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Background: The serotonin transporter (SERT) relies exclusively on SEC24 paralog C for its ER export.

Results: A lysine to tyrosine mutation in the C terminus of SERT switches its preference from SEC24C to SEC24D.
Conclusion: The position +2 from the RI/RL/KL export motif determines SEC24 paralog requirement.

Significance: The role of SEC24C in ER export of neurotransmitter transporters is relevant to psychiatric disorders, e.g., bipolar

disease and depression.

The serotonin transporter (SERT) maintains serotonergic
neurotransmission via rapid reuptake of serotonin from the syn-
aptic cleft. SERT relies exclusively on the coat protein complex
II component SEC24C for endoplasmic reticulum (ER) export.
The closely related transporters for noradrenaline and dop-
amine depend on SEC24D. Here, we show that discrimination
between SEC24C and SEC24D is specified by the residue at posi-
tion +2 downstream from the ER export motif (°*’RI®®® in
SERT). Substituting Lys®'® with tyrosine, the corresponding res-
idue found in the noradrenaline and dopamine transporters,
switched the SEC24 isoform preference: SERT-K610Y relied
solely on SEC24D to reach the cell surface. This analysis was
extended to other SLC6 (solute carrier 6) transporter family
members: siRNA-dependent depletion of SEC24C, but not of
SEC24D, reduced surface levels of the glycine transporter-1a,
the betaine/GABA transporter and the GABA transporter-4.
Experiments with dominant negative versions of SEC24C and
SEC24D recapitulated these findings. We also verified that the
presence of two ER export motifs (in concatemers of SERT and
GABA transporter-1) supported recruitment of both SEC24C
and SEC24D. To the best of our knowledge, this is the first
report to document a change in SEC24 specificity by mutation of
a single residue in the client protein. Our observations allowed
for deducing a rule for SLC6 family members: a hydrophobic
residue (Tyr or Val) in the +2 position specifies interaction with
SEC24D, and a hydrophilic residue (Lys, Asn, or Gln) recruits
SEC24C. Variations in SEC24C are linked to neuropsychiatric
disorders. The present findings provide a mechanistic explana-
tion. Variations in SEC24C may translate into distinct surface
levels of neurotransmitter transporters.

Sodium- and chloride-dependent neurotransmitter sym-
porters of the SLC6 (solute carrier 6) protein family are targeted
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to the presynaptic specialization, where they accomplish their
eponymous action (1). Removal of neurotransmitters from the
synaptic cleft not only terminates neurotransmission but also
replenishes vesicular stores. Thus, changes in surface levels
and, hence, in activity of the transporters are important in shap-
ing the synaptic response. The biological relevance of changes
in transporter levels is exemplified by the polymorphism in the
promoter of the serotonin transporter (SERT)* (SLC6A4): the
short polymorphism results in lower expression of SERT and
renders people more susceptible to depression and other
depression-related disorders (2, 3). When compared with their
bacterial homologs, e.g., TnaT (4) or LeuTAa (5), mammalian
neurotransmitter sodium symporter members have long N and
C termini. These additions are dispensable for the substrate
translocation process, but they were presumably acquired dur-
ing evolution in eukaryotic cells to support regulation and traf-
ficking. In fact, the N and C termini harbor phosphorylation
sites, and several proteins are known to bind to the N and C
termini of neurotransmitter sodium symporter (1, 6). In addi-
tion, several of the naturally occurring human SERT variants
occur in these regions; they affect the cycle of endocytosis and
exocytosis of SERT that is regulated by phosphorylation via
cGMP-dependent protein kinase, p38 MAPK, and protein
kinase C isoforms (7).

Like all other integral membrane proteins, transporters of
the SLC6 family are born in the endoplasmic reticulum (ER).
Accordingly, they are subject to anterograde trafficking
through the secretory pathway, and sorting decisions must be
made to deliver them to specialized compartments of the
plasma membrane, e.g,, the apical membrane and the presyn-
aptic terminal of the axon for epithelial transporters and neu-
rotransmitter transporters, respectively. The early secretory
pathway has been implicitly assumed to operate in a constitu-

2The abbreviations used are: SERT, serotonin transporter; 5-HT, 5-hy-
droxytryptamine (serotonin); BGT-1, betaine/y-aminobutyric acid trans-
porter 1; CFP, cyan fluorescent protein; COPII, coat protein complex II; DAT,
dopamine transporter; ER, endoplasmic reticulum; GAT, GABA transporter
member; GLYT-1a, glycine transporter isoform 1a; NET, noradrenaline
transporter; YFP, yellow fluorescent protein; ANOVA, analysis of variance.
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tive, housekeeping manner: chaperone-assisted folding allows
the protein to adopt a stable conformation, and it is concen-
trated in ER exit sites, where it engages a SEC24 component
of the COPII coat either directly or via the recruitment of an
escort protein. It has recently been appreciated that this process
is subject to regulation and integrates signals emanating from
cell surface receptors at several levels (8). There are at least two
kinases that impinge on the assembly of the COPII coat:
p42 mitogen-activated protein kinase/ERK2 phosphorylates
SEC16, and this promotes the activity of the protein, i.e., the
nucleation of ERES sites (9). The isoforms SE24C and SEC24D
are substrates for protein kinase B/AKT; phosphorylation is
thought to affect the assembly of the SEC23/SEC24 dimer (10).
Additional regulatory input has also been uncovered at later
steps (8). This suggests that the cell surface levels of membrane
proteins are also in part determined by their rate of anterograde
trafficking. Accordingly, it is of interest to understand how neu-
rotransmitter transporters are exported from the ER and how
they are transferred through subsequent compartments to
reach their destination. The individual steps are best under-
stood for the GABA transporter-1: GAT-1 leaves the ER as an
oligomer (11, 12) after recruiting SEC24D to a C-terminal
RL/RI motif and the exocyst via its C-terminal PDZ domain (13,
14). Subsequently, it requires a trihydrophobic motif to exit the
ER Golgi intermediate compartment (15). Recruitment of both
SEC24D and ARF-GAP is required to supports delivery of
GAT-1 into the axonal compartment (16). SERT (and other
SLC6 family members) has an ER export motif on its C termi-
nus (®°“RI%°®) similar to that of GAT-1 (17, 18). However, con-
trary to GAT-1 and the monoamine transporters most closely
related to SERT (the norepinephrine transporter NET and the
dopamine transporter DAT), ER export of SERT depends on
SEC24C rather than SEC24D (18). In the present study, we
addressed the basis for this selective interaction: we identified a
lysine residue (Lys®'°) at position +2 from the ER export
(°97RI°%®), which specifies recruitment of SEC24C. Mutation to
the corresponding tyrosine residue in NET and DAT sulffices to
switch the selectivity in favor of SEC24D. We extended our
analysis to other SLC6 family members and confirmed that res-
idues with hydrophilic side chains (i.e., Lys, Gln, and Asn) in
this +2 position confer selectivity for SEC24C. To the best of
our knowledge, this is the first instance where the source of the
SEC24 isoform selectivity is understood.

EXPERIMENTAL PROCEDURES

Materials—[*H]GABA (76.2 Ci/mmol), [*H]glycine (56.4
Ci/mmol), and [*H]serotonin (28.1 Ci/mmol) were supplied by
PerkinElmer Life Sciences. The QuikChange II site-directed
mutagenesis kit was from Stratagene Cloning Systems (La Jolla,
CA), and the oligonucleotides were from Operon Biotechnolo-
gies (Cologne, Germany). Predesigned stealth RNA duplex
oligoribonucleotides (Invitrogen) were used to knock down
SEC24A-D. The codes were as follows: SEC24AHSS145804,
SEC24AHSS145805, and SEC24AHSS145806 (for SEC24A);
SEC24DHSS114919, SEC24DHSS114920, and SEC24DHSS-
190682 (for SEC24D); SEC24CHSS114388, SEC24CHSS1-
14389, and SEC24CHSS114390 (for SEC24C); and SEC24BHS-
S115967, SEC24BHSS115968, and SEC24BHSS173629 (for
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SEC24B). Negative controls used throughout the experiments
were recommended by the manufacturer (Invitrogen). Cell cul-
ture media, supplements, and antibiotics were all from Invitro-
gen. All other chemicals were of analytical grade.

Mutagenesis and Transfections—The mutants SERT-K610Y
and NET-Y590K were created using the QuikChange Lightning
site-directed mutagenesis kit (Stratagene Cloning Systems) and
the cDNA of human SERT or NET (both cloned into the pEYFP
vector) as templates. The primer sequence of the sense strands
(in the 5’ to 3’ direction, with mutations shown in bold under-
lined type) were GGGACATTTAAAGAGCGTATTATTTA-
CAGTATTACCCCGG and GGGAGAGACTGGCCAAGGG-
CATCACGCC for SERT and NET mutants, respectively. The
plasmids encoding SEC24C-"°°DD”®-VN and SEC24D-
733DD7**-.VN mutants, as well as alanine and truncation
mutants of SERT, were generated as described previously (17,
18). The construction of the functionally active concatemers of
SERT and GAT-1 (SEGA) and two SERT moieties has been
described previously (19). HeLa or HEK293 cells were trans-
fected using predesigned stealth RNA duplex oligoribonucle-
otides (Invitrogen) with appropriate negative controls (Invitro-
gen) and using Lipofectamine RNA;MAX (Invitrogen)
according to the protocol provided by the manufacturer. Forty-
eight hours following siRNA transfections, the cells were trans-
fected with cDNAs encoding SERT, SERT-K610Y, GLYT-1a,
BGT-1, or GAT-4, using Lipofectamine 2000 (Invitrogen).
Uptake and confocal microscopy experiments were carried out
24 h later. Plasmid titration experiments using dominant neg-
ative mutants of SEC24C and SEC24D (i.e., SEC24C-
79DD”?7-VN and SEC24D-7?*DD”?**-VN, respectively) were
performed as described previously (18).

GST Protein Purification and GST Pulldown—The sequence
corresponding to the C terminus of SERT was inserted into the
pGEXS5 vector, and the SERT-K610Y mutant was created in this
background using the QuikChange Lightning site-directed
mutagenesis kit (Stratagene Cloning Systems) and the appro-
priate primers (see above). Plasmids were used to transform
XL10 gold Escherichia coli. Bacteria (0.6 liter of liquid culture)
were grown to an optical density of <0.8 at 600 nm. Protein
expression was induced by the addition of isopropyl 1-thio-3-
p-galactopyranoside (0.7 mMm) for 3 h. Thereafter, cells were
harvested by centrifugation at 5,000 X g for 15 min. The cell
pellet was resuspended in 20 ml of buffer (25 mm HEPES/
NaOH, pH 8.0, 150 mm NaCl, 1 mm EDTA) containing 30 mg of
lysozyme. After an incubation of 30 min at 4 °C under rotation,
DNase (1 mg) and Triton X-100 (1%) were added, and the sus-
pension was incubated for another 30 min, subsequently sub-
jected to sonication, and left on ice for a further 15 min. The
lysate was cleared by centrifugation at 50,000 X g for 1 h, and
the resulting supernatant was loaded onto a GSH-Sepharose
resin and rotated at 4 °C overnight. After removal of the super-
natant, GSH-Sepharose was washed with buffer containing 1%
Triton X-100 followed by buffer containing 1 mm ATP. Pro-
teins were eluted with buffer containing glutathione at pH 8.0.
Glutathione was removed, and the protein was concentrated by
repeated cycles of concentration and dilution with pulldown
buffer (130 mm KCl, 25 mm HEPES/NaOH, pH 7.2) in Amicon®
Ultra-4 centrifugal filter units. The proteins were frozen in lig-
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TABLE 1

Amino acid sequence alignment of SLC6 transporter C-terminal regions

The ER export motif (R/K-L/I/V) is indicated in bold type. Putative SEC24 isoform selectivity residues on cargo proteins are shown in bold underlined type.

Transporter Amino acid sequences of transporter C-termini
hSERT RLIITPG-TFKERIIKSITPETPT--EIP-CGDIRLN----- AV e e
hNET KFLSTQG-SLWERLAYGITPENEH--HLVAQRDIRQF--~--~ QLOHWLAL === o o i s i e e
hDAT KFCSLPG-SFREKLAYAIAPEKDR--ELVDRGEVRQF--~-~ TLRHWLKV === i s s e i i e s i
hTAUT RLCQTEG-PFLVRVKYLLTPREPNRWAVEREGATPYN-~~~~ SRTVMNGALVKPTHIIVETMM-—==—-=——==——=——-—
hGAT-1 MFLTLKG-SLKQRIQVMVQPSEDIVRPENGPEQPQAG-—~-~~ SSTSKEAY—===—===— === === ——————————
mGLYT-1a QLCRTDGDTLLQRLKNATKPSRDWGPALLEHRTGRYAPTTTPSPEDGFEVQPLHPDKAQIPIVGSNGSSRFQDSRI-—-~-~
hPROT AVLREEG-SLWERLQQASRPAMDWGPSLEENRTGMYVATLAGSQSPKPLMVHMRKYGGITSFENTAIEVDREIAEEEESMM
mGAT-4 KLWKTEG-TLPEKLQKLTVPSADLKMRGKLGASPRMVTVNDCEAKVKGDGT ISAITEKETHF ———————=———————————
hBGT-1 TLLKTRG-PFRKRLRQLITPDSSLPQPKQHPCLDGSAGRNFGPSPTREGLIAGEKETHL - == ==========—=———————

uid nitrogen and stored at —80 °C. HEK293 cells were trans-
fected with a plasmid encoding CFP-tagged Sec24C. After 48 h,
the cells were harvested and lysed by sonication in 0.1 ml of
pulldown buffer; the particulate fraction was removed by cen-
trifugation (16,000 X g for 5 min). Cytosol (200 ug) was incu-
bated with purified GST-tagged constructs (30 ug) for 1 h on
ice. Pre-equilibrated GSH-Sepharose (corresponding to 50 ul
of packed beads) was added, and samples were rotated at 4 °C
overnight. The beads were collected by brief centrifugation and
washed three times with pulldown buffer. The proteins were
eluted by the addition of 50 ul of sample buffer (2% SDS, 100
mM -mercaptoethanol) and shaking for 30 min at 65 °C. After
centrifugation, 20 ul of the supernatant were loaded onto a
SDS-polyacrylamide gel. The resolved proteins were electro-
blotted onto methanol-activated PVDF membranes. Nonspe-
cific protein binding sites were saturated using 5% bovine
serum albumin in 0.1% TBST for 1 h at room temperature. The
blots were incubate at 4 °C overnight in 1:4000 rabbit anti-GFP
antiserum in 0.1% TBST (20 mwm Tris-HCI, pH 7.5, 150 mm
NacCl, 0.1% Tween 20). The blots were washed four times using
0.1% TBST and incubated with 1:5000 horseradish peroxidase-
conjugated anti-rabbit secondary antibody in 0.1% TBST. After
a further four washes, the blots were incubated with substrate
(SuperSignal West Pico chemiluminescent substrate or Super-
Signal West Femto chemiluminescent substrate; Thermo Sci-
entific). The resulting chemiluminescence was detected with
photographic films. Cell lysates for use in Western blotting
were prepared from cells transfected with the siRNAs against
SEC24A-D, as described earlier (18).

Surface Biotinylation—Experiments were carried out
according to the procedure described by Steinkellner ez al. (20).
In brief, the cells were treated twice for 15 min with sulfo-NHS-
SS-biotin (1 mg/ml) in PBS supplemented with 1 mm MgCl,
and 0.1 mMm CaCl, (PBS**) at 4°C. The reactions were
quenched with 100 mm glycine in PBS>". After extensive wash-
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ingin PBS*™, the cells were lysed in radioimmune precipitation
assay buffer (10 mm Tris'HCl, pH 7.4, 150 mm NaCl, 1 mm
EDTA, 1% Triton X-100, 0.1% SDS) supplemented with prote-
ase inhibitor mixture (Roche Complete). The lysates were incu-
bated with streptavidin beads (Thermo Fisher Scientific, Inc.)
overnight at 4 °C. On the next day, the beads were washed
thrice with radioimmune precipitation assay buffer, and the
bound material was released in reducing sample buffer and
resolved by SDS-polyacrylamide gel electrophoresis. Immuno-
detection was done with the antibody directed against GFP.

Cell Culture and Confocal Microscopy—HeLa and HEK293
cells were grown at 37 °Cin a 5% CO, humidified atmosphere in
DMEM supplemented with 10% fetal calf serum and 1% kana-
mycin. In the case of siRNA transfections, antibiotics were
excluded from the culture media to reduce cytotoxicity, as rec-
ommended by the supplier. The cells were seeded onto poly-D-
lysine-coated 48-well culture plates (for uptake assays), 10-cm
dishes for cell lysate preparations, or poly-D-lysine-coated
15-mm glass coverslips for confocal microscopy experiments.
Confocal microscopy was performed as described earlier (18)
using a Zeiss LSM510 confocal microscope (argon laser, 30 mil-
liwatt; helium/neon laser, 1 milliwatt) equipped with an oil
immersion objective (Zeiss Plan-Neofluar X40/1.3). The
images were analyzed with the Image Zeiss LSM Image Browser
(version 4,2,2,121; Carl Zeiss Microimaging).

Radioligand Binding and Uptake Assays—For binding assays,
the membranes were prepared from HEK293 cells transfected
with the wild type or SERT-K610Y mutant and incubated with
[®H]imipramine, in reactions of 250 ul. The buffer contained 20
mM Tris'HCI (pH 7.5), 1 mM EDTA, 2 mm MgCl,, 120 mm NaCl,
and 3 mm KCl. Nonspecific binding was determined in the pres-
ence of 10 um paroxetine. The reactions, lasting 20 min, were
terminated by rapid washing with ice-cold buffer, collected
onto glass fiber filters (Whatman GF/B), dissolved in scintilla-
tion medium, and counted for radioactivity. One day prior to
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FIGURE 1. SEC24 requirement of SERT C terminus truncation mutant (A) and of concatamer proteins comprised of SERT-SERT (C) or SERT-GAT-1 moieties (D)
assessed by depleting SEC24 isoforms (B) using siRNA knockdown. A, Hela cells were transfected with siRNAs directed against SEC24 isoforms C and D (10 nm,
individually or combined SEC24A-D) or with the control siRNA. Forty-eight hours after siRNA transfection, the cells were transfected with plasmids encoding YFP-
tagged wild type SERT or a mutant in which the last 15 residues were truncated (SERT-AC15). Transporter surface expression was assessed by determining [*H]5-HT
uptake (n = 3-4 performed in triplicates; error bars indicate S.E.) as outlined under “Experimental Procedures.” B, HEK293 cells transfected with the indicated siRNAs
were lysed to document isoform-specific down-regulation of each individual SEC24 paralog by immunoblotting. C and D, experimental conditions were as outlined
for A, except that both HEK293 cells and HeLa cells were transfected with plasmids encoding a SERT-SERT concatemer (SESE, C) or a SERT-GAT-1 concatemer (SEGA, D).
The data from the two cell lines were pooled. Because expression levels in HEK293 and HeLa cells differed, uptake values were normalized by setting the transport rate
observed in the presence of control siRNA to 100%. These values were 58 = 21 pmol/10° cells/min for SESE and 54 + 20 pmol/10° cells/min for SEGA. The data were

analyzed using one-way ANOVA. *, significantly different (p < 0.05) with respect to control.

performing uptake assays, the cells were seeded onto poly-p-
lysine-coated 48-well culture plates. On the day of experiment,
medium was aspirated, and the cells were carefully washed
twice with Krebs-HEPES buffer at 25 °C. The cells were then
incubated for 10 min at 25 °C with Krebs-HEPES buffer in the
absence or presence of 10 uM paroxetine, 10 M nisoxetine, 10
M NNC 05-2090, 10 mm glycine or 600 um GABA (to deter-
mine nonspecific uptake by SERT, NET, BGT-1, GLYT-1a, and
GAT-4, respectively). Subsequently, solutions containing 0.2
uM [H]5-HT (for SERT), 50 nm [PH]JMPP™* (for NET), 50 nm
[PH]GABA (for BGT-1 and GAT-4), or 50 nm [*H]glycine (for
GLYT-1a) were added onto the cells for 1 min (SERT and
mutants), 2 min (NET), or 5-15 min (GLYT-1a, BGT-1, and
GAT-4). Uptake was terminated by rapid washing with ice-cold
Krebs-HEPES buffer; the cells were lysed by the addition of 1%
SDS, and the level of radioactivity in the lysates was determined by
liquid scintillation counting. The values are shown as the arithme-
tic means = S.E. Different conditions were compared using one-
way analysis of variance (ANOVA), followed by Tukey’s post hoc
test or by £ test with the appropriate Bonferroni correction.
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RESULTS

SEC24C Interaction with SERT Occurs Upstream of E615 and
Does Not Require a Flexible C Terminus—The wild type SERT
interacts with SEC24C in an exclusive manner, unlike its close
relatives NET and DAT that rely on SEC24D instead (18). An
aspartate, nine residues C-terminal from the established
RL/KL/RI export motif located on the transporter C terminus
region (21), has been proposed to support the interaction of the
glycine transporter GLYT-1 with SEC24. This acidic residue is
conserved in most SLC6 family members: GAT-1, DAT, and
NET have either Asp or Glu at this site (Table 1), but SERT
differs by having a proline at the equivalent position. The C
terminus of SERT can be truncated by up to 15 amino acid
residues without impairing its cell surface expression in
HEK?293 cells (17, 22). The truncation eliminates this particular
proline (Pro®'”). Accordingly, we examined whether the SEC24
selectivity was relaxed in the resulting SERT-AC15 mutant. As
can be seen from Fig. 14, this was not the case: when transiently
expressed in HeLa cells, SERT-AC15 surface levels—and hence
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FIGURE 2. SEC24 requirement of alanine scanning mutants in the region flanking the °7RI°°® motif of SERT (A) and pulldown of SEC24C by GST fusion
proteins comprising the C terminus of wild type SERT or the K610Y mutant thereof (B). A, HelLa cells were transfected with siRNAs directed against SEC24
isoforms and plasmids encoding the indicated SERT mutants, which scan the region spanning from Thr®®® to Pro®'%. Specific [*H]5-HT uptake (n = 3-4,
performed in triplicates; error bars indicate S.E.) was measured to assess the impact of depleting either SEC24C, SEC24D, or all four SEC24 isoforms on cell
surface expression of the mutated versions of SERT. The data are expressed as percentages of control for each of the mutants; mean control uptake values were:
T603A,F604A (CPTF%%-AA), 17 = 4 pmol/10° cells/min; K605A,E606A *KE®?®-AA), 20 = 6 pmol/10° cells/min; I609A,K610A (°*IKS7°-AA), 20 = 3 pmol/10°
cells/min; S611A,1612A (°7'SI°72-AA), 24 = 5 pmol/10° cells/min; and T613A,P614A (°'3TP°"4-AA), 21 = 4 pmol/10° cells/min. Asterisks indicate statistically
significant differences (p < 0.05, t test for paired data) between down-regulation of SEC24C (gray bars) and SEC24D (hatched bars). The combined knockdown
of all four SEC24 isoforms (white bar) differed in a statistically significant manner from control (full bar) (p < 0.01). B, GST pulldown experiments were performed
as described under “Experimental Procedures” with purified fusion proteins comprising the C terminus of wild type SERT (GST-C-SERT) or of SERT-K610Y
(GST-C-SERT-K610Y). The bands illustrate that wild type GST-C-SERT interacts with SEC24C to a visibly larger extent than the GST-C-SERT-K610Y mutant. Shown
is the input (10%) and volume corrected aliquots of the supernatant, the last wash, and the eluate. The experiment was reproduced twice with similar results.
The data were quantified (expressed as ratio of SEC24C/GST versus SEC24D/GST integrated band intensity), and the mutant was compared with the wild type

SERT as shown in the rightmost bar diagram. *, significantly different (p < 0.05, t test) with respect to the wild type transporter.

SERT-AC15-dependent cellular substrate uptake—was only
reduced upon depletion of SEC24C by siRNA-mediated knock-
down; sole depletion of SEC24D was as ineffective in the trun-
cated SERT (right-hand set of bars in Fig. 1A) as in the wild type
transporter (left-hand set of bars in Fig. 1A). We carried out
these experiments and our previous work (18) in HeLa cells,
because these cells expressed all four SEC24 isoforms (23).
However, we noted that HEK293 cells also express all SEC24
isoforms, and their levels can be readily manipulated by trans-
fection of siRNAs (Fig. 1B). Hence, subsequent experiments
were conducted in HEK293 cells because SERT and concatem-
ers are expressed to markedly higher levels in HEK293 cells
than in HeLa cells.

Our siRNA-based approach relied on the assumption that
relaxing the stringency of the interaction between the SEC24
isoform and SERT resulted in a reduction of transporters at the
cell surface induced by both SEC24C- and SEC24D-directed
siRNAs. We verified that this was amenable to detection by
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employing a concatamer comprising SERT and GAT-1
(referred to as SEGA in Fig. 1D). This concatemer contains two
SEC24-binding sites, namely a SEC24C-specific one originating
from the SERT moiety and a second, SEC24D-specific one pro-
vided by GAT-1. Surface levels of this construct were indeed
reduced by depletion of either SEC24C or SEC24D (Fig. 1D). In
contrast, the SERT-SERT concatemer (i.e., SESE) still relied
exclusively on SEC24C (Fig. 1C).

Scanning SEC24 Isoforms Requirement of SERT C-terminal
Mutants Sheds New Light onto SEC24 Isoform Selectivity—
SEC24-binding motifs are thought to be comprised of short
contiguous sequences (24). Truncation of the last 15 amino
acids of SERT impaired cell surface expression of SERT in HeLa
cells (but not in HEK293 cells; see Refs. 17 and 22), indicating
that they are important for trafficking. However, in their
absence, SERT still depends on SEC24C. We therefore sur-
mised that one or several upstream residues were required to
support discrimination between SEC24C and SEC24D. We
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therefore screened the next 12 amino acids by using double
alanine substitutions. Our screen did not include *°*PG®°* and
the core ®°“RI°*® ER export motif: SERT-**'PG®® fails to fold
and is retained in the ER (17). SERT-R607A,I608A also incurs a
folding problem, and the residual, low cell surface expression is
independent of all SEC24 isoforms (17). We measured the
effect of depleting SEC24C, SEC24D, or both on cell surface
levels, i.e., cellular [*H]5-HT uptake by each mutant. Substrate
uptake was found to be sensitive to SEC24C depletion for SERT
mutants with alanines at the ®**TF®%*, ®*>KE®°®, and ¢''SI®'?
positions (Fig. 2A). We noted two exceptions, namely SERT
with alanines at positions °°?IK®*® (located adjacent to the
CO7RI®® motif) and ***TP°*. These appeared to have a relaxed
SEC24C requirement, ie., depletion of either SEC24C or
SEC24D did not suffice to cause a significant reduction in sub-
strate reduce surface levels, but cell surface levels of the mutant
transporters declined upon combined knockdown (Fig. 24).
Inspection of the other monoamine transporters revealed that
the equivalent TP was also present in NET (Table 1). NET,
however, requires SEC24D (18). Hence, the residues Thr and
Pro did not account for the ability of SERT to discriminate
between SEC24C and SEC24D. In fact, the corresponding pro-
line residue is present in all SLC6 transporters (Table 1), which
indicates that it plays a structural role. Inspection of the other
monoamine transporters revealed that the lysine residue at
position 610 was unique: DAT and NET have a bulky aromatic
tyrosine at the equivalent position (Table 1). Based on these
considerations, we created fusion proteins in which the C ter-
minus of SERT was fused to GST and prepared a version in
which Lys®'® was substituted by Tyr. GST pulldown experi-
ments indicated that the mutated C terminus indeed interacted
to alesser extent with SEC24C than the C terminus of wild type
SERT (Fig. 2B, upper blots). Conversely, the mutated C termi-
nus was more effective than the wild type C terminus in immo-
bilizing SEC24D (Fig. 2B, lower blots).

The SERT-K610Y Mutant Fails to Recruit SEC24C—We cre-
ated a mutated version of SERT, in which the residue Lys®'° was
replaced by tyrosine. Laser scanning microscopy showed that
the YFP-tagged SERT-K610Y was targeted to the plasma mem-
brane of transiently transfected HEK293 cells (Fig. 34). Wild
type SERT and SERT-K610Y had similar affinities for substrate
(Fig. 3B) and for binding of the inhibitor [*H]imipramine (Fig.
3C). Because the V, . (Fig. 3B) and B,,,, parameters (Fig. 3C)
were comparable, we conclude that substitution of Lys®'® by
Tyr did not affect the turnover number and hence the cycle
between inward and outward facing conformations. Similar to
wild type SERT, there were not any appreciable intracellular
accumulations of SERT-K610Y (Fig. 34). This suggested that
SERT-K610Y was exported from the ER as efficiently as the wild
type protein. Moreover, siRNA-induced knockdown of
SEC24C did not reduce substrate uptake; this was only
observed upon depletion of SEC24D (Fig. 44). This observation
was confirmed by visualizing the transporter by confocal
microscopy: although siRNA-induced knockdown of SEC24C
resulted in intracellular retention of the wild type SERT in
HEK293 cells (Fig. 4B, top middle panel), accumulation of
SERT-K610Y at the plasma membrane remained unimpaired
(Fig. 4B, bottom middle panel). The contrary held true for
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FIGURE 3. Cell surface expression (A), substrate transport (B), and inhibi-
tor binding (C) of YFP-tagged SERT-K610Y compared with wild type
SERT. A, HEK293 cells were transfected with plasmids driving the expression
of YFP-tagged wild type SERT or SERT-K610Y mutant. The cell surface was
visualized by co-expression of an N-terminally myristoylated and palmitoy-
lated CFP (MyrPalm-CFP). The images were captured by confocal microscopy
under settings that recorded the fluorescence of YFP (left panels) or CFP (mid-
dle panels). Overlay images (right panels) were generated to visualize co-local-
ization of both wild type and mutant transporter and MyrPalm-CFP on the cell
membrane. B, uptake of [*H]5-HT by cells expressing wild type SERT (filled
symbols) or SERT-K610Y (open symbols) was measured in the absence or
presence of 10 um paroxetine (to determine nonspecific uptake, which was
subtracted from total uptake). The K, values were 2.4 um (0.5-4.3 uwm) for the
wild type and 1.8 um (0.1-3.4 um) for the SERT-K610Y mutant; the V, . values
were 59 = 7 and 59 * 8 pmol/10° cells/min for the wild type and mutant SERT,
respectively. C, membranes (20 ug/assay) prepared from HEK293 cells
expressing wild type SERT (filled symbols) or SERT-K610Y (open symbols) were
incubated with the indicated concentrations of [*H]imipramine, as outlined
under “Experimental Procedures.” Nonspecific binding was determined in
the presence of 10 um paroxetine. The data in B and C are from three inde-
pendent experiments that were done in parallel and performed in triplicate;
the error bars indicate S.E. The K, values were 1.3 nm (0.1-2.7 nm) for the wild
type transporter and 2.5 nm (1.1-3.9 nm) for the mutant; the B,,,,, values were
26 = 4and 32 =+ 3 pmol/mg protein for the wild type and SERT-K610Y mutant,
respectively.
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independent experiments performed in triplicate. *, significantly different (p < 0.05) from control, siRNA against SEC24A, SEC24B, and SEC24C (ANOVA). There was no
statistically significant difference in uptake by cells transfected with siRNA for SEC24C and the combination of all siRNAs (siRNA SEC24A-D). Surface biotinylation
experiments were carried out as described under “Experimental Procedures.” C, representative immunoblots showing the expression levels of wild type SERT (left
panels) and SERT-K610Y (right panels). Top panels, surface expression; bottom panels, total lysate fractions. The integrated intensity of the biotinylated bands were
quantified by Image J, related to the total amount of SERT immunoreactivity in the lysate (i.e., the bands with mature glycosylation M) and expressed as fraction of
negative control (i.e., transfection with an irrelevant siRNA) for both wild type and mutant SERT (bottom left panel). In addition, the core-glycosylated (ER-resident)
bands (C) and bands with mature glycosylation (M) were quantified in the lysate, and their ratio was calculated and expressed as a fraction of control (bottom right
panel). The data are the means = S.E. (n = 3); statistically significant differences were confirmed for both wild type and K610Y-SERT upon depletion of SEC24C versus
SEC24D (*, p < 0.05) by a paired t test. In the lanes labeled extraction, two different buffers were compared for their ability to solubilize ER-resident SERT (buffer B
optimized for biotinylation experiment: 10 mm Tris-HCl, pH 7.4, 150 mm NaCl, 1 mm EDTA, 1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate; buffer X optimized for
retrieval of ER-resident SERT; see Ref. 17; 50 mm Tris-HCl, pH 7.4, 150 mm NaCl, 1% Nonidet P-40, 0.1% SDS, 0.5% sodium deoxycholate). HEK293 cells were transiently
with a plasmid driving the expression of SERT and lysed 11 h after transfection, i.e., when the bulk of the transporters was still in the ER and identical amounts of
membranes were extracted with these two buffers. Extracts (10 ug) were electrophoretically resolved, and the amount of SERT was visualized on nitrocellulose blots;
buffer B was less effective in solubilizing the lower (core-glycosylated) band than buffer X. In contrast, there were comparable (albeit faint) amounts of the upper
mature glycosylated band (indicated by an asterisk).
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transfected with control plasmid and a dominant negative version of SEC24C.

SEC24D knockdown; unlike the wild type protein, the SERT-
K610Y mutant became susceptible to depletion of SEC24 iso-
form D (Fig. 4B, top and bottom right panels, respectively). An
identical outcome was obtained when the levels of transporter
surface expression were examined by biotinylation (Fig. 4C). As
can be seen from the representative immunoblot, lysates from
SERT expressing cells contained two major bands: we previ-
ously verified that the lower band (labeled with C in Fig. 4C,
lower blot) corresponds to the endoglycosidase H-sensitive,
core-glycosylated (i.e., ER-retained) form of SERT, whereas the
upper band was the mature, fully glycoslated protein (17). It is
evident from the upper blot in Fig. 4C that the biotinylated
material only contained a single species (consistent with surface
labeling). It is also evident that there was some variability in
expression levels. This is not surprising given that cells were
subjected to two sequential transfections. We therefore quan-
tified the effect of SEC24-directed siRNAs on biotinylation by
relating it to the amount of total transporter in the detergent
extract and comparing this ratio with that seen in cells trans-
fected with control siRNA (bottom left panel in Fig. 4C). In
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addition, we also quantified the siRNA-induced change in the
ER-resident form (bottom right panel in Fig. 4C). We stress that
the detergent mixture employed in these experiments is opti-
mized for recovering surface-expressed biotinylated SERT. It is
less effective in extracting ER-retained SERT than the buffer
used previously (17) (Fig. 4C, top right panel, lanes labeled
extraction). This explains why the ER-retained bands in Fig. 4C
appears to be less prominent than predicted from the confocal
images showed in Fig. 4B. Because the ER-retained material is
underrepresented in the extracts, the effect of the siRNA is
underestimated. However, this systematic error does not affect
the conclusion, namely that SEC24C is required for ER export
of wild type SERT and that SEC24D supports ER export of
SERT-K610Y. Moreover, co-expression of increasing amounts
of dominant negative versions of SEC24C and SEC24D with
SERT-K610Y in HEK293 cells showed a similar effect. Even at
high plasmid ratios of the SEC24C-VN mutant, substrate
uptake by SERT-K610Y was not decreased (gray bars in Fig.
5A), but a significant reduction in uptake was detected when the
cells were co-transfected with the same amount of plasmid encod-
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ing the SEC24D-VN mutant (hatched bars in Fig. 5A). The find-
ings were further confirmed by confocal microscopy (Fig. 5B).

Specificity for SEC24C or SEC24D Is Determined by the +2
Position after the RL/RI Motif—Upon mutation of Lys®'® to Tyr,
ER export of SERT was dependent on SEC24D, indicating that
this residue played an essential role in selecting the SEC24 iso-
form. We tested this interpretation by introducing the reverse
mutation in the NET, substituting the wild type tyrosine resi-
due by a lysine. We found that the resulting mutant (NET-
Y590K) also depended on SEC24C for ER export (Fig. 6A4) and
thus phenocopied SERT. Furthermore, an inspection of the C
termini of SLC6 family members reveals that murine GAT-4
(equivalent to rat GAT-3) also carries a lysine residue in the
position corresponding to that of Lys®'® of SERT (Table 1). Our
observations predict that mGAT-4 ought to depend on
SEC24C rather than SEC24D for its ER export. This prediction
was confirmed by both siRNA-induced knockdown of
SEC24A-D (Fig. 6B) and co-expression with dominant nega-
tive versions of SEC24C and SEC24D (Fig. 6C). The alignment
shown in Table 1 highlights the fact that this position is either
occupied by tyrosine (NET, DAT, and taurine transporter
TAUT) and valine (GAT-1) or by lysine (SERT and mGAT-4)
and glutamine and asparagine (BGT-1, GLYT-1a, and proline
transporter PROT). GAT-1 (14), NET, and DAT (18) require
SEC24D. These transporters carry the hydrophobic residues
valine and tyrosine (hydrophobicity of 0.96 and 1.22, respectively)
(25) in the +2 position. In contrast, asparagine and glutamine have
a polar group, and lysine is positively charged at physiological pH
such that their side chains are hydrophilic (hydrophobicity of
—0.60, —0.22, and —0.90, respectively). We therefore surmised
that asparagine and glutamine also specify an interaction with
SEC24C. We verified this conjecture by selecting GLYT-1a and
BGT-1, which have an asparagine and a glutamine, respectively, at
the +2 position (Table 1): regardless of whether assessed by
siRNA-induced knockdown (Fig. 7, A and C) or by co-expression
with dominant negative versions of SEC24 (ie, SEC24C-
7DD7?7-VN or SEC24D-"**DD”**-VN; Fig. 7, B and D), surface
levels of GLYT-1a and BGT-1 depended on SEC24C.

DISCUSSION

The mechanism of COPII assembly is understood in consid-
erable detail (24, 26). It is less clear how cargo discriminates
between different SEC23/SEC24 dimers. The human genome
encodes about 6000 integral membrane proteins, the vast
majority of which are subject to COPII-dependent ER export
(27). There are four different SEC24 paralogs, and they differ in
cargo specificity (23). To the best of our knowledge, our exper-
iments are the first to examine the basis for discrimination by
related cargo molecules among SEC24 isoforms. Although the
RI/RL/KL motif is conserved in all SLC6 family members (and
in species orthologs from worm to man), the flanking sequences
are divergent. We observed a crucial contribution of the residue
at the +2 position in determining the interaction with SEC24C
or SEC24D. The findings allow for deducing the following rule:
a hydrophobic residue at the +2 position specifies recruitment
of SEC24D, whereas a polar side chain supports engagement of
SEC24C. This conclusion is supported by the following obser-
vations: (i) Mutation of this position to alanine relaxed the spec-
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ificity of SERT such that only a combined knockdown reduced
cell surface levels (Fig. 2A). (ii) Replacing lysine by tyrosine
produced a version of SERT that failed to reach the cell surface
in cells depleted of SEC24D, but not of SEC24C (Fig. 4). This
showed that it relied exclusively on SEC24D and thus pheno-
copied its closest relatives NET and DAT. This mutation also
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reduced the ability of the C terminus to bind SEC24C in vitro
(Fig. 2B). (iii) Cell surface expression of those SLC6 family
members, which carried a hydrophilic residue at the +2 posi-
tion, was also only impaired upon siRNA-mediated depletion of
SEC24C (Figs. 6 and 7). Between the invariant glycine (Gly®*? in
SERT) and proline (Pro®** in SERT), the amino acids flanking
the core RI/RL/KL motif show a variable degree of conserva-
tion, but this does not allow discrimination a posteriori between
SEC24C and SEC24D clients. Residues distal to the invariant
proline are unlikely to account for any specificity because they
can be truncated in SERT without relaxing the specificity for
SEC24C. Similarly, the C terminus of GAT-1 can be truncated
by 27 amino acids without impairing its ER export beyond that
caused by elimination of the last three amino acids, which con-
stitute the type II PDZ motif (13). (iv) The approach that relied
on dominant negative versions of SEC24 recapitulated the
observations that were obtained by siRNA-dependent deple-
tion of SEC24C and SEC24D (Figs. 54, 6C, and 7, B and D).
There are three known binding sites that have been visual-
ized on SEC24C, with sites A and B recognizing a YXXXNPF
motif, a diacidic motif (DXE and the related sequences LXXLE
and LXXME), respectively (24). Site C is bipartite, is contrib-
uted in part by SEC23, and recognizes the inactive closed con-
formation of the SNARE protein SEC22 (28). Currently, we

S
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cannot rule out that additional portions of the SLC6 intracellu-
lar segments contribute to the ER export motif resulting in a
bipartite—possibly  conformation-sensitive—binding site.
Conceptually, a bipartite, conformation-sensitive binding site
is attractive, because it engineers proofreading into cargo selec-
tion. The transporter must adopt a stable conformation prior to
COPII recruitment. This precludes premature ER export of
partially folded transporters. There are three lines of circum-
stantial evidence to support the conjecture that additional seg-
ments of the transporter contribute to recruiting SEC24 paral-
ogs: (i) We note that the GST fusion protein comprising the
mutated C terminus (with the K610Y) mutation still bound
SEC24C albeit less efficiently than the fusion protein with the
wild type C terminus. In contrast, the results obtained with the
siRNA knockdown experiments suggested that the mutation
sufficed to completely switch isoform dependence of ER export
of SERT from SEC24C to SEC24D. (ii) Substitution of the con-
served residues ®'>TP®'* by alanine relaxed the exclusive reli-
ance on SEC24C. This may also point to the contribution of an
additional segment of the transporter to the binding surface for
SEC24C and/or the SEC23/SEC24C dimer. (iii) Finally, a frag-
ment of SERT that comprises only transmembrane helices 11
and 12 and the C terminus fails to be exported from the ER; in
fact, this domain, which can dimerize with the intact trans-
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porter, inhibits ER export of full-length SERT in a dominant
negative manner (29). Regardless of whether the SLC6 family
members engage a single or a bipartite binding site on the SEC24/
SEC23 dimer, it appears justified to assume that the binding site
resides in the vicinity of 7°DD”®” or 7**DD”** on SEC24C and
SEC24D, respectively. These two acidic residues are conserved in
all SEC24 isoforms. Nevertheless, all SLC6 family members tested
rely exclusively on either SEC24C or SEC24D. The sequence
divergence in the SEC24 paralogs can be exploited to map the
binding site. This is currently being explored.

Mutations in both genes encoding SEC23 and SEC24 iso-
forms have already been identified in a number of pathological
conditions (26). Mutated SEC24B fails to recruit the planar cell
polarity component Vangl2. The resulting defect in ER export
of the transmembrane protein Vangl2 is thought to disrupt the
polarity of the neuroepithelial sheet and to preclude closure of
the neural tube leading to craniorachischisis (30, 31) and to
impair development of the lung epithelium (32). Truncations in
the medaka SEC24D impair ER export of collagen II and result
in skeletal malformation (vertebra imperfecta) in the hatching
fish (33). Mutations in sec23a and sec23b lead to cranio-lenti-
culo-sutural dysplasia (34) and congenital dysrythropoietic
anemia type II (35), respectively. Cellular surveys with model
cargo molecules suggest that, in some instances, the different
isoforms of COPII components function in a redundant man-
ner (23). The phenotypes of the individual mutations, however,
prove that, at least for some cargos, the specificity is exquisite.
In addition, these models establish a role for mutations in genes
encoding SEC23 and SEC24 paralogs in monogenic diseases. It
is also conceivable that many disease states are linked to COPIL
machinery deficiencies, i.e., inefficient export from ER com-
partments. The sec24c gene has repeatedly been identified in
association studies of Alzheimer disease (36, 37). On statistical
grounds, SEC24C was assigned the top rank in a list of tran-
scripts that differed in levels in control samples of brain pre-
frontal cortex and patients with bipolar disease (38). Inciden-
tally, SLC6A11 (human GAT-3 = murine GAT-4), which we
identify as a client of SEC24C, was ranked fifth on this list of 103
differentially expressed genes (38). It is worth noting that this
sample cannot assess SERT: although SERT containing axons
project to the cortex, the cell bodies, and hence the mRNA,
reside in the brain stem, i.e., the pontine raphe nuclei. Never-
theless, it is attractive to speculate that changes in SEC24C
translate into distinct surface levels of neurotransmitter trans-
porters and so alter synaptic transmission in the short term and
neuronal wiring patterns in the long term. Thus, our findings
do, in principle, have explanatory power and may bear some
direct relation to human diseases.
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