with two primary antibodies:
anti-FLAG (1:1000) and either anti-SEC24C (1:200) or anti-SEC24D (1:100), as indicated
in the figure legend. The next steps: washing, incubation with assay probes, ligation with the
ligase and amplification with polymerase followed the supplier protocol. The analysis, after
mounting in a medium with DAPI, was performed with the Zeiss LSM 800 spectral confocal
microscope (using 40x oil immersion objective), with excitation at 400 nm and emission at
405-490 nm for DAPI (nuclei) and excitation at 561 nm and emission at 568-712 nm for
Reagents Orange.

2.7 Biotinylation

After experimental treatment indicated in the figure legends, HEK?293 cells were washed
with ice-cold PBS containing 0.1 mM CaCl, and 1 mM MgCl, (PBS/Ca/Mg) and incubated
in the same solution supplemented with 1 mg/ml EZ-Link® Sulfo-NHS-LC-Biotin for 30
min at 4 °C. The free sulfo-NHS-biotin was removed by incubation with 100 mM glycine in
PBS/Ca/Mg for 15 min at 4 °C with shaking and two washes with ice-cold PBS/Ca/Mg. The
cells were collected in RIPA buffer (150 mM NaCl, 10 mM EDTA, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 7.4) supplemented with proteases
inhibitors. Homogenization was performed on ice by passing through a 25G needle. The
lysates were centrifuged at 1,000 xg for 15 min at 4 °C. The supernatants were collected
and, after estimation of protein content, the samples containing equal amounts of protein
(100 pg) were subjected to binding to Pierce® Avidin Agarose Resin according to the
supplier protocols. Biotinylated proteins were eluted from Avidin Agarose Resin with
sample buffer and subjected to electrophoretic separation and Western blot analysis.
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2.8 Deglycosylation

HEK293 cells were transfected with p3xFLAG-CMV14/B%* vector. After washing the cells
were lysed, as described in the Section 2.4. For treatment with PNGase F samples containing
100 pg protein in 35 pl were supplemented with 2.5 pl 2% SDS with 1 M 2-
mercaptoethanol, according to the protocol provided by the PNGase F supplier. Denaturation
by heating was omitted to avoid protein aggregation. The sample was supplemented with 2.5
ul of 15% Triton X-100, 10 units PNGase F and incubated for 24 h at 37 °C. For treatment
with Endo H the samples containing 100 pg protein in 22 pl were supplemented with 1 pl of
10x denaturating solution, heated for 5 min at 95 °C and subsequently cooled to room
temperature. Next 2 pl of 10x Endo H reaction buffer was added to the samples, followed by
addition of 5 pl of Endo H (2500 U) and water to increase total volume to 40 pl. The
reaction was allowed to proceed for 18 h at 37 °C. The reactions were terminated by adding
5% concentrated sample buffer, electrophoresis and Western blot analysis.

2.9 Statistical analysis

At least 3 experiments were performed for each Western blot analysis, and, where indicated,
the quantitative analysis was performed with use of the gel analysis tools in Fiji [25]. Where
applicable, the mean + SD was calculated for each set of experiments. The statistical
analysis was performed with the software package GraphPad Prism (GraphPad Software
Inc., San Diego, CA, USA) using an unpaired #test with Welch's correction and ANOVA
with Tuckey's multiple comparison test for the comparison of two and more than two
samples, respectively. The threshold of statistical significance was set at £< 0.05.

3 Results

3.1 COPIlis necessary for ATB?:* trafficking to the plasma membrane

In order to study the mechanism of transporter exit from the ER, we aimed at identifying the
time points when ATBO* was synthesized and when its trafficking to the Golgi commenced.
We analyzed the cellular localization of the transporter using an antibody against calnexin,
an ER resident protein responsible for the folding of newly synthesized N-linked
glycoproteins and an ER lectin chaperone [26,27] and antibodies against trans-Golgi
network protein 2 (TGN38) [28]. As shown in Fig. 1, there was more transporter 48 h after
transfection. In addition, after 24 h ATB%* was mainly confined to the perinuclear region,
while 48 h after transfection was also visible in cell protrusions and on the cell surface. At
both time points, immunostaining for ATB%* was co-localized with calnexin indicating the
presence of ATB%* in the ER. In contrast co-localization with the frans-Golgi marker
(TGN38) was very sporadic 24 h after transfection and became more pronounced after 48 h.
These observations indicate that more ATBO* leaves the ER after 48 h.

In order to elucidate the mechanism of transporter exit from the ER, we studied the effects
of negative dominant mutants of Sarl, a GTP-binding protein, which initiates the formation
of COPII vesicles. As shown in Fig. 2A, 24 h after transfection the major fraction of the
transporter can be seen as non-glycosylated band migrating with molecular mass of about
55,000-60,000, while the fully glycosylated band can be seen as a species of low
electrophoretic mobility. In the presence of Sarl dominant negative mutants, the additional
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intermediate bands can be seen, representing core glycosylation products. The Western blot
data indicate that a majority of the transporter still resides in the ER after 24 h, suggesting
this time point unsuitable for studies of possible inhibition of transporter exit from ER.
When a similar analysis was performed 48 h after ATB?* transfection, 65% of ATBO* was
detected as a fully glycosylated, high molecular weight species. Co-expression of the
dominant negative Sarl mutants attenuated the amount of the high molecular weight
transporter species and resulted in the formation of additional bands representing
intermediate glycosylation products. In order to verify that the high molecular weight and
intermediate bands represents the glycosylated forms of the transporter, the cell extract was
treated either with Endo H or with PNGase F. After incubation in the presence of Endo H,
the band migrating slightly above 55 kDa was shifted in a quantitative manner to higher
mobility (left-hand panel, Fig. 2B). Hence this band represents the core-glycosylated species
(marked by an asterisk in Fig. 2B). In contrast, the high molecular weight band (migrating at
100 kDa) disappeared after digestion with PNGase F (Fig. 2B, right-hand panel). Hence this
species corresponds to the mature glycosylated species. We note that after digestion with
PNGase F, we observed two bands, i.e. the fully deglycosylated species, which was also
produced by Endo H, and a second band migrating at about 60 kDa. This band presumably
corresponds to incompletely cleaved intermediates. ATBO* has eight potential N-linked
glycosylation sites [3], hence it is not surprising that complete deglycosylation is not readily
achieved. Similarly, we note that incubation with Endo H produced a subtle shift of the high
molecular band to higher mobility (Fig. 2B, left-hand panel). This may reflect the fact that
with so many potential glycosylation sites, not all core glycans are subjected to complex
glycosylation in the Golgi apparatus and are thus successible to cleavage by Endo H. We
relied on cell surface biotinylation to verify by an independent approach that the band
migrating at 100 kDa was localized at the cell surface: cells were treated with a membrane-
impermeable biotinylation reagent sulfo-NHS-biotin and the biotinylated proteins were
enriched by affinity purification. Only the high molecular weight species of ATB?* was seen
(Fig. 2C); biotinylation of this high molecular form was almost completely absent after co-
transfection with dominant negative Sarl mutants (last lane in Fig. 2C). We further analyzed
the trafficking direction of ATBO* containing vesicles looking at co-localization with
various Rab GTPases, known to be involved in various steps of vesicular transport [29,30].
As shown in the supplementary material (Fig. S1), after 24 h we found co-localization with
Rabl, a protein playing a role in the ER to Golgi trafficking. Co-localization with Rab11,
which is important in the traffic to the plasma membrane was detected after 24 and 48 h time
points (Fig. S1). No co-localization occurred between ATB* and Rab5, known to be
involved in trafficking of endocytic vesicles (Fig. S1), pointing to a low turn-over of the
transporter. These data led us to select 48 h as a time point for further studies of ATBO*
transporter trafficking to the cell surface, i.e. the time at which a portion of the transporter
already reaches the plasma membrane and is present there in its mature, fully glycosylated
form.

3.2 Out of four SEC24 paralogs, only SEC24C isoform co-precipitates with ATBO*

Cargo proteins bind different SEC24 isoforms in a selective manner. They preferentially
recruit either A/B, e.g. type | membrane proteins (vesicular stomatitis virus glycoprotein,
ERGIC53), or C/D isoforms, e.g. glycosylphosphatidylinositol-anchored proteins [31].
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Members of the SCL6 family were shown to interact either with SEC24C or SEC24D
proteins to allow for their exit from the ER. This preference toward a particular SEC24
isoform was found to depend on the nature of the amino acid at the +2 position downstream
from the ER export motif on transporter C-terminal regions. Alignment of C-terminal amino
acid sequences of three SLC family members [32] shows that the C-terminus of ATB%*
contains, like SERT, a lysine residue at the +2 position downstream from the ER export RI
motif (Table 1). In the family of neurotransmitter transporters, this hydrophilic lysine residue
was shown to be crucial for recognizing the SEC24C isoform. In contrast, a hydrophobic
residue (e.g. valine) in GAT-1 was shown to be responsible for an interaction with the D
isoform [19]. Our aim was to verify that this rule also applied to the amino acid subfamily of
SLC6 proteins. As is evident from Fig. 3, only SEC24C was detected as the isoform co-
precipitating with ATBO*. Activation of protein kinase C (PKC) by PMA (phorbol 12-
myristate 13-acetate) increased surface levels of ATBO* [5,9]. However, the amount of
SEC24C, which was co-precipitated with ATB®* was not affected by preincubation of the
cells with PMA, indicating that this kinase is not involved in ATB?* exit from the ER, but
rather in further steps of trafficking to the plasma membrane. It is worth noting that SEC24C
was detected as bands of different electrophoretic mobility, resulting possibly from
posttranslational modifications, most probably phosphorylation, since it contains several
phosphorylation sites (https://www.phosphosite.org/proteinAction?
id=5736&showAlISites=true) and there are reports on SEC24C phosphorylation, when co-
expressed with AKT kinase [33]. We wanted to further verify, if SEC24C can be detected
with other antibody (Novus Biologicals) and to establish which band co-precipitates with
ATBO*. As shown in Fig. 3B, SEC24C co-precipitates with the FLAG-tagged transporter
and is not detected when the cells are transfected with the vector without an insert.
Moreover, the species of SEC24C co-precipitating with the transporter migrates with higher
mobility. This observation would suggest that it is a non-phosphorylated or less
phosphorylated SEC24C interacting with ATBO*, however, this hypothesis should be
verified experimentally.

3.3 SEC24C plays a key role in ATB%* export from the ER compartment

We investigated the nature of interaction between ATB%* and SEC24C by
immunofluorescence. As shown in Fig. 4A, we detected co-localization between the two
proteins, visible as yellow puncta close to the cell nuclei, which was consistent with
immunoprecipitation experiments. No co-localization was detected when we used anti-
SEC24D antibodies in the assays. However, co-localization only provides evidence for
spatial vicinity rather than for a direct protein-protein interactions. Accordingly, we opted
for using a PLA assay, which allows for detection of interactions between two proteins not
farther than 40 nm from each other. As displayed in Fig. 4B, such a direct interaction could
only be detected with SEC24C.

We further analyzed whether co-transfection with dominant negative mutants SEC24C-VN
and SEC24D-VN affected ATB%* levels at the plasma membrane. These mutants were
shown previously to reduce surface levels and substrate uptake by SERT and NET,
respectively [20]. As shown in Fig. 5A, vectors carrying both genes had to be added in
substantial excess (9 times more than ATB%* gene-carrying vector) in order to detect an
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increased level of both SEC24 proteins (150 + 15% of SEC24C when compared to the
control and 160 + 20% in the case of SEC24D). It ought to be noted that transfection with
SEC24C-VN did not affect the level of SEC24D. In contrast, the transfection with SEC24D-
VN resulted in reduced SEC24C levels, by 25-30% compared to control conditions. It is
worth mentioning that co-transfection with both mutants decreased viability of HEK293
cells after 48 h by 20% (Fig. S2), pointing to an important physiological role of both SEC24
proteins in proper functioning of the cell. As shown in Fig. 5A, a high excess (6x and 9x) of
SEC24C-VN decreased the amount of both glycosylated and non-glycosylated bands of
ATBO* by 51-60%. Interestingly, a two-fold excess of SEC24D-VN enhanced the
expression levels of ATB%* by 30%. Although this phenomenon was very reproducible
(observed in 6 independent transfections), there isn't any straightforward explanation for this
finding. However, a 9-fold excess of SEC24D-VN, led to ATB?* levels comparable to those
of the control, i.e. 95 + 7% (Fig. 5A, right panels), in spite of a decreased level of
endogenous SEC24C. Most probably, the level of endogenous SEC24C is still sufficient to
facilitate exit of ATBO*exit the ER.

An analysis of ATB%* expression at the cell surface by biotinylation experiments after co-
transfection with the SEC24C-VN mutant, demonstrated a much lower level of the
transporter at the plasma membrane, corresponding to 60% and 30% of control levels for 6-
fold and 9-fold excess of the SEC24C dominant negative mutant, respectively (Fig. 5B).
However, this resulted from total reduced protein levels after the SEC24C-VN transfection.
Since proteins in the ER are subjected to permanent quality control, this observation is
indicative of ATB%* undergoing ER-associated degradation (ERAD), if incapable of exiting
the ER. Thus, we analyzed the amount of ATB%* after treatment with proteasome inhibitor,
bortezomib (PS-341) [34]. We used concentrations shown previously to be effective in
HEK?293 cells [35] but this treatment strongly affected cell viability (Fig. S3). It has to be
stressed, however, that co-transfection with SEC24C-VN did not further impair cell survival.
As presented in Fig. 6A, treatment with bortezomib dramatically increased the total amount
of ATBO*, although the vast majority of the transporter is present in the non-glycosylated
form. Cells transfected with a dominant negative mutant of SEC24C and treated with
bortezomib also contained a large amount of non-fully glycosylated ATBO* species,
compared to control. Moreover, the core-glycosylated band accumulated, indicating the
retention of the transporter in the ER. Interestingly, when bortezomib-treated cells were
transfected with SEC24C-VN, the level of ATBO* was lower than in the cells treated with
bortezomib alone. This indicates that non-functional SEC24C directs the overexpressed
protein not only to the proteasome proteolytic pathway but also to another one, in all
probability autophagy. This result is in agreement with previous observations that COPII
components can regulate not only secretion, but also autophagy (for review, see [36]), and
that the ER exit sites can initiate the formation of the phagophore [37]. A similar effect of
bortezomib was observed in stably transfected cells (Fig. 6B); the fully glycosylated band is
visible under all experimental conditions, suggesting a low turn-over of the transporter
localized at the cell surface. This hypothesis was further confirmed when stably transfected
cells were additionally transfected with dominant negative mutants of Sarl. As presented in
Fig. S4, in stably transfected cells the major fraction of the transporter was detected as a
high molecular weight — fully glycosylated species, the levels of which were not changed 48
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h after expression of Sar1aT39N and SarlbT39N. We further explored whether directing the
transporter to proteolysis was also observed for the endogenous ATBO*. ATB%* is known to
be expressed in malignant breast cancer cell lines expressing the estrogen receptor a [8].
Hence, we chose the MCF7 cell line; as shown in Fig. 6C, ATB%* was mainly present as
core-glycosylated species and its expression levels remained unaffected by bortezomib
treatment (95-110% of the control).

3.4 SEC24C interacts with endogenous ATBO*

We also examined whether ATB?* and SEC24C interacted when neither protein was
overexpressed. Unfortunately, all commercially available antibodies against the proteins in
question were raised in rabbit. Hence we resorted to using biotin-conjugated antibodies
against the transporter and fluorescently labeled streptavidin for its detection. In order to
avoid binding of the anti-B%* antibody to the secondary antibody used for SEC24 detection,
we used the monovalent anti-rabbit 1gG fragments conjugated to Alexa Fluor® 488 and
additional fixing and blocking with the rabbit serum. As shown in Fig. 7, ATB%* was mainly
localized in the cytoplasm, where it co-localized with SEC24C in the perinuclear region. No
co-localization was detected with SEC24 isoform D.

4 Discussion

As all plasma membrane proteins, ATB%* is co-translationally inserted into the ER
membrane. An analysis of the ATB%* amino acid sequence (http:/
sigpep.services.came.shg.ac.at/results/tempxUDJjT/signalblast.html) revealed that it, similar
to other SLC6 transporters [e.g. GAT1 (SLC6A1), DAT (SLC6A3) or SERT (SLC6A4)],
does not contain any signal sequence, i.e. it is inserted into the ER membrane at the
translocon via the lateral gate of the protein-conducting channel (Sec61) [38-41], beginning
with the insertion of the first transmembrane helix. Our analysis of the ATB%* proteome by
mass spectrometry indicated the presence of several ribosomal proteins as well as a signal
recognition particle and its receptor (£. Samluk and K.A. Natecz, unpublished). Our
experiments with non-permeabilized and permeabilized cells demonstrated that both N- and
C-termini of ATBO* are located intracellularly [9], meaning that they are also at the
cytoplasmic side of the ER membrane. The first step in trafficking of proteins to the plasma
membrane is their export from the ER to cis-Golgi. A marked decrease in ATB%:* surface
expression following a co-transfection with a SAR1 dominant negative mutant indicates that
ATBO* depends on a classical COPII pathway for its anterograde transport to the Golgi.
This involves SEC24 isoform C as a cargo-recognizing protein, required for COPII vesicle
formation.

Several ER export signals located at C-terminal regions of cargo proteins have been
described for secreted and membrane proteins; the diacidic DXE motif [42], the
dihydrophobic FF motifs, whereby the diphenylalanine can be substituted by dityrosine,
dileucine, divaline or C-terminal valine [43]. In the ATB%* C-terminus, there is a diacidic
627TDHEB29 motif, albeit the additional proposed Y XX® motif, found in numerous
transmembrane proteins exiting the ER, is not present [42]. There is no C-terminal valine
nor dihydrophobic motif in ATB%*, which happen to be frequent in secreted and type |
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membrane proteins. Some multispanning membrane proteins, e.g. glucose transporters,
some potassium channels, band 3 anion exchanger and the plasma membrane calcium
ATPase, all have C-terminal valines [43]. Other transmembrane proteins, such as G-protein
coupled receptors, carry a triple arginine motif [44], also not found in ATB%*. In fact,
ATBO* does not have any other typical ER export signal of transmembrane proteins — such
as ®XdXd, shown to interact selectively with Sec24C [45]. It is worth adding that, even
though these C-terminal dihydrophobic motifs were shown to interact with COPII subunits,
single knock-downs of the four Sec24 isoforms demonstrated that a preference for a
particular isoform was not absolute [46].

Trafficking studies of the neurotransmitter transporter branch of the SLC6 family made use
of serial truncations and site-directed mutagenesis to demonstrate the importance of the ER
export motif (i.e. Rl in SERT; KL in DAT and GAT-3; RL in NET, GAT-1, GAT-2 and
GLYT1), in binding their cognate SEC24 component in the COPII complex, allowing for
concentrative ER export to take place [23]. In addition, the amino acid residue located at the
+2 position C-terminal from the RI/KL/RL motif was shown to specify the SEC24 isoform
preference required for that cargo in question. Hence, binding of Sec24 isoform C is
determined by hydrophilic residues at this position (e.g. K in SERT and GAT-3), whereas
hydrophobic residue exhibit a preference for Sec24D (e.g. V in GAT-1, Y in NET and DAT)
[19,20]. The presence of a RIIK motif within the C-terminal cytosolic fragment of ATBO* is
reminiscent of SERT, alluding to this transporter also being recognized by the C paralog of
SEC24 proteins. Our results confirmed the proposed model: both the immunoprecipitation
experiments and the co-localization demonstrated an exclusive interaction of SEC24C with,
both the overexpressed and the endogenous, ATB%* transporter. These observations
confirmed the SEC24 isoform preference of cargo proteins, based on the nature of the amino
acid at the +2 position from the ER export motif. Our observations thus indicate that the
specificity toward SEC24 paralogs, can also be expanded to the amino acid transporter
family of SLC6 proteins.

Interestingly, it has been reported that different SEC24 isoforms could be recruited to the
same ER exit sites, as shown for SEC24C and SEC24A [47]. Moreover, homologs of SEC24
isoforms were shown to be distributed either non-uniformly or homogenously, a
phenomenon dependent on ER stress [48]. Our experiments with bortezomib showed that a
substantial portion of the transporter was directed to proteolysis, most probably due to the
unfolded protein response. Nevertheless, even under experimental conditions leading to ER
stress, we were only able to detect an exclusive interaction of ATBO* with SEC24C. This
observation suggests that SEC24C and SEC24D localize at different ER exit sites and are
unevenly distributed to different vesicles. It should be noted that the ATB%* interaction with
SEC24C may have physiological implications, since homozygous SEC24C deficiency is
known to be lethal at the early post-implantation stage during embryonic development [49],
and since ATBO*activity is known to be required for blastocyst implantation [50]. Any
inhibition of ATBO* exit from ER, as in case of SEC24C-VN expression, can direct the
transporter to proteolytic degradation, resulting as a consequence in its lower level at the
plasma membrane.

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2019 February 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Kovalchuk et al. Page 12

The interaction between ATB?* and SEC24C was not affected by treatment with PMA, a
phorbol ester activating PKC. Since we previously observed that PMA treatment resulted in
an increased amount of ATB%* at the plasma membrane [5,9], the lack of PMA influence on
the ATBO*/SEC24C interaction would point to the role of PKC, at post cargo-recognition
stages of transporter trafficking. Such a notion can be justified by the fact that the Hrr25p
kinase (human ortholog — casein kinase 18) has been generally acknowledged as the only
kinase that phosphorylates SEC23p [51], thus fostering ER-Golgi traffic. Moreover, PMA
was shown to induce the transfer of PKCa (the only conventional PKC isoform co-
precipitating with ATB?*) to the plasma membrane where both the kinase and the
transporter were found to co-localize [9]. Therefore, it appears that, although the
phosphorylation of ATB%* by PKC correlated with an increased amount of the transporter at
the cell surface, PKC is not involved in transporter trafficking, or at least not in the exit from
the ER.

The fact that SEC24C was shown to be phosphorylated by AKT/protein kinase B [33], a
kinase hyperactivated in cancer cells [52], is inherently of added interest. In addition,
ATBO* is up-regulated in several cancers [53-55], including the estrogen receptor positive
breast cancer [7,8]. It should be emphasized that other amino acid transporting systems up-
regulated in cancer, such as ASCT2 (SLC1A5), LAT1 (SLC7A5) and xCT (SLC7A11), all
function in an exchange mode, so the uptake of one amino acid requires the removal of
another from the cell, while ATB%* is capable of catalyzing the net uptake of a broad
spectrum of amino acids. What is more, ATBO* supplies cells with leucine (an activator of
mTOR), glutamine (required for nucleotide biosynthesis) and arginine (essential for tumor
cells) [56]. Hence insights into ATBO* regulation, in particular the mechanism leading to
ATBO* retention in the ER, may provide novel prospects in its pharmacological modulation
and be of therapeutic relevance beneficial in cancer treatment.
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Refer to Web version on PubMed Central for supplementary material.
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COPII vesicle coat protein complex, coatomer Il
DAPI 4’ 6-diamidino-2-phenylindole
DAT dopamine transporter

DMSO dimethylsulfoxide

ER endoplasmic reticulum

ERAD ER-associated degradation
GABA y-aminobutyric acid

GAT GABA transporter

GFP green fluorescent protein

LAT amino acid transporter system L
NET noradrenaline transporter

PBS phosphate buffered saline

PKC protein kKinase C

PLA proximity ligation assay

PMA phorbol 12-myristate 13-acetate
Sarl COPIl-associated small GTPase
SDS sodium dodecyl phosphate
SERT serotonin transporter

SLC solute carrier

xCT amino acid transporter system xc
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Fig. 1.

Lc?calization of ATBO* 24 h or 48 h after transfection of HEK293 cells with the p3xFLAG-
CMV14/B%* vector (B%*) or p3XFLAG-CMV14 (CMV). Detection was performed, as
described in the Materials and methods Section 2.5 with anti-FLAG antibody (red), ER was
visualized with anti-calnexin antibody CNX (green), nuclei with DAPI (blue), trans-Golgi
network with anti TGN38 (either green or magenta) The selected areas were magnified and
shown either to the left or to the right of the respective panels. Bar 20 pm.
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Fig. 2.
COPII dependent exit of ATB?* from ER. (A) The amount of ATB?* was analyzed by

Western blot 24 h or 48 h after transfection either under control conditions or after
transfection with Sarl dominant negative mutants Sar1aT39N and Sar1bT39N. V —
transfection with CMV vector without insert (p3XFLAG-CMV14). (B) Deglycosylation of
ATBO* performed 48 h after transfection. The core-glycosylated band (Endo H —sensitive) is
indicated by asterisk. (C) Biotinylation of cell surface proteins with a membrane
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impermeable reagent performed 48 h after transfection. GAPDH was detected, as loading
control.
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Fig. 3.

Vgrification of ATBO* interaction with SEC24 proteins. (A) HEK293 cells stably transfected
with p3xFLAG-CMV14/B%-* vector were treated either with DMSO alone or with 200 nM
PMA (PKC activator). ATB%* has been immunoprecipitated with anti-FLAG antibody
immobilized on agarose resin, as described in Materials and methods and eluted with FLAG
peptide. The eluates (IP) were analyzed with antibodies against SEC24 isoforms (Cell
Signaling Technology). (B) Analysis of SEC24C co-precipitating with ATB?* (Novus
Biologicals anti-SEC24C antibody). For better separation of SEC24C double bands, the
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lower acrylamide concentration (8%) was used in the separating gel. Cells were either
transfected with p3xFLAG-CMV14 vector (V) or with p3XFLAG-CMV14/B%* vector
(B%*). T, corresponds to Western blot analysis of the total cell extract, IP for the analysis of
fraction eluted with FLAG peptide. As controls, immunoprecipitates were analyzed for the
presence of ATBO* with anti-FLAG antibodies.
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Fig. 4.

Analysis of ATBO* interaction with SEC24C and SEC24D. HEK293 cells were transfected
for 48 h with the p3xFLAG-CMV14/B%* vector (B%*) or p3xFLAG-CMV14 (CMV). (A)
Localization of ATBO* was detected with anti-FLAG antibody (red), SEC24C and SEC24D
with the corresponding antibodies (green), nuclei with DAPI (blue). Magnifications of
selected areas are shown below the merged pictures. Bar 20 um. (B) Proximity ligation assay
performed with anti-FLAG and either anti-SEC24C or anti-SEC24D antibodies.
Representative pictures out of 10 different images are shown. Bar 50 pum.
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Fig. 5.

Effect of co-transfection with dominant negative mutants of SEC24. HEK293 cells were
either transfected with p3xFLAG-CMV14/B%* vector or co-transfected with SEC24C-VN
or SEC24D-VN, at ratio indicated in the figure. (A) Level of SEC24 proteins was analyzed
by Western blot with the corresponding anti-SEC24 antibodies. Level of over-expressed
ATBO*+ was analyzed with anti-FLAG antibodies. (B) The cells were biotinylated with
membrane impermeable reagent and the biotinylated fraction, as well as total protein content
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were analyzed by Western blot with anti-FLAG antibodies. GAPDH was detected, as
loading control.
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Effect of proteasome inhibitor — bortezomib on ATBO* level. (A) HEK293 cells were
transfected for 48 h with p3xFLAG-CMV14/B%* vector (B%*) and, where indicated with 9-
fold excess of SEC24C-VN and an indicated concentration of bortezomib. (B) Cells were
stably transfected either with p3XFLAG-CMV14 (V) or with p3xFLAG-CMV14/B%+ (B%:*)
and SEC24C-VN and bortezomib were added where indicated for the last 48 h. (C) MCF7
cells were incubated for 48 h with indicated concentration of bortezomib. In (A) and (B)

GAPDH
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ATBO*+ was detected with anti-FLAG antibodies, in (C) with anti-ATB%* antibodies.
GAPDH was detected, as loading control.
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sec24c/BOY

sec24p/B%*

Fig. 7.
Localization of ATB®%* and SEC24C in MCF7 cells. Cells were fixed with methanol, as

described in Materials and methods. They were incubated, as indicated, with either anti-
SEC24C or anti-SEC24D antibodies, detected with Alexa Fluor® 488-conjugated
AffinityPure Fab Fragment Goat Anti-Rabbit IgG (H + L) (green). Further treatment was
performed as described in Materials and methods Section 2.5. Next the cells were incubated
with anti-ATBO* antibodies conjugated with biotin, followed by incubation with
AlexaFluor568 conjugated streptavidin (red). Nuclei are visualized with DAPI. NC, negative
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control without the primary antibodies. BO*, analysis of B%* localization without anti-
SEC24 antibodies. Bar 20 pm.
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Table 1
Amino acid sequence alignment of C-termini of selected SLCG6 transporters.

Transporter Amino acid sequence of C-terminus

rATBO* Kl VRAEG- NI LQRI | KCCRPASNWGPYLEKHRGERYKDMA- - - - EPAK- - - - = - - - oo oo oo o - - - - ETDHEI PT- | SGTRKPE
hSERT RLI I TPG TFKERI | KSI TPETPTEI P-C- - - - - - = - c s e e e e o e e e e e e e e e e oo D ----- | RLNAV
hGAT1 MFLTLKG SLKQRI QVWVQPSEDI V- RPE- NGPE- - - - - - - - - - - - - o - oo o e e oo oo - QP- Q - AGS- STSKEAYI

The ER export motifs RI are indicated in bold, the residues proposed [19] determine binding of SEC24C (lysine) and SEC24D (valine) are
indicated in bold underlined type. Multiple sequence alignment was performed with use of T-coffee programme [32]. The accession numbers for rat

ATBO - NM_001037544, for human SERT - NP_001036 and for human GAT1 - NP_003033.
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