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Serotonin Transamidates Rab4 and Facilitates Its Binding to
the C Terminus of Serotonin Transporter*□
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also includes the dopamine transporter (DAT) and the norepinephrine transporter. SERT is a 630-amino acid plasma membrane-bound glycoprotein. Hydropathy analysis predicts that
SERT contains 12 transmembrane domains and that both the N
and C termini are exposed to the cytoplasm. The primary function of SERT in the central nervous system involves the regulation of serotonergic signaling via transport of serotonin (5-hydroxytryptamine (5HT)) molecules from the synaptic cleft into
the pre-synaptic terminal for re-utilization. SERT is also
expressed in non-neuronal cells, including platelets, placental,
intestinal and adrenal cell lines, but the exact function of SERT
in these cell lines is still under investigation (1–5).
The C- and N-terminal regions of monoamine transporter
proteins have just recently garnered increased attention for
their importance in transport function and localization. Significant work has been accomplished in identifying the importance of the C-terminal region of DAT and norepinephrine
transporter in transporter function, expression, and localization (6 –9).
The proteins interacting with the N terminus of SERT are
syntaxin 1A (10, 11) and secretory carrier membrane protein 2
(12). SERT also complexes with Hic-5 (13) and ␣-synuclein
(14), but the functional significance of these interactions are not
known. PICK1 (15), MacMARCKS (16), the actin cytoskeleton
(49), neuronal nitric-oxide synthase, and Sec23A and Sec24C
(17) associate with the C terminus of SERT. It has been suggested that the final 20 amino acids from the C-terminal of
SERT are critical for the functional expression of the transporter (18). However, the role of this region on the proteinprotein interactions of SERT during protein folding or plasma
membrane localization processes is incompletely understood.
SERT is an important target for many therapeutic agents that
enhance serotonergic signaling (e.g. for treatment of affective
neuropsychiatric disorders) and is involved in the mechanism
of some drugs of abuse (e.g. cocaine and 3,4-methylenedioxyN-methamphetamine (also known as ecstasy)) (19, 20). These
compounds effect recycling and internalization and thereby the
density of SERT on the plasma membrane (21). The role of
substrates in the trafficking of ␥-aminobutyric acid transporter
(22, 23), DAT (24), and the excitatory amino acid transporter 1
is to regulate the expression of the transporter on the cell memphosphate buffered saline; CHO, Chinese hamster ovary; IF, immunofluorescence; DTT, dithiolthreitol; TBS, Tris-buffered saline; PIM, protease
inhibitor mixture; WGA, wheat germ agglutinin; WB, Western blotting.
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The serotonin transporter (SERT) on the plasma membrane is
the major mechanism for the clearance of plasma serotonin
(5-hydroxytryptamine (5HT)). The uptake rates of cells depend
on the density of SERT molecules on the plasma membrane.
Interestingly, the number of SERT molecules on the platelet surface is down-regulated when plasma 5HT ([5HT]ex) is elevated.
It is well reported that stimulation of cells with high [5HT]ex
induces transamidation of a small GTPase, Rab4. Modification
with 5HT stabilizes Rab4 in its active, GTP-bound form, Rab4GTP. Although investigating the mechanism by which elevated
plasma 5HT level down-regulates the density of SERT molecules
on the plasma membrane, we studied Rab4 and SERT in heterologous and platelet expression systems. Our data demonstrate
that, in response to elevated [5HT]ex, Rab4-GTP co-localizes
with and binds to SERT. The association of SERT with Rab4GTP depends on: (i) 5HT modification and (ii) the GTP-binding
ability of Rab4. Their association retains transporter molecules
intracellularly. Furthermore, we mapped the Rab4-SERT association domain to amino acids 616 – 624 in the cytoplasmic tail
of SERT. This finding provides an explanation for the role of the
C terminus in the localization and trafficking of SERT via Rab4
in a plasma 5HT-dependent manner. Therefore, we propose
that elevated [5HT]ex“paralyzes” the translocation of SERT
from intracellular locations to the plasma membrane by controlling transamidation and Rab4-GTP formation.
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bling its association with Rab4. The Rab4-SERT interaction
retains SERT molecules intracellularly.

EXPERIMENTAL PROCEDURES
Materials—All restriction endonucleases and ligases were
from New England Biolab (Beverly, MA). Expression vectors,
cell culture materials, and Lipofectamine 2000 were from
Invitrogen. Micro BCA Protein Assay, enhanced chemiluminescence (ECL) Western blotting (WB) system, NHS-SS-biotin, and immuno-pure horseradish peroxidase-conjugated
streptavidin were from Pierce. 5HT was from Sigma-Aldrich. CHO cells were provided from American Type Culture Collection (Manassas, VA). [3H]5HT was purchased
from PerkinElmer Life Sciences. Monoclonal anti-SERT-Ab
was provided by MAbTechnology (Stone Mountain, GA).
Plasmids, Constructs, and Cell Line Expression Systems—
SERT cDNA was donated by Dr. H. H. Sitte (Medical University
Vienna, Institute of Pharmacology) subcloned into Kpn1/Not1
sites of pcDNA3 and HindIII/XbaI sites of pEYFP-C1. CFP
fusions of SERT do not alter the expression efficiency or 5HT
uptake levels of transporter protein (40).
Mutant transporters were constructed utilizing a Stratagene
QuikChange XL site-directed mutagenesis kit. Rab4 and
Rab4N121I constructs have been described previously (41). A
list of primers used to construct each mutation is located in
supplemental Table S1. All synthetic constructs were verified
via DNA sequencing.
CHO cells were maintained in ␣-minimal essential medium.
Media were supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, penicillin, and streptomycin. For all studies, cells
were transiently transfected with either SERT and/or Rab4 constructs using a 1:2.5 ratio of Lipofectamine 2000 reagent to
DNA in Opti-MEM. SERT expression was determined with
quantitative WB on a VersaDoc 1000 analysis system (42– 45).
5HT Uptake Assay in Heterologous Expression System—CHO
cells in 24-well culture plates were transfected with SERT and
assayed 24 h post-transfection (42– 45). Briefly, cells were
washed with phosphate-buffered saline (PBS) containing 0.1
mM CaCl2 and 1 mM MgCl2 and incubated for 10 min with this
buffer and then assayed for their 5HT uptake by incubating
with 20.5 nM [1,2-3H]5HT (3400 cpm/pmol) as described previously (32–34). Cells without plasmid DNA (mock transfected) served as negative controls. Protein concentration was
determined using the Micro BCA Protein Assay Reagent Kit.
The 5HT uptake rates were determined in triplicate in three
independent experiments.
WB Analysis and Quantitation of SERT Expression—Cells
were solubilized in PBS containing 0.44% SDS, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor mixture (PIM).
The PIM contained 5 g/ml pepstatin, 50 g/ml leupeptin, and
5 g/ml aprotinin and was included with each lysis buffer (31).
Samples were analyzed by SDS-PAGE and transferred to nitrocellulose. Blots were incubated first with SERT antibody (Ab)
(diluted 1:400), and then with horseradish peroxidase-conjugated anti-rabbit IgG at a dilution of 1:5000. The signals were
visualized using the ECL WB detection system. The SERT Ab
gave one major band at 90 kDa in CHO or HeLa cells expressing
SERT, which was absent in non-transfected cells. Signals of the
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brane, i.e. glutamate increases the surface expression of excitatory amino acid transporter 1 (25). Activation of protein kinase
C decreases the number of SERT molecules on the plasma
membrane; however, this effect of protein kinase C is blocked in
the presence of [5HT]ex at high levels (21). Importantly, Whitworth et al., (26) demonstrated that 5HT-mediated signals have
a role in regulating the number of transporters at or near the
synapse by changing the subcellular redistribution of SERT in
neurons and glia. These studies confirm that the functional
efficiency of SERT is regulated by its membrane-trafficking
pathways, i.e. internalization and recycling of the transporter
(27–29). The mechanism by which 5HT accomplishes this task
remains to be explored. In platelets, plasma 5HT at high levels
appears to be closely related to regulated exocytosis, in which
Rho and Rab4 are implicated (30 –32).
The Rab protein family of small GTP-binding proteins regulates vesicular traffic (30, 32, 33). There are more than 60 Rab
protein family members in mammalian cells, and individual
Rab proteins are localized to the cytoplasmic leaflet of distinct
compartments in both the endocytotic and exocytotic pathways (34). Rab4 is associated with early endosomes and regulates membrane recycling (34 –36). Rab4 also regulates exocytic
events from other post-Golgi compartments in cells with specialized functions (34). In adipocytes, Rab4 controls recycling of
the insulin-regulated glucose transporter GLUT4 (37), and
recombinant Rab4 stimulates ␣-granule secretion in platelets
in vitro (38). All Rab proteins contain highly conserved domains
required for guanine nucleotide binding, GTP/GDP exchange,
and GTP hydrolysis that are essential for their proper targeting
and function (31).
Stimulation of cells with 5HT activates the phosphatidylinositol pathway, which increases the intracellular Ca2⫹. As a consequence, transglutaminase is activated, which catalyzes transamidation of small GTPases with intracellular 5HT [5HT]in (32,
39). Bacterial transglutaminase transamidates the Gln residue
of the DTAGQE sequence within the GTP hydrolysis domain of
Rho, which produces constitutively active Rho (39). The
DTAGQE signature is conserved in all Rab proteins. Rab4 and
Rab27 are transamidated by transglutaminase (32). Thus, it has
not been established whether the Rab4 effector network
involved in actin-myosin dynamics and membrane trafficking
is regulated through the transamidation to a constitutively
active form of Rab4 (32).
The present study investigates the mechanism by which high
concentrations of [5HT]ex alter the redistribution of SERT.
Using Rab4Q67L and Rab4N121I mutant forms of Rab4, here,
we show that intracellular 5HTfirst binds to Rab4, allowing the
GTPase to interact with SERT. Rab4N121I (41), which cannot
bind to nucleotide, does not bind to SERT at all. This conclusion is enhanced by our finding that Rab4Q67L, which has
impaired GTP-hydrolysis ability, therefore mimics the constitutively active GTP-bound form of Rab4 (47). Our data clearly
demonstrate that the SERT-Rab4Q67L association is not influenced by the concentration of [5HT]ex. The SERT-Rab4 interaction changes the distribution of transporters between intracellular locations versus those on the plasma membrane that
modulate 5HT uptake. We propose that [5HT]ex controls the
density of SERT molecules on the plasma membrane by ena-
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the fluorophore emission spectral profiles. Images were
cropped using Adobe Photoshop 6.0 software.
Data Analysis—Non-linear regression fits were performed
with Origin (MicroCal Software, Northampton, MA), using the
Marquardt-Levenberg non-linear least squares curve fitting
algorithm. Each figure shows a representative experiment that
was performed at least twice, and statistical analysis results are
based on multiple experiments. Data with error bars represent
the mean ⫾ S.D. for triplicate samples. Reported p values are
two-sided.

RESULTS
Plasma 5HT level plays a role in altering the cellular uptake
rate of 5HT by modulating the density of SERT molecules on
the plasma membrane (45). Mechanisms that specify translocation of SERT to the plasma membrane are of therapeutic
importance and are investigated by several groups. SERT trafficking is not the only cellular event that is under the control of
extracellular 5HT. Depending on the concentration of extracellular 5HT, [5HT]ex, platelet Rab4 can be activated via a covalent
modification with 5HT that is otherwise known as serotonylation or transamidation. Because Rab4 regulates recycling of
many transporters and receptors from endosomes (36 –38), we
hypothesized that [5HT]ex might control expression of SERT
on the plasma membrane in a Rab4-dependent manner. To test
this hypothesis and to elucidate the underlying mechanism, we
established a heterologous system of CHO cells expressing
Rab4 and SERT.
Expression of SERT in Platelets and in CHO-SERT Cells—To
pinpoint mechanisms of [5HT]ex-regulated SERT expression,
we used the heterologous CHO expression system, which permits expression of proteins at much higher levels than endogenous levels. To estimate the 5HT concentration for the treatment of CHO cells expressing hSERT (CHO-hSERT), we
measured the density of SERT proteins on the plasma membrane of CHO-hSERT cells and compared this finding with the
amount on human platelet membranes by using biotinylation
technique. The biotinylated membrane proteins were recovered with streptavidin-agarose beads. An equal amount of samples from the biotinylated membrane proteins of CHO-SERT
cells and platelets were resolved and analyzed by WB with
SERT Ab. The expression of SERT on plasma membrane of
CHO-SERT cells was 59-fold higher than on platelet membrane
as shown in Fig. 1, which translates to 44.25 ⫻ 103 on a per cell
basis. This estimation indicates that the effect of plasma 5HT at
a concentration of 1 nM on platelet SERT should be similar to
that of exogenous 5HT at a concentration of ⬃45 M on CHOSERT cells. Obviously, not all aspects of 5HT biology in platelets can be recapitulated in CHO cells, but on the other hand,
the CHO model system allows for the analysis of trafficking
mechanisms that are difficult to detect using platelets in which
protein expression is relatively sparse.
High Concentrations [5HT]ex Decrease 5HT Uptake Rates of
Platelets—To monitor the impact of [5HT]ex concentrations on
the 5HT uptake rates of platelets (1.5 ⫻ 108 ⫾ 750) and CHO
cells expressing SERT (2 ⫻ 105 ⫾ 500), they were pretreated
with stepwise higher concentrations of 5HT (0 –2.5 nM and
0 –500 M, respectively). After 45 min, cells were washed and
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90-kDa band were quantitated with a VersaDoc 1000 analysis
system (42). Using a standard curve of SERT prepared form the
lysates of CHO cells expressing SERT, the integrated density
value for each band was converted to an equivalent amount of
SERT for Ab (44).
Cell Surface Biotinylation—Cell surface expression of SERT
was detected after biotinylation with membrane-impermeant
NHS-SS-biotin as described previously (42– 45). Briefly, upon
the biotinylation reaction, the cells were treated with 100 mM
glycine to quench unreacted NHS-SS-biotin and lysed in Trisbuffered saline containing 1% SDS, 1% Triton X-100, and PIM/
phenylmethylsulfonyl fluoride. The biotinylated proteins (500
l) were recovered with an excess of streptavidin-agarose beads
(400 l) during overnight incubation. Biotinylated proteins
were eluted in 100 l of sample buffer, resolved by SDS-PAGE
and transferred to nitrocellulose, and were detected with the
SERT Ab as described (42– 45).
Immunoprecipitation—Binding of Rab4 to SERT was assayed
in CHO or HeLa cells co-transfected with their cDNA in a 1:1
ratio. Transfectants were pretreated with 5HT at indicated concentrations for 30 min. The cells were lysed in immunoprecipitation buffer (55 mM triethylamine (pH 7.5), 111 mM NaCl, 2.2
mM EDTA, and 0.44% SDS plus 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, PIM), precleared by incubation with
nonimmune rabbit serum and protein A for 1 h, and then centrifuged as described previously (42– 45). The precleared lysate
was combined with an equal volume of a 1:1 slurry of protein
A-Sepharose beads and mixed overnight at 4 °C with a polyclonal Rab4-Ab. Samples were separated on an SDS-PAGE
and analyzed by WB with monoclonal anti-SERT Ab (1:1000
dilution). The signals were developed with the ECL detection
system.
For radioimmunoprecipitation, CHO cells (2.5 ⫻ 106/100
mm plate) were labeled with [3H]5HT (100 Ci/ml) in PBS
containing 0.1 mM CaCl2 and 1 mM MgCl2 for 1 h at room
temperature. After 1 h, the cells were washed with ice-cold PBS
and harvested, and Rab4 was immunoprecipitated as described
previously (46). Immune precipitates were eluted from the
beads by incubation in SDS sample buffer, analyzed by 12.5%
SDS-PAGE, and visualized by fluorography.
Fluorescence Microscopy—Cells were plated on gelatincoated coverslips at 50% confluence in 6-well culture plates.
The next day, cells were transfected with CFP-SERT and/or
YFP-Rab4. 24 h post-transfection, coverslips were removed for
immunofluorescent processing. Cells were rinsed with PBS,
fixed with 3% paraformaldehyde in PBS for 25 min, and washed
with PBS. Coverslips were washed several times and mounted
on glass slides using Vectashield.
Fluorescence was observed with Texas Red (excitation, 560
nm; dichroic mirror, 590 nm; emission, 610 nm), YFP (excitation, 500 nm; diachronic mirror, 515 nm; emission, 535 nm), or
CFP (excitation, 436 nm; dichroic mirror, 455 nm; emission,
480 nm) filter sets. Images were digitally photographed at 40⫻
magnification using either Zeiss LSM510 laser confocal or
Axioskop2 wide-field deconvolution fluorescence microscopes. During the processing stage, individual image channels
were pseudocolored with RGB values corresponding to each of
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FIGURE 1. Expression of SERT proteins on the plasma membrane of platelets and CHO cells. For quantification of SERT on the plasma membrane,
CHO-hSERT (2 ⫻ 105) cells and platelets (1.5 ⫻ 108) were treated with sulfoNHS-SS-biotin as described under “Experimental Procedures.” Biotinylated
membrane proteins were separated and WB analysis was performed with
anti-SERT monoclonal Ab. Averaged data from three independent experiments are presented ⫾ S.E. The values are statistically different (p ⬍ 0.01,
Student’s t test).

5HT uptake rates were measured as described previously (45)
and under “Experimental Procedures.”
A concentration of 1 nM 5HT increased 5HT uptake rate in
platelets by 52%, whereas 2 nM 5HT caused a 70% decrease as
shown in Fig. 2A and Table 1. Treatment of CHO-SERT cells
with ⬍50 M 5HT increased uptake rates by 45% compared
with untreated cells (Table 1), similar to the response to 5HT in
human platelets (Fig. 2A).
However, unlike the suppressant effect we found in platelets,
high concentrations of [5HT]ex (ⱖ50 M) did not decrease the
5HT uptake rates in CHO-SERT cells (Fig. 2B). Thus, SERT in
platelets and in CHO-SERT cells respond similarly to pretreatment with low concentrations of [5HT]ex by increasing 5HT
uptake rates. Pretreatment of the cells with 5HT at high concentrations, however, reduced the 5HT uptake rate in platelets but showed no effect in CHO-SERT cells (Fig. 2B). We
therefore wondered whether membrane trafficking of SERT
is controlled by [5HT]ex so that Rab4 might be transamidated with 5HT.
To answer this question, we co-expressed SERT and Rab4 in
CHO cells. Transfectants were pretreated with 5HT (range,
1–500 M), and then their uptake rates were measured (Fig.
2C). After co-expression of Rab4, 5HT uptake rates by SERT
were suppressed by [5HT]ex at high levels (ⱖ50 M) similar to
the response in human platelets. Thus, co-transfection of Rab4
provided CHO-(SERT⫹Rab4) cells with the ability to modulate
5HT uptake in a similar manner as isolated human platelets
(Fig. 2C), albeit at different concentrations of [5HT]ex, with
Rab4 being required for high concentrations of 5HT to suppress its uptake by SERT.
To explore the relationships between Rab4, SERT, and 5HT
uptake, we also performed the experiment with two concentrations of 5HT in CHO cells expressing SERT and Rab4N121I or
APRIL 4, 2008 • VOLUME 283 • NUMBER 14
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Rab4Q67L (Fig. 2D). Rab4N121I cannot bind to nucleotides
(41); Rab4Q67L has impaired GTP-hydrolysis ability and therefore it mimics the constitutively active GTP-bound form of
Rab4 (47).
Cells co-expressing SERT and Rab4N121I did not reveal the
phenotype of [5HT]ex-regulated 5HT uptake. In this respect,
they behaved identically to the cells not expressing an Rab4
construct.
Pretreatment of CHO cells co-expressing SERT and
Rab4Q67L essentially yielded a similar response on 5HT uptake
kinetics as CHO-SERT cells expressing wild-type Rab4. These
5HT uptake experiments reveal the hitherto unrecognized propensity of Rab4 to regulate 5HT uptake in a manner that
strongly correlates with GTP binding properties and the ability
to serve as a substrate for transglutaminose.
SERT Interacts with Rab4—We next determined if Rab4 and
SERT form a functional complex. We first analyzed expression
of the two proteins in platelets. The WB of lysates revealed that
both Rab4 and SERT can be detected readily at 22- and 90-kDa
bands as shown in Fig. 3, lanes 1 and 2, respectively. Next, we
determined whether SERT could be immunoprecipitated with
a polyclonal Rab4-Ab from platelet lysates. Rab4 immune precipitates were resolved by SDS-PAGE, and WB with a monoclonal Ab against SERT revealed that SERT was co-isolated
with Rab4 from platelets that were pretreated with a high concentration of 2 nM 5HT (lane 6). In non-treated platelets (Fig. 3,
lane 4) or platelets that received 1 nM or less 5HT (Fig. 3, lane 5),
we did not isolate a Rab4-SERT complex on the beads. When
the Rab4 Ab was omitted from the assay, SERT was not immunoprecipitated either (Fig. 3, lane 3). Thus, Rab4 and SERT are
associated in the presence of a high concentration of [5HT]ex, a
condition that impairs 5HT uptake in platelets (Fig. 3).
We next used co-immunoprecipitation to determine if 5HT
induces a Rab4-SERT interaction in CHO-SERT⫹Rab4 cells.
This experimental system also allowed us to determine the
guanine nucleotide (GTP) requirement for the interaction,
by using transfectants expressing Rab4 mutants. CHO-SERT
cells co-expressing Rab4, Rab4Q67L (constitutive active
mutant) (47), or Rab4N121I (dominant negative mutant)
(41) were pretreated with 5HT. A possible association of
mutant or wild-type Rab4 and SERT was then determined
using co-immunoprecipitation.
CHO cells co-expressing SERT and Rab4, Rab4Q67L, and
Rab4N121I were pretreated with 5HT. A 90-kDa SERT band
was detected on the WB of the SERT/Rab4 and SERT/
Rab4Q67L cells that were pretreated with 100 M 5HT (Fig. 4,
lanes 4 and 6). Importantly, in CHO cells co-expressing SERT
and wild-type Rab4, this band required pretreatment with 5HT.
In cells expressing the constitutively active GTP-state mimicking mutant, SERT was co-immunoprecipitated without the
need for 5HT pretreatment. We ruled out that SERT associated
post-lysis with Rab4, because the complex could not be coimmunoprecipitated from mixed lysates of (individually pretreated) Rab4- and SERT-expressing cells (Fig. 4, lane 2). SERT
could not be co-immunoprecipitated from cells expressing the
inactive Rab4N121I mutant even after 5HT pretreatment.
These data agree with the 5HT uptake assay as presented in Fig.
2D, which shows that 5HT uptake rates of SERT/Rab4N121I
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FIGURE 2. 5HT uptake rates after a pretreatment with [5HT]ex. A, 1.5 ⫻ 10 numbers of platelets; B, one of the 24-well culture plate confluent CHO cells (2 ⫻
105) expressing SERT; C, CHO-(SERT⫹Rab4) cells; or D, CHO cells co-expressing SERT and Rab4 mutants were first pretreated with (0 –2.5 nM) and (0 –500 M)
[5HT]ex, respectively. Uptake rates of [3H]5HT were then measured in intact cells as described under “Experimental Procedures.” Rate of uptake is expressed as
the means and S.D. values of triplicate determinations from three independent experiments. * and **, represent the results of Student’s t test with both p ⬍
0.001 (compared with untreated platelet uptake rates).
8

TABLE 1
Effect of 5HT pretreatment on 5HT uptake rates of cells
5-HT uptake rates of platelets, CHO-SERT, CHO-(SERT⫹Rab4), and CHO(SERT⫹Rab4N121I) were measured after pretreatment of these cells with 5HT at
various concentrations. At low concentrations, in general 5HT pretreatment
increased the uptake rates of these cells. However, at higher concentrations 5HT
pretreatment decreased the 5HT uptake rates of platelet and CHO-(SERT⫹Rab4)
cells, not only in SERT or nucleotide binding domain mutant, but also Rab4N121I
and SERT transfected CHO cells. Rate of uptake is expressed as the means ⫾ S.D.
values of triplicate determinations from three independent experiments.
5HT uptake rates, based on
pretreatment of

Platelet
CHO-SERT
CHO-(SERT⫹Rab4)
CHO-(SERT⫹Rab4N121I)

Low 关5HT兴ex

High 关5HT兴ex

% increase

% decrease

52
45
47
42

70
6
73
7

cells are not different than CHO-SERT cells even after 5HT
pretreatment.
SERT-Rab4 Regulates 5HT Uptake—The uptake capacity of
5HT is determined by the amount of SERT on the plasma mem-
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brane, which is controlled in a dynamic manner by the relative
rates of transporter recycling from endosomes and internalization from the cell surface. Because our experiments suggested a
[5HT]ex-Rab4 pathway regulating 5HT uptake, it is possible
that [5HT]ex ultimately controls the density of its own transporter on the plasma membrane. To investigate this possibility,
CHO cells expressing SERT and Rab4 were pretreated with 0,
10, or 100 M 5HT for 45 min, and then subjected to cell surface
biotinylation. Biotinylated membrane proteins were retrieved
on streptavidin beads, and SERT was analyzed by quantitative
WB in the bound and non-bound fractions (Fig. 5). This procedure selectively biotinylated cell surface protein, because we did
not detect actin in the protein fraction that was bound to the
streptavidin beads.
Pretreatment with 10 M [5HT]ex, increased SERT on the
plasma membrane of CHO-SERT/Rab4 and CHO-SERT cells
by 44 and 39%, respectively. Addition of 100 M 5HT reduced
the cell surface expression of SERT in CHO-SERT/Rab4 cells by
67% and in CHO-SERT cells by 6% as shown in Table 2. As
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FIGURE 4. SERT-Rab4 association depends on [5HT]ex. CHO cells expressing SERT and either Rab4 (lanes 1– 4), Rab4N121I (lane 5), or Rab4Q67L (lane 6)
were pretreated with 0 or 100 M [5HT]ex. Lysates were incubated with Rab4
Ab (lanes 2– 6) or pre-immune serum (lane 1), and immunoprecipitates were
subjected to WB analysis with a SERT monoclonal Ab. A distinct 90-kDa band
was detected in cells expressing SERT and Rab4, pretreated with 100 M
[5HT]ex (lane 4); however, a 90-kDa band was detected in cells expressing
SERT and Rab4Q67L (constitutive active mutant) (47) without pretreatment
with 5HT (lane 6). SERT could not be co-immunoprecipitated from cells
expressing the inactive Rab4N121I mutant (41) even with 100 M [5HT]ex
pretreatment (lane 5). Expression of SERT and Rab4 in total cell lysates was
determined by WB. Actin was used as a loading control.

expected, effects seen on the amount of intracellular SERT
(flow through of the streptavidin beads) mirrored those on cell
surface SERT (Fig. 5).
Notably, RT-PCR ascertained that the total amount of SERT
mRNA was invariant, irrespective of the concentration of
[5HT]ex (not shown). The effect of [5HT]ex on SERT surface
expression correlated well with the impact on 5HT uptake rates
in CHO-SERT cells with or without transfected Rab4 (Fig. 2C).
These data make a strong case for the involvement of 5HT in
the retention of SERT at intracellular locations in a complex
with transamidated Rab4-GTP.
APRIL 4, 2008 • VOLUME 283 • NUMBER 14

SERT (in)

0.0

-90 kD

WB: SERT-Ab

SERT (surface)
1.6

FIGURE 5. Effect of SERT/Rab4 interaction on the surface expression of
SERT. CHO-SERT cells were pretreated with 0, 10, or 100 M 5HT and biotinylated with NHS-SS-biotin (42– 45). Biotinylated plasma membrane proteins
were retrieved on streptavidin beads and analyzed for SERT by WB. Intracellular SERT was determined by WB analysis of non-bound material. Mock transfected CHO cells served as a control. Data are representative of at least three
independent experiments. Actin served as a loading control. The results of
WB analysis are the summaries of combined data from three densitometric
scans. * and **, represent differences from 0 M 5HT-matched samples (Student’s t test with p ⬍ 0.001).

Rab4 Is Associated with 5HT—Given the stimulatory role of
5HT in the interaction of Rab4 and SERT in platelets, we next
determined whether Rab4 was directly modified by 5HT under
our experimental conditions. To address these questions, platelets were incubated with [3H]5HT to monitor the internal pool
of 5HT. Cells were then lysed, and Rab4 was immunoprecipitated from detergent lysates and immune complexes were
resolved by SDS-PAGE. Unfortunately, the expression levels of
platelet Rab4 were too low to detect its association with 5HT in
a radioimmunoprecipitation assay.
We resorted again to the heterologous CHO expression
model to circumvent the detection problems of Rab4 in platelets, because it proved to be very useful for the analysis of Rab4
mutants. Cells co-expressing SERT and various Rab4 mutants
were pretreated with a high concentration of [3H]5HT. Rab4
was then immunoprecipitated, and gels were subjected to fluorography. We recovered one major band at ⬃25 kDa as shown
in Fig. 6A. Immunoprecipitation of this band required co-expression of SERT and preincubation with 100 M 5HT. In addition, we did not detect the band above background in cells
expressing dominant negative Rab4N121I, or GTP-hydrolysisdeficient Rab4Q67L (41). Both mutants are recognized by the
Ab with similar affinity as wild-type Rab4 (37), showing that
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FIGURE 3. SERT and Rab4 interaction in human platelets. WB analysis of
endogenous Rab4 and SERT expression in platelets (lanes 1 and 2, respectively). The association between Rab4 and SERT was determined by a coimmunoprecipitation in platelets pretreated with 0 (lane 4), 1 (lane 5), and 2
nM [5HT]ex (lane 3 and 6). WB analysis of proteins bound to anti-Rab4 polyclonal Ab-coated protein A-Sepharose beads was performed with a monoclonal SERT Ab. Nonspecific adsorption of SERT to Sepharose beads was
determined in the absence of Rab4 Ab (lane 3). The association of endogenous Rab4 and SERT was detectable after pretreatment of platelets with 2 nM
[5HT]ex (lane 6).

Expression level of percent SERT from
0 µM 5HT pretreated cells.

-25 kD
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TABLE 2
Effect of 5HT pretreatment on SERT expression
In CHO-SERT and CHO-(SERT⫹Rab4) cells, the effect of 5HT pretreatment on the surface density of SERT proteins was tested at two different concentrations: at low (10
M) and high (100 M) 5HT. 24-h post-transfected cells were pretreated with 5HT and biotinylated with NHS-SS-biotin (42– 45). Intracellular SERT and biotinylated
plasma membrane proteins were analyzed with WB with SERT antibodies. The results of WB analysis are the summary of combined data from three densitometric scans
denoted as the percent change of SERT density in 5HT pretreated cells compared to untreated cells. The data represent the % change of SERT in 5HT pretreated cells
compare to the untreated ones.
SERT expression on cell membrane
10 M 关5HT兴ex
100 M 关5HT兴ex

SERT expression in depleted cell lysate

CHO-SERT

CHO-(SERTⴙRab4)

CHO-SERT

CHO-(SERTⴙRab4)

44.4%1
5.7%2

38% 1
70% 2

35% 2
5% 1

35% 2
57% 1

A

B
Anti Rab4 IP
Pre-immune IP
SERT
Rab4
N121I
Rab4Q67L

+
+
-

+
+
+

+ - +
+ +
- +
+ -

+
+
+
-

Texas red-5HT-Ab

+
+
-

C
Texas red-5HT-Ab

Merged

YFP-Rab4

25 kD-

10 µm

10µm

1
Lysate

2

3

4

5

Merged

6
- SERT
- Rab4

FIGURE 6. Rab4 is associated with 5HT. A, CHO-SERT cells expressing Rab4 constructs were pretreated with [3H]5HT. Rab4 immunoprecipitates were resolved
on a 12.5% SDS-PAGE, and Rab4 was visualized by fluorography. A 25-kDa major band representing Rab4 was precipitated with anti-Rab4 Ab (lane 5) but not
by pre-immune serum (lane 4). In the absence of transfected SERT, the 25-kDa band was not detectable (lane 6), documenting the absolute requirement for
SERT-mediated uptake of [3H]5HT. The major 25-kDa band was not detected in cells expressing Rab4Q67L (lane 2), which lack the critical residue for transamidation, or cells expressing dominant negative Rab4N121I (lane 3). Rab4 and SERT were detected by WB in total cell lysates, which shows that their expression
was the same in the various cell lines. Data are representative of at least three independent experiments. Immunofluorescence analysis was performed on
CHO-SERT cells expressing YFP-Rab4 (B) or YFP-Rab4N121I (C) cells. Cells were labeled with 5HT Ab and stained with Texas Red-conjugated rabbit IgG. Arrows
in B denote areas of colocalization between YFP-Rab4 and 5HT. We did not find colocalization between 5HT and YFP-Rab4N121I, confirming the lack of
[3H]5HT-Rab4 immunoprecipitation.

neither Rab4N121I nor Rab4Q67L mutants were modified with
[3H]5HT.
The transamidation recognition (DTAGQE) site is altered in
the Rab4Q67L (41) mutant, and this mutant cannot be modified by 5HT. Rab4N121I is in a guanine nucleotide-free state
(47) that possibly occludes the glutamine residue, rendering the
mutant insensitive to transglutaminase. Our WB analysis
showed similar expression of both Rab4 and SERT in the different cell lines. Because CHO cells contain endogenous Rab4, a
minor amount of the 25-kDa band can be expected when these
cells are labeled with 100 mCi/ml [3H]5HT in the absence of
100 M 5HT (Fig. 6A).
We next determined the localization of 5HT with respect to
Rab4 by fluorescence microscopy. CHO cells expressing YFPRab4 and SERT were preincubated with 100 M 5HT. Next, the
pretreated cells were fixed, labeled with Ab against 5HT, and
stained with Texas Red-labeled secondary Ab (Fig. 6B). To analyze possible co-localization of the red 5HT and green YFPRab4 signals, the overlaid images were captured with YFP and
Texas Red filter set. If 5HT and Rab4 co-localized then the
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structures would appear light orange; otherwise, the distinct
green and red signals would represent structures containing
either one of the two proteins. A limited but consistent colocalization between Rab4 and 5HT can be seen in Fig. 6B.
When cells received a low concentration 5HT, the Texas Red signal was found in a different location than YFP staining (data not
shown). In CHO cells expressing YFP-Rab4N121I and SERT, the
dominant negative Rab4 mutant did not co-localize with 5HT
even when the cells were pretreated with 100 M 5HT (Fig. 6C). In
single CHO transfectants expressing Rab4 only, we did not detect
a 5HT signal (data not shown), presumably because co-transfection with SERT is required for intracellular accumulation of 5HT.
Overall, the fluorescence microscopy analysis showed that co-localization of Rab4 and 5HT required co-expression of wild-type
Rab4 and SERT that was observed in the presence of high concentrations of [5HT]ex. Given the discrete staining of 5HT (Fig. 6,B
and C), it is possible that 5HT becomes trapped in the endocytic
organelles of transfected cells. This pool of 5HT is not in physical
contact with Rab4, because the small GTPase is associated with the
cytoplasmic surface of endosomes.
VOLUME 283 • NUMBER 14 • APRIL 4, 2008
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FIGURE 7. Rab4/SERT co-localization is regulated by 5HT. CHO-CFP-SERT
cells expressing YFP-Rab4 (A), YFP-Rab4Q67L (B), or YFP-Rab4N121I (C) were
pretreated with 5HT as indicated and analyzed with a Zeiss LSM510 laser
confocal microscope. To contrast the localization of SERT and Rab4, the overlaid images are presented with SERT signal pseudocolored in red.

Co-localization of Rab4 and SERT Is Dependent on 5HT—
Like the other plasma membrane proteins (48), SERT recycles
through the endosomal system (34 –36). We next investigated
whether SERT traversed through Rab4-containing endosomes
(34, 36). CHO transfectants expressing YFP-Rab4 constructs in
combination with CFP-SERT were pretreated with 0, 10, or 100
M 5HT for 40 min and imaged using confocal microscopy. To
facilitate a comparison between the localization of SERT and
Rab4, the SERT signal was pseudocolored in red in merged
images. In the absence or at low concentration of 5HT, a strong
signal of CFP-SERT on the plasma membrane and a less pronounced intracellular signal are seen as shown in Fig. 7A. YFPRab4 localizes primarily to intracellular structures, consistent
with its known endosomal localization. The merged images
APRIL 4, 2008 • VOLUME 283 • NUMBER 14
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emphasize the separate distributions of CFP-SERT and YFPRab4 when the cells received 10 M [5HT]ex or less. In contrast,
when 5HT concentration was increased to 100 M, extensive
co-localization emerges between CFP-SERT and YFP-Rab4
(Fig. 7A). These results suggest that 5HT pretreatment facilitates the co-localization of Rab4 with SERT at intracellular
locations.
To analyze whether the localization of SERT is dependent on
a 5HT-bound form of Rab4, we utilized Rab4Q67L, a Rab4
mutant that is inert to transamidation (Fig. 6A, lane 2). CHO
cells expressing CFP-SERT and YFP-Rab4Q67L were imaged
with and without 5HT pretreatment. The images in Fig. 7B
clearly show an extensive co-localization between CFP-SERT
and YFP-Rab4Q67L. The addition of 5HT was immaterial to
the extent of co-localization, presumably because Rab4Q67L is
locked in the GTP-bound form that binds constitutively to
SERT (Fig. 4, lane 6).
To analyze whether the localization of SERT is dependent on
the GTP form of Rab4, we capitalized on the observation that is
inert to transamidation YFP-Rab4N121I (Fig. 6A, lane 3). CHO
cells expressing CFP-SERT and YFP-Rab4N121I were imaged
with and without 5HT pretreatment. The images in Fig. 7C
clearly locate RabN121I to a distinct intracellular location,
more so than SERT, and furthermore RabN121I was not
affected by 5HT. Thus, co-localization of Rab4 and SERT is
observed in the presence of high [5HT]ex, and we therefore
propose that [5HT]ex facilitates the localization of SERT to
Rab4-containing endosomal structures.
Rab4 Binding Domain of SERT—The C terminus of biogenic
amine transporter plays a critical role in the regulation of their
transport function and intracellular trafficking (6–9). To investigate whether this domain of SERT is engaged in the interaction
with Rab4, we made ⌬26, ⌬20, ⌬14, and ⌬6 truncations. The figure
indicates the number of amino acid residues that were removed
from the C terminus (Fig. 8A). In agreement with previous
observations (18), truncation of the C terminus of SERT altered
5HT uptake function in CHO cells (Fig. 8B), and removal of the
last 26 and 20 amino acids completely abolished uptake of 5HT.
These results were not caused by altered protein expression,
because WB analysis showed that the truncations were
expressed to similar levels (Fig. 8C).
To address whether the loss of function of truncated hSERT
is caused by altered trafficking or reflected changes in intrinsic
functionality, we used fluorescence microscopy. Truncated
YFP-SERT variants were expressed in CHO cells, and their distribution was compared with that of Texas Red-conjugated
wheat germ agglutinin, a lectin marker for the plasma membrane. The fluorescence data are shown in Fig. 8D and indicate
that the majority of ⌬26 and ⌬20 were associated with intracellular structures. A significant part of ⌬14 and ⌬6 localized to the
plasma membrane, although a noteworthy pool appeared internally with a different localization pattern than ⌬26 and ⌬20
(Fig. 8D).
Given the observation that ⌬14 or ⌬6 are functionally active
and can assemble on the plasma membrane, we next determined their ability to interact with Rab4. SERT truncations and
Rab4 were co-expressed in CHO cells that were incubated with
100 M [5HT]ex. Rab4 was then immunoprecipitated, and the

Possible Role for an Association between Rab4 and SERT

presence of SERT was detected with a monoclonal Ab in the
immunoprecipitates. The major band at 90 kDa was detected in
the CHO-Rab4 cells co-expressing SERT-⌬6 and positive control lanes, in a 5HT-dependent manner (Fig. 8E). The shorter
hSERT constructs did not co-immunoprecipitate with Rab4.
Because full-length SERT is a 630-amino acid protein, the
experiment showed that residues 616 – 624 in SERT are essential for Rab4 association. The specificity of the co-immunoprecipitation was further ascertained with CHO cells expressing
SERT⌬6 in the context of Rab4N121I. Because full-length
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SERT did not co-immunoprecipitate with this Rab4 mutant
(Fig. 6), we anticipated the same result for ⌬6, which is precisely
what we found (Fig. 8E).

DISCUSSION
In this report we present data indicating that SERT interacts
with Rab4-GTP in platelets and in a CHO-heterologous expression system. The interaction between the two proteins (active
Rab4 and SERT) is also evident only in cells stimulated with
5HT at high levels. A functional interaction between Rab4 and
VOLUME 283 • NUMBER 14 • APRIL 4, 2008
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FIGURE 8. C terminus of YFP-SERT is essential for targeting and 5HT uptake. A, overview of YFP-SERT truncation constructs used. The digit indicates the
number of C-terminal amino acids that were removed. B, CHO cells were transiently transfected with indicated SERT truncations and then assayed for 5HT
uptake. Deletion of the final 26 (⌬26) and 20 (⌬20), resulted in complete abolition of 5HT uptake rates. Bars represent means ⫾ S.D. of three or more
independent experiments. C, expressions of SERT truncations were assayed by WB of detergent lysates prepared from transfected cells. The data show that the
truncations are expressed at similar levels. D, fluorescence microscopy analysis of CHO cells expressing YFP-tagged SERT truncations. Cells were stained with
Texas Red-wheat germ agglutinin (WGA) that marks the plasma membrane. The images show that truncations SERT-⌬26 and SERT-⌬20 are retained on
intracellular structures. The shorter truncations SERT-⌬6 and SERT-⌬14 are predominantly on the plasma membrane, but a pool of them resides on intracellular
organelles. E, CHO cells co-expressing Rab4 and the indicated SERT constructs were pretreated with 100 M [5HT]ex or not. Rab4 was then immunoprecipitated
and the presence of SERT truncations was detected with a monoclonal SERT Ab. Because SERT-⌬6 bound to Rab4 and the other truncations did not, amino acids
616 – 624 are required for binding.
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(SERT⫹Rab4) heterologous expression systems in which the
expression levels of both SERT and Rab4 are increased.
Next, we investigated whether the SERT-Rab4 association is
found in human platelets, in which both proteins are expressed
endogenously. In the absence or at low concentrations of
[5HT]ex with co-immunoprecipitation assays, we could not
determine an interaction between platelet Rab4 and SERT.
However, we found this result reversed in the presence of
[5HT]ex at high concentration in platelets. In heterologous
CHO cells, the Rab4-SERT association was tested and verified
by including several controls. Furthermore, we monitored the
cellular distribution of SERT in response to [5HT]ex at low and
high concentrations by comparing them with an untreated condition. At high [5HT]ex concentration, the 5HT uptake rates of
cells became low due to a decrease in the density of SERT on the
plasma membrane with an accumulation at intracellular locations in association with Rab4. Overall, our data clearly demonstrate an association between Rab4-GTP and SERT in a [5HT]exdependent manner. These data give some insight into a possible
mechanism through which [5HT]ex is involved in the plasma
membrane density of SERT molecules. However, whether
Rab4-GTP directly interacts with SERT or indirectly through
an effector protein should be researched in the future.
The role of Rab4 on translocation of intracellular SERT protein to the plasma membrane is further illustrated by locating
the SERT-Rab4 association domain on the C terminus of SERT.
It was recently suggested that the C-terminal region of SERT is
critical for the functional expression of the transporter (18).
However, what is still undiscovered is how the final 20 residues
of the C-terminal region impact the structural, and in turn, the
functional aspects of SERT. Possible explanations for the vital
nature of this portion of the protein include the C-terminal
region being critical for protein-protein interactions. The last
26-amino acid domain from the C terminus of SERT is highly
conserved across different SERT species. Out of 4 truncated
forms of transporters, ⌬14 and ⌬6 are very similar with the
wild-type SERT in respect to their 5HT uptake and membrane
expression. ⌬6, but not ⌬14, is associated with Rab4 following a
pretreatment with [5HT]ex at high concentration. This finding
narrows down the Rab4-SERT association domain between the
residues 616 – 624 on the C terminus of SERT. Locating the
Rab4-SERT association on the C-terminal of SERT explains
how the final 20 residues of the C-terminal region impact the
structural, and in turn, the functional aspects of SERT.
In summary, we demonstrate that [5HT]ex plays an important, active role in regulating the translocation of SERT through
mediating its association with Rab4-GTP. The C terminus has
been found to interact with PICK1 (15), MacMARCKS (16),
and actin (49). In a previous study, we had described the effect
of nitric oxide on SERT as mediated through cGMP (19). Now
we know that the C terminus of SERT also is associated with
nitric-oxide synthase, Sec23A, and Sec24C (17). We therefore
believe that the C terminus interacts with proteins that are
responsible for the regulation of SERT and its effective delivery
to the plasma membrane. However, the functional significance
of these interactions still needs further investigation. Based on
these and previous studies, we hypothesize that, in the presence
of [5HT]ex at high concentration, such as that during hypertenJOURNAL OF BIOLOGICAL CHEMISTRY
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SERT is implied by the finding that co-expression of SERT and
Rab4 results in very low 5HT uptake rates and a very low density
of SERT on the plasma membrane.
The 5HT uptake capacity of SERT is related to the density of
transporter molecules on the plasma membrane, which is regulated by membrane trafficking, internalization, and recycling
of the transporter (34 –36). At physiological levels, the numbers
of SERT molecules should be stoichiometrically balanced
between the plasma membrane and intracellular pools. The signaling mechanisms regulating the translocation of SERT
between the plasma membrane and intracellular locations have
not been described yet. However, it has been reported that activation of protein kinase C decreases the 5HT uptake rate of
SERT by removing the transporter from the plasma membrane
(21). Protein kinase C-mediated internalization of SERT is
blocked by [5HT]ex in a concentration-dependent manner (13),
but neither the molecular mechanisms leading to the SERT
translocation between the plasma membrane and intracellular
locations, nor the involvement of [5HT]ex in this process, are
yet completely understood.
Walther et al. (32) reported that Rab4 is transamidated in
human platelets in the presence of high [5HT]ex. Here, we demonstrate that SERT associated with transamidated Rab4 (Rab4GTP) in the presence of [5HT]ex at high, but not low, concentrations. Using two Rab4 mutants, Rab4Q67L, which is a
constitutively active form of Rab4, and Rab4N121I, which is an
empty form of Rab4 that cannot bind to nucleotides, we demonstrate that Rab4 must be in the active GTP-form to bind to
SERT. Although [5HT]ex is not the only factor to activate Rab4
to form Rab4-GTP, in the absence or at low concentrations of
[5HT]ex, neither co-immunoprecipitation assays nor immunofluorescence microscopy analysis can determine an interaction
between Rab4 and SERT. Therefore, our data strongly suggest
that the SERT-Rab4 association occurs following the activation
of Rab4 to Rab4-GTP. If Rab4 is not transamidated as in the
Rab4N121I mutant, then it cannot associate with SERT. However, Rab4Q67L cannot be transamidated but can associate
with SERT regardless of 5HT concentration. Specifically, following a pretreatment with 2 nM 5HT, the surface expression
and the 5HT uptake rates of platelets become much lower than
the untreated counterparts (45).
After adjusting the expression levels of SERT in a heterologous expression system (CHO-SERT) with a platelet endogenous expression system, we tested whether SERT directly communicates with the [5HT]ex-mediated signals or indirectly via
Rab4. The reverse effect of [5HT]ex on 5HT uptake rates and
the surface expression levels of SERT can only be observed in
Rab4-SERT co-expressing cells, but not in only SERT expressing CHO cells. These results suggest that [5HT]ex at high concentration can modulate the activity of SERT via Rab4.
Therefore, the effect of 5HT on Rab4, which is thought to be
a potential target for transamidation, was elucidated in our
experimental conditions. Previously, Rab4 transamidation had
been detected in Rab4-rich skeletal muscle cytosol but not in
platelets because of low Rab4 expression levels (32). Here, with
immunofluorescence and radioimmunoprecipitation assays,
we could observe the transamidation of Rab4 in CHO-

Possible Role for an Association between Rab4 and SERT

Acknowledgment—We thank Shelly Lensing for critical review of the
manuscript.
REFERENCES
1. Blakely, R. D., Berson, H. E., Fremeau, R. T., Jr., Caron, M. G., Peek, M. M.,
Prince, H. K., and Bradley, C. C. (1991) Nature 354, 66 –70
2. Hoffman, B. J., Mezey, E., and Brownstein, M. J. (1991) Science 254,
579 –580
3. Ramamoorthy, S., Leibach, F. H., Mahesh, V. B., and Ganapathy, V. (1993)
Placenta 14, 449 – 461
4. Lesch, K. P., Wolozin, B. L., Estler, H. C., Murphy, D. L., and Riederer, P.
(1993) J. Neural Transm Gen Sect. 91, 67–72
5. Gregor, P., Patel, A., Shimada, S., Lin, C. L., Rochelle, J. M., Kitayama, S.,
Seldin, M. F., and Uhl, G. R. (1993) Mamm. Genome 4, 283–284
6. Binda, F., Lute, B. J., Dipace, C., Blakely, R. D., and Galli, A. (2006) Neuropharmacology 50, 354 –361
7. Bjerggaard, C., Fog, J. U., Hastrup, H., Madsen, K., Loland, C. J., Javitch,
J. A., and Gether, U. (2004) J. Neurosci. 24, 7024 –7036
8. Distelmaier, F., Wiedemann, P., Bruss, M., and Bonisch, H. (2004) J. Neurochem. 91, 537–546
9. Bauman, P. A., and Blakely, R. D. (2002) Arch. Biochem. Biophys. 404,
80 –91
10. Quick, M. W. (2002) Int. J. Dev. Neurosci. 20, 219 –224
11. Quick, M. W. (2003) Neuron 40, 537–549
12. Muller, H. K., Wiborg, O., and Haase, J. (2006) J. Biol. Chem. 281,
28901–28909
13. Carneiro, A. M., and Blakely, R. D. (2006) J. Biol. Chem. 281, 24769 –24780
14. Wersinger, C., Rusnak, M., and Sidhu, A. (2006) Eur. J. Neurosci. 24,
55– 64
15. Torres, G. E., Yao, W. D., Mohn, A. R., Quan, H., Kim, K. M., Levey, A. I.,
Staudinger, J., and Caron, M. G. (2001) Neuron 30, 121–134

9398 JOURNAL OF BIOLOGICAL CHEMISTRY

16. Jess, U., El Far, O., Kirsch, J., and Betz, H. (2002) Biochem. Biophys. Res.
Commun. 294, 272–279
17. Chanrion, B., Mannoury la Cour, C., Bertaso, F., Lerner-Natoli, M., Freissmuth, M., Millan, M. J., Bockaert, J., and Marin, P. (2007) Proc. Natl.
Acad. Sci. U. S. A. 104, 8119 – 8124
18. Larsen, M. B., Fjorback, A. W., and Wiborg, O. (2006) Biochemistry 45,
1331–1337
19. Kilic, F., Murphy, D., and Rudnick, G. (2003) Mol. Pharmacol. 64, 4 –12
20. Murphy, D. L., Andrews, A. M., Wichems, C. H., Li, Q., Tohda, M., and
Greenberg, B. (1998) J. Clin. Psychiatry 59, Suppl. 15, 4 –12
21. Ramamoorthy, S., and Blakely, R. D. (1999) Science 285, 763–766
22. Wang, D., and Quick, M. W. (2005) J. Biol. Chem. 280, 18703–18799
23. Farhan, H., Reiterer, V., Korkhov, V. M., Schmid, J. A., Freissmuth, M., and
Sitte, H. H. (2007) J. Biol. Chem. 282, 7679 –7689
24. Holton, K. L., Loder, M. K., and Melikian, H. E. (2005) Nat. Neurosci. 8,
881– 888
25. Duan, S., Anderson, C. M., Stein, B. A., and Swanson, R. A. (1999) J. Neurosci. 19, 10193–10200
26. Whitworth, T. L., Herndon, L. C., and Quick, M. W. (2003) J. Neurosci. 22,
RC192
27. Ramamoorthy, S., Baumen, A. L., Moore, K. R., Han, H., Yang-Fen, T.,
Chang, A. S., Ganapathy, V., and Blakely, R. D. (1993) Proc. Natl. Acad. Sci.
U. S. A. 90, 2542–2546
28. Wang, X., Baumann, M. H., Xu, H., Morales, M., and Rothman, R. B.
(2005) J. Pharmacol. Exp. Ther. 314, 1002–1012
29. Muller, H. K., Wiborg, O., and Haase, J. (2006) J. Biol. Chem. 281,
28901–28919
30. Symons, M., and Rusk, N. (2003) Curr. Biol. 13, R409 –R418
31. Deneka, M., Neeft, M., and van der Sluijs, P. (2003) Crit. Rev. Biochem.
Mol. Biol. 38, 121–142
32. Walther, D. J., Peter, J. U., Winter, S., Holtje, M., Paulmann, N., Grohmann, M., Vowinckel, J., Alamo-Bethencourt, V., Wilhelm, C. S., AhnertHilger, G., and Bader, M. (2003) Cell 115, 851– 862
33. Chavrier, P., Parton, R. G., Hauri, H. P., Simons, K., and Zerial, M. (1990)
Cell 62, 317–329
34. Jones, M. C., Caswell, P. T., and Norman, J. C. (2006) Curr. Opin. Cell Biol.
18, 549 –557
35. Mohrmann, K., and van der Sluijs, P. (1999) Mol. Membr. Biol. 16, 81– 87
36. Borner, G. H., Harbour, M., Hester, S., Lilley, K. S., and Robinson, M. S.
(2006) J. Cell Biol. 175, 571–578
37. Cormont, M., Bortoluzzi, M. N., Gautier, N., Mari, M., van Obberghen, E.,
and Le Marchand-Brustel, Y. (1996) Mol. Cell. Biol. 16, 6879 – 6886
38. Shirakawa, R., Yoshioka, A., Horiuchi, H., Nishioka, H., Tabuchi, A., and
Kita, T. (2000) J. Biol. Chem. 275, 33844 –33849
39. Aktories, K., and Barbieri, J. T. (2005) Nat. Rev. Microbiol. 3, 397– 410
40. Schmid, J. A., Scholze, P., Kudlacek, O., Freissmuth, M., Singer, E. A., and
Sitte, H. H. (2001) J. Biol. Chem. 276, 3805–3810
41. Lazzarino, D. A., Blier, P., and Mellman, I. (1998) J. Exp. Med. 188,
1769 –1774
42. Ozaslan, D., Wang, S., Ahmed, B., Bene, A., Kocabas, A. M., and Kilic, F.
(2003) J. Biol. Chem. 278, 43991– 44000
43. Kocabas, A. M., Rudnick, G., and Kilic, F. (2003) J. Neurochem. 85,
1513–1520
44. Kilic, F., and Rudnick, G. (2000) Proc. Natl. Acad. Sci. U. S. A. 97,
3106 –3111
45. Brenner, B., Harney, J. T., Ahmed, B. A., Jeffus, B. C., Unal, R., Mehta, J. L.,
and Kilic, F. (2007) J. Neurochem. 102, 206 –216
46. Kilic, F., Dalton, M. B., Burrell, S. K., Mayer, J. P., Patterson, S. D., and
Sinensky, M. (1997) J. Biol. Chem. 272, 5298 –5304
47. Gerez, L., Mohrmann, K., van Raak, M., Jongeneelen, M., Zhou, X. Z., Lu,
K. P., and van Der Sluijs, P. (2000) Mol. Biol. Cell 11, 2201–2211
48. Sorkina, T., Hoover, B. R., Zahniser, N. R., and Sorkin, A. (2005) Traffic 6,
157–170
49. Mochizuki, H., Amano, T., Seki, T., Matsubayashi, H., Mitsuhata, C.,
Morita, K., Kitayama, S., Dohi, T., Mishima, H. K., and Sakai, N. (2005)
Neurochem. Int. 46, 93–105

VOLUME 283 • NUMBER 14 • APRIL 4, 2008

Downloaded from http://www.jbc.org/ at Universiteitsbibliotheek Utrecht on June 14, 2018

sion, the 5HT uptake rates of platelets decrease due to the limited number of available SERT molecules on the plasma membrane; therefore, the average rate of transport per SERT
molecule is decreased. Our proposed mechanism in which 5HT
communicates with SERT and Rab4 in controlling the number
of SERT on plasma membrane is as follows. At higher concentrations, [5HT]ex transamidates Rab4, and this leads intracellular SERT to recognize the 5HT bound to the GTP-GDP hydrolysis domain, thus placing Rab4 in an active GTP-form that
associates with SERT. This association keeps SERT at intracellular locations until [5HT]ex returns to the normal levels where
its concentration is no longer sufficient to transamidate Rab4.
These findings provide an explanation of how [5HT]ex controls
its own concentration by mediating an interaction between
transamidated Rab4 and SERT, that in turn keeps SERT molecules at intracellular locations.
Additional experiments are required to elucidate the mechanism by which 5HT participates in the membrane-trafficking
process of SERT, as well as the roles of cytoskeletal proteins and
other small GTPases in SERT trafficking. Such experiments will
allow us to identify which pathways and proteins are responsible for exocytosis and internalization of SERT via extracellular
5HT. One approach is to replace SERT cytoplasmic domains
with other neurotransmitter transporter sequences and search
for partial or complete restoration of 5HT uptake function. A
mechanistic explanation, however, will ultimately require
much more detailed knowledge regarding the biosynthesis,
post-translational modification, and membrane trafficking of
SERT.
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