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Many proteins are retrieved to the trans-Golgi Network (TGN) from the endosomal system through several retrograde
transport pathways to maintain the composition and function of the TGN. However, the molecular mechanisms involved
in these distinct retrograde pathways remain to be fully understood. Here we have used fluorescence and electron
microscopy as well as various functional transport assays to show that Rab11a/b and its binding protein FIP1/RCP are both
required for the retrograde delivery of TGN38 and Shiga toxin from early/recycling endosomes to the TGN, but not for
the retrieval of mannose-6-phosphate receptor from late endosomes. Furthermore, by proteomic analysis we identified
Golgin-97 as a FIP1/RCP-binding protein. The FIP1/RCP-binding domain maps to the C-terminus of Golgin-97, adjacent
to its GRIP domain. Binding of FIP1/RCP to Golgin-97 does not affect Golgin-97 recruitment to the TGN, but appears to
regulate the targeting of retrograde transport vesicles to the TGN. Thus, we propose that FIP1/RCP binding to Golgin-97
is required for tethering and fusion of recycling endosome-derived retrograde transport vesicles to the TGN.

INTRODUCTION

In eukaryotic cells, newly synthesized proteins at the trans-
Golgi network (TGN) are sorted to different destinations. To
maintain the composition and function of the TGN, selected
proteins are retrieved back to the TGN from the endosomal
system through several distinct retrograde transport path-
ways (Bonifacino and Rojas, 2006). During the process of
early endosome maturation into late endosomes, some cargo
proteins exit endosomes and traffic via a retrograde pathway
back to the TGN. The number and specificity of these path-
ways still remain controversial, for example, with the re-
spect to the exit sites of cargo proteins from different types of
endosomes (early, late or recycling endosomes). Recent
work suggests that there are at least two main retrograde
pathways from endosomes to the TGN (Rohn et al., 2000).

Furin (Mallet and Maxfield, 1999) and the mannose 6-phos-
phate receptors (MPRs) are transported from early/late en-
dosomes (EE/LE retrograde pathway) to the TGN (Barbero
et al., 2002). In contrast, some other retrograde cargo pro-
teins, such as TGN38/46 (Ghosh et al., 1998), various extra-
cellular toxins (Mallard et al., 1998), and VAMP4 (Tran et al.,
2007), are trafficked from early and/or recycling endosomes
back to the TGN (EE/RE retrograde pathway).

Recently, several protein families have emerged as impor-
tant regulators of the targeting and specificity at the different
stages of various retrograde transport pathways. For exam-
ple, the retromer complex mediates the initial stage of
cargo sorting and retrograde carrier formation. The retro-
mer complex was identified in yeast as Vps5p-Vps17p and
Vps26p-Vps29p-Vps35p complex, whose mammalian or-
thologue is a hetero-pentameric complex comprised of a
sorting nexins 1/2 (SNX1/2) dimer and a Vps26-Vps29-
Vps35 hetero-trimer. The main function of SNX1/2 is to
drive the formation of tubular retrograde transport carriers
and recruit the Vps26-Vps29-Vps35 hetero-trimer to endo-
somes. The Vps26-Vps29-Vps35 hetero-trimer is proposed to
recognize various cargo proteins, thus regulating retrograde
sorting (Seaman et al., 1997; Seaman, 2005; Bonifacino and
Hurley, 2008). Indeed, the retromer complex was shown to
regulate retrograde transport of various cargo molecules,
such as MPRs (Arighi et al., 2004; Carlton et al., 2004; Rojas et
al., 2007), Shiga toxin (Bujny et al., 2007; Utskarpen et al.,
2007), Wntless (Coudreuse et al., 2006; Belenkaya et al., 2008;
Franch-Marro et al., 2008; Port et al., 2008) and SNAREs
(Hettema et al., 2003). Interestingly, these proteins are
thought to traffic through different retrograde transport
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pathways, suggesting that the retromer complex may play a
general role at an early stage of most retrograde transport
pathways.

In contrast to the retromer complex, SNAREs and various
tethering factors mediate late-stage docking and fusion of
retrograde carriers with the TGN, likely from distinct donor
organelles. The best studied family of coiled-coil tethering
proteins is the TGN-localized Golgins, which are character-
ized by conserved C-terminal GRIP domain, preceded by an
extensive coiled-coil domain (Munro and Nichols, 1999; Gill-
ingham and Munro, 2003). The Golgin family of proteins
consists of four members, namely Golgin-97, Golgin-245,
GCC88, and GCC185, which appear to regulate distinct ret-
rograde transport pathways the TGN. For example, GCC185
tethers Rab9-positive vesicles originating from the EE/LE
(Burguete et al., 2008; Ganley et al., 2008), whereas Golgin-97
and GCC88 have been proposed to tether early EE/RE-
derived vesicles (Lu et al., 2004; Lieu et al., 2007).

Several Rab GTPases have recently emerged as key regu-
lators of the retrograde transport from endosomes to the
TGN. At least five different Rabs were shown to regulate
retrograde transport from late endosomes to TGN. Rab5 and

Rab7 were shown to regulate the recruitment of the retromer
complex to endosomes (Rojas et al., 2008). Rab9, and its
putative effector Tip47, were suggested to mediate cargo
selection into EE/LE-derived carriers (Diaz et al., 1997; Diaz
and Pfeffer, 1998), although this remains controversial (Bu-
lankina et al., 2009). Finally, Rab6 binding to GCC185 pro-
motes the tethering of Rab9-positive, EE/LE-derived retro-
grade carriers to the TGN (Burguete et al., 2008). In addition,
Rab11 also regulates retrogrades transport from recycling
endosomes to the TGN (Wilcke et al., 2000). Rab11 binds to
a family of proteins, known as the Rab11 family interacting
proteins (FIPs; Prekeris et al., 2000; Hales et al., 2001; Lindsay
et al., 2002; Meyers and Prekeris, 2002). FIPs form mutually
exclusive complexes with Rab11/25 and serve as “target
complexes” in regulating specific endocytic transport path-
ways (Meyers and Prekeris, 2002). We have proposed that
FIPs serve as a scaffolding platform for the recruitment of
other effectors to this “target complex.”

Although the roles of Rab11 GTPases and their interacting
proteins in regulating endocytic recycling are becoming elu-
cidated, their role in mediating retrograde transport from
endosomes to the TGN remains unclear. Here we show that

Figure 1. Rab11 is required for TGN38 ret-
rograde transport to TGN. (A, left) RT-PCR
analysis to determine the efficiencies of
Rab11a and Rab11b knockdown. (A, right)
Lysates from mock- or Rab11a/b siRNA-
treated cells were immunoblotted with pan-
Rab11, anti-Syntaxin 6, anti-FIP1/RCP, and
anti-FIP5/Rip11 antibodies. (B) Mock- or
Rab11a/b siRNA-treated cells were fraction-
ated into cytosol and membrane fractions and
immunoblotted for Rab11-binding protein
FIP1/RCP and transferring receptor. Please
note that in these immunoblots we show only
the predominant �70-kDa splice isoform of
FIP1/RCP. (C and D) Mock-, Rab11a, Rab11b,
or Rab11a/b siRNA-treated cells HeLa-Tac-
TGN38 cells were analyzed. Cells were scored
for TGN38 localization and divided in dis-
persed or TGN-localized categories. n is the
number of cells analyzed. (E–J) Mock- (D–G)
or Rab11a/b siRNA-treated (H–J) HeLa-Tac-
TGN38 cells were fixed and costained with
anti-FIP1/RCP (red channel, F and I) and an-
ti-Tac (green channel, E and H) antibodies.
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knockdown of Rab11a/b or its interacting protein FIP1/
RCP, but not FIP3 or FIP5/Rip11, inhibits TGN transport of
TGN38, Shiga toxin B (STxB), and VAMP4, while having no
effect on retrograde traffic of MPRs. We further demonstrate
that FIP1/RCP directly binds to Golgin-97 in vitro and in
vivo and that this interaction is required for the retrograde
transport from EE/RE to the TGN. Thus, we propose that
FIP1/RCP binding to Golgin-97 is required for TGN tether-
ing and subsequent fusion of recycling endosome-derived,
Rab11-positive, retrograde carriers.

MATERIALS AND METHODS

Cell Culture and Imaging
HeLa cells were cultured in DMEM supplemented with 10% (vol/vol) heat-
inactivated fetal bovine serum and 2 mM l-glutamine. Stable HeLa cells
expressing CD8-CI-MPR6 was the generous gift from Dr. Seaman’s laboratory
and were described previously (Seaman, 2004). Where indicated, HeLa cells
were transfected using an electroporation procedure as described in the
manufacturer’s protocol (Bio-Rad, Hercules, CA).

For imaging HeLa cells were plated on collagen-coated glass coverslips,
grown overnight, and fixed with 4% paraformaldehyde, followed by quench-
ing with 0.1 M glycine. Cells were then permeabilized with phosphate-
buffered saline containing 0.4% saponin, 2% fetal bovine serum, and 1%
bovine serum albumin for 30 min, followed by incubation with primary
antibodies. After extensive washing, cells were incubated with Texas Red or
FITC-conjugated secondary antibodies (Jackson ImmunoResearch Laborato-
ries; West Grove, PA) for 30 min, washed, and mounted with Vectashield
(Vector Laboratories, Burlingame, CA). Cells were imaged with a Zeiss

Axiovert 200M deconvolution microscope (Thornwood, NY). Images were
processed using Intelligent Imaging Innovations (Denver, CO) three-dimen-
tional rendering and exploration software.

Antibodies
Rabbit polyclonal anti-Rab11a/b (pan-Rab11), anti-FIP1/RCP, anti-Rip11/
FIP5, anti-FIP3, and anti-VAMP4 antibodies were described previously (Prek-
eris et al., 2000; Peden et al., 2004; Wilson et al., 2005). Please note that
anti-FIP1/RCP and anti-FIP5/Rip11 antibodies detect both �70- and �150-
kDa splice isoforms of these proteins, although in some gels, because space
limitations, we shown only predominant �70-kDa isoform. Mouse monoclo-
nal anti-Golgin-97 antibody was purchased from Molecular Probes/Invitro-
gen (Eugene, OR). The anti-Tac hybridoma cell line 7G7 and tac-TGN38
expression construct were generous gifts from Dr. Mickey Marks (University
of Pennsylvania). The 7G7 antibody was affinity-purified from hybridoma
supernatant using anti-mouse IgG (Jackson ImmunoResearch Laboratories,
West Grove, PA). Mouse monoclonal anti-myc (9E10) antibody and goat
anti-SNX1 antibody were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Mouse monoclonal anti-Tac antibody was purchased from Invitro-
gen (Carlsbad, CA). Mouse monoclonal anti-CD8 antibody was obtained from
BD PharMingen (San Jose, CA). Anti-Vps26 and anti-Vps29 antibodies were
generous gift from Dr. Juan Bonifacino (National Institutes of Health). Texas
Red and FITC-conjugated secondary antibodies were obtained from Jackson
ImmunoResearch Laboratories. Alexa594-labeled transferrin was obtained
from Molecular Probes/Invitrogen (Carlsbad, CA).

Electron Microscopy
For electron microscopy, HeLa cells were transiently transfected with FIP1/
RCP small interfering RNA (siRNA). After 48 h, cells were then transfected
with TGN38-horseradish peroxidase (HRP) and incubated for additional 24 h.
TGN38-HRP construct was previously described (Metcalf et al., 2008). TGN38-

Figure 2. FIP1/RCP knockdown affects the
retrograde transport of TGN38. (A) Stable
HeLa-Tac-TGN38 cells were either mock-trans-
fected or transfected with FIP1/RCP, FIP5/
Rip11, or FIP3 siRNAs. Cells were then har-
vested and the total levels of FIP1/RCP, FIP5/
Rip11, FIP3, and Syntaxin 6 were determined
by immunoblotting. Please note that although
siRNAs caused the knockdown of both splice
isoforms, in these immunoblots we only show
the predominant �70-kDa splice isoforms of
FIP1/RCP and FIP5/Rip11. (B) Tac-TGN38 lo-
calization was analyzed in mock-, FIP1/RCP,
FIP5/Rip11, or FIP3 siRNA-treated cells. Cells
were scored for TGN38 localization and di-
vided as dispersed or TGN-localized catego-
ries. n is the number of cells analyzed. (C–J)
Mock- (C–E and I) or FIP1/RCP siRNA-treated
(F–H and J) HeLa-Tac-TGN38 cells were fixed
and stained with anti-FIP1/RCP (D and G) and
anti-Tac (C, F, I, and J) antibodies. I and J are
higher-magnification images of the boxed re-
gions from C and F. (K–M) FIP1/RCP siRNA-
treated HeLa-Tac-TGN38 cells were fixed and
stained with anti-Syntaxin 6 (L and M) and
anti-Tac (K and M) antibodies.
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HRP-containing compartments were then preserved by performing the DAB
reaction before digitonin permeabilization and PFA fixation essentially as
described previously (Futter et al., 1998). Thin sections, 60–70-nm thick, were
cut using a Reichert-Jung Ultracut E microtome (Depuy, NY), stained with
lead citrate and viewed in a Phillips CM12 transmission electron microscope
(Mahwah, NJ). Some additional images were captured using a Morada CCD
camera (Olympus Soft Imaging Systems, Melville, NY) coupled to a Tecnai G2
Spirit transmission electron microscope (FEI, Eindhoven, The Netherlands),
running iTEM software.

RNA Interference Analysis
siRNA duplexes for FIP1/RCP (RCPb 5�-CGCCTCTTTCCCAGTCCATGT-3�,
RCPc 5�-GGCCTGCTGAAGACCTTGTGT-3�, RCPd 5�-AGCCCCTCGGAC-
CCTGCATTT-3�), FIP3 (5�-AAGGGATCACAGCCATCAGAA-3�), Rip11/
FIP5 (5�-AAGAGCTGAGTGCTCAGGCTA-3�), Rab11a (5�-AATGTCAGA-
CAGACGCGAAAA-3�), and Rab11b (5�-AAGCACCTGACCTATGAGAAC-
3�) were based on human sequences and were described previously (Peden et
al., 2004; Junutula et al., 2004; Wilson et al., 2005; Schoneteich et al., 2008).
siRNA duplexes for Golgin-97 were previously described (Lu et al., 2004; Lieu
et al., 2007). For knockdown experiments cells were transfected with 10 nM
HPP grade siRNA (QIAGEN, Valencia, CA) using Lipofectamine 2000 (In-
vitrogen, Carlsbad, CA) based on manufacturer’s protocol. Transfected cells
were incubated for 72 h and analyzed using immunofluorescence microscopy
or immunoblotting.

Reverse Transcriptase Polymerase Chain Reaction
HeLa cells were either mock-transfected or transfected with Rab11a or Rab11b
siRNA. Total RNA was then extracted from 2 � 107 cells using TRIzol
(Invitrogen) according to manufacturers protocol. Reverse transcription to
cDNA was performed with SuperScript III (Invitrogen) using random hex-
amers. PCR was performed using Taq polymerase (Invitrogen). All reactions
were performed for 40 cycles with the following parameters: 94°C, 60 s; 55°C,
60 s; and 72°C, 90 s. Primers for amplification of Rab11a and Rab11b were
previously reported and are expected to generate 759bp (Rab11a) or 586bp
(Rab11b) PCR fragment (Cheng et al., 2006).

Immunoprecipitation and Proteomics
HeLa cell lysates from 20 10-cm plates were harvested in the presence of 1%
Triton X-100. Cell lysates were then incubated overnight with either 20 �g/ml
lysate of affinity-purified rabbit anti-FIP1/RCP antibodies or 20 �g/ml lysate
of purified nonspecific rabbit IgG, followed by addition of 100 �l of protein
A-Sepharose per 1 ml of lysate. Beads were then washed, eluted with 1% SDS,
and separated on a 7–14% gradient acrylamide gel. The resulting gel was
Coomassie-stained, and bands present only in the anti-FIP1/RCP immuno-
precipitate were isolated. Gel bands were cut in three equal sections and
in-gel digested using three proteases. Peptides were extracted from the gel
pieces with 0.1% TFA/60% acetonitrile and lyophilized. Dried peptide sam-
ples from each gel band were rehydrated and loaded onto a microcapillary
column (100-�m-inner-diameter fused silica) packed with 15 cm Aqua C18
reverse-phase material and then placed in-line with an LTQ linear trap mass
spectrometer. Peptides were eluted with 2-h mobile gradient of acetonitrile/
0.1% formic acid. Tandem mass spectra were analyzed using Sequest using a
human–mouse–rat database concatenated to a randomized human–mouse–
rat database. DTASelect was used to reassemble identified peptides into
proteins. Identified proteins were filtered at �5% FDR.

Yeast Two-Hybrid Assay
A series of bait constructs (in pGBKT7 vector) were constructed using the
following cDNAs: FIP1/RCP, FIP1/RCP(aa1-221), FIP1/RCP(aa221-649), FIP1/
RCP(aa535-649), FIP1/RCP(aa554-649), and Rip11/FIP5. For prey constructs, the
following cDNAs were inserted into pGAD vector: Golgin-97, Golgin-97(aa660-
767), Golgin-97(aa1-333), Golgin-97(aa394-767), Golgin-97(aa1-611), and Golgin-
97(aa603-767). A series of constitutively active GTP-bound Rab GTPases were
cloned into bait pGBKT7 vector and FIP1/RCP into prey pGAD vector. The
interaction between bait and prey was measured using DDO and QDO growth
assay according to manufacturer’s protocol (Clontech, Palo Alto, CA).

Anti-Tac Antibodies and STxB Uptake Assays
To generate Tac-TGN38 expressing HeLa cell line, Tac-TGN38 was cloned into
retroviral expression vector pLXIN (Clontech, Palo Alto, CA). A population of
HeLa cells, expressing the reporter construct, was generated by viral transduction.

For anti-Tac antibody uptake assays, mock- or FIP1/RCP siRNA-treated
stable HeLa cells expressing Tac-TGN38 were seeded on collagen-coated
coverslips in the presence of HEPES-buffered (final 20 mM HEPES) serum-
supplemented DMEM media. Cells were first and incubated with 10 �g/ml
anti-Tac antibodies for 1 h at 4°C to bind anti-tac antibody to plasma mem-
brane–associated tac-TGN38. Cells were then washed twice and incubated at
37°C for 3 h to allow anti-Tac antibody uptake and delivery to TGN. Cells
were then fixed and stained with anti-Tac and anti-RCP antibodies. The
tac-TGN38 localization to TGN or dispersed phenotypes were quantitated by
microscopy by counting at least 30 randomly chosen cells.

The Shiga toxin light chain was cloned into bacterial expression vector
pET22B (Novagen, Madison, WI), which introduced a signal peptide at the
toxins N-terminus, and 6His at its C-terminus. The toxin-encoding plasmid
was transformed into BL21 cells and protein-purified as previously described.
Internalized Shiga toxin was detected using mouse anti-6His mAb (Roche,
Penzberg, Germany).

For STxB uptake assays, mock- or FIP1/RCP siRNA-treated HeLa cells were
incubated with purified recombinant 6His-STxB at 18°C for 60 min to allow
internalization and accumulation of 6His-STxB in early endosomes. Retrograde
transport from early endosomes to TGN was then initiated by incubating cells at
37°C for 90 min. Cells were then fixed and stained with anti-FIP1/RCP and
anti-6His antibodies. STxB TGN localization or dispersed phenotype was quan-
titated by microscopy by counting at least 30 randomly chosen cells.

RESULTS

Rab11 Is Required for the Localization of TGN38 to TGN
Although Rab6 and Rab9 have been implicated in retrograde
transport from EE/LE to the TGN (Diaz and Pfeffer, 1998;
Del Nery et al., 2006; Burguete et al., 2008), the Rabs involved

Figure 3. FIP1/RCP is required for the transport of TGN38 from
endosomes to TGN. (A–E) HeLa cells treated with either mock
siRNA or FIP1/RCP siRNA were transfected with HRP-TGN38. (A)
FIP1/RCP siRNA-treated cells with panel showing mock-treated
cells; scale bars, 1 �m. (B and D) FIP1/RCP siRNA-treated cells in
the perinuclear region and periphery, respectively; scale bars, (B)
500 nm, (D) 1 �m. (C and E) Mock siRNA-treated cells in the
perinuclear region and periphery, respectively; scale bars, (C) 500
nm, (E) 1 �m. (F and) G) HeLa cells transfected with TGN38-HRP
and GFP-RBD; scale bars, (F) 500 nm, (G) 1 �m.
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in EE/RE-to-TGN transport are not well characterized. Al-
though overexpression of various Rab11 mutants inhibits
the retrograde transport of Shiga toxin and TGN38 to the
TGN (Wilcke et al., 2000), the specificity of these Rab11
mutants is controversial, and the precise isoform (Rab11a or
Rab11b) that regulates retrograde transport is unclear. We
therefore examined the roles of Rab11a and Rab11b GTPases
in retrograde transport of various cargo molecules. We first
investigated the localization of TGN38, a protein that cycles
between the plasma membrane, endosomes, and the TGN.
To that end, Tac-TGN38 stably expressing HeLa cells (HeLa-
Tac-TGN38) were transfected with siRNA to Rab11a,
Rab11b, or both (Figure 1A). As previously reported, in
mock-treated cells Tac-TGN38 was predominately localized
to the TGN (Figure 1, C and D, and E–G). The knockdown of
Rab11a or Rab11b alone had no effect on Tac-TGN38 local-
ization (Figure 1C), whereas knockdown of both isoforms
resulted in dispersal of TGN38 (Figure 1, D, H, and I). We
have showed that Rab11a and Rab11b are required for en-
dosomal recruitment of FIPs (Junutula et al., 2004; Wilson et
al., 2005). Indeed, Rab11a/b double knockdown causes the
redistribution of FIP1/RCP from endocytic membranes to
the cytosol, as assessed by membrane fractionation and
Western blotting (Figure 1B), resulting in significantly de-
creased punctuate FIP1/RCP staining (Figure 1I). Interest-
ingly, Rab11a/b knockdown also resulted in a slight de-
crease in FIP1/RCP (to 71.2% of mock) and FIP5/Rip11 (to
92.6% of mock) levels, suggesting that, once redistributed
to cytosol, these Rab11 effector proteins may be a subject to
increased degradation. Once again, this was not observed in
the knockdowns of single Rab11 isoforms (data not shown).
Thus, our data suggest that both Rab11 isoforms are redun-
dantly involved in retrograde transport of TGN38 from
EE/RE to the TGN.

The Rab11 Effector Protein, FIP1/RCP, Is Required for
Retrograde TGN38 Transport
Rab11 GTPases work by recruiting effector proteins to recy-
cling endosomes, but utilize different FIP proteins for their

different functions (for review see Jing and Prekeris, 2009).
Furthermore, our data already have shown that Rab11a/b
knockdown leads to the decreased cellular levels of some of
the FIPs. We therefore decided to test the role of different
FIPs in retrograde transport of TGN38 by using FIP-specific
siRNAs (Peden et al., 2004; Wilson et al., 2005; Schonteich et
al., 2008) to knockdown FIP5/Rip11, FIP1/RCP, and FIP3 in
HeLa -Tac-TGN38 cells (Figure 2A). Depletion of FIP1/RCP
resulted in redistribution of Tac-TGN38 from TGN to pe-
rinuclear punctuate organelles (Figure 2, B–J), whereas
knockdown of FIP3 or FIP5/Rip11 had little effect on Tac-
TGN38 distribution (Figure 2B). To confirm that these pe-
rinuclear punctuate organelles do not represent TGN, we
costained FIP1/RCP siRNA-treated cells with anti-Tac and
anti-Syntaxin 6 (the protein known to reside in the TGN)
antibodies. Consistent with the involvement of FIP1/RCP in
Tac-TGN38 transport to the TGN, there is little colocaliza-
tion between Tac-TGN38 and Syntaxin 6 in cells depleted of
FIP1/RCP (Figure 2, K–M). In contrast, in mock-treated
cells, Tac-TGN38, and Syntaxin 6 almost completely over-
lapped (data not shown). These results were further con-
firmed with two additional FIP1/RCP siRNAs (siRNAc and
siRNAd), which also resulted in redistribution of Tac-
TGN38 from the TGN to perinuclear punctuate organelles
(Supplemental Figure 1).

To further confirm that FIP1/RCP mediates TGN38 cy-
cling between endosomal organelles and the plasma mem-
brane, we incubated HeLa-Tac-TGN38 cells in the presence
of anti-Tac antibody and monitored antibody uptake into
HeLa cells. As previously reported, in the majority of mock-
treated cells (63.6%, n � 44; and data not shown) anti-Tac
antibody is delivered to the TGN. By contrast, depletion of
FIP1/RCP blocked the ability of the anti-Tac antibody to be
delivered to the TGN and resulted in its accumulation in
peripheral organelles (scattered distribution in 88% cells;
n � 36; and data not shown), most likely endosomes. To
further confirm the effect of FIP1/RCP knockdown on TGN
distribution, we transfected mock- or FIP1/RCP siRNA-
treated cells with TGN38-HRP and analyzed its distribution

Figure 4. Retrograde transport of STxB is impaired in
FIP1/RCP-depleted cells. (A and B) HeLa cells were
incubated with 6His-STxB at 18°C for 60 min to accu-
mulate in EE. Cells were then washed, fixed, and
stained with anti-FIP1/RCP (B) and anti-6His (A) anti-
bodies. (C–F and H–I) Mock- (C, D, and H) or FIP1/RCP
(E, F, and I) siRNA-treated HeLa cells were incubated
with 6His-STxB at 18°C for 60 min. Cells were then
washed, and retrograde transport of 6His-STxB from EE
to TGN was initiated by incubating cells at 37°C for 90
min. Cells were then fixed and stained with anti-FIP1/
RCP (D and F) and anti-6His (C, E, H, and I) antibodies.
H and I are higher-magnification images from the boxed
regions in C and E. (G) Quantitation of 6His-STxB lo-
calization (TGN or dispersed) in mock- or FIP1/RCP
siRNA-treated cells, after loading cells with 6His-STxB
at 18°C, followed by 90-min incubation at 37°C as in C–I.
n is the number of cells analyzed.
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by electron microscopy. In mock cells, as expected, TGN38-
HRP was found in the TGN, early endosomes, and recycling
vesicles and tubules (Figure 3, A, inset, C, and E, respec-
tively). However in cells treated with FIP1/RCP siRNAs,
there appeared to be less TGN38-HRP localized to the TGN,
when compared with mock-treated cells (Figure 3A). Fur-
thermore, some TGN38-HRP was found to mislocalize to
multivesicular bodies, presumably en route for degradation
(Figure 3, B and D).

To further test whether Rab11 and FIP1/RCP are required
for retrograde transport of TGN38, we transfected HeLa
cells with green fluorescent protein (GFP)-tagged Rab11-
binding domain (GFP-RBD), which was previously shown
to act as a dominant-negative inhibitor of all FIPs by com-
peting for binding to Rab11 (Junutula et al., 2004). As shown
in Figure 3, F and G, overexpression of GFP-RBD resulted in
the redistribution of TGN38-HRP to elongated tubular ele-
ments of the recycling endosome, with very little TGN38-
HRP observed in TGN.

The change in Tac-TGN38 localization could be the result
of either inhibition of its transport from endosomes to TGN
or of Golgi fragmentation. To exclude the latter possibility,
we analyzed the localization the TGN marker Golgin-97. As
shown in Supplemental Figure 2, there was no effect of
either Rab11a/b or FIP1/RCP knockdown on localization of
Golgin-97, suggesting that Rab11a/b or FIP1/RCP depletion
did not result in Golgi fragmentation.

Although FIP1/RCP has been described as a Rab11a/b
interacting protein (Lindsay et al., 2002; Peden et al., 2004), its
ability to interact with other Rab GTPases has not been
extensively studied. Therefore, we cannot fully rule out the
possibility that in addition to Rab11a/b, FIP1/RCP may
bind to other Rab GTPases involved in the retrograde path-
way, for instance Rab5, Rab6, Rab7, and Rab9 (Diaz et al.,
1997; Diaz and Pfeffer, 1998; Burguete et al., 2008; Rojas et al.,
2008). Furthermore, a recent report suggested that FIP1/
RCP may bind Rab14 in vitro (Kelly et al., 2009). We
therefore tested the ability of FIP1/RCP to bind to all
other Rab GTPases using yeast two-hybrid assays. We
found that only Rab11a/b and to a lesser extent Rab25
interacted with FIP1/RCP (Supplemental Figure 3A). No-
tably, we did not detect any interactions between Rab14
and FIP1/RCP, perhaps because in our yeast two-hybrid
assay we used �His,�Leu,�Trp,�Ade selection, which
favors only high-affinity interactions. To further test
whether Rab14 binds to FIP1/RCP, we used glutathione
bead– binding assays. As shown in Supplemental Figure
3B, we could not detect any interaction between Rab14
and FIP1/RCP or FIP5/Rip11, at least at affinities compa-
rable to GTP-dependent Rab11 binding (50 –100 nM).
These data indicate that effects of FIP1/RCP on retrograde
transport are indeed likely mediated by Rab11a/b, and
not other Rab GTPases.

Figure 5. FIP1/RCP is not required for CI-MPR6 ret-
rograde transport. (A–I) Mock- (A–C), Rab11a/b (D–F),
or FIP1/RCP (G–I) siRNA-treated HeLa cells, stably
expressing CD8-CI-MPR6, were fixed and stained with
anti-FIP1/RCP (B, E, and H, red channel) and anti-CD8
(A, D, and G, green channel) antibodies. (J) Quantitation
of CD8-CI-MPR6 localization (TGN or dispersed) in
mock- or FIP1/RCP siRNA-treated HeLa cells. n is the
number of cells analyzed.
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FIP1/RCP Mediates Retrograde Transport via EE/RE-to-TGN
But Not EE/LE-to-TGN Pathway
Like TGN38, STxB and VAMP4, also traffic to the TGN via
EE/RE (Rohn et al., 2000; Popoff et al., 2007; Tran et al., 2007)
and thus also may require Rab11a/b and FIP1/RCP. There-
fore, we have performed an STxB uptake assay to further
confirm the role of Rab11a/b and FIP1/RCP in the EE/RE-
to-TGN trafficking pathway. Toward this objective, we in-
cubated HeLa cells at 18°C in the presence of STxB. It has
been shown that STxB binds to the plasma membrane from
where it is endocytosed to EE, where it is sorted away from
the degradative pathway to RE, before being transferred to
the TGN (Mallard et al., 1998; Sandvig and van Deurs, 2005).
Incubation of HeLa cells at 18°C accumulates STxB in EE
(Figure 4, A and B). Retrograde transport of STxB from EE to
the TGN can then initiated by shifting cells to 37°C. As
shown in Figure 4, C, D, G, and H, most of STxB is trans-
ported to the TGN after 90-min incubation at 37°C. The
knockdown of FIP1/RCP accumulated StxB in perinuclear
punctuate organelles (Figure 4, E–G and I), indicating that
FIP1/RCP may indeed be a general regulator of cargo trans-
port from EE/RE to the TGN. This was further confirmed by
the redistribution of VAMP4 from the TGN to peripheral
punctuate organelles upon FIP1/RCP knockdown (Supple-
mental Figure 4).

In contrast to STxB, VAMP4 and TGN38, MPRs take the
EE/LE route to the TGN (Diaz and Pfeffer, 1998; Barbero et
al., 2002) and require Rab9 GTPase and its possibly effector
protein TIP47. To test whether Rab11a/b and FIP1/RCP
may also regulate the EE/LE-to-TGN pathway, we analyzed
the distribution of endogenous CI-MPR in mock-, Rab11a/b,

or FIP1/RCP siRNA-treated cells. CI-MPR was enriched at
the TGN, as expected, in majority of the mock cells (Figure
5, A–C; Supplemental Figure 5, A–C), and Rab11a/b or
FIP1-RCP knockdown had no effect on its distribution (Fig-
ure 5, D–I, Supplemental Figure 5, D–F). These results were
confirmed using CD8-tagged CI-MPR–expressing HeLa
cells. Similarly to endogenous CI-MPR, CD8-tagged CI-MPR
was enriched in the TGN region in the majority of cells
(79.6%; n � 53; Figure 5J) and was not affected by FIP1/RCP
knockdown (Figure 5J), suggesting that Rab11a/b and FIP1/
RCP are not involved in the retrograde transport from EE/LE.

Golgin-97 Is a FIP1/RCP-Binding Protein
Rab11/FIP complexes were demonstrated to act as scaffold-
ing complexes that mediate the binding of other membrane
transport proteins (for review see Jing and Prekeris, 2009).
FIP1/RCP has been shown to mediate recycling from endo-
somes to the plasma membrane (Damiani et al., 2004; Peden
et al., 2004; Caswell et al., 2008), as well as EE/RE to the TGN
(above). To identify the proteins that interact with FIP1/
RCP-Rab11 scaffolding complex, we immunoprecipitated
FIP1/RCP from HeLa cell lysates using anti-FIP1/RCP an-
tibodies and analyzed the specific immunoisolated protein
bands by mass spectrometry (Figure 6, A and B). Among the
reproducibly FIP1/RCP-complexed proteins were Hsp70,
Golgin-97, dynamin, and Hook related protein1 (HkRP1).
Because, Golgin-97 is known to be recruited to the TGN
through an interaction with Arl1-GTP (Lu et al., 2006) and
already has been proposed to function as a tethering factor
in endosome-to-TGN retrograde traffic (Lu et al., 2004), we
focused further on this interaction.

Figure 6. Golgin-97 is a FIP1/RCP-binding protein.
(A and B) FIP1/RCP was immunoprecipitated from
HeLa cell lysate with anti-FIP1/RCP antibodies. The
candidate bands in the anti-FIP1/RCP but not the
nonspecific IgG lane were cut from the gel and an-
alyzed by MS/MS-LCQ. The immunoprecipitation
and subsequent proteomic analysis was done three
times. Only proteins identified all three times are
listed in the figure. (C) FIP1/RCP or FIP5/Rip11
were immunoprecipitated from HeLa cell lysate
with anti-FIP1/RCP or anti-FIP5/Rip11 antibodies
and analyzed for the presence of Golgin-97 by West-
ern blotting with anti-Golgin-97 antibody. (D) FIP1/
RCP was immunoprecipitated from HeLa cells trans-
fected with GFP-Golgin-97. Precipitate was then
analyzed for the presence of FIP1/RCP, Golgin-97,
and GFP-Golgin-97.
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We first examined the specificity of FIP1/RCP and Golgin-97
interaction by performing immunoprecipitation experiments
with anti-FIP1/RCP or anti-FIP5/Rip11 antibodies. Consis-
tent with our mass spectrometry data, Golgin-97 binds spe-
cifically to FIP1/RCP, as it coprecipitated only with FIP1/
RCP, but not with FIP5/Rip11 (Figure 6, C and D). To
further confirm FIP1/RCP binding to Golgin-97, we have
conducted immunoprecipitation experiments using anti-
FIP1/RCP antibodies from HeLa cells expressing GFP-Gol-
gin-97. As shown in Figure 6D, GFP-Golgin-97 also coim-
munoprecipitated with FIP1/RCP antibodies.

To determine whether FIP1/RCP directly binds to Golgin-
97, we tested the interaction using yeast two-hybrid system.
Indeed, FIP1/RCP, but not FIP5/Rip11, interacted directly
with Golgin-97 (Figure 7A). By contrast, Golgin-97 did not
bind directly to Rab11a (data not shown). Furthermore, Gol-
gin-97 truncation analyses revealed that FIP1/RCP binds to
Golgin-97 via a region distinct from the GRIP domain (Fig-
ure 7B), which mediates Arl1-dependent recruitment of Gol-
gin-97 to the TGN (Lu and Hong, 2003; Panic et al., 2003).

These binding data are consistent with the lack of the effect
of FIP1/RCP on targeting Golgin-97 to the TGN (Supple-
mental Figure 2). To further test whether Golgin-97(aa603-
767) is sufficient to mediate Golgin-97 binding to FIP1/RCP,
we incubated glutathione beads bound to either glutathi-
one S-transferase (GST) alone or GST-FIP1/RCP with re-
combinant 6His-Golgin-97(aa603-767). As shown in the
Figure 7, D and E, 6His-Golgin-97(aa603-767) directly in-
teracted with GST- FIP1/RCP. To further confirm that
Golgin-97(aa603-767) directly binds to FIP1/RCP, we also
incubated beads bound to GST-Golgin-97(aa603-767) with
recombinant 6His-FIP1/RCP. Once again, 6His-FIP1/RCP
bound to GST-Golgin-97(aa603-767) but not GSTR alone
(Figure 7E).

FIP1/RCP truncation analysis was also performed to
identify the Golgin-97–binding motif. Residues 535-554 of
FIP1/RCP were required for Golgin-97 binding (Figure 7C),
and this is distinct from the Rab11-interaction motif that is
shown to be localized at the very C-terminus of FIPs (Prek-
eris et al., 2000; Eathiraj et al., 2006; Jagoe et al., 2006).

Figure 7. Mapping the binding between Golgin-97 and FIP1/RCP. (A) The interactions between different truncation mutants of Golgin-97,
FIP1/RCP, and FIP5/Rip11 were analyzed using the yeast two-hybrid assay. Growth of three separate yeast clones in �Leu/�Trp and
�Leu/�Trp/�His/�Ade plates were analyzed for each binding combination. (B and C) Truncation analyses of binding between Golgin-97
and FIP1/RCP were carried out using the yeast two-hybrid assay. Three different yeast clones were analyzed for each binding combination
and the results summarized as binding (�) or not (�). (D and E) To confirm the yeast two-hybrid assays, 6His-Golgin-97(aa603-767) or
GST-Golgin-97(aa603-767) was expressed using the baculovirus system and purified using Ni2� chromatography (see Coomassie gel in the
bottom panel). (E, left) Purified recombinant 6His-Golgin-97(aa603-767) was incubated with glutathione beads coated with either GST alone
or GST-FIP1/RCP. Beads were then washed and presence of 6His-Golgin-97(aa603-767) tested by immunoblotting with anti-His6. (E, right)
Recombinant 6His-FIP1/RCP was incubated with glutathione beads coated with either GST alone or GST-Golgin-97(aa603-767). Beads were
then washed and presence of 6His-FIP1/RCP tested by immunoblotting with anti-FIP1/RCP antibody.
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The Golgin-97-GRIP domain is sufficient for the recruit-
ment of Golgin-97 to TGN (Lu and Hong, 2003; Panic et al.,
2003) and furthermore can act as a dominant negative mu-
tant blocking STxB and TGN38 transport to the TGN, pre-
sumably by competing with endogenous Golgin-97 for bind-
ing to Arl1 (Lu et al., 2004). GFP-Golgin-97(aa603-767) could
also be targeted to the TGN (Figure 8A), albeit less efficiently
than full-length GFP-Golgin-97 (data not shown). Interest-
ingly, unlike the GRIP domain, GFP-Golgin-97(603-767) did
not act as a dominant negative mutant, suggesting that
Golgin-97(603-767) is sufficient to mediate targeting and
tethering of TGN38-containing retrograde transport carriers.

To confirm this, we tested whether Golgin-97(603-767)
could rescue Golgin-97 siRNA-treated cells. As shown in
Figure 8, D–G, transfection of HeLa cells with Golgin-97
siRNA resulted in �80% reduction of endogenous Golgin-
97, resulting in expected dispersal of Tac-TGN38 (Figure 8,
H–J). Interestingly, peripherally distributed Tac-TGN38
structures also contained Syntaxin 6 (Figure 8I), a known
TGN SNARE, that cycles between the TGN and EE/RE, and
binds VAMP4. Thus, Golgin-97, like Rab11a/b and FIP1/
RCP also may play a role in retrograde transport from

EE/RE to the TGN. However, Golgin-97 knockdown only
partially affected Tac-TGN38 retrograde transport, consis-
tent with a previous report of another Golgin (GCC88) also
mediate retrograde transport from EE/RE to the TGN (Lieu
et al., 2007). As shown in the Figure 8, K–M, transfection of
Golgin-97–depleted cells with GFP-Golgin-97(603-767) fully
rescued the effects of Golgin-97 knockdown on Tac-TGN38
and Syntaxin 6 (data not shown), indicating that this domain
is indeed sufficient for retrograde transport to the TGN.

FIP1/RCP Depletion Results in Endosomal Accumulation
of TGN38
The data presented above suggest that FIP1/RCP may be
required for retrograde carrier tethering and subsequent
fusion with the TGN. Thus, one would predict that inhibi-
tion of FIP1/RCP-dependent tethering would result in ac-
cumulation of retrograde cargo in EE and RE. One of the
molecules that was shown to play a key role in mediating
the sorting and budding of retrograde transport carriers is
the retromer complex (Bonifacino and Hurley, 2008). The
retromer complex is required for transport of several differ-
ent cargo proteins, including STxB and MPRs (Arighi et al.,

Figure 8. GFP-Golgin-97(aa603-767) localizes
to TGN and is sufficient to mediate tac-TGN38
retrograde transport. (A–C) HeLa-Tac-TGN38
cells were transfected with GFP-Golgin-97(aa603-
767). Cells were then fixed and stained with
anti-Tac antibodies (B). Yellow in C repre-
sents the degree of overlap between GFP-Gol-
gin-97(aa603-767, green) and Tac-TGN38 (red).
(D–G) Mock- (D and E) or Golgin-97 siRNA-
treated (F and G) cells were fixed and stained
with anti-Syntaxin 6 (D and F) and anti-Gol-
gin-97 (E and G) antibodies. Inset in E is an
anti-Golgin-97 immunoblot of lysates from
mock- or Golgin-97 siRNA-treated cells show-
ing the extent of Golgin-97 knockdown. (H–J)
HeLa cells stably expressing Tac-TGN38 were
treated with Golgin-97 siRNA. Cells were then
fixed and stained with anti-Syntaxin 6 and anti-
tac antibodies. Number in H is the percentage
of cells exhibiting shown phenotype. n is the
number of cells analyzed. Yellow in J repre-
sents the degree of overlap between Syntaxin 6
and tac-TGN38. Arrow in high-magnification
insets point to cytosolic organelles containing
Syntaxin 6 and Tac-TGN38. (K–M) HeLa cells
stably expressing tac-TGN38 were treated with
Golgin-97 siRNA and GFP-Golgin-97(aa603-
767). Cells were then fixed and stained with
anti-Tac antibodies. Yellow in M represents
the degree of overlap between GFP-Golgin-
97(aa603-767) and Tac-TGN38.

FIP1/RCP Is a Golgin-97–binding Protein

Vol. 21, September 1, 2010 3049



2004; Popoff et al., 2007; Seaman, 2007). To test whether
knockdown of FIP1/RCP would cause accumulation of Tac-
TGN38 in endosomes, we analyzed colocalization between
sorting nexin 1 (SNX1, component of retromer complex and
an EE marker) and Tac-TGN38 in FIP1/RCP siRNA-treated
HeLa cells. In untreated HeLa cells, the majority of Tac-
TGN38 is present in the TGN and have little colocalization
with SNX1 (Figure 9, A–C). In contrast, there is an increase
in colocalization between SNX1 and tac-TGN38 in FIP1/
RCP depleted cells (Figure 9, J–L).

We also tested colocalization between tac-TGN38 and re-
cycling endosome marker transferrin receptor (Tf). Consis-
tent with the data presented above, in FIP1/RCP siRNA-
treated cells, Tac-TGN38 could be detected in Tf-containing
RE (Figure 9, A–C), suggesting that depletion of FIP1/RCP
results in accumulation of Tac-TGN38 in the EE/RE com-
partment.

Other factors involved in retrograde transport between
endosomes and TGN are clathrin and the clathrin-binding
protein EpsinR (Lauvrak et al., 2004; Saint-Pol et al., 2004;
Miller et al., 2007; Chidambaram et al., 2008). Recent data
suggest that some of the EE/RE retrograde pathway cargoes
also require clathrin and EpsinR and may be retromer inde-

pendent (Saint-Pol et al., 2004). Thus, we tested colocaliza-
tion between Tac-TGN38 and EpsinR in mock- and FIP1/
RCP siRNA-treated cells. In mock cells some colocalization
could be observed between Tac-TGN38 and EpsinR (Figure
9, D–F). All colocalization was limited to TGN, because
peripherally distributed EpsinR organelles did not contain
Tac-TGN38 (Figure 9, D–F). In contrast, FIP1/RCP knock-
down caused an increase in Tac-TGN38 and EpsinR colocal-
ization in peripheral organelles (Figure 9, M–P).

DISCUSSION

Several proteins have been implicated in mediating retro-
grade transport from endosomes to the TGN. Sorting com-
plexes, such as the retromer complex, epsinR, and clathrin
were all shown to function as “coats” in regulation of cargo
sorting and budding of endocytic retrograde carriers (Saint-
Pol et al., 2004; Popoff et al., 2007; Bonifacino and Hurley,
2008). On the other hand, proteins belonging to the Golgin
family (Golgin-97, Golgin-245, GCC88, and GCC185) were
demonstrated to localize to TGN and act as tethering factors
that regulate the targeting and fusion of retrograde carriers
with the TGN (Gillingham and Munro, 2003). Because dif-

Figure 9. TGN38 partially colocalizes with TfR,
EpsinR, and retromer complex in FIP1/RCP knock-
down cells. (A–C and J–L) Mock- (A–C) or FIP1/RCP
siRNA-treated (J–L) HeLa-Tac-TGN38 cells were fixed
and stained with anti-SNX1 (green) and anti-Tac (red)
antibodies. Arrows in J–L point to organelles where
TGN38 and SNX1 overlap. (D–F and M–P) Mock- (D–F)
or FIP1/RCP siRNA-treated (M–P) HeLa-Tac-TGN38
cells were fixed and stained with anti-EpsinR (red) and
anti-Tac (green) antibodies. Arrows in M–P point to
organelles where TGN38 and EpsinR overlap. (G–I)
FIP1/RCP siRNA-treated HeLa-Tac-TGN38 cells were
incubated with Tf-594 (5 �g/ml) for 30 min at 37°C.
Cells were then washed, fixed, and stained with anti-
Tac (A and C, green) antibodies. Arrows point to or-
ganelles where TGN38 and Tf overlap.
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ferent cargo proteins use distinct retrograde membrane
transport pathways, it is generally believed that sorting and
tethering factors determine the specificity of these retro-
grade transport pathways. In addition to Golgins and sort-
ing complexes, several Rab GTPases have been reported to
regulate retrograde protein transport. In this study we focus
on understanding the role of Rab11 in regulating retrograde
transport and show that Rab11a and Rab11b are specifically
and redundantly required for cargo transport from EE/RE
to the TGN, while having no effect on EE/LE pathway. We
also show that FIP1/RCP is Rab11 effector, involved in
retrograde transport of TGN38, STxB, and VAMP4 but not
CI-MPR6, suggesting that FIP1/RCP is required specifically
for the retrograde transport from EE/RE. Note, that the
depletion of FIP3 and FIP5/Rip11 did have a minor effect on
TGN38 retrograde delivery to the TGN, which is likely
indirect, because FIP3 and FIP5/Rip11 were shown to affect
protein transport via RE (Hickson et al., 2003; Wilson et al.,
2005; Horgan et al., 2007; Schonteich et al., 2008).

Work from several laboratories has shown that FIPs act as
scaffolding factors mediating the recruitment of other mem-
brane transport proteins to endosomes. We, therefore, iso-
lated FIP1/RCP binding proteins by immunoprecipitation
with anti-FIP1/RCP antibodies and identified Golgin-97 as
binding partner for FIP1/RCP. The interactions between
Golgin-97 and FIP1/RCP were also confirmed by yeast two-
hybrid and glutathione bead pulldown assays. Golgin-97
belongs to a TGN-localized family protein with C-terminal
conserved GRIP domain and upstream long extensive
coiled-coil domain (Munro and Nichols, 1999; Gillingham
and Munro, 2003). Other members of the family proteins are
Golgin-245, GCC88, and GCC185. Golgin-97 and Golgin-245,
and GCC88 are all required for retrograde transport from
endosomes to the TGN, because the retrograde transport is
perturbed by siRNA-mediated depletion of Golgin-97,
GCC88, and Golgin-245 or by overexpression of dominant-
negative Golgin mutants (Lu et al., 2004; Yoshino et al., 2005;
Reddy et al., 2006; Derby et al., 2007; Lieu et al., 2007). It was
suggested that retrograde carriers containing different cargo

proteins are tethered to the TGN by different Golgins, al-
though it remains somewhat unclear which Golgin regulate
what retrograde transport pathways (Lu et al., 2004; Yoshino
et al., 2005; Reddy et al., 2006; Derby et al., 2007; Lieu et al.,
2007; Burguete et al., 2008). Furthermore, based on several
previous studies, Golgins appear to have some functional
redundancy. For instance, retrograde transport of STxB was
blocked by siRNA-dependent depletion of Golgin-245,
GCC185, and Golgin-97 (Lu et al., 2004; Yoshino et al., 2005;
Reddy et al., 2006; Derby et al., 2007; Lieu et al., 2007).
Similarly, the retrograde transport of TGN38 was also af-
fected by knockdown of GCC88 and Golgin-97 (Lieu et al.,
2007). It is likely that some effects are due to the indirect
effect of depletion of Golgins of TGN structure. For example,
Golgin-245 is required for the correct positioning of Golgi
membranes at the microtubule-organizing center (MTOC;
Yoshino et al., 2005), and knockdown of Golgin-245 and
GCC185 causes fragmentation of Golgi structure (Yoshino et
al., 2005; Derby et al., 2007). Thus, besides their role as
tethering factors in the retrograde pathway, Golgins also
function in maintaining Golgi structure.

The interaction between Golgin-97 and FIP1/RCP sug-
gests that FIP1/RCP may act as a tethering factor, which
mediates EE/RE-derived retrograde carrier docking and
subsequent fusion at the TGN. Similarly, Pfeffer and col-
leagues recently reported that GCC185 binding to Syn-
taxin10 regulates the tethering and fusion of Rab9-positive
vesicles derived from LE/EE (Burguete et al., 2008; Ganley et
al., 2008). Thus, the formation of GCC185/Syntaxin10– or
Golgin-97/FIP1–tethering complexes may be the determi-
nants of specificity of retrograde carrier targeting and dock-
ing at TGN. Consistent with this, we show that Golgin-
97(603-767), containing the minimal FIP1/RCP-binding
motif and GRIP domain, is sufficient to mediate TGN38
transport from EE/RE to the TGN. Furthermore, FIP1/RCP
knockdown results in accumulation of TGN38 in endocytic
organelles containing the retromer complex (SNX1), EpsinR,
and transferrin receptor.

Figure 10. Working model for FIP1/RCP function in retrograde transport. (A) FIP1/RCP is required for TGN38 and Shiga toxin retrograde
transport via recycling endosomes. (B) Schematic representation of FIP1/RCP and Golgin-97 roles in tethering retrograde endocytic carriers
to TGN.
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In summary, we propose that FIP1/RCP is involved in the
retrograde transport of cargo from EE/RE, and that FIP1/
RCP binding to Golgin-97 mediates retrograde carrier tar-
geting and tethering to the TGN (Figure 10B). We and others
have previously reported that FIP1/RCP also regulates
transferrin receptor and integrin recycling via REs (Peden et
al., 2004; Jin and Goldenring, 2006). Thus, it is likely that
FIP1/RCP is a multifunctional protein that regulates trans-
port of proteins via RES to both, plasma membrane and the
TGN. Further studies will be needed to determine the mo-
lecular mechanisms differentiating FIP1/RCP roles in these
two different pathways.
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