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A novel tribasic Golgi export signal directs cargo 
protein interaction with activated Rab11 and 
AP-1–dependent Golgi–plasma membrane 
trafficking

ABSTRACT The reovirus fusion–associated small transmembrane (FAST) proteins comprise a 
unique family of viral membrane fusion proteins dedicated to inducing cell–cell fusion. We 
recently reported that a polybasic motif (PBM) in the cytosolic tail of reptilian reovirus p14 
FAST protein functions as a novel tribasic Golgi export signal. Using coimmunoprecipitation 
and fluorescence resonance energy transfer (FRET) assays, we now show the PBM directs in-
teraction of p14 with GTP-Rab11. Overexpression of dominant-negative Rab11 and RNA in-
terference knockdown of endogenous Rab11 inhibited p14 plasma membrane trafficking and 
resulted in p14 accumulation in the Golgi complex. This is the first example of Golgi export 
to the plasma membrane that is dependent on the interaction of membrane protein cargo 
with activated Rab11. RNA interference and immunofluorescence microscopy further re-
vealed that p14 Golgi export is dependent on AP-1 (but not AP-3 or AP-4) and that Rab11 
and AP-1 both colocalize with p14 at the TGN. Together these results imply the PBM medi-
ates interactions of p14 with activated Rab11 at the TGN, resulting in p14 sorting into AP1-
coated vesicles for anterograde TGN–plasma membrane transport.

INTRODUCTION
Trafficking of integral membrane proteins to their correct final desti-
nation in specific membrane compartments is essential for normal 
cell function. Generally, membrane proteins are cotranslationally 
inserted into the ER membrane directed by a signal peptide 
(Zimmermann et al., 2011). These proteins are folded and posttrans-
lationally modified as they traffic from the ER to the Golgi complex 
and trans-Golgi network (TGN) via the anterograde secretory path-
way and are then sorted into vesicular carriers for transport to the 
plasma membrane or other membrane organelles (Stenmark, 2009). 

Integral plasma membrane proteins are also retrieved from the 
plasma membrane by endocytosis and recycled back to the plasma 
membrane or rerouted to lysosomes or other endocytic compart-
ments (Welz et al., 2014). The two major sorting hubs for antero-
grade and retrograde trafficking—the TGN exocytic hub and the 
recycling endocytic hub, respectively—are closely entwined in the 
perinuclear region of cells (Ang et al., 2004; Lock and Stow, 2005; 
Cancino et al., 2007; Folsch et al., 2009). Considerable effort has 
been expended on discerning the determinants of cargo protein 
sorting and the pathways and mechanisms regulating post-Golgi 
membrane protein trafficking, but our understanding of these pro-
cesses is far from complete.

Rabs are the largest subfamily of the Ras superfamily of small 
GTPases and are master regulators of vesicular trafficking (Stenmark, 
2009; Hutagalung and Novick, 2011). Rabs exist in two forms—an 
activated, GTP-bound form and an inactive, GDP-bound form. 
Guanine nucleotide exchange factors (GEFs) convert inactive GDP-
bound Rabs into the active GTP-bound form, and GTPase-activating 
proteins enhance the Rab GTPase activity, converting the active Rab 
back into the inactive GDP-bound state. In their active, GTP-bound 
form, Rab GTPases stably partition into the cytosolic face of 
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The reptilian reovirus p14 protein is a member of a unique family 
of virus-encoded, fusion-associated small transmembrane (FAST) 
proteins. FAST proteins are the smallest known membrane fusion 
proteins (95–198 residues) and are encoded by the fusogenic reovi-
ruses, the only known nonenveloped viruses that induce syncytium 
formation (Boutilier and Duncan, 2011). FAST proteins are not con-
stituents of virus particles, but are instead nonstructural viral pro-
teins that are synthesized inside virus-infected cells, where they traf-
fic through the ER–Golgi pathway to the plasma membrane to 
induce cell–cell membrane fusion. All FAST proteins are bitopic 
membrane proteins with a single transmembrane domain separat-
ing exceedingly small ectodomains (∼19–40 residues) from equiva-
lent-sized or considerably larger cytoplasmic endodomains (∼40–
140 residues; Ciechonska et al., 2014). The p14 FAST protein is a 
125-residue protein with a 36-residue myristoylated N-terminal 
ectodomain and 68-residue cytoplasmic endodomain (Corcoran 
and Duncan, 2004). The endodomain contains a membrane-proxi-
mal cluster of basic residues called the polybasic motif (PBM). We 
recently determined that p14 PBM functions as a novel tribasic, au-
tonomous Golgi export signal (Parmar et al., 2014b). In the present 
study, we exploited the simple domain organization and trafficking 
determinants of the p14 FAST protein to determine how this novel 
PBM Golgi export signal influences p14 trafficking from the Golgi 
complex to the plasma membrane. Results indicate a newly identi-
fied role for activated Rab11 interaction with membrane cargo at 
the TGN required for sorting into AP-1–coated vesicles and antero-
grade Golgi-to-plasma membrane trafficking.

RESULTS
Rab11 is required for p14 trafficking from the Golgi 
complex to the plasma membrane
Alanine substitution of the six basic residues in the cytoplasmic, 
membrane-proximal PBM of p14 results in p14 accumulation in the 
Golgi, identifying this motif as a cis-acting Golgi export signal 
(Parmar et al., 2014b). A yeast two-hybrid screen using the cytoplas-
mic endodomain of p14 as bait identified Rab11A as a potential p14 
interaction partner. To determine whether Rab11 has any involve-
ment in p14 trafficking to the plasma membrane, Rab11A activity 
was inhibited in p14-expressing HeLa cells by transient coexpres-
sion of dominant-negative Rab11A-S25N. Western blotting using 
anti-Rab11A antibody confirmed overexpression of the Rab11A 
constructs (Figure 1A). Surface expression of p14 was quantified by 
flow cytometry using a p14 antiserum specific for the N-terminal p14 
ectodomain (anti-p14ecto). To remove complications arising from 
p14-induced syncytium formation (syncytia are incompatible with 
flow cytometry), we used a fusion-dead p14-G2A construct (hereaf-
ter referred to simply as p14) for all experiments. Previous studies 
indicate that p14-G2A traffics to the plasma membrane as efficiently 
as authentic p14 (Parmar et al., 2014a,b). Overexpression of Rab11A-
S25N reduced p14 surface expression by ∼50%, whereas overex-
pression of wild-type Rab11A or constitutively active Rab11A-Q70L 
had no effect on p14 plasma membrane trafficking (Figure 1B).

To confirm the dominant-negative Rab11A results, we knocked 
down Rab11 in HeLa cells using RNA interference (RNAi) to target 
Rab11A or Rab11B, either individually or in combination. RNAi-
mediated knockdown of Rab11A by ∼60–70% (Figure 1C) re-
sulted in a significant reduction in p14 surface expression by 
∼50–60% in cells transfected with small interfering RNA (siRNA) 
targeting Rab11A or Rab11B and by ∼70% in cells containing 
both siRNAs (Figure 1D). Efficient trafficking of p14 to the plasma 
membrane is therefore dependent on Rab11. A primary function 
of Rab11 is receptor recycling to the plasma membrane after 

membranes via prenyl groups covalently attached to C-terminal cys-
teines. Localization of individual Rabs to distinct membrane com-
partments and distinct domains within a given compartment is un-
der complex regulation by numerous factors, including GDP 
dissociation inhibitors (GDIs), GDI dissociation factors, and GEFs 
(Barr, 2013; Pfeffer, 2013). Phosphoinositide lipids also provide lo-
calization signals for Rabs, typified by the well-characterized interac-
tion of Rab5 with phosphatidylinositol 3-phosphate (PI3P) in early 
endosomes (Vicinanza et al., 2008; Santiago-Tirado and Bretscher, 
2011). Coincidence detection of phosphoinositides, small GTPases, 
and cargo protein–trafficking motifs localize cargo to specific organ-
elle microdomains for assembly into transport vesicles.

Studies over the last few years indicate the involvement of com-
plex cascades of small GTPases that sort cargo into adaptor protein 
(AP)–coated vesicles or tubules. APs are heterotetrameric com-
plexes comprising two large subunits (γ, α, δ, ε, ζ, and β1-5), a me-
dium subunit (μ1-5), and a small subunit (σ1-5; Hirst et al., 2013). 
Among the various APs, AP-1, AP-3, and AP-4 complexes form dis-
tinct vesicles at the TGN for trafficking to endosomes, lysosomes, or 
the plasma membrane. AP-2 is involved in vesicle formation at the 
plasma membrane for endocytosis and trafficking to early endo-
somes; AP-5 is localized to late endosomes, but its precise function 
is unclear (Ohno, 2006; Hirst et al., 2013; Popova et al., 2013). Sort-
ing cargo into the correct transport pathway is a key step during 
vesicle formation. Diverse mechanisms exert an influence on this 
process, including cargo protein interactions with subunits of adap-
tor coat complexes and with Arf- and Rab-family GTPases (Giraudo 
and Maccioni, 2003; Mellman and Nelson, 2008; Donaldson and 
Jackson, 2011; Aloisi and Bucci, 2013). In the case of post-Golgi 
biosynthetic transport to the plasma membrane, there are only two 
well-described linear amino acid sorting motifs: tyrosine-based mo-
tifs (e.g., Yxxφ and NPxY, where x is any residue and φ is a bulky hy-
drophobic residue) and dileucine-based motifs (Hunziker et al., 
1991; Hunziker and Fumey, 1994; Nishimura et al., 2002; Rodriguez-
Boulan et al., 2005). These motifs generally function via interactions 
with subunits of AP complexes (Ohno et al., 1995; Honing et al., 
1998; Mardones et al., 2013; Jia et al., 2014), and their role is more 
in sorting than Golgi export, since altering these motifs usually leads 
to cargo protein mislocalization, not failure to exit the Golgi com-
plex (Brewer and Roth, 1991; Rajasekaran et al., 1994).

Of particular importance to post-Golgi protein trafficking is 
Rab11. Rab11 is most commonly associated with trafficking through 
the recycling endosome compartment. Recycling endosomes are 
broadly distributed throughout the cytoplasm, with a concentration 
in the perinuclear region (Welz et al., 2014). Perinuclear Rab11-pos-
itive recycling endosomes are juxtaposed with the TGN, but at 
steady state, these two compartments remain largely distinct, with 
only minimal overlap between the staining patterns of Rab11 and 
TGN markers (Chen et al., 1998; Lock and Stow, 2005; Cheng et al., 
2011; Cheng and Filardo, 2012). Nonetheless, there is extensive 
transient interaction between the TGN and recycling endosomes 
during both anterograde and retrograde flow of cargo vesicles be-
tween the TGN and plasma membrane. There are three isoforms of 
Rab11: Rab11A, Rab11B, and Rab11C (also known as Rab25; Kelly 
et al., 2012; Welz et al., 2014). Rab11A is ubiquitously expressed 
(Kikuchi et al., 1988; Sakurada et al., 1991), Rab11B is predominantly 
expressed in the brain, heart, and testes (Lai et al., 1994), and Rab25 
is expressed in the kidney, lung, and gastric tract (Goldenring et al., 
1993). The few examples of Rab11 interaction with cargo proteins 
involve recycling to the plasma membrane, not transport through 
the biosynthetic anterograde pathway (Hamelin et al., 2005; van de 
Graaf et al., 2006; Wikstrom et al., 2008; Parent et al., 2009).
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Immunofluorescence microscopy was used to examine p14 sub-
cellular localization under conditions of limiting Rab11 activity. Con-
focal microscopy of HeLa cells cotransfected with p14 and nontar-
geting control siRNA showed punctate p14 staining throughout the 
cytosol radiating out to the cell periphery, with only minimal colocal-
ization with the PI4KIIIβ Golgi marker (Figure 2). This is the typical 
staining pattern of p14 undergoing anterograde vesicular transport 
to the plasma membrane (Parmar et al., 2014b). In contrast, cells 
expressing the p14PA construct, which contains a polyalanine sub-
stitution of the PBM, showed intense colocalization with PI4KIIIβ 
(Figure 2), evident both visually and by quantifying the Pearson’s r 
for 10 cells from each of two independent experiments (Figure 2). 

endocytosis (Hamelin et al., 2005; Wikstrom et al., 2008; 
Stenmark, 2009). To examine whether reduced p14 plasma mem-
brane localization in the presence of Rab11A-S25N reflected in-
hibited p14 endocytic recycling, we used expression of a Rab5 
dominant-negative mutant (Rab5-S34N) to inhibit endocytosis. 
Rab5-S34N effectively inhibited endocytosis, as shown by in-
creased surface levels of the transferrin receptor (Figure 1E), 
which is internalized by Rab5-mediated endocytosis (Somsel 
Rodman and Wandinger-Ness, 2000) but had no effect on p14 
surface expression (Figure 1F). Thus Rab11-dependent p14 
plasma membrane localization does not reflect the involvement 
of Rab11 in p14 endocytic recycling.

FIGURE 1: Rab11 is required for efficient p14 trafficking to the plasma membrane. (A) HeLa cells transfected with 
Rab11A, Rab11A-S25N (S25N), Rab11A-Q70L (Q70L), or empty vector (control) were harvested at 24 hpt and analyzed 
by Western blotting with anti-Rab11A antibody. Relative density for Western blots obtained from two independent 
experiments are shown as mean ± SD. (B) HeLa cells cotransfected with p14 and empty vector (Control), Rab11A, 
Rab11A-S25N (S25N), or Rab11A-Q70L (Q70L) were surface stained at 24 hpt with anti-p14ecto antiserum and Alexa 
647 secondary antibody and analyzed by flow cytometry. Percentage cell surface fluorescence relative to control after 
background subtraction is presented as mean ± SEM from three independent experiments performed in triplicate. 
(C) HeLa cells transfected with siRNA for Rab11A (siRab11A), Rab11B (siRab11B), or both Rab11A and B (siRab11) or 
control siRNA were harvested at 48 hpt and analyzed by Western blotting with anti-Rab11A antibody. Relative density 
for Western blots obtained from two independent experiments are shown as mean ± SD. (D) HeLa cells were 
transfected with nontargeting siRNA (Control) or siRNA targeting Rab11A (siRab11A), Rab11B (siRab11B), or both 
(siRab11A+B), and at 48 hpt were cotransfected with p14. Cells were surface stained for p14 and analyzed by flow 
cytometry as in B at 24 h after the cotransfection. Percentage cell surface fluorescence relative to control after 
background subtraction is presented as mean ± SEM from three independent experiments performed in triplicate. 
(E) HeLa cells transfected with Rab5 or Rab5-S34N (S34N) constructs were labeled with Alexa 647–conjugated 
transferrin at 24 hpt and analyzed by flow cytometry. Percentage transferrin surface fluorescence relative to Rab5-
transfected cells is indicated as mean ± SEM from three independent experiments performed in triplicate. (F) HeLa cells 
cotransfected with p14 and Rab5, Rab5-S34N (S34N), or empty vector (Control) were surface stained for p14 and 
analyzed by flow cytometry as in B. Statistical significance in all graphs was determined by one-way ANOVA and Tukey 
posttest relative to control, except for E, which used a Student’s t test relative to Rab5-transfected cells (*p < 0.05; 
***p < 0.001; ns, not significant).
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body as a negative control for the immunoprecipitations (Figure 3A, 
lanes 4 and 8). Most notably, when GTPγS (a nonhydrolyzable ana-
logue of GTP) or GDP was added to cell lysates before immunopre-
cipitation, there was a marked increase in coprecipitation of p14 by 
anti-Rab11A antibody in lysates enriched for the GTP-bound form 
of Rab11 (Figure 3A, lane 5 versus lane 6). Even in the presence of 
GTPγS, p14PA still failed to coprecipitate with anti-Rab11A antibody 
above the background level observed with the negative isotype 
control (Figure 3A, lanes 8 and 9). As an aside, two distinct p14 
polypeptides were apparent in cell lysates expressing p14PA but 
not p14 (Figure 3A, input samples, lanes 3 and 9). This doublet was 
not observed in previous studies with p14PA (Parmar et al., 2014a,b), 
in which cell lysates were analyzed at 8 h posttransfection (hpt) in-
stead of 24 hpt as in the present experiments. Time-course studies 
indicated the lower p14PA band accumulates over time (Supple-
mental Figure S1), most likely due to aberrant accumulation of 

Inhibiting Rab11A and Rab11B with siRNA resulted in accumulation 
of p14 in the Golgi complex, similar to what was observed in cells 
expressing the Golgi export-defective p14PA construct (Parmar 
et al., 2014b; Figure 2), indicating that Rab11 is required for p14 
trafficking from the Golgi complex to the plasma membrane.

The PBM is required for p14 interaction with activated 
GTP-Rab11
To interrogate the mechanism by which Rab11 mediates p14 plasma 
membrane trafficking, we immunoprecipitated cell lysates from HEK 
cells expressing p14 or p14PA with anti-Rab11A antibody and 
probed Western blots with anti-p14 antiserum. As shown, p14 coim-
munoprecipitated with Rab11A (Figure 3A, lane 2), whereas p14PA 
was detected at only background levels equivalent to those ob-
tained using a heterologous immunoglobulin G (IgG) isotype anti-

FIGURE 2: Rab11 knockdown results in p14 accumulation in the 
Golgi. (A) HeLa cells were transfected with siRNA targeting Rab11A 
and B (siRab11) or control siRNA for 48 h and then retransfected with 
plasmids expressing wild-type p14 (p14) or p14 with an alanine-
substituted PBM (p14PA). Cells were fixed, permeabilized, and 
stained with anti-PI4KIIIβ (green) and anti-p14 (red) antibodies 24 h 
after plasmid transfection. Right, merged images. Scale bar, 20 μm. 
(B) Pearson’s r as mean ± SEM for colocalization between the Golgi 
marker PI4KIIIβ and p14 for the indicated samples calculated from 20 
cells (10 cells from each of two independent experiments). Statistical 
significance assessed by one-way ANOVA and Tukey posttest is 
indicated relative to cells cotransfected with control siRNA and p14 
(***p < 0.001).

FIGURE 3: p14 preferentially interacts with activated Rab11 in a PBM-
dependent manner. (A) Lysates of HEK cells transfected with plasmids 
expressing wild-type p14 (p14) or p14 with an alanine-substituted 
PBM (p14PA) or empty vector (V) were immunoprecipitated with 
anti-Rab11 antibody at 24 hpt, either with no treatment or after 
addition of GTPγS or GDP as indicated. An irrelevant IgG antibody 
was used as a negative isotype control. Immunoprecipitated samples 
(top) and lysates before immunoprecipitation (bottom three) were 
processed by Western blotting using anti-p14, anti-Rab11, and 
anti-actin antibodies. (B) Quantified Western blots obtained from 
three independent experiments as described in A are shown as mean 
± SEM relative to p14-transfected cells. The p14 and p14PA samples 
were immunoprecipitated with anti-Rab11 antibody, or the p14 
sample was immunoprecipitated using the IgG isotype control 
(p14-IgG). (C) Quantified Western blots obtained from three 
independent experiments as described in A, using p14-transfected 
cell lysates treated with GTPγS or GDP before immunoprecipitation 
with α-Rab11 antibody. Results are shown as mean ± SEM relative to 
GTPγS-treated samples. Statistical significance in B and C was 
determined by one-way ANOVA and Tukey posttest (*p < 0.05; 
***p < 0.001).
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p14 forms homomultimers that are de-
tectible in cella by FRET (Corcoran et al., 
2011a; Ciechonska et al., 2014; Key and 
Duncan, 2014). Cells coexpressing free 
EGFP and mCherry-Rab11, or free mCherry 
and p14-EGFP, were used as negative FRET 
controls (Supplemental Figure S2). Based on 
mNFRET values, cells coexpressing 
mCherry-Rab11A and p14-EGFP emitted 
FRET signals equivalent to those obtained 
from cells coexpressing p14-EGFP and p14-
mCherry (Figure 5), indicating that Rab11A 
and p14 form heteromultimers in cella. Cells 
coexpressing p14-EGFP and the mCherry-
tagged dominant-negative Rab11A-S25N 
failed to provide FRET signals above back-
ground (Figure 5), supporting the coimmu-
noprecipitation results indicating that the 
active, GTP-bound form of Rab11 is re-
quired for efficient interaction with p14. 
Cells coexpressing mCherry-Rab11A and 

p14PA-EGFP also failed to provide any significant FRET signals 
(Figure 5), again consistent with the in vitro coimmunoprecipitation 
results indicating that p14 PBM is required for efficient p14 interac-
tion with Rab11. Together these results imply that p14 directly inter-
acts with Rab11 in a PBM-dependent manner.

Anterograde Golgi-plasma membrane transport of p14 is 
dependent on AP-1–coated vesicles
Trafficking from the TGN is dependent on APs that form vesicle coat 
complexes during vesicle formation. In particular, AP-1, AP-3, and 
AP-4 are involved in vesicle transport between the TGN and endo-
somes, lysosomes, and the plasma membrane (Ohno, 2006; Popova 
et al., 2013). To examine which APs play a role in Rab11-mediated 
p14 trafficking to the plasma membrane, we used pooled siRNAs 
targeting expression of the large γ, δ, or ε subunits to knock down 
AP-1, AP-3, or AP-4 complexes, respectively. Western blotting indi-
cated all three siRNAs reduced expression of their respective AP 
subunit by ∼70–90% (Figure 6B and Supplemental Figure S3). How-
ever, only AP-1 knockdown resulted in a significant, 50% decrease in 
p14 plasma membrane expression as analyzed by flow cytometry 
(Figure 6A). To confirm that the AP-1 results were due to specific 
knockdown of AP-1 and not off-target siRNA artifacts, we subse-
quently cotransfected cells transfected with control or AP-1 siRNA 
pools with plasmids expressing p14 and AP-1. Overexpression of 
AP-1 in control siRNA-transfected cells led to a significant increase 
in p14 trafficking to the plasma membrane, whereas AP-1 overex-
pression in cells transfected with AP-1 siRNA restored p14 plasma 
membrane expression to levels not significantly different from those 
obtained in control siRNA–transfected cells (Figure 6C). Immuno-
fluorescence microscopy also revealed that AP-1 knockdown re-
sulted in p14 redistribution to the Golgi complex, as shown by in-
tense colocalization of p14 with PI4KIIIβ (Figure 7). This p14 staining 
pattern mimicked that of normal cells expressing the transport-defi-
cient p14PA PBM mutant (Figure 2A). In contrast, there was no 
marked differences in the p14 staining pattern in cells expressing 
siRNAs targeting AP-3 or AP-4 (Figure 7) compared with normal 
cells (Figure 2A), indicating that efficient p14 export from the Golgi 
complex and trafficking to the plasma membrane is solely reliant on 
AP-1-coated vesicles.

Because knockdown of either Rab11 or AP-1 resulted in p14 
accumulation in the Golgi complex, it seemed likely that Rab11 

p14PA in the Golgi complex leading to lysosomal trafficking and 
degradation of the lumenal p14 ectodomain. The coimmunopre-
cipitation results imply that p14 interacts preferentially with acti-
vated Rab11 in a PBM-dependent manner.

The coimmunoprecipitation results were supported by immuno-
fluorescence microscopy using anti-p14 and anti-Rab11 antibodies 
to stain HeLa cells expressing p14 or p14PA. As previously reported 
(Parmar et al., 2014b), p14PA fails to traffic to the plasma membrane 
and accumulates in perinuclear foci that correspond to the Golgi 
complex and TGN (Figure 4). Visually, there was minimal colocaliza-
tion of p14PA with Rab11, which was confirmed by a low Pearson’s r 
(Figure 4). In contrast, p14 staining was broadly distributed in puncta 
throughout cells, with obvious concentration in the perinuclear re-
gion (Figure 4). Furthermore, there was clear evidence of Rab11 re-
distribution in cells expressing p14, from distributed punctate stain-
ing throughout the cytoplasm to concentrated perinuclear staining 
that extensively colocalized with p14 (Figure 4). Thus both in vitro 
and in cella (i.e., in cultured cells) results support the conclusion that 
p14 interacts with Rab11 in a PBM-dependent manner.

PBM-dependent interaction of p14 with activated 
Rab11 in cella
To determine whether the interaction between p14 and Rab11 in 
cella might be direct, we performed fluorescence resonance energy 
transfer (FRET) experiments in HeLa cells using fluorescently tagged 
p14 and Rab11 proteins. FRET analysis identifies protein–protein 
interactions that occur over distances of <5–10 nm (Sekar and Pe-
riasamy, 2003), a spatial separation consistent with direct protein–
protein interaction. The p14 and p14PA proteins were C-terminally 
tagged with enhanced green fluorescent protein (EGFP), and 
Rab11A and Rab11A-S25N were N-terminally tagged with mCherry. 
Fluorescently tagged p14 and Rab11 were previously shown to 
maintain their normal endogenous cellular localization pattern 
(Rzomp et al., 2003; Corcoran et al., 2011b). Donor and acceptor 
spectral bleedthrough (SBT) values and normalized FRET (NFRET) 
intensities were determined using the PixFRET ImageJ plug-in 
(Feige et al., 2005), as previously reported (Ciechonska et al., 2014; 
Key and Duncan, 2014). Mean NFRET values (mNFRET) were deter-
mined for 10 cells in each of two separate experiments. Cells coex-
pressing EGFP- and mCherry-tagged p14 were used as a positive 
control for bimolecular FRET, since previous studies indicated that 

FIGURE 4: p14 colocalizes with Rab11 in cella in a PBM-dependent manner. (A) HeLa cells 
transfected with plasmids expressing wild-type p14 (p14) or p14 with an alanine-substituted 
PBM (p14PA) were fixed, permeabilized, and stained with anti-Rab11 (green) and anti-p14 (red) 
antibodies at 24 hpt. An overlay of the two images in shown in color, with the boxed areas 
shown as enlargements in the right images. Scale bar, 20 μm. (B) Pearson’s r as mean ± SEM for 
colocalization between Rab11 and p14 or p14PA calculated from 20 cells (10 cells in each of two 
independent experiments). Statistical significance is indicated by Student’s t test (***p < 0.001).
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DISCUSSION
Intracellular protein trafficking is a tightly regulated process requir-
ing recognition of cis-acting trafficking motifs in cargo proteins or 
cargo protein receptors by trans-acting cellular decoding machinery 
to direct proteins to their respective subcellular compartments. 
Although the TGN is considered a central station for sorting and 
trafficking of proteins transiting through the secretory pathway 
(Wilson et al., 2011; Bankaitis et al., 2012), the mechanisms govern-
ing exit from the Golgi complex to the plasma membrane remain 
poorly understood. We recently identified a novel cis-acting traffick-
ing motif that functions as a tribasic Golgi export signal capable of 
mediating Golgi export not only of the p14 FAST protein but also of 
a heterologous Golgi-resident protein (Parmar et al., 2014b). We 
now show that 1) p14 trafficking from the Golgi complex to the 
plasma membrane is dependent on Rab11; 2) the PBM is required 
for preferential interaction of p14 with activated GTP-Rab11, both in 
vitro and in cella; 3) AP-1–coated vesicles are specifically involved in 
p14 plasma membrane trafficking; and 4) p14, Rab11, and AP-1 all 
colocalize in the TGN. Together our results imply the PBM mediates 
interactions of p14 with activated Rab11 at the TGN, resulting in 

and AP-1 mediate p14 trafficking from the TGN sorting hub to the 
plasma membrane. To examine directly whether this might be the 
case, we triple stained HeLa cells expressing p14 using antibodies 
against p14, a TGN marker (TGN46), and either Rab11 or AP-1. At 
steady state, AP-1 extensively colocalizes with the TGN, whereas 
Rab11 is found predominantly in recycling endosomes (Cheng 
et al., 2011; Guo et al., 2013). This was the case in mock-trans-
fected HeLa cells (Figure 8B) and cells expressing low or undetect-
able levels of p14 in p14-transfected cell cultures (Figure 8A), 
where AP-1 displayed substantial colocalization with TGN46, 
whereas there was only minimal overlap in Rab11 and TGN46 
staining patterns. In p14-transfected cells, p14 was extensively co-
localized with TGN-associated AP-1. Most notably, p14 expression 
led to substantial and significant redistribution of Rab11 to the 
TGN (Figure 8C), similar to the altered Rab11 staining pattern 
noted in p14-expressing cells (Figure 4). The redistribution of 
Rab11 to the TGN and strong colocalization of p14 and TGN46 
with both Rab11 and AP-1 suggests p14 recruits Rab11 to the 
TGN to mediate sorting into AP-1–coated vesicles and Golgi–
plasma membrane transport of p14.

FIGURE 5: p14 interacts with Rab11 in cella in a PBM-dependent manner. (A) HeLa cells cotransfected with p14 or 
p14PA tagged with EGFP and Rab11 or Rab11-S25N (S25N) tagged with mCherry (mCh) were fixed at 24 hpt and 
imaged for sensitized emission FRET along with donor and acceptor images. Right, calculated normalized FRET (NFRET) 
images. Cells cotransfected with p14 tagged with EGFP (p14-EGFP) and mCherry (p14-mCh) were used as a positive 
FRET control for a known multimeric membrane protein. NFRET range is indicated by color gradations. Scale bar, 
20 μm. (B) Mean NFRET values were calculated for 20 cells (10 cells from each of two independent experiments) for the 
indicated cotransfected samples. Boxes indicate SDs, horizontal lines indicate means, and whiskers indicate minimum 
and maximum mean NFRET values. Statistical significance by one-way ANOVA and Tukey posttest relative to the 
positive control (cells cotransfected with p14-EGFP and p14-mCh; ***p < 0.001; ns, not significant).
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FIGURE 6: p14 plasma membrane trafficking is dependent on AP-1. (A) HeLa cells transfected with control siRNA or 
siRNA targeting AP-1γ (siAP1), AP-3δ (siAP3), or AP-4ε (siAP4) for 48 h were retransfected with p14 for 24 h and then 
analyzed for p14 cell surface fluorescence by flow cytometry as in Figure 1B. Percentage cell surface fluorescence 
relative to control siRNA-transfected cells is indicated as mean ± SEM from three independent experiments 
performed in triplicate. (B) Lysates of HeLa cells transfected with the indicated siRNAs were subjected to Western 
blotting with anti-AP-1γ, anti-AP-3δ, anti-AP-4ε, or anti-actin antibodies at 48 hpt. (C) As in A, except that cells 
transfected with control or AP-1–targeted siRNAs were subsequently cotransfected with p14 and a plasmid 
expressing the AP-1 γ1 subunit. Percentage cell surface fluorescence relative to control siRNA–transfected cells is 
indicated as mean ± SEM from two independent experiments performed in triplicate. Statistical significance in A and 
C by one-way ANOVA and Tukey posttest is indicated relative to control siRNA-transfected cells (*p < 0.05; 
***p < 0.001; ns, not significant).

FIGURE 7: Knockdown of AP-1 results in p14 accumulation in the Golgi complex. (A) HeLa cells transfected with siRNA 
targeting AP-1γ (siAP1), AP-3δ (siAP3), or AP-4ε (siAP4) were retransfected at 48 hpt with p14 for 24 h and fixed, 
permeabilized, and stained with anti-PI4KIIIβ (green) and anti-p14 (red) antibodies. Right, merged images. Scale bar, 
20 μm. (B) Pearson’s r for colocalization between Golgi marker PI4KIIIβ and p14 is shown as mean ± SEM for the 
indicated samples calculated from 20 cells (10 cells from each of two independent experiments). Statistical significance 
by one-way ANOVA and Tukey posttest is indicated relative to cells cotransfected with AP-1γ siRNA and p14-G2A  
(***p < 0.001; ns, not significant).
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superfamily (van de Graaf et al., 2006) and G 
protein–coupled receptors such as the β2-
adrenergic (β2AR) and thromboxane A2 re-
ceptor β-isoform (TPβ) receptors (Hamelin 
et al., 2005; Parent et al., 2009). Interactions 
of the human prostacyclin receptor (hIP) 
with Rab11 is also required for hIP recycling 
to the plasma membrane, but coimmuno-
precipitation indicated no preference for 
GTP- or GDP-bound Rab11 (Wikstrom et al., 
2008). In contrast, coimmunoprecipitation 
assays (Figure 3) and in cella FRET analysis 
(Figure 5) indicated a clear preference for 
p14 interaction with GTP-Rab11. Further-
more, Rab11-S25N localizes to the TGN 
(Chen et al., 1998), where it could interact 
with p14 but, based on FRET analysis, does 
not (Figure 5), consistent with the conclu-
sion that p14 interacts with activated 
GTP-Rab11.

We are aware of only two examples in 
which the active form of Rab11A interacts 
with cargo proteins; the voltage-gated 
potassium channel Kv1.5 and the CXCR1 
and CXCR2 interleukin-8 (IL-8) receptors 
(McEwen et al., 2007; Takahashi et al., 
2007). In both cases, Rab11 mediates 
cargo protein recycling back to the plasma 
membrane, and it is not known whether 
the IL-8 receptors or Kv1.5 directly interact 
with Rab11. GTP-bound Rab25, an epithe-
lial-specific member of the Rab11 subfam-
ily (also known as Rab11C), has been 
shown to directly interact with the α5β1 
integrin cargo protein (Caswell et al., 
2007), but, as with the IL-8 receptors and 
Kv1.5, this interaction promotes endocytic 
recycling back to the plasma membrane. 
In contrast, several lines of evidence indi-
cate that p14 recruits activated Rab11 for 
exocytic trafficking from the Golgi com-
plex to the plasma membrane: 1) prior re-
sults obtained using endocytosis inhibitors 
(Parmar et al., 2014b) and the present re-
sults using Rab5-S34N (Figure 1F) indicate 
that p14 is not subject to rapid or exten-
sive endocytosis; 2) inhibiting Rab11 activ-
ity decreases p14 cell surface expression 
and leads to extensive p14 accumulation 
in the Golgi complex (Figure 2); 3) p14 ex-
pression results in Rab11 redistribution 
and colocalization with p14 in the perinu-

clear region in a PBM-dependent manner (Figure 4); and 4) Rab11 
colocalizes with p14 at the TGN (Figure 8). These results, coupled 
with the coimmunoprecipitation and FRET results, indicate that 
GTP-Rab11 interacts with the p14 membrane cargo protein to 
mediate exit from the TGN and biosynthetic Golgi–plasma mem-
brane trafficking. Although cargo protein interactions with nu-
merous different GTP-bound Rabs, including Rabs1, 4, and 21, 
are known to influence endocytosis, plasma membrane recycling, 
and lysosome sorting (Pellinen et al., 2006; McEwen et al., 2007; 
Hammad et al., 2012), this is the first example of cargo protein 

p14 sorting into AP-1–coated vesicles and anterograde transport 
from the TGN to the plasma membrane (Figure 9).

Several studies document the interaction of cargo proteins with 
Rab11 but not generally with GTP-Rab11 and not for anterograde 
transport from the Golgi complex. Instead, the predominant de-
fined role of Rab11 interaction with cargo proteins involves sorting 
in the endocytic compartment for recycling back to the plasma 
membrane based on cargo protein interactions with GDP-bound 
Rab11 (Aloisi and Bucci, 2013). Examples include the TRPV5/6 Ca2+-
selective members of the transient receptor potential (TRP) channel 

FIGURE 8: p14 redistributes Rab11 to the TGN, and p14 colocalizes with Rab11 and AP-1 at the 
TGN. (A) HeLa cells transfected with p14 were fixed, permeabilized, and stained with anti-
TGN46 (green), anti-p14 (red), and anti-Rab11 (blue) or anti-AP1γ (blue) antibodies at 24 hpt. 
Right, overlay of the three images. Arrows indicate cells expressing low or undetectable levels 
of p14, and a boxed region of these cells (labeled box 2 in each overlay) is enlarged in the 
insets. A region from p14-expressing cells (labeled box 1 in each overlay) is enlarged in the 
corresponding insets. Scale bar, 20 μm. (B) Mock-transfected HeLa cells were fixed, 
permeabilized, and stained with anti-TGN46 (green) and anti-Rab11 (blue) or anti-AP-1γ (blue) 
antibodies at 24 hpt. Right, overlay of the two images. Boxed regions in the overlay are 
enlarged in the insets. (C) Pearson’s r for colocalization between TGN46 and Rab11 (top) or AP-1 
(bottom) in mock vector–transfected or p14-transfected cells. Results are shown as mean ± SEM 
for 20 cells, and statistical significance was assessed by Student’s t test (***p < 0.001) relative to 
vector-transfected cells.
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(Futter et al., 1995; Ang et al., 2004; Lock 
and Stow, 2005; Cancino et al., 2007). A 
similar transport pathway may apply to 
Rab11/AP-1/p14 vesicles exiting the TGN.

Interaction of Rabs with various cargo pro-
tein–sorting motifs is a feature of Rab-regu-
lated intracellular trafficking (Aloisi and Bucci, 
2013), although there is no clearly defined 
consensus motif for cargo protein–Rab 
GTPase interactions. Furthermore, the same 
sorting motif can mediate interaction with dif-
ferent Rabs, and different sorting motifs can 
mediate interactions with the same Rab. For 
example, a dileucine motif in the C-terminus 
of β2AR interacts with both Rab8 and Rab1 
for anterograde trafficking to the plasma 
membrane (Dong et al., 2010; Hammad 
et al., 2012), and two basic residues in the C-
terminal tail of the β2AR and a five–amino 
acid MLERK motif in the cytoplasmic tail of 
the TRPV5 and TRPV6 cation channels both 
mediate interaction with GDP-Rab11 and re-
cycling to the plasma membrane (van de 
Graaf et al., 2006; Parent et al., 2009). Alanine 
substitution of the PBM results in loss of p14 
interaction with Rab11 (Figures 3 and 5), p14 
accumulation in the Golgi complex (Figure 2), 
and reduced plasma membrane transport 

(Parmar et al., 2014b). It is conceivable that specific basic residues in 
the p14 PBM could promote direct interaction with GTP-Rab11, similar 
to the role of the two basic residues in the β2AR C-terminal tail that 
mediate direct interaction with GDP-bound Rab11 (Parent et al., 2009).

Mutational analysis, however, argues against the p14 PBM func-
tioning as a specific protein–protein interaction motif. Every basic 
residue in the PBM can be substituted by alanine, individually or in 
various combinations, with little to no effect on p14 trafficking to the 
plasma membrane (Parmar et al., 2014b). The only requirement for 
the PBM to promote p14 exit from the Golgi is a minimum of three 
positive charges (Parmar et al., 2014b), indicating that it functions as 
a sequence-independent, electrostatic interaction motif. One pos-
sibility is the PBM may mediate interaction with anionic lipid head 
groups, such as those present in phosphoinositide (PI) lipids. Local-
ized distribution of different PI species in distinct organelles and 
subdomains of a particular organelle is an important regulator of 
protein trafficking (Vicinanza et al., 2008), including regulation of 
AP-1 localization to the TGN, which is promoted by AP-1 binding to 
phosphatidylinositol 4-phosphate (PI4P; Wang et al., 2003). Accord-
ingly, interaction of the p14 PBM with PI4P and activated Rab11 
could colocalize this complex with AP-1 at the TGN for assembly 
into AP-1–coated vesicles (Figure 9).

How activated Rab11 mediates p14 incorporation into AP-1-
coated vesicles is unknown, but several lines of evidence suggest 
the likelihood that this may involve Rab regulation of small GTPase 
cascades that promote coat protein assembly. For example, in 
yeast, the Golgi Arf-GEF Sec 7, an effector of Ypt31/32 and Ypt1 
(homologues of Rab 11 and Rab1, respectively), activates the Arf1 
small GTPase to recruit adaptor complexes at the TGN (McDonold 
and Fromme, 2014). Furthermore, in addition to AP-1 interactions 
with PI4P, binding sites for Arf- family GTPases in the γ and β1 sub-
units of AP-1 promote AP-1 localization to the TGN and recycling 
endosomes (Ren et al., 2013; Park and Guo, 2014). Activated 
GTP-Rab11 has also been shown to activate the GEF function of 

interaction with activated Rab11 mediating anterograde traffick-
ing from the TGN.

The functionally relevant interaction of p14 with GTP-Rab11 in 
p14 trafficking suggests that p14 functions as a Rab11 effector. Both 
AP-1 and Rab11 are involved in bidirectional transport between the 
TGN exocytic hub and the recycling endocytic hub. AP-1 is known 
to colocalize extensively with the TGN (Wang et al., 2003); we 
showed a similar colocalization in mock-transfected cells and colo-
calization of AP-1 with both p14 and TGN46 in p14-transfected cells 
(Figure 8). Furthermore, AP-1 knockdown leads to decreased p14 
trafficking to the plasma membrane and p14 accumulation in the 
Golgi complex (Figures 6 and 7), indicating that AP-1 mediates an-
terograde transport of p14 from the TGN to the plasma membrane. 
Steady-state Rab11 localization is predominantly in recycling endo-
somes and to a lesser extent in TGN (Lock and Stow, 2005; Cheng 
et al., 2011; Cheng and Filardo, 2012). We observed a substantial 
and significant increase in colocalization of Rab11 and TGN46 in 
p14-expressing cells (Figure 8), an observation consistent with stabi-
lized membrane partitioning of Rabs after binding to cognate effec-
tors (Pfeffer, 2013). It is not clear whether p14 expression hijacks 
Rab11 to mediate TGN export, diverting it from its role in the recy-
cling endosome compartment, or whether formation of TGN export 
vesicles is a normal physiological function of Rab11. The latter pos-
sibility is consistent with steady-state colocalization of Rab11 with 
the TGN, albeit at low levels in most cell types. It is possible that 
Rab11 normally interacts with the TGN in a transient manner to pro-
mote vesicle biogenesis and that this transient interaction becomes 
more apparent as Rab11 interacts with the excess levels of this viral 
membrane cargo protein transiting through the TGN. The present 
results also do not exclude a possible role for recycling endosomes 
in p14 trafficking. Recycling endosomes are juxtaposed to the TGN, 
and studies in polarized and nonpolarized cells indicate that vesicles 
exiting the TGN can rapidly merge with perinuclear Rab11-positive 
recycling endosomes before trafficking to the plasma membrane 

FIGURE 9: Model for p14 plasma membrane trafficking from the TGN. The p14 PBM directs 
interaction with activated GTP-Rab11 bound to the TGN membrane, possibly involving 
interactions with TGN-localized phosphoinositide lipids such as PI4P. These interactions sort p14 
into vesicles being formed by the AP-1 adaptor complex, which then traffic from the TGN to the 
plasma membrane either directly or via the endosomal recycling pathway.
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from two or more independent experiments were quantified using 
ImageJ (National Institutes of Health, Bethesda, MD).

Coimmunoprecipitation
HEK cells transfected with p14, p14PA or empty vector were har-
vested at 24 hpt using a Rho-activation assay protocol (Cytoskeleton, 
Denver, CO). Briefly, cells were washed quickly with ice-cold phos-
phate-buffered saline (PBS), lysed on ice with ice-cold lysis buffer (50 
mM Tris-HCL, pH 8.0, 0.5 M NaCl, 10 mM MgCl2, 2% IGEPAL), col-
lected in microcentrifuge tubes by scrapping, syringed, and centri-
fuged at 14,000 × g for 5 min in a table-top centrifuge. Supernatants 
were snap-frozen in liquid nitrogen and stored at −80°C until use or 
incubated immediately with Dynabeads (Life Technologies) bound to 
Rab11 antibody or IgG isotype control for 1 h at 4°C. Samples were 
washed three times with lysis buffer and eluted by boiling the beads 
in 2× Laemmli sample buffer. Eluted samples were separated by 
SDS–PAGE and analyzed by Western blotting with anti-p14 antibody. 
Aliquots of the cell lysates were removed before addition of Dyna-
beads and analyzed by Western blotting with anti-p14, anti-Rab11, 
and anti-actin antibodies to ensure protein expression, and equiva-
lent protein loads were used for immunoprecipitation. For Rab11 
activation, a GTPγS loading protocol was followed (Cytoskeleton). 
Cell lysates were treated with 10 mM EDTA and GTPγS (100 μM) or 
GDP (1 mM) and incubated at 30°C for 30 min, then treated with 
60 mM MgCl2 before incubation of cell lysates with Rab11 antibody.

RNA interference
Specific siRNAs targeting Rab11A and/or Rab11B (Wilson et al., 
2005; Sigma-Aldrich) or pools of siRNAs targeting AP-1γ, AP-3δ, or 
AP-4ε (SMARTpool; Dharmacon) were transfected for 48 h into 
HeLa cells using DharmaFECT1 transfection reagent (Dharmacon, 
Lafayette, CO) according to manufacturer’s instructions. Cells were 
then analyzed by Western blotting to determine the efficiency of 
knockdown or were retransfected with p14, p14PA, or p14 and AP-1 
and analyzed 24 h later by flow cytometry for p14 cell surface ex-
pression or by immunofluorescence microscopy to examine intracel-
lular p14 localization.

Cell surface immunofluorescence
HeLa cells were cotransfected with p14-G2A and Rab11, 
Rab11S25N, Rab11Q70L, Rab5, or Rab5S34N for 24 h or trans-
fected with Rab11, AP1γ, AP3δ, or AP4ε siRNA for 48 h and retrans-
fected with p14 or p14 and AP-1 for 24 h. Live transfected cells were 
treated with blocking buffer (1% BSA, 5% normal goat serum, 0.02% 
NaN3 in Hanks’ balanced salt solution) at 4°C for 30 min. Cells were 
then labeled with anti-p14ecto antibody (1:1000) for 1 h at 4°C, 
washed 3× with blocking buffer, and incubated with Alexa 647–con-
jugated goat anti-rabbit antibody (1:2000) for 1 h at 4°C. Cells were 
washed 3× with blocking buffer and then with ice-cold PBS, resus-
pended in PBS plus 10 mM EDTA, and fixed with 3.7% formalde-
hyde. We analyzed 10,000 cells by flow cytometry (FACSCalibur; BD 
Biosciences) using FCS Express software (De Novo). Cells trans-
fected with empty vector were used as a negative control for im-
munostaining. Cell surface fluorescence was quantified by deter-
mining mean fluorescence intensity, and background fluorescence 
from empty vector–transfected cells was subtracted before calculat-
ing percentage surface fluorescence.

Transferrin binding assay
At 24 hpt, HeLa cells transfected with Rab5 or Rab5S34N were incu-
bated at 4°C for 10 min before addition of Alexa 647–conjugated 
transferrin (20 μg/ml; Molecular Probes, Eugene, OR) for 20 min at 

Rabin8, thereby activating Rab8 to regulate downstream vesicular 
trafficking (Knodler et al., 2010). It therefore seems likely that future 
studies may identify similar small GTPase cascades that are regulated 
by p14 interactions with Rab11 at the TGN to generate AP-1-coated 
vesicles for exocytic trafficking of p14 from the Golgi complex.

MATERIALS AND METHODS
Cells and antibodies
HeLa cells were maintained in DMEM (Life Technologies, Carlsbad, 
CA) supplemented with 10% fetal bovine serum (FBS; Life Technolo-
gies). HEK cells were maintained in DMEM supplemented with 10% 
FBS and 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(Life Technologies). Rabbit polyclonal anti-p14 and anti-p14 ectodo-
main (anti-p14ecto) antibodies were previously described (Corcoran 
and Duncan, 2004; Top et al., 2005). Antibodies against actin (Sigma-
Aldrich, St. Louis, MO), Rab11A (BD Biosciences, Franklin Lakes, NJ), 
AP-1γ (Sigma-Aldrich), AP-3δ (Developmental Studies Hybridoma 
Bank, Iowa City, IA), AP-4ε (Abcam, Cambridge, MA), PI4KIIIβ (BD 
Biosciences), TGN46 (AbD Serotech, Oxford, UK), horseradish peroxi-
dase (HRP)–conjugated goat anti-rabbit (Jackson ImmunoResearch, 
West Grove, PA), HRP-conjugated goat anti-mouse (Santa Cruz Bio-
technology, Dallas, TX), Alexa 488–conjugated goat anti-mouse and 
donkey anti-sheep, Alexa 555–conjugated donkey anti-rabbit, and 
Alexa-647–conjugated goat anti-rabbit and chicken anti-mouse (Life 
Technologies) were obtained from the indicated suppliers.

Plasmids and transfection
The p14-G2A nonfusogenic p14 point substitution construct in 
pcDNA3 (referred to simply as p14) and the polybasic mutant of this 
construct containing alanine substitutions of the six basic residues (re-
ferred to as p14PA) were described previously (Corcoran and Duncan, 
2004; Parmar et al., 2014b). Rab11A cDNA was cloned into pcDNA3 
using BamHI and EcoRI restriction sites. Dominant-negative (Rab11-
S25N) and constitutively active (Rab11-Q70L) forms of Rab11 were 
generated by site-directed mutagenesis (Stratagene, La Jolla, CA). 
Rab5 wild-type and dominant-negative (Rab5-S34N) constructs in 
pcDNA3 vector were kindly provided by Denis Dupré (Dalhousie Uni-
versity, Halifax, Canada). Plasmid pIRES-AP1G1 expressing the FKBP-
tagged AP-1γ subunit (Robinson et al., 2010) was obtained from Add-
gene (Cambridge, MA). The p14 and p14PA proteins were C-terminally 
tagged with EGFP or mCherry, and Rab11A and Rab11-S25N were 
similarly N-terminally tagged using overhanging PCR primers to sub-
clone these constructs into pcDNA3. Plasmids were transfected into 
subconfluent monolayers of HeLa or HEK cells using Lipofectamine 
LTX (Life Technologies) or polyethyleneimine (Polysciences, War-
rington, PA), respectively, according to manufacturer’s instructions.

Western blotting
Transfected HeLa or HEK cells were harvested by adding 2× Laem-
mli’s sample buffer directly onto the cells, scraped, syringed or soni-
cated, and boiled before separation by SDS–PAGE (7.5% or 15% 
acrylamide). Proteins were transferred onto polyvinylidene fluoride 
membranes, membranes were blocked with 5% milk in TBST (50 mM 
Tris-HCl, 150 mM NaCl, 0.1% Tween 20) for 1 h at room temperature, 
and probed with anti-actin (1:5000), anti-p14 (1:20,000), anti-Rab11A 
(1:5000), anti-AP1γ (1:5000), anti-AP3δ (1:1000), or anti-AP4ε (1:1000) 
primary antibodies at 4°C overnight. Blots were washed extensively 
with TBST and treated with HRP-conjugated goat anti-rabbit 
(1:10,000) or goat anti-mouse (1:5000) secondary antibodies for 1 h 
at room temperature. Membranes were developed using ECL+ re-
agent (Pierce, Waltham, MA) and imaged using a Typhoon 9410 
variable-mode imager (GE Healthcare, Little Chalfont, UK). Blots 
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4°C. Cells were then washed with PBS, resuspended in PBS plus 10 
mM EDTA, fixed with 3.7% formaldehyde, and analyzed by flow cy-
tometry as described for cell surface immunofluorescence.

Intracellular immunofluorescence microscopy
HeLa cells grown on glass coverslips were transfected with p14 or 
p14PA, fixed at 24 hpt with 3.7% formaldehyde for 20 min at room 
temperature, and permeabilized with 0.1% Triton X-100 for 20 min 
at room temperature. Cells were washed 3× with PBS and blocked 
for 30 min at room temperature with 1% BSA in PBS and colabeled 
in blocking buffer with anti-p14 (1:200), anti-Rab11 (1:100), anti-
PI4KIIIβ (1:1000), anti-TGN46 (1:1000), or anti-AP1γ (1:1000) primary 
antibodies as required for 1 h at room temperature. Cells were then 
washed 3× with PBS and incubated with appropriate Alexa-conju-
gated secondary antibodies (1:1000) for 1 h at room temperature. 
Cells were mounted on glass slides after 3× washes with PBS using 
ProLong Gold antifade reagent (Life Technologies). Cells were im-
aged using a Zeiss LSM 510 META confocal microscope with 40× or 
63× objective lens, and images were acquired in the focal plane of 
the Golgi complex. Colocalization was quantified from 10–20 cells 
from each of two independent experiments by calculating Pearson’s 
r using the Coloc-2 plug-in of Fiji for ImageJ (Schindelin et al., 2012).

FRET assay
HeLa cells grown on coverslips were cotransfected with C-termi-
nally EGFP-tagged p14 and N-terminally mCherry-tagged Rab11 
constructs. Cells were fixed at 24 hpt with 3.7% formaldehyde, 
washed 3× with PBS, and mounted directly on glass slides using 
ProLong Gold antifade reagent. Images were taken with a Zeiss 
LSM 510 META confocal microscope using a 100× oil-immersion, 
1.4 numerical aperture Plan Apochromat objective lens. For micro-
scope setup and controls, cells were transfected with free EGFP, 
free mCherry, free EGFP and mCherry together, and EGFP linked to 
mCherry. For a bimolecular FRET positive control, p14-EGFP and 
p14-mCherry were cotransfected as a known homomultimeric pro-
tein. Cells were also cotransfected with p14-EGFP/mCherry-
Rab11S25N and p14PA-EGFP/mCherry-Rab11 for FRET analysis. 
Cells cotransfected with free EGFP/mCherry-Rab11 and p14-EGFP/
free mCherry were used as a FRET negative control. The donor and 
acceptor SBT values were visually minimized using free EGFP– and 
free mCherry–transfected cells, respectively. FRET intensity signals 
were then determined, and a series of three images was taken for 
each sample: 1) Donor image with donor excitation and donor 
emission, 2) acceptor image with acceptor excitation and acceptor 
emission, and 3) FRET image with donor excitation and acceptor 
emission. Background subtraction and Gaussian blur for donor, ac-
ceptor, and FRET channels were performed on each image, and 
NFRET intensities were obtained by pixel-by-pixel FRET analysis of 
images using the PixFRET ImageJ plug-in, which adjusts for differ-
ences in protein expression levels between cells (Feige et al., 2005). 
NFRET images were converted into 8-bit images for histogram 
analysis and to obtain mean NFRET values for individual cells. Mean 
NFRET values for 10 cells each from each of two independent ex-
periments were obtained for statistical analysis.

Statistics
Statistical analysis and sample comparison were performed using 
Prism software (GraphPad, San Diego, CA). SEM values were calcu-
lated for averaging sample values between experiments. Groups of 
two samples were analyzed with a paired two-tailed t test, and 
groups of more than two samples were analyzed using analysis of 
variance (ANOVA) with a Tukey posttest.
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