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Accumulating evidence indicates that G protein– coupled
receptors (GPCRs) interact with Rab GTPases during their
intracellular trafficking. How GPCRs recruit and activate the
Rabs is unclear. Here, we report that depletion of endogenous
L-type prostaglandin D synthase (L-PGDS) in HeLa cells inhib-
ited recycling of the prostaglandin D2 (PGD2) DP1 receptor
(DP1) to the cell surface after agonist-induced internalization
and that L-PGDS overexpression had the opposite effect. Deple-
tion of endogenous Rab4 prevented L-PGDS–mediated recy-
cling of DP1, and L-PGDS depletion inhibited Rab4-dependent
recycling of DP1, indicating that both proteins are mutually
involved in this pathway. DP1 stimulation promoted its interac-
tion through its intracellular C terminus with Rab4, which was
increased by L-PGDS. Confocal microscopy revealed that DP1
activation induces L-PGDS/Rab4 co-localization. L-PGDS/
Rab4 and DP1/Rab4 co-immunoprecipitation levels were
increased by DP1 agonist treatment. Pulldown assays with puri-
fied GST-L-PGDS and His6-Rab4 indicated that both proteins
interact directly. L-PGDS interacted preferentially with the
inactive, GDP-locked Rab4S22N variant rather than with WT
Rab4 or with constitutively active Rab4Q67L proteins. Overex-
pression and depletion experiments disclosed that L-PGDS par-
takes in Rab4 activation following DP1 stimulation. Experi-
ments with deletion mutants and synthetic peptides revealed
that amino acids 85–92 in L-PGDS are involved in its interaction
with Rab4 and in its effect on DP1 recycling. Of note, GTP�S
loading and time-resolved FRET assays with purified proteins
suggested that L-PGDS enhances GDP-GTP exchange on Rab4.
Our results reveal how L-PGDS, which produces the agonist for
DP1, regulates DP1 recycling by participating in Rab4 recruit-
ment and activation.

Prostaglandin D2 (PGD2)5 is a lipid mediator involved in
numerous physiological processes, such as bronchoconstric-
tion, vasodilatation (1), sleep (2), and pain (3). It is also impli-
cated in inflammatory responses, such as asthma (4) and ather-
osclerosis (5). PGD2 exhibits anti-inflammatory properties as
well (6 –8) and can promote bone formation (9, 10). PGD2 is
formed from arachidonic acid through the action of cyclooxy-
genases (COXs). COXs convert arachidonic acid released from
membranes to PGH2, which is metabolized by two types of
PGD2 synthase (PGDS). The hematopoietic PGDS (H-PGDS) is
GSH-dependent (11) and is mainly expressed in mast cells (12),
megakaryocytes (13), and T-helper 2 lymphocytes (14). On the
other hand, the lipocalin-type PGDS (L-PGDS) is GSH-inde-
pendent and is expressed abundantly in the central nervous
system (15, 16), the heart (17), the retina (18), and the genital
organs (19). L-PGDS is also the only enzyme among the mem-
bers of the lipocalin gene family and binds small lipophilic sub-
stances like retinoic acid (20), bilirubin (21), and gangliosides
(22).

PGD2 activates two different G protein– coupled receptors
(GPCRs), the D prostanoid receptor (DP1) and CRTH2 (che-
moattractant receptor-homologous molecule expressed on
Th2 cells, also known as DP2). DP1 is a member of the family of
prostanoid receptors (23). On the other hand, CRTH2 is a
member of the chemoattractant receptor family, sharing higher
sequence homology with the fMLP and C5a receptors than with
the prostanoid receptor family (24). GPCRs, which are among
the most abundant membrane proteins, respond to a host of
stimuli, including light, hormones, lipids, neurotransmitters,
and odorants, to induce various physiological responses (25).
They share a common molecular topology constituting of a
hydrophobic core of seven transmembrane �-helices, three
intracellular loops, three extracellular loops, an extracellular N
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terminus, and an intracellular C terminus. GPCRs are generally
delivered to the plasma membrane in a ligand-responsive and
signaling-competent form. Following agonist stimulation, the
majority of GPCRs internalize into endosomes from which they
can undergo recycling to the cell surface or lysosomal degrada-
tion (26 –30).

We and others have shown that GPCRs interact with small
Rab GTPases (Rabs) to control their trafficking (26, 31–37).
However, the interacting partners involved in the assembly of
GPCR-Rab complexes and in the activation of Rabs that are
important for the correct routing of a given GPCR remain
poorly characterized. With over 60 known members, Rabs form
the largest branch of the Ras-related small GTPase family (38 –
41). Rabs have been identified as key regulators of numerous
cellular processes that determine, for example, cell shape,
motility, differentiation, and growth. They are also involved at
almost every level of vesicle-mediated transport (42, 43).
Depending on their cellular function, each Rab has a distinct
subcellular localization, enabling the efficient transport of
cargo proteins between compartments (42, 44). To accomplish
their roles, Rabs alternate between a GDP-bound inactive and a
GTP-bound active form (45, 46). When Rabs are activated, they
can anchor to a specific membrane or vesicle, where they reg-
ulate its trafficking (47, 48). GTPase-activating proteins (GAPs)
are needed to counteract the slow intrinsic GTPase activity of
Rabs and to allow rapid cycling to their inactive states by favor-
ing GTP hydrolysis (48, 49). In their inactive forms, Rabs are
tightly bound to GDP, and the dissociation of the nucleotide is
a slow process. Guanine nucleotide exchange factors (GEFs)
accelerate the conversion of Rab GTPases from the inactive to
the active form (50). Because there is a higher cytosolic concen-
tration of GTP than GDP, GTP binds quickly after the GDP is
dislodged, which in turn displaces the GEF to yield the active
GTP-bound form (50, 51). Other mechanisms of Rab GTPase
activation have been reported, such as phosphorylation and
ubiquitination (26, 52).

We have shown previously that DP1 is recycled back to the
plasma membrane following internalization via Rab4-positive
recycling endosomes (53). Rab4 plays a pivotal role in the rapid
recycling of numerous key cargo proteins back to the cell sur-
face, such as integrins, receptors, ubiquitin ligases, proteases,
and channels (41). Accumulating evidence indicates that Rab4
is required for cancer cell invasion (51, 54–58) by regulating the
recycling of furin (59), �3 integrin, and MT1-MMP, leading to
invadosome formation, degradation, and remodeling of the
extracellular matrix (60). Given its biological importance, it is
surprising that the mechanisms of Rab4 activation are still
largely unknown.

Our prior work showed that L-PGDS interacts with DP1 and
directs the anterograde transport of the receptor by acting as a
co-factor of the Hsp90 molecular chaperone (61). The purpose
of the present study was to investigate the possible role of
L-PGDS in Rab4-dependent recycling of DP1. Our intriguing
findings indicate that L-PGDS, an enzyme that synthesizes
PGD2, regulates the recycling of the DP1 receptor for PGD2 by
recruiting and activating Rab4.

Results

L-PGDS regulates the recycling of DP1

We previously reported that L-PGDS interacts directly with
DP1 and is involved in the anterograde trafficking of the recep-
tor (61). As such, we were interested in determining whether it
also takes part in other aspects of DP1 trafficking. Two cell
types were used throughout our experiments: 1) HeLa cells
because they endogenously express DP1, L-PGDS, and Rab4
and produce PGD2 (61) and 2) human embryonic kidney 293
(HEK293) cells for studies that involved L-PGDS overexpres-
sion because they express low levels of endogenous L-PGDS
protein. We assessed the involvement of L-PGDS in agonist-
induced internalization of DP1. HeLa cells stably expressing
FLAG-tagged DP1 and transfected with control or L-PGDS–
specific siRNAs (61) were used to perform cell-surface ELISAs
(26, 61–64). Time-course analyses showed that the depletion of
L-PGDS significantly increases the agonist-induced internaliza-
tion of DP1 by roughly 50% (Fig. 1A). These results were con-
firmed with the use of a second L-PGDS siRNA (Fig. 1B). Cell-
surface detection assays of DP1 were also conducted using
HEK293 cells. Time-course analyses showed that the overex-
pression of L-PGDS results in a �30% decrease in DP1 agonist-
induced internalization after 120 min of stimulation (Fig. 1C).
Parallel experiments were conducted to verify whether L-PGDS
acts in a similar fashion with respect to the �2-adrenergic
receptor (�2AR), the prototypical GPCR. Overexpression of
L-PGDS had no effect on the agonist-induced internalization of
FLAG-tagged �2AR in HEK293 cells (Fig. 1D).

Given that an increase in receptor recycling can decrease the
detected percentage of receptor internalization, recycling time-
course experiments were conducted to determine whether
L-PGDS regulates DP1 recycling. Cells were stimulated with 1
�M PGD2 for 30 min to promote receptor internalization and
were then incubated in agonist-free culture medium for various
times to allow receptor recycling. L-PGDS increased DP1 recy-
cling 2-fold after 15 min of agonist removal (Fig. 1E). We pre-
viously showed that L-PGDS is involved in the assembly of an
Hsp90 –L-PGDS–DP1 complex that is required for receptor
export to the cell surface (61). We thus tested the L-PGDS
W43A/G47A mutant, defective in binding to Hsp90 (61), to
determine whether the involvement of L-PGDS in DP1 recy-
cling is due to its Hsp90 co-factor activity. The L-PGDS W43A/
G47A mutant promoted DP1 recycling (Fig. 1E) and reduced
agonist-induced internalization of DP1 (Fig. 1F) similarly to
WT L-PGDS, suggesting that L-PGDS plays a role in the recy-
cling of DP1 that is independent of its association with Hsp90.

L-PGDS and Rab4 play mutually dependent roles in regulating
DP1 recycling

GPCRs are internalized by vesicles at the plasma membrane,
which deliver them to early endosomes. The receptors are then
either targeted to degradation pathways or are recycled back to
the cell membrane for further activation via Rab4-positive
endosomes or Rab11-positive endosomes (64 –68). Our previ-
ous work showed that DP1 is recycled via Rab4-positive endo-
somes but not by the Rab11-dependent recycling pathway (53).
We thus investigated the role of L-PGDS in the Rab4-dependent
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recycling of DP1. First, we performed a cell-surface expression
assay using HEK293 cells that had been stimulated with PGD2
for 2 h and calculated the percentage of internalized receptors
when L-PGDS and Rab4 were co-expressed alone or together
(Fig. 2A). The overexpression of L-PGDS decreased the agonist-
induced internalization of DP1 by �30% compared with the
internalization of DP1 alone (Fig. 2A, column 2 versus column
1), similar to what was observed in Fig. 1. The expression of
Rab4 decreased DP1 internalization by 27% (Fig. 2A, column 3
versus column 1). Interestingly, the co-expression of L-PGDS
and Rab4 resulted in a 52% decrease in DP1 internalization (Fig.
2A, column 4 versus column 1).

To determine whether the involvement of L-PGDS in DP1
recycling is Rab4-dependent, we transfected HEK293 cells with
control or Rab4-specific DsiRNAs. The cells were stimulated
with PGD2 for 2 h prior to cell-surface expression assays.
Knockdown of Rab4 expression reduces DP1 recycling, leading
to the detection of increased agonist-induced internalization of
the receptor. As can be seen in Fig. 2B (column 3 versus column
1), Rab4 depletion increased DP1 agonist-induced internaliza-
tion by 26% compared with the control. Furthermore, the abil-
ity of L-PGDS to decrease DP1 internalization by 31% (Fig. 2B,
column 2 versus column 1) in the presence of the control
DsiRNA was abrogated by Rab4 depletion (Fig. 2B, column 4
versus column 3). Similar data were obtained with a second
Rab4 DsiRNAs (Fig. 2C). These results suggest that Rab4 is
required for L-PGDS to play its role in DP1 recycling.

We then verified whether the effect of Rab4 on DP1 recycling
depended on L-PGDS. Using an L-PGDS–specific siRNA, we
assessed the functional involvement of endogenous L-PGDS in
the internalization of DP1 in HeLa cells stably expressing the
FLAG-tagged receptor that had been transfected with Rab4.
Depletion of L-PGDS increased the percentage of internalized
receptors by 26% compared with the control siRNA (Fig. 2D,
column 3 versus column 1), confirming the results shown in Fig.
1A. The promotion of DP1 recycling by the co-expression of
Rab4 reduced agonist-induced receptor internalization by 21%
in the presence of a control siRNA (Fig. 2D, column 2 versus
column 1), which was abrogated by the depletion of L-PGDS
(Fig. 2D, column 4 versus column 3). Finally, it can be seen in Fig.
2E that Rab4 depletion reduces DP1 recycling after agonist-
induced internalization, confirming the data we obtained
before (53). Taken together, these results indicate that L-PGDS
and Rab4 play mutually dependent roles in the regulation of
DP1 recycling.

Rab4 co-localizes with L-PGDS upon DP1 stimulation

Our previous confocal microscopy studies showed that DP1
and L-PGDS are present in vesicular structures in the cytoplasm
and mainly co-localize in the perinuclear region (61) and that
DP1 displayed strong co-localization with Rab4 following
PGD2 stimulation of DP1 (53). Confocal microscopy performed
in HeLa cells revealed that L-PGDS and Rab4 weakly co-localize
in basal conditions as depicted in the top panels of Fig. 3.
L-PGDS is mainly localized in vesicular structures “surround-
ing” the Rab4-positive compartments, reflected by the fluoro-
gram showing clear distinction between the red and green pix-
els. Stimulation of DP1 with PGD2 induced a redistribution of
L-PGDS and enhanced noticeably its co-localization with Rab4
(Fig. 3, bottom panels) as shown by the increase in co-localizing
yellow pixels in the insets.

L-PGDS promotes the interaction between Rab4 and DP1

We and others have shown that trafficking of GPCRs can be
mediated by their interactions with Rabs (31–33, 35–37,
64 – 67). To investigate the interaction between DP1, L-PGDS,
and Rab4 in a cellular context, we performed immunoprecipi-
tation assays on lysates of HEK293 cells expressing FLAG-DP1,
L-PGDS-MYC, or HA-Rab4 with a FLAG-specific mAb (Fig.
4A). The co-immunoprecipitation of Rab4 with DP1 was
detected in both the absence and presence of L-PGDS co-ex-
pression and was promoted by PGD2 stimulation over time. Of
note, the co-expression of L-PGDS increased the DP1-Rab4
interaction by 75 and 65% after 60 and 120 min of stimulation,
respectively (Fig. 4A, top panel and densitometry graph). As we
reported previously (61), the DP1–L-PGDS interaction was not
modulated by agonist stimulation (Fig. 4A, second panel from
top).

We then determined whether the DP1-Rab4 interaction
could be direct. We performed in vitro binding assays using
purified DP1 intracellular domains fused to GSH-S-transferase
(GST) and purified Rab4 fused to a hexahistidine tag (His6-
Rab4). As indicated by the results presented in Fig. 4B, Rab4
mainly interacts directly with the C terminus of DP1 and, more
weakly, with the first intracellular loop (ICL1), but not with
ICL2 or ICL3. We then investigated the possibility that L-PGDS
modulates this interaction because our previous work revealed
that L-PGDS can also interact directly with the DP1 C terminus
(61). We used the purified GST-DP1-C terminus construct to
conduct in vitro binding assays using cell lysates of HEK293

Figure 1. DP1 recycling is increased by L-PGDS. A and B, HeLa cells stably expressing FLAG-DP1 were transfected with an siRNA targeting L-PGDS (s11446 in
A and CDS4/5 in B) or a negative control siRNA. 72 h post-transfection, cells were stimulated with 1 �M PGD2 for the indicated times in A or for 60 min in B.
Receptor cell-surface expression was measured by ELISA, and the percentage of receptor internalization was calculated. Cells were harvested as described
under “Experimental procedures” to assess protein levels by Western blotting using L-PGDS, Rab4, and GAPDH antibodies. C, HEK293 cells were trans-
fected with pcDNA3-FLAG-DP1 alone or in combination with pcDNA3-L-PGDS-HA. 48 h post-transfection, cells were stimulated with 1 �M PGD2 for the
indicated times. Receptor cell-surface expression was measured by ELISA, and the percentage of receptor internalization was calculated. D, HEK293 cells were
transfected with pcDNA3-FLAG-�2AR alone or in combination with pcDNA3-L-PGDS-HA. 48 h post-transfection, cells were stimulated with 10 �M isoproterenol
for the indicated times. Receptor cell-surface expression was measured by ELISA, and the percentage of receptor internalization was calculated. E, HEK293 cells
were co-transfected with pcDNA3-FLAG-DP1 and pcDNA3-L-PGDS or pcDNA3-L-PGDS-W43A/G47A, an L-PGDS mutant with reduced binding to Hsp90. Cells
were treated with 1 �M PGD2 for 30 min at 37 °C and then incubated in DMEM for the indicated time periods to prevent further internalization and to allow
receptor recycling. Cell-surface expression of the receptor was detected by ELISA, and the percentage of receptor recycling was calculated. F, HEK293 cells were
transfected with pcDNA3-FLAG-DP1 alone or in combination with pcDNA3-L-PGDS-HA or pcDNA3-L-PGDS-W43A/G47A. 48 h post-transfection, cells were
stimulated with 1 �M PGD2 for 60 min. Receptor cell-surface expression was measured by ELISA, and the percentage of receptor internalization was calculated.
Results are means � S.E. (error bars) or means � S.D. (error bars) (for B and F) of at least three separate experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****,
p � 0.0001; ns, not significant.
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cells expressing HA-Rab4 in the presence or absence of purified
His6-L-PGDS. Fig. 4C shows that the interaction between Rab4
and the DP1-C terminus is augmented in the presence of

L-PGDS. Taken together, these results indicate that the DP1-
Rab4 interaction can be direct and is increased by the agonist
stimulation of DP1 and by the presence of L-PGDS.
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L-PGDS interacts directly with Rab4

Given the involvement of L-PGDS in the DP1-Rab4 interac-
tion, we performed immunoprecipitation assays using lysates
from HEK293 cells expressing L-PGDS-MYC, HA-Rab4, or
FLAG-DP1 and a MYC-specific mAb to determine whether
L-PGDS interacts with Rab4. The co-immunoprecipitation of
Rab4 was detected by Western blotting using an HA antibody.
Interestingly, the interaction between Rab4 and L-PGDS was
strongly increased over time when DP1 was stimulated with
PGD2 (Fig. 5A), in agreement with the L-PGDS–Rab4 co-local-
ization data from Fig. 3. The L-PGDS–Rab4 interaction was
confirmed at native level, where endogenous Rab4 co-immuno-
precipitated following the immunoprecipitation of endogenous
L-PGDS from HeLa cells (Fig. 5B), which produce PGD2 and
express DP1 intrinsically (61). We also performed in vitro bind-
ing assays using purified L-PGDS fused to GST together with
purified His6-Rab4. Fig. 5C reveals that Rab4 bound to GST-L-
PGDS but not to GST, showing that L-PGDS can interact
directly with Rab4.

Because Rab4 is a GTPase that cycles between inactive GDP-
bound and active GTP-bound forms, we were interested in
determining whether L-PGDS interacts preferentially with
one of the two forms. We performed in vitro GST-L-PGDS
pulldown assays using lysates of HEK293 cells expressing

HA-Rab4WT, HA-Rab4S22N (GDP-locked, inactive mutant),
or HA-Rab4Q67L (GTPase-deficient, constitutively active
mutant). The pulldown of Rab4 was detected by Western blot-
ting using an HA antibody (Fig. 5D). Interestingly, L-PGDS
displays a strong preference for binding to Rab4S22N over WT
Rab4 or Rab4Q67L. Following this result, we questioned
whether L-PGDS could interact with GDP-locked mutants of
other Rabs. We performed immunoprecipitation assays using a
MYC-specific mAb on lysates from HEK293 cells expressing
L-PGDS–MYC and various HA-Rabs (Rab4S22N, Rab5S34N,
Rab11S25N, Rab1S25N, Rab6T27N, and Rab8T22N). Fig. 5E
shows that, among the Rabs that were tested, L-PGDS interacts
only with the GDP-locked form of Rab4. These results suggest
that the interaction between Rab4 and L-PGDS can be modu-
lated by the agonist stimulation of DP1 and can occur endoge-
nously by a direct protein-protein interaction, preferentially
with the GDP-bound form of Rab4.

L-PGDS increases the levels of activated Rab4

We next studied whether DP1 activates Rab4 and if L-PGDS
takes part in this mechanism. Rabaptin is an effector of Rab4
that interacts with the GTP-bound form of Rab4, which can be
used in pulldown experiments to detect Rab4 activation (68,
69). We performed in vitro binding assays using purified GST-

Figure 2. Mutually dependent roles of L-PGDS and Rab4 in regulating DP1 recycling. A, HEK293 cells were transfected with pcDNA3-FLAG-DP1,
pcDNA3-HA-Rab4, pcDNA3-L-PGDS-MYC, or a combination of constructs as indicated. 48 h post-transfection, cells were stimulated with 1 �M PGD2 for the
indicated times. Receptor cell-surface expression was measured by ELISA, and the percentage of receptor internalization was calculated. B and C, HEK293 cells
were transfected with a DsiRNA targeting Rab4 (HSC.RNAI.N004578.12.9 in B and HSC.RNAI.N004578.13.3 in C) or a DsiRNA negative control. 24 h after DsiRNA
transfection, cells were transiently transfected with pcDNA3-FLAG-DP1 and pcDNA3-L-PGDS-HA. 48 h after the second transfection, cells were either stimu-
lated with 1 �M PGD2 for 2 h to measure receptor cell-surface expression by ELISA and calculate the percentage of receptor internalization or harvested as
described under “Experimental procedures” to assess protein levels by Western blotting using Rab4, HA, and GAPDH antibodies. D, HeLa cells stably expressing
FLAG-DP1 were transfected with siRNA s11446 targeting L-PGDS or a siRNA negative control. 24 h after siRNA transfection, cells were transiently transfected
with pcDNA3-HA-Rab4WT. 48 h after the second transfection, cells were stimulated with 1 �M PGD2 for 2 h to measure receptor cell-surface expression by ELISA
and calculate the percentage of receptor internalization. E, HEK293 cells were transfected with a DsiRNA targeting Rab4 or a DsiRNA negative control. 24 h after
DsiRNA transfection, cells were transiently transfected with pcDNA3-FLAG-DP1. 48 h after the second transfection, cells were treated with 1 �M PGD2 for 30 min
at 37 °C and then incubated in DMEM for the indicated time periods to prevent further internalization and to allow receptor recycling. Cell-surface expression
of the receptor was detected by ELISA, and the percentage of receptor recycling was calculated. The mean of the data obtained in the presence of the DsiRNA
control was set to 100%. Results are means � S.D. (error bars) of at least three separate experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001; ns,
not significant.

Figure 3. L-PGDS co-localizes intracellularly with Rab4 upon DP1 stimulation. HeLa cells were transiently transfected with pcDNA3-L-PGDS-MYC and
pEGFP-C2-Rab4 for 48 h. The cells were then incubated with vehicle (top) or with 1 �M PGD2 (bottom) for 60 min. The cells were then fixed and prepared for
confocal microscopy as indicated under “Experimental procedures.” EGFP-Rab4 was visualized using a 488-nm emission laser line and an EGFP detection filter
(green). L-PGDS was labeled using a MYC-specific polyclonal primary antibody and an Alexa Fluor 633-conjugated anti-rabbit IgG secondary antibody. L-PGDS
was visualized using a 633-nm emission laser line and an Alexa Fluor 633 detection filter (red). Overlays of the staining patterns of the green fluorescent
EGFP-Rab4 and the red-labeled L-PGDS (merge) and the corresponding fluorograms are presented. The areas with a high degree of co-localization appear
yellow. All laser intensities and acquisition parameters were conserved among the different conditions to allow comparison. The images shown are single
confocal slices and are representative of �200 observed cells over three independent experiments. Bars, 10 �M.
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rabaptin and lysates of HEK293 cells stably expressing DP1 that
also expressed HA-Rab4WT alone or in combination with
L-PGDS–MYC following a time course of PGD2 stimulation.
Fig. 6A shows that Rab4 was weakly activated after 0 and 15 min
of DP1 stimulation (lanes 1 and 2), followed by a gradual
increase in Rab4 activation after 30 min of PGD2 treatment
(lanes 3–5). A densitometric analysis (Fig. 6A, bottom panel)
indicated that there is a marked increase in Rab4 activation at
the basal level and following stimulation of DP1 with PGD2
when L-PGDS is co-expressed (Fig. 6A, lanes 6 –10). L-PGDS
does not interact with rabaptin (Fig. 6A, second panel, IB:
MYC). We then verified whether depletion of endogenous
L-PGDS reduces Rab4 activation. GST-rabaptin pulldown
assays were performed on lysates of HeLa cells stably express-
ing DP1 that were transfected with the indicated combinations
of HA-Rab4WT, control, or L-PGDS–specific siRNAs (Fig. 6B).
There was basal activation of Rab4 (Fig. 6B, lane 1) that was

strongly increased after 60 and 120 min of DP1 stimulation
(lanes 2 and 3) when cells were treated with the control siRNA.
On the other hand, basal activation of Rab4 was abrogated (Fig.
6B, lane 4), and PGD2-induced Rab4 activation was greatly
reduced (Fig. 6B, lanes 5 and 6) when L-PGDS was depleted. We
then carried out in vitro GTP�S-loading experiments with puri-
fied His6-Rab4 in the absence or presence of purified L-PGDS
for times ranging from 0 to 15 min. GTP loading of Rab4 was
detected as described above by GST-rabaptin pulldown and
Western blotting analyses. Interestingly, L-PGDS increased the
GTP�S loading of Rab4 (Fig. 6C), as indicated by enhanced
Rab4 binding to rabaptin.

To further study whether L-PGDS can participate in Rab4
activation, we used purified L-PGDS and Rab4 proteins and
performed GDP-GTP exchange experiments. The classic assay
using Mant-GDP (68, 69) could not be used, as L-PGDS strongly
binds Mant-GDP nonspecifically. This could be due to the

Figure 4. The Rab4-DP1 interaction is promoted by L-PGDS. A, HEK293 cells transiently transfected with pcDNA3-FLAG-DP1, pcDNA3-HA-Rab4,
pcDNA3-L-PGDS-MYC, or a combination of constructs were stimulated for the indicated times with 1 �M PGD2. Immunoprecipitation (IP) of the receptor was
performed using a FLAG-specific mAb, and immunoblotting (IB) was performed with FLAG-specific polyclonal, peroxidase-conjugated anti-HA or anti-MYC
antibodies. The graph shows densitometry analyses performed on four different experiments. Rab4 pixels were normalized on DP1 pixels, and results are
presented as the ratio of these values (means � S.E. (error bars)). B, binding assays were carried out using purified GSH-Sepharose– bound GST-DP1-CT and
intracellular loops (ICL) incubated with His6-Rab4. Rab4 binding to the receptor domains was detected by immunoblotting using an anti-His antibody, and the
GST fusion proteins present in the binding reaction were detected using an anti-GST antibody. C, binding assays were carried out using purified GSH-
Sepharose– bound GST-DP1-CT incubated with His6-L-PGDS and a cellular lysate of cells transfected with pcDNA3-HA-Rab4. Rab4 binding to the receptor
domains was detected by immunoblotting using an anti-HA antibody, L-PGDS was detected using an anti-His antibody, and the GST fusion proteins were
detected using an anti-GST antibody. Blots shown are representative of four independent experiments. ****, p � 0.0001.

L-PGDS interacts with Rab4

J. Biol. Chem. (2019) 294(45) 16865–16883 16871



Mant moiety, because excess of GDP could not compete with
Mant-GDP binding on L-PGDS (data not shown). Therefore,
we turned to a Transcreener GDP time-resolved (TR)-FRET
assay. The latter bases its principle on the displacement of a
GDP HiLyte647 tracer initially bound to a GDP antibody-ter-
bium conjugate by the GDP released by a small GTPase (Fig.

7A). GDP-GTP exchange on the small GTPase leads to the
release of GDP in the reaction that displaces the tracer, result-
ing in a decrease in the TR-FRET signal. Fig. 7B shows that the
addition of increasing concentrations of purified L-PGDS to
GDP-loaded Rab4 causes a dose-dependent decrease in TR-
FRET signals, consistent with the idea that L-PGDS promotes

L-PGDS interacts with Rab4

16872 J. Biol. Chem. (2019) 294(45) 16865–16883



Rab4 activation and GDP release. Time-course assays revealed
that the half-time of the GDP-GTP exchange reaction is accel-
erated in the presence of L-PGDS (t1⁄2 � 42.8 min) compared
with Rab4 alone (t1⁄2 � 64.4 min), further suggesting that there is
increased Rab4 activation in the presence of L-PGDS (Fig. 7C).
Together, these results indicate that L-PGDS can partake in
Rab4 activation, but further experiments will be needed to
determine the nature of the mechanism involved.

Identification of the Rab4-binding domain on L-PGDS

Our next aim was to identify the L-PGDS domain involved in
the interaction with Rab4. To this end, we produced several
L-PGDS deletion mutant constructs that were fused to GST
(Fig. 8A) and used them in in vitro pulldown assays with puri-
fied His6-Rab4. The binding reactions were analyzed by immu-
noblotting using an anti-His mAb to detect the binding of Rab4.
As summarized in Fig. 8A, there were no differences among the
first five mutants in terms of binding to Rab4 compared with
the full-length L-PGDS protein (blots not shown). We then
investigated the L-PGDS domain comprising residues 75–98
(Fig. 8B). The L-PGDS structure revealed that the 75–98 and
85–92 amino acid sequences are part of two � strands folded to
form an antiparallel � loop protruding from the core of the
structure. Because these strands appeared to be accessible for
protein interactions, it seemed plausible that they could serve as
a Rab4-binding site. Interestingly, our results showed that Rab4
does not interact with the L-PGDS �75–98 and �85–92 dele-
tion mutants (Fig. 8C).

To further corroborate these results, we produced a con-
struct consisting of amino acids 75–98 of L-PGDS fused with
GST. In vitro binding assays were carried out using the GST-
tagged construct and purified His6-Rab4. As can be seen in Fig.
8D, Rab4 bound to the GST-L-PGDS 75–98 construct but not
to GST alone. Moreover, a peptide corresponding to amino
acids 78 –98 of L-PGDS was synthesized together with its
scrambled control peptide. The 75GGK77 amino acids were
not included in the peptide because of solubility issues. The
peptides were preincubated individually with purified His6-
Rab4 prior to performing GST-L-PGDS pulldown assays as
described above to determine whether they would compete in
the L-PGDS–Rab4 interaction. Remarkably, the L-PGDS 78 –98
peptide completely abrogated the binding of Rab4 to L-PGDS,
whereas the scrambled peptide had no significant effect (Fig.
9A).

Finally, we tested the ability of the Rab4 binding– deficient
L-PGDS �75–98 and �85–92 deletion mutants to promote DP1
recycling. Unlike the WT L-PGDS, the L-PGDS �75–98 and

�85–92 deletion mutants failed to enhance DP1 recycling after
agonist-induced internalization in HEK293 cells (Fig. 9B). Alto-
gether, our results indicate that amino acids 78 –98 of L-PGDS
are involved in Rab4 binding and that the L-PGDS–Rab4 inter-
action is required for L-PGDS to participate in the recycling of
DP1.

Discussion

To maintain the sensitivity of cells to their environment, it is
crucial for receptors to be able to recycle back to the cell sur-
face. We and others have shown that the spatial and temporal
vesicular transport of many GPCRs is regulated by direct inter-
actions with various members of the Rab subfamily of small
GTPases (32–34, 36, 37, 70 –74). The central aspect of Rab
GTPase function is their specific localization in distinct subcel-
lular compartments, which makes it possible to precisely con-
trol trafficking (75). The mechanisms by which Rabs are
recruited to GPCRs in particular membrane compartments are
poorly understood.

Like other small GTPases, the spatiotemporal activation and
inactivation of Rab GTPases are tightly regulated by GEFs and
GAPs (47, 76). Rab4 is a small GTPase that is critical for the
recycling of many key cargo proteins. Surprisingly, there is no
identified GEF for Rab4, and how it is activated and recruited to
cargo proteins is still an open question. In addition to being
involved in normal cell physiology, Rab4 may be associated with
disease. For example, Rab4 expression is elevated in Alzhei-
mer’s disease (77, 78). It has been proposed that Rab4 could be
a target for the treatment of systemic lupus erythematosus (79).
Accumulating evidence also indicates that Rab4 is involved in
tumor growth and metastasis by regulating plasma membrane
levels of receptor tyrosine kinases (80), integrins (57), P-glyco-
protein in multidrug resistance (81), and proteases (59, 60). It is
thus essential to identify Rab4-interacting proteins to better
understand the biology of this important small GTPase.

Additional regulatory mechanisms were reported to be
involved in the regulation of Rab GTPases activity. For exam-
ple, Rab4 is regulated by protein kinase A following activation
of the �2AR (52). We described previously (26) how a complex
between the �2AR and the ubiquitin ligase HACE1 results in
Rab11a ubiquitination on Lys-145. This ubiquitination is
involved in the activation of Rab11a and in the regulation of
�2AR recycling to the plasma membrane (26). Research efforts
are also targeted at understanding whether GPCRs interact
with other components of the Rab-associated machinery. In
this regard, we observed that the interaction between the �2AR
and Rab geranylgeranyltransferase modulates the trafficking of

Figure 5. L-PGDS interacts directly with Rab4. A, HEK293 cells transiently transfected with pcDNA3-FLAG-DP1, pcDNA3-HA-Rab4, and pcDNA3-L-PGDS-MYC
were stimulated for the indicated times with 1 �M PGD2. Immunoprecipitation (IP) of L-PGDS was performed using a MYC-specific mAb, and immunoblotting
(IB) was performed with a peroxidase-conjugated anti-MYC or anti-HA or a FLAG-specific polyclonal antibody. B, immunoprecipitation was performed in HeLa
cells using L-PGDS–specific monoclonal or rat isotypic control IgG antibodies, and immunoblotting was done using L-PGDS–specific polyclonal or Rab4-specific
polyclonal antibodies. C, binding assays were carried out using purified GSH-Sepharose– bound GST-L-PGDS incubated with His6-Rab4. The binding of Rab4 to
L-PGDS was detected by immunoblotting using an anti-His antibody, and GST-L-PGDS was detected using an anti-GST antibody. D, binding assays were carried
out using purified GSH-Sepharose-bound GST-L-PGDS incubated with cellular lysates of HEK293 cells transfected with pcDNA3-HA-Rab4WT,
pcDNA3-HA-Rab4S22N, or pcDNA3-HA-Rab4Q67L. Rab4 binding to L-PGDS was detected by immunoblotting using an anti-HA antibody. L-PGDS was detected
using an anti-GST antibody. E, HEK293 cells were transiently transfected with pcDNA3-L-PGDS-MYC and the indicated pcDNA3-HA-Rab constructs. Immuno-
precipitation of L-PGDS was performed using a MYC-specific mAb, and immunoblotting was performed with a peroxidase-conjugated anti-MYC or anti-HA.
Graphs show densitometry analyses performed on three different experiments. Rab4 pixels were normalized on L-PGDS pixels, and results are presented as
-fold of these values (means � S.D. (error bars)). ***, p � 0.001.
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the receptor and the geranylgeranylation of Rab6a, Rab8a, and
Rab11a (64).

Our earlier work showed that DP1 recycles to the cell surface
through Rab4 after agonist-induced internalization (53). In a
separate study, we demonstrated that L-PGDS participates in

the anterograde transport of DP1 through an interaction with
the receptor and the Hsp90 chaperone. Furthermore, L-PGDS
promoted the formation of a DP1-ERK1/2 complex and
increased DP1-mediated ERK1/2 signaling. Interestingly, DP1
augmented PGD2 synthesis by L-PGDS, revealing an intracrine

Figure 6. Activation of Rab4 is promoted by L-PGDS. A, HEK293 cells stably expressing pcDNA3-FLAG-DP1 were transiently transfected with
pcDNA3-HA-Rab4, pcDNA3-L-PGDS-MYC, or a combination of constructs and stimulated for the indicated times with 1 �M PGD2 48 h post-transfection. Binding
assays were carried out using purified GSH-Sepharose– bound GST-rabaptin incubated with these cellular lysates. Rab4 and L-PGDS binding to rabaptin were
detected by immunoblotting (IB) using a peroxidase-conjugated anti-HA or anti-MYC antibody, respectively. GST-rabaptin was detected using an anti-GST
antibody. B, HeLa cells stably expressing FLAG-DP1 were transfected with siRNA s11446 targeting L-PGDS or a negative control siRNA. 72 h post-transfection,
cells were stimulated with 1 �M PGD2 for the indicated times. Binding assays were carried out using purified GSH-Sepharose– bound GST-rabaptin incubated
with these cellular lysates, and binding of active Rab4 was detected by immunoblotting using a peroxidase-conjugated anti-HA antibody. GST-rabaptin was
detected using an anti-GST antibody. C, GTP�S loading of Rab4 was performed as described under “Experimental procedures” for the indicated periods of time.
Binding assays were carried out using purified GSH-Sepharose– bound GST-rabaptin incubated with His6-Rab4, His6-L-PGDS, or a combination of both. The
binding of active Rab4 and L-PGDS was detected by immunoblotting using an anti-Rab4 or anti-L-PGDS antibody, and GST-rabaptin was detected using an
anti-GST antibody. Graphs show densitometry analyses performed on at least three different experiments. Rab4 pixels were normalized on rabaptin pixels
(means � S.E. (error bars) in A and C, means � S.D. in B). **, p � 0.01; ****, p � 0.0001.
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signaling loop between DP1 and L-PGDS (61). L-PGDS thus
appears as a multifunctional protein capable not only of PGD2
synthesis and transport of lipophilic molecules, but also of reg-
ulating protein complex formation involved in DP1 trafficking
and signaling. We were thus interested in studying whether
L-PGDS is involved in recycling of the DP1 receptor and if this
would involve Rab4.

Experiments using overexpression or depletion of endoge-
nous L-PGDS revealed that it regulates DP1 recycling after

agonist-induced internalization. Inhibiting endogenous Rab4
expression inhibited the promotion of DP1 recycling by L-PGDS,
whereas conversely, knocking down endogenous L-PGDS pre-
vented the Rab4-mediated recycling of DP1. L-PGDS and Rab4
thus appear to work in conjunction with each other in regulating
DP1 recycling.

Agonist-induced internalization of DP1 is rather slow com-
pared with other GPCRs. To detect an effect of recycling on
receptor internalization after the addition of the agonist, the
receptor has to first internalize and then recycle. This may
explain why the L-PGDS–mediated recycling effect on DP1
internalization can be observed starting after 30 min of agonist
treatment and becomes statistically significant after 90 min of
DP1 stimulation. On the other hand, the effect of L-PGDS
appears faster in the recycling assays (apparent after 15 min of
agonist removal). This may be because in the latter context, the
receptor was stimulated for 30 min prior to the recycling mea-
surements, so the system was already “turned on” for 30 min
when the recycling measurements began. Furthermore, the
agonist is removed in the recycling assays, so the effect of
L-PGDS on recycling does not compete with concomitant DP1
internalization, facilitating its detection more rapidly. We can-
not totally exclude the possibility that the role of L-PGDS in
anterograde transport (61) is involved, at least in part, in regu-
lating replenishment of DP1 to the plasma membrane after ago-
nist-induced internalization. However, the L-PGDS W43A/
G47A mutant, defective in the interaction with Hsp90
necessary for L-PGDS to promote anterograde transport (61),
had effects similar to those of WT L-PGDS on agonist-induced
internalization and recycling of DP1. In contrast, the L-PGDS
W43A/G47A mutant had a 70% reduced capacity to promote
DP1 anterograde transport compared with WT L-PGDS (61).
Altogether, our data support the idea that L-PGDS promotes
recycling of DP1 and that its interaction with Hsp90 as well as
its role in anterograde trafficking do not play a significant role,
if any, in the recycling of DP1.

How Rab GTPases are recruited to particular cargo proteins
is poorly characterized. We and others have shown that a num-
ber of Rabs interact directly with the C-terminal ends of GPCRs
(31–34, 72). The C terminus of DP1 was identified as the inter-
action site with Rab4, and Rab4 binding was enhanced by ago-
nist stimulation of the receptor and by the presence of L-PGDS.
The L-PGDS–Rab4 co-localization and interaction was also
promoted by DP1 activation. We confirmed that Rab4 directly
binds to L-PGDS using in vitro binding assays with purified
recombinant proteins. Our data showed that L-PGDS did not
bind to the other Rabs tested (Rab1, -5, -8, and -11), suggesting
that L-PGDS displays at least a certain degree of specificity
toward Rab4. Further experiments will be needed to determine
the full extent of the L-PGDS interaction spectrum within the
family of Rab GTPases. L-PGDS did not modulate the internal-
ization of the �2AR, indicating that it does not play a general
role in GPCR trafficking.

Like all members of the Ras superfamily, Rab4 cycles between
a GDP-bound and a GTP-bound form. Whereas the GDP-
bound form is considered inactive, the GTP-bound form binds
to effectors, switching on downstream cellular responses (50).
Interestingly, our binding assays revealed that L-PGDS prefer-

Figure 7. L-PGDS increases nucleotide exchange on Rab4. A, schematic
representation of the TR-FRET reaction. GDP released by the enzyme reaction
displaces a GDP HiLyte647 tracer initially bound to a GDP antibody conju-
gated to terbium (Tb), thus generating a decrease in TR-FRET signal. B, titra-
tion of L-PGDS ranging from 1 nM to 10 �M was performed in the presence of
a fixed Rab4 concentration of 80 nM as described under “Experimental proce-
dures.” C, time-course assays were carried out for the indicated periods of
time. Final concentrations of 80 nM Rab4 and 320 nM L-PGDS were used, and
enzyme reactions were performed and stopped, and TR-FRET signal was mea-
sured as described under “Experimental Procedures.” Graphs are represented
as TR-FRET ratios (665/615), and results are means � S.E. (error bars) of three
separate experiments. Data were analyzed with GraphPad Prism using a four-
parameter nonlinear regression curve fitting.
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entially interacts with the GDP-bound form of Rab4. Moreover,
L-PGDS increased the levels of activated Rab4 in cells following
DP1 stimulation, as well as Rab4 GTP�S loading in vitro using
purified proteins, as reflected by binding to its effector rabaptin.
This indicated that L-PGDS may be involved in regulating the
activation of Rab4. This was further supported by the stimula-
tion of Rab4 GDP-GTP exchange by L-PGDS in vitro using a
TR-FRET assay. In a nutshell, we observed that: 1) L-PGDS
associates with Rab4 in a time-dependent manner after DP1

stimulation; 2) L-PGDS only binds significantly to the GDP-
bound inactive state of Rab4 but is constitutively associated
with DP1; 3) L-PGDS favors Rab4 recruitment and activation by
DP1; and 4) L-PGDS is not detected in the rabaptin pulldowns.
Because the rabaptin pulldowns would only capture active
GTP-bound Rab4, this would be consistent with a model in
which L-PGDS binds inactive Rab4 and recruits it to the recep-
tor, participates in its activation, and then dissociates. However,
additional work will be necessary to characterize the nature of

Figure 8. Identification of the L-PGDS region that interacts with Rab4. A, schematic representation of the different GST-tagged L-PGDS mutants. The
Rab4-binding properties of the L-PGDS constructs are indicated on the right. B, the illustration of the complete L-PGDS structure (shown in green) was prepared
with PyMOL (Schrödinger, LLC, New York) using the known crystal structure of L-PGDS (Protein Data Bank entry 2WWP). The two potential Rab4-binding sites
are shown in yellow (residues 75–98) and blue (residues 85–92), respectively. C, binding assays were carried out using purified GSH-Sepharose– bound
GST-L-PGDS WT or its mutants incubated with His6-Rab4. The binding of Rab4 to L-PGDS was detected by immunoblotting (IB) using an anti-His antibody, and
GST-L-PGDS was detected using an anti-GST antibody. D, binding assays were carried out using purified GSH-Sepharose– bound GST-L-PGDS WT or GST-L-PGDS
75–98 incubated with His6-Rab4. The binding of Rab4 to L-PGDS was detected by immunoblotting using an anti-His antibody, and GST-L-PGDS was detected
using an anti-GST antibody. The graph shows densitometry analyses performed on three different experiments. Rab4 pixels were normalized on L-PGDS pixels
(means � S.D. (error bars)).
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the mechanism involved in the increased levels of activated
Rab4 in the presence of L-PGDS.

Deletion mutagenesis studies led to the identification of two
constructs (the L-PGDS �75–98 and �85–92 mutants) that
could no longer bind Rab4. These L-PGDS mutants failed to
regulate DP1 recycling, indicating that the L-PGDS–Rab4 inter-
action is required for this function. The L-PGDS–Rab4 –
binding domain was further confirmed by the ability of the
L-PGDS 75–98 amino acid sequence fused to GST to interact
with Rab4 and by the in vitro inhibition of the L-PGDS-Rab4
interaction by the L-PGDS 78 –98 synthetic peptide.

We cannot state at the moment whether L-PGDS acts, for
example, as a GEF, a holdase, or other conformational change–
inducing binding partner on Rab4. L-PGDS does not display a
Vps9 domain, a DENN domain, a multisubunit TRAPP com-
plex, or a Sec2 domain that can be found in Rab GEFs (38, 51,
55, 56, 76, 82–84). Detection of GDP-GTP exchange or GTP-
loading promotion by a protein is not necessarily indicative of a
GEF protein per se. Indeed, as elegantly demonstrated by Gul-
branson et al. (85), instead of functioning as a Rab GEF as pre-

viously postulated, RABIF/MSS4 is a holdase chaperone that is
crucial for the expression of its cognate Rab GTPases. Solution
NMR studies are under way in our laboratory to determine how
L-PGDS binds to Rab4 and favors its activation.

In summary, we have discovered an original mechanism for
the regulation of DP1 recycling by the synthase of its agonist,
L-PGDS, which recruits Rab4 to the receptor and participates in
the activation of the small GTPase.

Experimental procedures

Reagents

The polyclonal anti-FLAG antibody, the FLAG-specific
monoclonal antibodies (M1 and M2), the anti-mouse and anti-
rabbit IgG peroxidase–linked species-specific whole antibod-
ies, the alkaline phosphatase-conjugated goat anti-mouse
antibody, the isoproterenol hydrochloride, the alkaline phos-
phatase substrate kit, and GDP (G7127) and GTP�S (G8634)
were purchased from Sigma-Aldrich. The monoclonal anti-HA
(16B12) was from Covance. The monoclonal anti-HA-peroxi-

Figure 9. The interaction with Rab4 is necessary for L-PGDS to regulate DP1 recycling. A, peptides were incubated for 1 h with His6-Rab4 prior to binding
assays. Assays were carried out using purified GSH-Sepharose– bound GST-L-PGDS WT incubated with peptides and His6-Rab4. The binding of Rab4 to L-PGDS
was detected by immunoblotting using an anti-His antibody, and GST-L-PGDS was detected using an anti-GST antibody. The graph shows densitometry
analyses performed on three different experiments. Rab4 pixels were normalized on L-PGDS pixels, and results are presented as -fold of these values (means �
S.D. (error bars)). ***, p � 0.001; ****, p � 0.0001; ns, not significant. B, HEK293 cells were co-transfected with pcDNA3-FLAG-DP1 and pcDNA3-L-PGDS,
pcDNA3-L-PGDS �75–98, or pcDNA3-L-PGDS �85–92. Cells were treated with 1 �M PGD2 for 30 min at 37 °C and then incubated in DMEM for the indicated time
periods to prevent further internalization and to allow receptor recycling. Cell-surface expression of the receptor was detected by ELISA, and the percentage
of receptor recycling was calculated. Results are means � S.E. (error bars) of three separate experiments. ***, p � 0.001, ****, p � 0.0001.
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dase high-affinity antibody (3F10) was bought from Roche
Applied Science. The monoclonal c-MYC antibody was from
Biolegend. The anti-MYC-peroxidase high-affinity polyclonal
antibody was from Abcam, whereas the anti-GST polyclonal
antibody was from Bethyl Laboratories. The monoclonal anti-
His was from Cell Signaling Technology. The polyclonal anti-
HA, normal mouse, and rabbit IgG isotypic control antibodies,
anti-GAPDH, anti-Rab4 (FL-213), and the protein G-agarose
and A-agarose beads were purchased from Santa Cruz Biotech-
nology, Inc. The polyclonal and monoclonal anti-L-PGDS anti-
bodies and PGD2 were from Cayman Chemical Co. The Ant-
arctic Phosphatase was from New England BioLabs, Inc.
(M0289S). Alexa Fluor 633 goat anti-rabbit and ProLong� Gold
antifade reagent were bought from Invitrogen.

Plasmid constructs

The cDNA fragment coding for human Rab4 was amplified
by PCR from a human HeLa MATCH-MAKER cDNA library
(Clontech) using the high-fidelity DNA polymerase (Phusion,
New England Biolabs, Inc.) and the following primers: Rab4
forward (5�-GAG GAA TTC ATG TCC GAA ACC TAC GAT
TTT TTG-3�) and Rab4 reverse (5�-GAG CTC GAG CTA ACA
ACC ACA CTC CTG AGC-3�). The full-length fragment was
digested with EcoRI and XhoI and ligated into pcDNA3-HA
vector digested likewise. Site-directed mutagenesis was carried
out by PCR. The Rab4S22N and Rab4Q67L mutants were pre-
pared from the pcDNA3-HA-Rab4 construct by using these
primers: Rab4S22N forward (5�-GGA AAT GCA GGA ACT
GGC AAA AAT TGC TTA CTT CAT CAG-3�), Rab4S22N
reverse (5�-CTG ATG AAC TAA GCA ATT TTT GCC AGT
TCC TGC ATT TCC-3�), Rab4Q67L forward (5�-ACA GCA
GGA CTA GAA CGA TTC AGG-3�), Rab4Q67L reverse (5�-
CCT GAA TCG TTC TAG TCC TGC TGT-3�), and Rab4 for-
ward and Rab4 reverse as mentioned previously. The fragments
were ligated by the PCR extension method. The full-length
mutant fragments were digested with EcoRI and XhoI and
ligated into pcDNA3-HA digested with the same enzymes. The
His6-Rab4 construct was prepared from pcDNA3-HA-Rab4 by
using the following primers: pRSETA Rab4 forward (5�-CTAG
GGA TCC ATG TCC GAA ACC TAC GAT TTT TTG TTT
AAG TTC-3�) and pRSETA Rab4 reverse (5�-CTAG GAA TTC
CTA ACA ACC ACA CTC CTG AGC GTT CGG GGC CTG
GGT GCG CCG CGG TGA CCT CAG-3�). The PCR fragment
was digested with BamHI and EcoRI and inserted into pRSETA
previously digested the same way. The GST-rabaptin construct
was prepared by PCR from the human RABEP1 sequence-ver-
ified cDNA clone template purchased from GE Dharmacon
(Clone ID: 6046320) with the use of the following primers:
rabaptin forward (5�-CTAG GTC GAC ATG GCG CAG CCG
GGC CCG GCT TCC CAG CCT-3�) and rabaptin reverse (5�-
CTAG GTC GAC TCA TGT CTC AGG AAG CTG GTT AAT
GTC TGT CAG TTT AGT ATC ATT CAG-3�). The PCR frag-
ment was digested with SalI and inserted into pGEX-4T1
previously digested with SalI and treated with the Antarctic
Phosphatase according to the manufacturer’s instruction to
prevent self-ligation of the vector. The pcDNA3-L-PGDS-
HA, pcDNA3-L-PGDS-MYC, pGEX-4T1-L-PGDS, and pRSETA-
LPGDS were produced as described previously (86). The

pcDNA3-FLAG-DP1 construct was generated as described
earlier (53). The pcDNA3-L-PGDS-W43A/G47A-HA,
pGEX4T1-DP1-CT, and pGEX-4T1-DP1-ICL1 were generated
as described previously (61). The other ICLs of DP1 were sub-
cloned as described previously (87).

Cell culture and transfections

HEK293 and HeLa cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Invitrogen) supplemented with
10% fetal bovine serum at 37 °C in a humidified atmosphere
containing 5% CO2. Transient transfection of HEK293 and
HeLa cells grown to 50 –70% confluence was performed using
TransIT�-LT1 reagent (Mirus) and Lipofectamine 2000 (Invit-
rogen), respectively, and according to the manufacturer’s
instructions. The total amount of DNA was kept constant by
adding empty pcDNA3 vector per plate.

Immunoprecipitation

HEK293 cells were transiently transfected with the indicated
constructs and were maintained as described above for 48 h.
When stimulation was needed, cells were incubated in the pres-
ence of 1 �M PGD2 for the desired times in serum-free DMEM
containing 20 mM HEPES and 0.5% BSA before harvesting. The
cells were then washed with ice-cold PBS and harvested in 400
�l of lysis buffer (150 mM NaCl, 50 mM Tris (pH 8.0), 0.5%
deoxycholate, 0.1% SDS, 10 mM Na4P2O7, 1% IGEPAL, and 5
mM EDTA or 1 mM CaCl2, depending on the antibody used for
the assay) supplemented with protease inhibitors (10 �M chy-
mostatin, 10 �M leupeptin, 9 �M antipain, and 9 �M pepstatin)
(Roche Applied Science). After a 1-h incubation at 4 °C, the
lysates were centrifuged for 20 min at 13,500 � g at 4 °C. Pro-
teins were immunoprecipitated using 1 �g of specific antibod-
ies overnight. 40 �l of 50% protein G- or A-agarose beads were
added to the lysates for 1 h the next morning. Samples were
then centrifuged for 2 min in a microcentrifuge and washed
three times with 1 ml of lysis buffer supplemented with protease
inhibitors as mentioned above. 40 �l of SDS sample buffer was
added to elute the immunoprecipitated proteins, followed by a
60-min incubation at room temperature. Initial lysates and
immunoprecipitated proteins were analyzed by SDS-PAGE and
immunoblotting. Endogenous immunoprecipitations were
performed in HeLa cells. Cells were harvested and processed as
described above, except proteins were immunoprecipitated
using 5 �g of L-PGDS–specific or isotypic control IgG antibody,
and 40 �l of 50% protein G-agarose beads overnight.

Recombinant protein production and pulldown analysis

All of the constructs in pGEX-4T1 vector (Amersham Bio-
sciences) listed previously were used to produce GST-tagged
fusion proteins in the OverexpressTM C41 (DE3) Escherichia
coli strain (Avidis) as indicated by the manufacturer. Glutathi-
one-Sepharose 4B (Amersham Biosciences) was used for pro-
tein purification, and the purified recombinant proteins were
analyzed by SDS-PAGE followed by Coomassie Brilliant Blue
R-250 staining. The pRSETA constructs were used to produce
His-tagged fusion proteins using the OverexpressTM C41 sys-
tem as mentioned above. The fusion proteins were purified
using nickel-nitrilotriacetic acid-agarose resin (Qiagen) by fol-
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lowing the manufacturer’s instructions. 5 �g (0.5 �M final
concentration) of glutathione-Sepharose– bound GST-tagged
fusion proteins were incubated with 10 �g (1.5 �M final con-
centration) of the purified His-tagged proteins in binding buffer
(10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 10% glycerol, 0.5%
IGEPAL, and 2 mM DTT) supplemented with protease inhibi-
tors (10 �M chymostatin, 10 �M leupeptin, 9 �M antipain, and 9
�M pepstatin). The binding reactions were then washed three
times with binding buffer. SDS sample buffer was added to each
reaction before boiling the tubes for 5 min. All reactions were
analyzed by Western blotting using specific antibodies as indi-
cated. Where indicated, 5 �g of glutathione-Sepharose– bound
GST-tagged fusion proteins were incubated with 300 �l of cell
lysates. The cells were transfected with the indicated con-
structs, cultured, harvested, and lysed in the absence of EDTA
as mentioned earlier, and the binding reactions were processed
as mentioned above.

Immunofluorescence staining and confocal microscopy

For co-localization experiments, HeLa cells were plated
directly onto coverslips previously coated with 0.1 mg/ml poly-
L-lysine (Sigma-Aldrich) at a density of 7.5 � 104 cells/well in
6-well plates. The cells were then transiently transfected with
the indicated constructs using Lipofectamine LTX (Thermo
Fisher Scientific) according to the manufacturer’s instructions.
After 48 h, the cells were fixed with 4% paraformaldehyde in
PBS, washed with PBS, permeabilized with 0.1% Triton X-100
in PBS, and blocked with 0.1% Triton X-100 in PBS containing
2% BSA. They were then incubated with primary antibodies
diluted in blocking solution for 60 min, washed twice with 0.1%
Triton X-100 in PBS, blocked with 0.1% Triton X-100 in PBS
containing 2% BSA, and incubated with the appropriate sec-
ondary antibodies diluted in blocking solution for 60 min. The
cells were then washed twice with 0.1% Triton X-100 in PBS
followed by three washes with PBS. The coverslips were
mounted using ProLong� Gold antifade reagent. Confocal
microscopy was performed using a scanning confocal system
(TCS SP8, Leica) coupled to an inverted microscope with a �60
oil immersion objective (DMI8, Leica), and the images were
processed using LAS X software (Leica).

Measurement of DP1 internalization and recycling

For quantification of receptor internalization, HEK293 cells
were plated at 5 � 105 cells in 24-well plates pretreated with 0.1
mg/ml poly-L-lysine (Sigma). Cells were transfected the next
day with the indicated constructs, and 48 h post-transfection,
cells were stimulated with 1 �M PGD2 or 10 �M isoproterenol
for the desired times in serum-free DMEM containing 20 mM

HEPES and 0.5% BSA, fixed in 3.7% formaldehyde/Tris-buff-
ered saline (TBS) (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM

CaCl2) for 10 min, and then washed twice with TBS. Cells were
blocked with TBS containing 1% BSA for 45 min to avoid non-
specific binding. A FLAGM1-specific mAb was then added at a
dilution of 1:2000 in 1% TBS-BSA for 60 min. Cells were then
washed three times and blocked again with 1% TBS-BSA for 15
min. Cells were incubated with an alkaline phosphatase–
conjugated goat anti-mouse antibody at a 1:10,000 dilution in
1% TBS-BSA for 60 min. The cells were then washed three

times before adding 250 �l of a colorimetric alkaline phospha-
tase substrate. The plates were incubated at 37 °C for 30 min,
followed by the addition of 250 �l of 0.4 M NaOH to stop the
reaction. 100 �l of the colorimetric reaction was collected, and
the absorbance was measured at 405 nm using a spectropho-
tometer (Titertek Multiskan MCC/340, Labsystem). For quan-
tification of receptor internalization using siRNAs, HEK293
cells or HeLa cells stably expressing the FLAG-DP1 receptor
were plated at 5 � 105 and 3 � 105 cells, respectively, in 24-well
plates and transfected the same day with the desired siRNAs.
ELISAs were carried out as mentioned above 72 h post-trans-
fection. For quantification of receptor recycling, cells were
plated and transfected as described earlier and maintained for
48 h. Cells were then stimulated with 1 �M PGD2 for 30 min at
37 °C to allow receptor internalization. Cells were washed once
with PBS before adding DMEM containing 0.5% BSA and 20
mM HEPES to allow receptor recycling. Recycling was then
stopped at the desired times, and cell-surface receptor expres-
sion was assessed as described above.

GTP�S-loading assays

Purified Rab4 protein concentration was estimated by com-
paring Coomassie staining with known BSA control concentra-
tions on a 10% SDS-polyacrylamide gel. GTP�S loading was
performed essentially as described by Jean et al. (88). Purified
His6-Rab4 (estimated 10 �M) was incubated in GTPase-loading
buffer (40 �M GDP, 20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5
mM EDTA) at 30 °C for 10 min to allow loading of GDP. 10 mM

MgCl2 was then added to stabilize Rab4 GTPase in the GDP-
loaded form. GTP�S exchange reactions were performed at
room temperature by adding exchange buffer (0.5 mg/ml BSA,
5 �M GTP�S, 0.5 mM DTT, 5 mM MgCl2, 100 mM NaCl, 20 mM

Tris-HCl, pH 7.4, with or without 3 �M His6-L-PGDS or
L-PGDS peptides) to 3 �M Rab4-GDP in a total volume of 130 �l
for the indicated time intervals. After the allotted GTP�S-load-
ing time, 70 �l of ice-cold wash buffer (20 mM Tris-HCl, pH 7.4,
100 mM NaCl, 20 mM MgCl2) was added to the mix. Pulldown
assays using purified GST-rabaptin were carried out for 2 h as
mentioned earlier. The binding reactions were then washed
three times with ice-cold wash buffer and further processed as
mentioned above.

Solid-phase peptide synthesis

Unless otherwise noted, all reactions were performed under
nitrogen pressure. All solvents used were HPLC grade and were
used without further purification. Water-sensitive reactions
were performed in anhydrous solvents. TentaGel S RAM resin
(0.22 mmol g	1) was purchased from Rapp Polymere (Tübin-
gen, Germany). All of the amino acid derivatives and coupling
reagents were purchased from ChemImpex International
(Wood Dale, IL). Piperidine and N-methylpyrrolidinone were
obtained from A&C American Chemicals Ltd. (Saint-Laurent,
Quebec, Canada). All other reagents were purchased from Sig-
ma-Aldrich. The UPLC-MS analysis was performed on a
Waters (Milford, MA) AQUITY H-Class separation module
coupled with a Waters SQD2 mass spectrometer equipped with
an analytical column BEH C18 (1.7 �m, 2.1 � 50 mm). Prepar-
ative HPLC was carried out using a Waters 2535 module with
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an ACE C18 column (5 �m, 250 � 21.2 mm) (Canadian Life
Science, Peterborough, Canada). The peptide syntheses were
performed on an automated system using Tentagel S RAM
resin. The resin was first loaded in reaction vessels on the Sym-
phony-X peptide synthesizer (Gyros Protein Technologies,
Tucson, AZ). The deprotection step was performed using 20%
piperidine in N,N-dimethylformamide, and Fmoc amino acids
were added in a 5-fold excess using HATU in the presence of
DIPEA. Once all amino acids were coupled and the terminal
Fmoc was removed, the peptides were cleaved from the poly-
mer solid support using a mixture of TFA/H2O/TIPS/EDT
(92.5:2.5:2.5:2.5, v/v/v/v) with stirring for 3 h. The mixture was
filtered and then precipitated in diethyl ether. The precipitated
crude peptides were centrifuged, and the ether layer was
removed by decantation. The crude peptides were dissolved in
a mixture of water and acetonitrile, filtered, diluted with water,
lyophilized, and then purified with a preparative HPLC. The
fractions containing the pure peptide were pooled and lyophi-
lized to yield the final peptides as white powders. The identity of
the peptides was confirmed by MS.

siRNAs

The control nontargeting DsiRNA duplex (DS NC1) and
the DsiRNA duplexes targeting the human Rab4 gene
(HSC.RNAI.N004578.12.9 and 13.3), the negative control
siRNA (Silencer Negative control 1, catalogue no. 4390843)
and the siRNA targeting the human L-PGDS (PTGDS) gene
(siRNA ID s11446 and CDS4/5) were purchased from IDT.
HeLa cells stably expressing the FLAG-DP1 receptor were
transfected with 200 nM oligonucleotide using the Lipo-
fectamine 2000 transfection reagent (Invitrogen) according to
the manufacturer’s instructions. Cells were harvested as men-
tioned above, and protein expression was assessed by Western
blotting 72 h post-transfection.

Transcreener GDP TR-FRET red assays

As indicated in the Transcreener GDP TR-FRET red assay’s
technical manual (BellBrook Labs LLC), the enzyme reactions
were performed in a 10-�l volume containing purified His6-
Rab4 in the presence or absence of His6-L-PGDS, both diluted
in FRET assay buffer (25 mM Tris (pH 7.5), 2.5 mM MgCl2, 0.5
mM EDTA, 0.5% DMSO, 0.01% SDS). The reactions were
started by the addition of 10 �M GTP and carried out at room
temperature for the indicated period of time. The reactions
were then stopped by the addition of 10 �l of a 1� GDP detec-
tion mixture (8 nM GDP Antibody-Tb, 1� Stop and Detect
Buffer C, 26.8 nM GDP HiLyte647 Tracer) according to the
technical manual, bringing the final volume to 20 �l. The plate
was rocked at room temperature for 90 min, and TR-FRET was
measured. White 384-well microplates (AlphaPlateTM-384
SW, PerkinElmer Life Sciences) were used, and FRET signals
were recorded on an Infinite M1000 plate reader (TECAN).
The terbium conjugate was excited at 320 nm, and emission
was measured at 615 and 665 nm after a delay time of 150 �s
and total integration time of 500 �s. All TR-FRET signals were
expressed as TR-FRET ratios (665/615), and values in graphs
are means of data of three separate experiments. The range of
enzyme concentrations and time of assay were determined

based on a previous publication from BellBrook Labs (89).
Titration assays were done in 2-fold serial dilutions starting at a
10 �M enzyme concentration. Reactions were started as
described above and mixed at room temperature for 60 min
before adding the GDP detection mixture. IC50 values calcu-
lated following titrations (Rab4, 80 nM; L-PGDS, 320 nM) were
used as optimized enzyme concentrations in the time-course
TR-FRET assays. All data were analyzed using GraphPad Prism
using a four-parameter nonlinear regression curve fitting.

Statistical analysis

Statistical analysis was performed using Prism version 5.0
(GraphPad Software) using a two-tailed Student’s t test or two-
way analysis of variance with multiple comparisons. Data were
considered significant when p values were �0.05 (*), �0.01 (**),
�0.001 (***), or �0.0001 (****).
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