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ABSTRACT Although numerous linear motifs that direct protein trafficking within cells have
been identified, there are few examples of linear sorting signals mediating directed export of
membrane proteins from the Golgi complex to the plasma membrane. The reovirus fusion-
associated small transmembrane proteins are simple, single-pass transmembrane proteins
that traffic through the endoplasmic reticulum-Golgi pathway to the plasma membrane,
where they induce cell-cell membrane fusion. Here we show that a membrane-proximal,
polybasic motif (PBM) in the cytosolic tail of p14 is essential for efficient export of p14 from
the Golgi complex to the plasma membrane. Extensive mutagenic analysis reveals that the
number, but not the identity or position, of basic residues present in the PBM dictates p14
export from the Golgi complex, with a minimum of three basic residues required for efficient
Golgi export. Results further indicate that the tribasic motif does not affect plasma mem-
brane retention of p14. Furthermore, introduction of the tribasic motif into a Golgi-localized,
chimeric ERGIC-53 protein directs export from the Golgi complex to the plasma membrane.
The p14 PBM is the first example of an autonomous, tribasic signal required for Golgi export
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to the plasma membrane.

INTRODUCTION

Integral membrane proteins, which comprise approximately one-
third of the proteins in the human proteome, must be sorted and
localized to spatially segregated membrane compartments (Almen
et al., 2009; Pandey, 2010). Integral membrane proteins that de-
pend on the secretory pathway for trafficking to the correct subcel-
lular compartment generally use a signal peptide to direct cotrans-
lational insertion of the protein into the endoplasmic reticulum (ER)
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membrane (Zimmermann et al., 2011). After transport through the
ER-Golgi complex vesicle transport pathway to the trans-Golgi net-
work (TGN), frequently accompanied by posttranslational modifica-
tion, these membrane proteins must then be sorted and directed to
their final membrane destination. Although numerous cis and trans
factors that regulate protein trafficking have been defined, our un-
derstanding of this process, particularly as it relates to exit from the
Golgi complex to the plasma membrane, is far from complete.
Efficient export of membrane proteins from the ER is a directed
process mediated by coat protein (COP) ll-coated transport vesicles
and facilitated by ER export signals present in the protein being
transported. COPIl vesicle assembly is regulated by the small GTPase
Sar1, which recruits the heterodimeric Sec23/24 adaptor protein
complex and the Sec13/31 cage complex (Barlowe, 2003; Gurkan
etal., 2006; Zanetti et al., 2011). Transmembrane cargo proteins con-
taining specific ER export signals interact with components of the
COPIl complex and are concentrated at specific ER export sites
where vesicle formation occurs in conjunction with cargo selection
(Nishimura et al., 1999; Votsmeier and Gallwitz, 2001; Miller et al.,
2003; Farhan et al., 2007; Stagg et al., 2008). Several different ER
export signals have been identified in a diverse range of membrane
proteins (Barlowe, 2003). For example, conserved hydrophobic
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sequences in the cytosolic tail of G protein—coupled receptors and
glycosylation signals in the luminal domain or sequences within the
transmembrane domain (TMD) of ERGIC-53 probably influence ER
exit by affecting protein folding or multimerization (Nufer et al.,
2003; Duvernay et al., 2009). Numerous linear ER export signals have
also been identified. These export signals, located in the cytosolic
tails of integral membrane proteins destined for ER exit, include dia-
cidic, dibasic, tribasic, or tyrosine-based hydrophobic motifs. In sev-
eral instances, ER exit is based on interactions between the linear
export signals and the Sec24 component of the COPIl complex
(Nishimura and Balch, 1997; Sevier et al., 2000; Giraudo and Mac-
cioni, 2003; Zhang et al., 2011; Dong et al., 2012).

As with exit from the ER, it is now recognized that linear sorting
signals also mediate trafficking of membrane proteins from the
Golgi complex to their final membrane compartment, with most of
this sorting occurring in the TGN (Anitei and Hoflack, 2011). Mem-
brane proteins exiting the Golgi complex must be sorted to numer-
ous membrane destinations in discrete regions of the plasma mem-
brane and endocytic compartments. Sorting at the TGN therefore
requires a multitude of distinct vesicle carriers and divergent traffick-
ing pathways (Bonifacino and Traub, 2003). Examples include the
heterotetrameric adaptor protein (AP) complexes and Golgi-localiz-
ing, y-adaptin ear homology domain (GGA) proteins that sort Golgi
cargo into different vesicle carriers (De Matteis and Luini, 2008). In
the case of APs, they recognize two well-characterized classes of
sorting signals that comprise short, linear, degenerate amino acid
sequence motifs present in the cytosolic tails of membrane proteins
exiting the Golgi complex. The tyrosine-based signals have an NPXY
or YXX¢ (X is any amino acid, ¢ is a bulky hydrophobic residue) con-
sensus sequence, whereas dileucine motifs are often contained
within [DEJXXXL[LI] or DXXLL consensus sequences (Rodriguez-
Boulan and Musch, 2005). These Golgi sorting signals may be more
complex and can also function as sorting signals at other membrane
compartments. For example, the YTDIE signal in vesicular stomatitis
G protein functions as both a tyrosine- and diacidic-based sorting
signal for export from both the ER and the Golgi (Nishimura and
Balch, 1997; Sevier et al., 2000; Nishimura et al., 2002). Sequence
features in the vicinity of these Golgi sorting signals can also exert
an effect, as exemplified by the YIPL motif in the Kir2.1 inwardly
rectifying potassium channel, whose Golgi export activity is strongly
influenced by undefined flanking sequences (Hofherr et al., 2005).
For the most part, the identified Golgi trafficking signals are not re-
quired for Golgi export but instead serve as sorting signals for di-
rected trafficking to a specified membrane compartment.

The reovirus fusion-associated small transmembrane (FAST) pro-
teins are a family of bitopic transmembrane proteins encoded by
the fusogenic orthoreoviruses and aquareoviruses, a diverse group
of nonenveloped viruses in the family Reoviridae (Duncan, 1999).
The FAST proteins are the only example of membrane fusion pro-
teins encoded by nonenveloped viruses, are the smallest known
membrane protein fusogens (95-198 residues), and are directly re-
sponsible for the ability of the fusogenic reoviruses to induce syncy-
tium formation (Boutilier and Duncan, 2011). There are six members
of the FAST protein family, each encoded by different species of
fusogenic reoviruses, which are named according to their predicted
molecular mass: p10, p13, p14, p15, p16, and p22 (Shmulevitz and
Duncan, 2000; Dawe and Duncan, 2002; Corcoran and Duncan,
2004; Racine et al., 2009; Thalmann et al., 2010; Guo et al., 2013).
In the absence of an N-terminal signal peptide, the FAST proteins
use their single TMD as a reverse signal anchor to direct Nexoplasmic/
Ceytoplasmic insertion into the ER membrane (Shmulevitz and Duncan,
2000; Corcoran and Duncan, 2004; Dawe et al., 2005). The FAST
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proteins are then trafficked through the secretory pathway to the
plasma membrane, where their sole defined function is to induce
cell-cell membrane fusion (Shmulevitz et al., 2004; Dawe et al.,
2005; Corcoran et al., 2011). The mechanisms governing transport
of these simple, single-pass membrane proteins to the plasma
membrane have not been investigated.

We exploited the simple structure of the FAST proteins to deter-
mine the nature of cis-acting factors that regulate plasma membrane
localization. The 125-residue p14 FAST protein contains a single
TMD flanked by a 36-residue myristoylated, N-terminal ectodomain
and a 68-residue C-terminal cytosolic domain (Corcoran and Dun-
can, 2004). Mutational studies indicated that a juxtamembrane poly-
basic motif (PBM) contained within the cytosolic tail of p14 is essen-
tial for plasma membrane localization. This PBM is not required for
ER exit but is required for p14 export from the Golgi complex, with
a minimum of three basic residues in proximity to the membrane
determining the ability of the PBM to function as an efficient Golgi
export signal. Moreover, transfer of the PBM to a heterologous,
Golgi-resident transmembrane protein directs plasma membrane
localization, indicating that this novel tribasic motif is both necessary
and sufficient to mediate Golgi export of membrane proteins to the
plasma membrane.

RESULTS

The polybasic motif is required for p14 localization

to the plasma membrane

All of the FAST proteins contain a membrane-proximal cluster of
three to eight basic residues in their cytosolic C-terminal endodo-
mains. Previous substitution analysis of the PBM of the p10 and
p15 FAST proteins indicated that this motif is required for cell-cell
fusion (Shmulevitz et al., 2003; Dawe et al., 2005), although the
basis for this loss of fusion activity was not determined. The seven-
residue p14 PBM resides four residues downstream of the TMD
and comprises two tribasic clusters separated by an acidic residue
(KRRERRR). To examine the importance of the p14 PBM, we re-
placed the two tribasic clusters by Ala, either individually
(constructs p14-KRR and p14-RRR) or in combination (construct
p14-PB; Figure 1A). These constructs were transfected into QM5
cells and examined for syncytiogenesis by microscopic examina-
tion of Giemsa-stained monolayers (Figure 1B), and the extent of
syncytium formation was determined by quantifying the numbers
of syncytial nuclei in random microscopic fields (Figure 1C). The
p14-KRR and p14-RRR constructs showed slightly reduced levels
of syncytium formation relative to authentic p14, whereas the p14-
PB construct containing Ala substitutions of all six basic residues
was devoid of cell-cell fusion activity. All three of the Ala constructs
were expressed at approximately equivalent levels as authentic
p14 (Figure 1D), although p14-PB showed a trend to slightly lower
(~20-40% decrease) expression levels in multiple Western blots.
These modest and variable difference in p14-PB expression did
not correlate with the consistent loss of syncytium formation, indi-
cating that the p14 PBM is essential for fusion activity independent
of effects on p14 expression.

To determine the basis for the syncytiogenic defect in the p14-
PB construct, we assessed cell surface expression of p14-PB by flu-
orescence-activated cell sorting (FACS) analysis using an antiserum
specific for the p14 ectodomain to stain live cells. The p14 FAST
protein induces very rapid and robust syncytium formation in QM5
cells, which commences 4 h posttransfection (hpt) and encom-
passes the entire monolayer by 12 hpt (Salsman et al., 2005). The
p14 antiserum was therefore added to cells 3 hpt to inhibit syncy-
tium formation, allowing extended incubations to increase the

Tribasic Golgi export signal | 867



A

p14 RRR KRR

glycosylation inhibitor tunicamycin demon-
strated this substitution creates a functional
glycosylation signal in p14 (Corcoran and
Duncan, 2004). FACS analysis of cell surface
fluorescence indicated that this glycosyla-
tion signal does not inhibit, and might actu-
ally slightly enhance, p14(V9T) plasma
membrane localization (Figure 3A). Western
blots of lysates from QM5 cells transfected
with p14(V9T) detected two p14 polypep-
tides (Figure 3B). Treatment of cell lysates
with N-glycosidase F (PNGase F), an ami-
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FIGURE 1: The p14 PBM is required for cell-cell fusion. (A) Amino acid sequence of the p14
PBM and the indicated polybasic mutants. Numbers indicate residue position in p14. Boundary
of the TMD and location of the PBM are indicated. (B) QM5 cells transfected with p14 or p14-PB
were Giemsa stained at 8 hpt and imaged by bright-field microscopy at 200x magnification.

(C) QMS5 cells transfected with p14 or the indicated polybasic mutants (p14-KRR [KRR],

p14-RRR [RRR], or p14-PB [PB]) were imaged as in B, and syncytial nuclei were quantified from
five random fields. Results are mean number of syncytial nuclei £ SEM from two independent
experiments performed in triplicate. Statistical significance relative to p14 (**p < 0.01;

***p < 0.005). (D) Lysates of QM5 cells transfected with the indicated p14 constructs as in

C were processed for Western blotting at 8 hpt using anti-p14 or anti-actin antibody. Numbers

at the bottom indicate relative band intensity normalized to p14.

detection and quantification of cell surface fluorescence, as previ-
ously described (Barry and Duncan, 2009; Barry et al., 2010).
Replacement of three of the six basic residues in the PBM (con-
structs p14-KRR and p14-RRR) led to no significant reduction in p14
plasma membrane localization (Figure 2C), indicating that the slight
reduction in syncytiogenesis induced by these constructs (Figure 1C)
reflects an effect on fusion activity, not trafficking, of p14. In con-
trast, Ala replacement of all six basic residues in the PBM abrogated
syncytium formation (Figure 1) and decreased p14-PB cell surface
expression by >95% (Figure 2, A and C). FACS analysis using per-
meabilized cells to detect total expression levels revealed <20%
decrease in p14-PB expression (Figure 2, B and D), similar to West-
ern blotting results (Figure 1D), implying that the dramatic inhibition
of p14-PB plasma membrane localization was not due to effects on
protein expression. Because basic residues on the cytosolic side of
a TMD influence protein topology—the so-called “positive inside
rule” (Nilsson et al., 2005)—flow cytometry was also performed us-
ing antiserum raised against full-length p14. This antiserum has high
affinity for epitopes in the C-terminal p14 cytosolic domain (Clancy
and Duncan, 2009) but still failed to detect p14-PB on the cell sur-
face (Figure 2E). Basic residues in the p14 PBM therefore do not af-
fect p14 topology in the membrane but are required for p14 traffick-
ing to the plasma membrane.

The polybasic motif is not required for p14 export

from the ER

Basic residues in the cytosolic tails of some membrane proteins can
promote ER export (Dong et al., 2012). To determine whether the
absence of the p14-PB construct in the plasma membrane reflected
an inability to traffic from ER to the Golgi complex, we introduced
a V9T substitution into p14-PB. Previous results using endoglycosi-
dase H (endo H) in the presence and absence of the N-linked
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grating species was glycosylated p14
(Figure 3B). The slower-migrating species
was also partially resistant to treatment with
endo H, indicative of processing in the Golgi
complex to an endo H-resistant complex
oligosaccharide. A similar situation was ob-
served for p14-PB(V9T), with the presence
of a slower-migrating, partially endo H-re-
sistant polypeptide (Figure 3B). Absence of
the PBM in p14-PB(V9T) led to no significant
difference in the proportion of endo H-re-
sistant p14-PB(V9T) relative to p14(V9T)
(Figure 3C), indicating that the PBM is not
required for p14 ER-Golgi trafficking.

1.02 0.76  0.59

The p14 PBM functions as a Golgi export signal
The endo H and surface expression results indicated that p14-PB
traffics to the Golgi complex but fails to traffic to the plasma mem-
brane, suggesting that the PBM might function as a Golgi export
signal. To test this hypothesis, we examined the influence of the
PBM on p14 subcellular localization by immunofluorescence micros-
copy, using Vero cells transfected with p14(V9T) constructs. The
p14(V9T) construct correctly traffics to the plasma membrane
(Figure 3A) but is fusion dead due to the Val-Thr substitution, which
allowed longer incubations without the need to inhibit syncytium
formation using high concentrations of o-p14 antiserum. The flatter,
larger, and more uniform morphology of Vero cells provided better
visualization of cytosolic compartments than in QM5 cells and pro-
vided a means to assess whether the PBM exerts any cell-specific
trafficking effects. The p14(V9T) construct displayed disseminated
intracellular fluorescence throughout the cytoplasm that radiated
out to the cell periphery, with little indication of p14 concentration
in the Golgi complex (Figure 4, top row). In contrast, p14-PB(V9T)
showed a very faint, diffuse cytoplasmic staining pattern with no evi-
dence of staining at the cell periphery (Figure 4). The p14-PB(V9T)
construct strongly colocalized with phosphatidylinositol-4 kinase-IlI3
(PI4KINIB), a Golgi complex marker, and with TGN46; this colocaliza-
tion was obvious, reproducible between experiments, and apparent
in almost all cells expressing p14-PB(V9T). Absence of the PBM
therefore results in p14 accumulation in the Golgi complex and TGN
and inability of p14 to traffic to the plasma membrane.
Accumulation of p14-PB in the Golgi complex could reflect ei-
ther failure to exit the Golgi complex or rapid retrieval of p14 from
the plasma membrane to the Golgi complex via the endocytic path-
way. To distinguish between these possibilities, we inhibited dy-
namin-dependent endocytic events using dynasore, a dynamin in-
hibitor (Kirchhausen et al., 2008). We used the nonfusogenic
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FIGURE 2: The PBM is required for p14 surface expression. (A) QM5
cells transfected with p14 or p14-PB were surface labeled using
anti-p14 ectodomain antiserum and Alexa Fluor 647-conjugated
secondary antibody, fixed, and analyzed by flow cytometry.
Percentage cell surface fluorescence is indicated after background
subtraction of empty vector-transfected cells and was determined
from the two-dimensional scatter plots of relative fluorescence vs.
forward scatter (FSC) using the indicated gating (horizontal line).

(B) QMS5 cells transfected with p14(G2A) or p14-PB(G2A) were

fixed and permeabilized in suspension at 24 hpt. Cells were stained
with full-length anti-p14 antiserum, which recognizes both the
N-terminal ectodomain and C-terminal endodomain, and Alexa Fluor
647-conjugated secondary antibody. Scatter plots and percentage
cell surface fluorescence are shown as in A. (C) Surface fluorescence
of QMS cells transfected with the indicated p14 constructs was
quantified as in A. Results are mean percentage cell surface
fluorescence + SEM relative to authentic p14 after background
subtraction of empty vector-transfected cells from two independent
experiments performed in triplicate. Statistical significance relative
to p14 (**p < 0.01; ns, not significant). (D) As in C, except that cells
were permeabilized before immunostaining to detect total
fluorescence of QM5 cells transfected with p14(G2A) and p14-
PB(G2A). Results are mean percentage cell fluorescence + SEM from
three independent experiments performed in triplicate. Statistical
significance relative to p14 (*p < 0.05). (E) As in C, except that cells
were stained with an anti-p14 antiserum that recognizes both the
N-terminal ectodomain and C-terminal endodomain. Results are
mean percentage cell surface fluorescence + SD relative to authentic
p14 for triplicate samples from a single experiment.
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FIGURE 3: The PBM is not required for export of p14 from the ER to
the Golgi. (A) QM5 cells transfected with p14 or the nonfusogenic
p14(V9T) construct were processed at 24 hpt for cell surface
fluorescence by flow cytometry as described in Figure 2A. Results are
mean percentage cell surface fluorescence + SD relative to authentic
p14 for triplicate samples from a single experiment. (B) Cell lysates of
QMS5 cells transfected with empty vector (V), p14(V9T) or p14-PB(V9T)
were harvested at 24 hpt, and equal protein amounts were left
untreated or treated with endo H or PNGase F, as described in
Materials and Methods, before Western blotting with anti-p14
antiserum. Left, glycosylated (*) and nonglycosylated (¢) p14.

(C) Mean percentage of glycosylated p14(V9T) and p14-PB(V9T) that
was endo H resistant + SEM calculated using pixel counts from three
independent Western blots as in B. Statistical significance relative to
p14 (ns, not significant).

p14(G2A) construct, which displays the same subcellular localization
pattern as authentic p14 (Corcoran and Duncan, 2004), instead of
the nonfusogenic p14(V9T) construct to ensure that results were re-
producible irrespective of the p14 construct. The transferrin recep-
tor, a prototype marker for endocytic recycling, was used as a posi-
tive control for dynamin inhibition. Treatment of vector-transfected
cells with dynasore inhibited endocytic recycling of the transferrin
receptor, as indicated by a dramatic increase in cell surface fluores-
cence when using a fluorescent transferrin-binding assay (Figure 5,
A and D). Treatment of cells with dynasore marginally increased cell
surface expression of p14(G2A) (Figure 5C), implying that p14 stably
localizes to the plasma membrane and is not subject to rapid endo-
cytic recycling. More important, dynasore did not promote detec-
tion of p14-PB(G2A) on the cell surface (Figure 5, B and C). To en-
sure that dynamin-independent endocytosis did not contribute to
the absence of p14-PB plasma membrane localization, we treated
cells with anti-p14 antiserum at 37°C for 30 min before fixation, per-
meabilization, and labeling with a fluorescent secondary antibody.
This antibody internalization assay detected only low levels of
p14-PB in both premeabilized and nonpermeabilized cells, with no
evidence of endocytic antibody uptake or concentration in the Golgi
complex (Figure 5E). Endocytic events are thus unlikely to influence
Golgi accumulation of p14-PB.

The p14 PBM functions as a tribasic Golgi export signal

To define more clearly the nature of the p14 PBM Golgi export
signal, we created 12 additional substitution constructs in the PBM
(Figure 6A). When cell surface expression levels of the 15 PBM sub-
stitution constructs were rank ordered, there was striking congru-
ence between the number of basic residues and the extent of
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Absence of the PBM concentrates p14 in the Golgi complex. Vero cells transfected with p14(G2A) or
p14-PB(G2A) were fixed and immunostained at 24 hpt using anti-p14 antiserum (red) and the indicated organelle
markers (green) for the Golgi complex (PI4KIIIB) and TGN (TGN46). Right, merged images. Scale bars, 20 ym. Graphs
show relative fluorescence intensities for organelle markers and p14 imaged along the white line in the corresponding
merged images, with Pearson’s r as the mean + SD from 10 cells indicated on the merged images.

plasma membrane localization, largely independent of specific ba-
sic residue locations within the PBM (Figure 6B). The addition of
one basic residue to p14-PB increased cell surface fluorescence
from <5 to ~20% of p14 levels; two basic residues in any of several
locations within the PBM increased cell surface fluorescence to
~40-60%; three or more basic residues exhibited cell surface fluo-
rescence equivalent to p14 with an authentic PBM containing six
basic residues (Figure éB). A one-way analysis of variance (ANOVA)
analysis of three independent experiments indicated no significant
difference in cell surface expression levels between constructs
sharing the same number of basic residues, but differences in cell
surface expression were statistically significant between groups
(Figure 6B). The substitution results also indicated that it is the
number of basic residues, not the net charge of the PBM, that influ-
ences Golgi export, since there was no correlation between pres-
ence or absence of the acidic Glu residue that separates the two
tribasic motifs in the PBM and p14 plasma membrane localization
(Figure 6, A and B).

Steady-state total expression levels varied slightly for the differ-
ent constructs (Figure 6C), with constructs containing fewer than
three basic residues consistently showing ~20-40% reduction in
steady-state levels by Western blot analysis (Supplemental
Figure S1). Decreased steady-state expression is to be expected
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for plasma membrane proteins that fail to traffic out of the Golgi,
since their accumulation would presumably lead to a percentage
being trafficked to lysosomes for degradation. The colocalization
of p14PB with Golgi complex and TGN markers (Figure 4) also sug-
gests that some of the p14PB proteins that fail to exit the TGN
might be retrieved via the COPI pathway. More important, the pro-
gressive increase in cell surface expression correlated with increas-
ing number of basic residues (Figure 6B), not with variations in
overall expression levels (Supplemental Figure S1). One notable
exception to this trend was PB+K,R,R, which contained three basic
residues but displayed cell surface fluorescence levels of ~50%,
more similar to the levels observed in constructs with two basic
charges (Figure 6B). This construct lacked the acidic residue sepa-
rating the two tribasic motifs, but other constructs lacking this
acidic residue were efficiently expressed on the cell surface (e.g.,
RRE and RER constructs in Figure 6). The basis for this anomaly is
unknown, but we note that this was the only construct with three
basic residues that did not contain adjacent basic residues. Cluster-
ing of basic residues or their spatial arrangement may therefore
exert some influence on the function of the PBM as a tribasic Golgi
export signal.

The cell surface fluorescence results were confirmed by confocal
microscopy of permeabilized cells using representative polybasic
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fluorescence + SEM from three independent experiments performed in triplicate (***p < 0.005). (E) Vero cells
transfected with p14(G2A) or p14-PB(G2A) were incubated with full-length anti-p14 antiserum at 24 hpt for 30 min at
37°C. Cells were then fixed and stained with Alexa Fluor 488-conjugated antibody with (permeabilized) or without

(nonpermeabilized) prior Triton X-100 treatment. Scale bar, 20 pm.

mutants in a p14(V9T) backbone. As before, p14-PB(V9T) colocal-
ized extensively with the PI4KIIIB Golgi marker (Figure 7). Addition
of one basic charge (PB+K(V9T)) resulted in a slight increase in dif-
fuse cytoplasmic staining, consistent with FACS results indicating a
low level of Golgi export of this construct to the plasma membrane
(Figure 6B). Addition of two basic residues further decreased Golgi
localization while increasing broadly distributed punctate, cytoplas-
mic staining (B+K,R(V9T)). Addition of a third basic residue (p14-
KRR(V9T)) resulted in little p14 colocalization with the Golgi marker
and obvious immunofluorescence staining at the cell periphery, a
similar staining pattern as p14(V9T) (Figure 7). Visual results were
supported by Pearson’s correlation coefficients, which showed a
progressive decrease in Golgi colocalization with increasing number
of basic residues in the PBM (Figure 7). Efficient p14 trafficking from
the Golgi is therefore largely dependent on the presence of three
basic residues in the PBM.
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Context-dependent effects on the trafficking properties

of p14 PBM

Previous studies suggest that the proximity to the TMD of a cytoso-
lic, dibasic ER export signal can influence the function of this traffick-
ing motif (Giraudo and Maccioni, 2003). To determine whether
membrane proximity influences the function of the p14 PBM, we
appended the p14 PBM to the C-terminus of the p14-PB construct.
In this p14-PBextPB construct (Figure 8A), 68 endodomain residues
separate the PBM and TMD instead of the four-residue separation in
authentic p14. FACS analysis indicated this membrane-distal ver-
sion of the PBM did not promote trafficking of p14 to the plasma
membrane (Figure 8B). To define the nature of the p14-PBextPB
trafficking defect, we examined this construct in the p14(V9T) back-
ground using the endo H assay. As previously observed, the slower-
migrating p14(V9T) polypeptide was completely sensitive to
PNGase F but partially resistant to endo H (Figure 8C), indicative of
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FIGURE 6: Three basic residues are required for maximal p14 cell surface expression. (A) Amino acid sequences of the
p14 PBM and the indicated polybasic mutants. The number of positive residues and the net positive charge of the PBM
are color coded and indicated. (B) QM5 cells transfected with the indicated p14 constructs were processed for
quantification of cell surface fluorescence as described in Figure 2A. Mean percentage cell surface fluorescence £ SEM
relative to authentic p14, after background subtraction of empty vector-transfected cells, from three or more
independent experiments performed in triplicate. Numbers across the top indicate the number of positive residues
present within respective PBMs. One-way ANOVA indicated no significance difference (ns) between constructs sharing
the same number of basic residues (except for PB+K,R,R in the 3+ group). Statistical significance between groups

(**p < 0.01; ***p < 0.005). (C) QM5 cells transfected with the indicated p14 constructs were harvested at 8 hpt and
processed for Western blotting using anti-p14 antiserum or anti-actin antibody. Numbers at the bottom indicate the

number of positive residues present in the PBM.

glycosylation and processing in the Golgi complex to a complex
oligosaccharide. In contrast, the glycosylated p14-PBextPB(V9T)
polypeptide was completely sensitive to endo H treatment
(Figure 8C), suggesting an inability to transit to the Golgi complex.
Confocal microscopy also revealed disseminated cytoplasmic stain-
ing of p14-PBextPB(VT) reminiscent of ER staining with no evidence
of Golgi localization (Figure 8D), consistent with results from the
endo H assay. Thus the proximity of the PBM to the TMD influences
its function as a trafficking motif.

The p14 PBM directs Golgi export of a heterologous
protein

Results indicated the p14 PBM is necessary for efficient Golgi ex-
port of p14, but can it also function to promote Golgi export of a
heterologous protein? To address this question, we sought to
transfer the PBM to the cytoplasmic tail of a protein that resides in
the Golgi complex. Ideally, this heterologous protein should lack a
Golgi retention signal that could compete with the Golgi export
properties of the p14 PBM. A chimeric ERGIC-53 protein fulfilled
these criteria. This protein contains the myc-tagged ectodomain of
ERGIC-53 but the TMD of CD4 connected through two Arg resi-
dues to a 10-residue polyalanine tail (Gut et al., 1998). The TMD
and cytoplasmic tail replacements remove signals that normally
retain the ERGIC-53 protein in the early secretory pathway, result-
ing in preferential localization of the chimeric ERGIC-53 protein to
the Golgi complex in stably transfected MDCK cells (Gut et al.,
1998). We inserted a sequence corresponding to the p14 mem-
brane-proximal region containing the PBM (KYLOKRRERRRQ) in
place of the two Arg residues at the TMD/cytoplasmic tail junction
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in the chimeric ERGIC-53 construct (Figure 9A). We also con-
structed a similar replacement with a sequence substituting the
basic residues in the p14 PBM with Ala residues (KYLQAAAE-
AAAQ). As a positive control for Golgi export of the ERGIC-53
chimera, a second chimeric version of this protein was used that
contains two glycosylation sites in the ectodomain, which gener-
ates a glycoprotein that is more efficiently exported from the Golgi
complex to the plasma membrane (Gut et al., 1998).

All four of the chimeric ERGIC-53 proteins were expressed in
stably transfected QM5 cells at approximately equivalent levels, as
observed by Western blotting using a-myc antiserum (Figure 9B).
As previously reported (Gut et al., 1998), the chimeric ERGIC-53
protein showed reduced levels of cell surface expression when ana-
lyzed by flow cytometry, but addition of the glycosylation signals
substantially increased plasma membrane localization (Figure 9C).
Although the construct containing the p14 PBM region with Ala sub-
stitutions had slightly higher levels of cell surface expression than
the parental chimeric ERGIC-53 construct, addition of the authentic
p14 PBM resulted in cell surface expression at levels equivalent to,
or slightly higher than, those induced by glycosylation of the chime-
ric ERGIC-53 protein (Figure 9C). Immunofluorescence microscopy
of stably transfected Vero cells confirmed the cell surface fluores-
cence results. The parental chimeric ERGIC-53 protein and the con-
struct containing the mutated p14 PBM both displayed strong colo-
calization with the PI4KIIIB Golgi complex marker (Figure 10). In
contrast, both glycosylated ERGIC-53 protein and the construct
containing the p14 PBM displayed disseminated cytoplasmic fluo-
rescence that radiated out to the cell periphery with limited Golgi
colocalization (Figure 10). The p14 PBM can therefore function as a
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Basic residues have an additive effect on p14 Golgi export. Vero cells transfected
with p14(V9T) and the indicated p14(V9T) polybasic mutants were immunostained with anti-p14
antiserum (red) and the PI4KIIIB Golgi marker (green) at 24 hpt. Right, merged images. Pearson’s
r for each construct was calculated for five transfected cells and is shown as mean + SD. Scale
bar, 20 pym.

Golgi export signal to direct Golgi export and plasma membrane
trafficking of heterologous proteins.

proteins does not involve an N-terminal sig-
nal peptide or glycosylation. Plasma mem-
brane localization is therefore dictated by
features inherent in the small ectodomains
or endodomains of the FAST proteins or
their single TMD. The simplified structure
and domain organization of these single-
pass membrane proteins provide an excel-
lent system to define structure—function de-
terminants for membrane fusion and
intracellular protein trafficking. Exploiting
the p14 FAST protein to assess plasma
membrane localization determinants, we
identified a novel Golgi export signal based
on a membrane-proximal tribasic motif.
Golgi export of p14 is determined by the
number of basic residues and not the net
positive charge of the cytosolic PBM. Fur-
ther, the trafficking phenotype was not cell
type specific, manifesting the same effects
in QM5 fibroblasts and nonpolarized Vero
epithelial cells, and the tribasic motif can
function as a Golgi export signal or ER re-
tention signal depending on its proximity to
the TMD. Of most note, the p14 PBM can
mediate efficient export of a heterologous
Golgi-resident protein to the plasma mem-
brane. This is the first example of an autono-
mous Golgi export signal based on a se-
quence-independent, membrane-proximal
tribasic motif.

All FAST proteins contain a cluster of
membrane-proximal basic residues whose
role in FAST protein-mediated cell-cell fu-
sion is unknown. In the case of the p10 and
p15 FAST proteins, these PBMs are essential
for cell-cell fusion (Shmulevitz et al., 2003;
Dawe et al., 2005). We now show a similar
reliance of p14-mediated cell-cell fusion on
the presence of the PBM (Figure 1). Previous
speculation suggested these PBMs might
regulate FAST protein topology in the mem-
brane, since one of the dominant determi-
nants of membrane protein topology is the
prevalence of basic residues on the cytoso-
lic side of the TMD (von Heijne, 1989,
Nilsson et al., 2005). However, surface im-
munodetection using an antiserum that
recognizes both the N- and C-termini of
p14 failed to detect p14-PB in either the
correct Niymenal/Ceytoplasmic OF the inverse
Ncytoplasmic/cexop\asmic tOpOIOQY on the sur-

face of transfected cells (Figure 2). Furthermore, Ala substitution of
the PBM had no negative effect on glycosylation of the p14(V9T)

construct (Figure 3). Given that the only N-linked glycosylation site

DISCUSSION

The reovirus FAST proteins are a singular family of virus-encoded
fusogens. They are among the smallest of all known membrane fu-
sion proteins, the only examples of nonenveloped virus fusogens,
and the only viral membrane fusion proteins whose sole defined
function is to induce cell-cell membrane fusion and syncytium
formation. Membrane insertion and protein trafficking of the FAST
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in p14(V9T) is at the introduced Val-Thr substitution nine residues
from the N-terminus, p14-PB(V9T) must still assume the correct
Niumenat/ Ceytoplasmic topology. We note that the first residue after the
p14 TMD is Lys, which resides four residues upstream of the PBM.
This positively charged residue might be sufficient to maintain the
normal Niumenal/Ceytoplasmic topology of p14 in the absence of the
PBM. Thus we demonstrate for the first time that a FAST protein
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as a Golgi export signal. Finally, moving
the p14 PBM from its membrane-proximal
location to the C-terminus failed to gener-
ate any endo H-resistant glycosylated
versions of p14, implying that the
p14-PBextPB(V9T) construct failed to traf-
fic from the ER to the Golgi complex

o 150 \') p14(V9T) PBextPB (Figure 8). The p14 PBM can therefore
(0] g Endo H - - + - . + - function as a Golgi export signal or ER re-
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Membrane proximity influences the trafficking function of the p14 PBM. (A) Amino
acid sequences and location of PBMs in p14 and p14-PBextPB. Numbers indicate residue
position in p14. lle-125 is the C-terminal residue of authentic p14. Boundary of the TMD and
location of the PBM are indicated. (B) Percentage cell surface fluorescence analysis of p14 and
p14-PBextPB, as described in Figure 2A. Statistical significance relative to p14 (***p < 0.005;
n = 3). (C) Endo H resistance of p14 and p14-PBextPB, as described in Figure 3B. V, empty
vector; *glycosylated p14; ¢, nonglycosylated p14. (D) Vero cells transfected with p14-
PBextPB(V9T) and immunostained at 24 hpt using anti-p14 antiserum (red) and the ER marker

PDI (green). Right, merged image. Scale bar, 20 um.

PBM does not affect protein topology in the membrane but is in-
stead essential for localization to the plasma membrane.

Basic residues were identified as sorting signals for ER export
to the Golgi complex (Duvernay et al., 2011; Dong et al., 2012),
and a membrane-proximal dibasic motif was previously shown to
mediate interaction with the Sar1 component of COP Il to pro-
mote efficient ER exit (Giraudo and Maccioni, 2003). However,
several approaches revealed the p14 PBM functions as a mem-
brane-proximal Golgi, not ER, export signal. First, p14 lacking a
PBM was exported from ER to the Golgi complex as efficiently as
authentic p14, as determined by the percentage of glycosylated
p14-PB(V9T) that was endo H-resistant (Figure 3), indicating that
the PBM is not required for ER export. Second, immunofluores-
cence microscopy revealed extensive colocalization of p14-PB
with markers of the Golgi complex and TGN (Figure 4), indicating
accumulation of p14 in the Golgi complex and TGN when the
PBM was removed by Ala substitution. Third, inhibiting dynamin-
dependent endocytic pathways had no effect on p14 plasma
membrane localization and did not promote detection of p14-PB
in the plasma membrane (Figure 5C), whereas an antibody inter-
nalization assay failed to detect recycling of p14-PB from the
plasma membrane to the Golgi complex (Figure 5E). The most
straightforward explanation for these results is the p14 PBM does
not function as a plasma membrane retention signal but instead
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[RK] cytosolic motif promotes ER retention
or retrieval when located distal from, but not
proximal to, the TMD (Vincent et al., 1998).
The precise location of two Lys residues in
the KKXX motif, at positions -3 and —4 or -5
relative to the C-terminus, is required to al-
low electrostatic interactions with compo-
nents of the COPI complex (Jackson et al.,
1990, 2012). The p14 PBM does not con-
form to this consensus arrangement but still
promotes ER retention when located at the
C-terminus (Figure 8). The [RK](X)[RK] motif
promotes ER localization of type Il mem-
brane proteins (i.e., N-terminus in the cyto-
sol) using either Lys or Arg residues posi-
tioned in one of five possible arrangements
relative to the N-terminus (NH»-XRR, -XXRR,
XXXRR, -XRXR, or -XXRXR; Schutze et al.,
1994). Of interest, the p14 PBM contains
three of these basic residue arrangements
relative to the cytosolic C-terminus (RRX-
COOH, RRXX-, and RXRX-). The positioning
of diarginine residues relative to the cytoso-
lic termini might therefore mediate ER re-
tention of either type | or type Il membrane proteins.

Although sorting signals involved in trafficking from the Golgi
complex to various membrane compartments have been described,
these motifs function more as sorting signals than export signals per
se. Linear, tyrosine- or leucine-based cytosolic signals regulate post-
Golgi trafficking in both the biosynthetic and endocytic pathways,
targeting proteins to the endosomal/lysosomal compartments
(Williams and Fukuda, 1990; Harter and Mellman, 1992; Odorizzi
et al., 1994) or basolateral membranes (Hunziker et al., 1991; Matter
et al., 1992). Mutating these sorting signals can reduce trafficking ef-
ficiency from the Golgi complex to the plasma membrane (Nishimura
et al., 2002) but generally leads to mislocalization rather than accumu-
lation in the Golgi (Williams and Fukuda, 1990; Hunziker et al., 1991;
Harter and Mellman, 1992; Rajasekaran et al., 1994). As we now show,
the p14 PBM functions as a bona fide Golgi export signal. Ala substi-
tutions of all six basic residues decreased plasma membrane localiza-
tion of p14-PB by >95% (Figure 2B) and resulted in p14-PB accumula-
tion in the Golgi complex (Figure 4). Extensive mutagenic analyses
revealed stepwise progressions in Golgi export (Figure 7) and plasma
membrane localization (Figure 6) as positively charged residues were
reintroduced into p14-PB, reaching maximal levels with three basic
residues. Most important, the p14 Golgi export signal was transfer-
able to a heterologous Golgi-resident protein. Addition of the p14
PBM to the ERGIC-53 chimera, but not the Ala-substituted version of
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FIGURE 9: p14 PBM traffics a Golgi-resident protein to the plasma
membrane. (A) Schematic diagram of the N-terminally myc-tagged
chimeric ERGIC-53 protein containing the ERGIC-53 ectodomain, CD4
TMD, and polyalanine (polyA) cytoplasmic tail. The glycosylated
ERGIC-53 chimera has two glycosylation sites (VNATASA and D61N)
introduced into the ectodomain. The ERGIC-p14 and ERGIC-p14-PB
constructs replace the two membrane-proximal endodomain arginine
residues in the parental ERGIC-53 chimera with the membrane-
proximal p14 sequence containing the PBM (KYLOQKRRERRRQ) or the
Ala-substituted version of this motif (KYLOAAAEAAAQ). (B) QM5
cells stably transfected with empty vector (V), parental ERGIC-53
chimera (E-53), glycosylated ERGIC-53 chimera (GlyE), ERGIC-53 with
the p14 PBM (E-p14), or the Ala-substituted PBM (E-PB) were
processed for Western blotting using anti-myc or anti-actin antibody.
(C) As in B, except that QMS5 cells transfected with the indicated
chimeric ERGIC-53 constructs were processed for flow cytometry
after live-cell staining with anti-myc antibody and Alexa
647-conjugated secondary antibodies. Mean percentage cell surface
fluorescence relative to GlyE transduced cells + SEM from triplicate
samples was calculated from three independent experiments.
Statistical significance relative to E-53 (*p < 0.05; ***p < 0.005).

the PBM, increased cell surface fluorescence (Figure 9) and Golgi ex-
port (Figure 10) as efficiently as addition of a glycosylation signal,
which was previously reported to promote Golgi export of this con-
struct (Gut et al., 1998). The p14 PBM is therefore sufficient to confer
a Golgi export phenotype to an otherwise Golgi-resident protein and
promote trafficking to the plasma membrane.

Basic sorting motifs have been well described as ER retention,
retrieval, or export signals (Andersson et al., 1999; Giraudo and
Maccioni, 2003; Duvernay et al., 2011; Dong et al., 2012), but the
p14 PBM is the first example of a Golgi export signal based on a
tribasic motif. There is, however, some indication that similar motifs
may exist in other proteins. For example, mutation of two basic resi-
dues present in the N-terminal cytosolic domain of the bitopic, in-
ward rectifier potassium channel Kir2.1 qualitatively decreases Golgi
export to the plasma membrane (Stockklausner and Klocker, 2003).
More recent studies indicate these basic residues are part of a bipar-
tite Golgi export signal that includes sequences in the C-terminal
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cytosolic domain, which are juxtaposed in the tertiary structure (Ma
etal., 2011). How the p14 PBM directs Golgi export is unclear, but
the present results provide some insights. The PBM is sufficient to
direct Golgi export of a heterologous Golgi-resident protein, indi-
cating that, unlike the basic trafficking motif in Kir2.1, it is an autono-
mous trafficking signal. The Golgi export function of the PBM is also
dependent on its close proximity to the membrane. In ER export,
membrane-proximal dibasic or tribasic export signals promote inter-
actions with the Sar1 and Sec24C/D components of the COPIl com-
plex (Giraudo and Maccioni, 2003; Dong et al., 2012). The require-
ment for the p14 PBM to be membrane proximal may similarly
facilitate interactions with adaptor proteins for Golgi export.
However, unlike basic signals involved in ER trafficking, the PBM
Golgi export signal is dependent on the number, but not the identity
or position, of basic residues. In addition, the relative extent of Golgi
export gradually increased with progressive addition of basic resi-
dues, implying that additive electrostatic binding promotes Golgi
export. These results suggest that electrostatic interactions may not
mediate precise interactions with adaptor proteins but instead pro-
mote binding to phosphoinositides (Pls). Pls recruit small GTPases,
adaptor proteins, and coat proteins to trafficking hubs and promote
transport vesicle biogenesis (Santiago-Tirado and Bretscher, 2011).
Polybasic clusters have also been shown to concentrate Pl in lipid
microdomains (Gokhale et al., 2005). It will be interesting to deter-
mine whether the p14 PBM preferentially interacts with phosphati-
dylinositol 4-phosphate or phosphatidylinositol (4,5)-bisphosphate,
two Pls involved in Golgi trafficking (De Matteis and Godi, 2004),
and whether such interactions recruit p14 to TGN exit sites or lead
to generation of Golgi exit sites where p14 resides.

MATERIALS AND METHODS

Cells and antibodies

Vero and QM5 cells were maintained at 37°C and 5% CO, in me-
dium 199 with Earle’s salts supplemented with 5 or 10% fetal bovine
serum (FBS), respectively The rabbit polyclonal anti-p14 and anti-14
ectodomain antisera were previously described (Corcoran and
Duncan, 2004; Top et al., 2005). Antibodies against actin (Sigma-
Aldrich, St. Louis, MO), myc epitope tag (Sigma-Aldrich), PI4KIIIB
(BD Biosciences, Franklin Lakes, NJ), TGN46 (Serotec, Oxford, UK),
protein disulfide isomerase (PDI; Enzo Life Sciences, Farmingdale,
NY), horseradish peroxidase (HRP)-conjugated goat anti-rabbit
(Jackson ImmunoResearch, West Grove, PA), Alexa Fluor 488—con-
jugated goat anti-mouse or donkey anti-sheep, Alexa Fluor 555-con-
jugated donkey anti-rabbit, and Alexa Fluor 647—conjugated goat
anti-rabbit secondary antibodies (Life Technologies, Carlsbad, CA)
were obtained from the indicated suppliers.

Cloning and vectors

The p14 gene cloned into pcDNA3 and the nonfusogenic p14(V9T)
and p14(G2A) point substitution constructs were described previ-
ously (Corcoran and Duncan, 2004). These constructs were used as
templates to create the indicated point substitutions in the p14 PBM
using the QuikChange (Stratagene, La Jolla, CA) method according
to the manufacturer’s specifications. The p14PBextPB was created
using p14-PB as a template for PCR with a reverse primer that added
the PBM to the C-terminus of the protein. The myc-tagged chimeric
ERGIC-53 construct with or without glycosylation sites (D61E and
VNATASA substitutions in the ectodomain) were provided by Karl
Matter (University College London, London, United Kingdom) in the
pCBé6 vector, subcloned into pcDNA3, and used as templates for
PCR with primers that replaced the membrane-proximal diarginine
sequence in the cytoplasmic tail with the p14 membrane-proximal
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The p14 PBM is sufficient to function as a Golgi export signal. Vero cells
transfected with the indicated chimeric ERGIC-53 constructs as in Figure 9 were immunostained
with anti-myc antibody (red) and the PI4KIIIB Golgi marker (green). Right, merged images.
Pearson’s r is shown in the merged images of each construct as the mean £ SD from nine cells.

Scale bars, 20 pm.

region containing the PBM (KYLOQKRRERRRQ) or Ala substitutions of
the PBM (KYLOQAAAEAAAQ). All experiments were performed us-
ing transient transfections with these vectors, except for the ER-
GIC-53 chimeras that were used in stably transfected cells.

Transfection and syncytial indexing

Cluster plates containing subconfluent monolayers of QM5 or Vero
cells were transfected with expression plasmids using Lipofectamine
(Invitrogen) or jetPRIME (PolyPlus Transfection, lllkirch, France), re-
spectively, according to the manufacturer’s instructions. At 8 hpt the
QM5 monolayers were rinsed with Hank’s balanced salt solution
(HBSS), fixed with methanol, and stained using Wright-Giemsa
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stain, and a syncytial index was determined
by counting the number of syncytial nuclei
(i.e., cells containing >4 nuclei/cell) in five
random microscopic fields, as previously
described (Corcoran and Duncan, 2004).
For stable transfections with the ERGIC-53
constructs, at 24 hpt the growth medium on
QMS or Vero cells was replaced with growth
medium containing 1 mg/ml G418 (Life
Technologies), and transfected cells were
cultured under these selective conditions
for 5 d with subculturing in the selective me-
dium as required.

Western blotting

At 8 hpt, QM5 cells were lysed with RIPA
buffer (50 mM Tris, pH 8.0, 150 mM NaCl,
1 mM EDTA, 1% NP-40, 0.5% IGEPAL) con-
taining 1 pM protease inhibitors (aprotinin,
pepstatin, and leupeptin) for 45 min on ice.
Equivalent protein loads, as determined by
Lowry assays (Bio-Rad, Hercules, CA), were
analyzed by SDS-PAGE (15% acrylamide)
and Western blotting using anti-p14 antise-
rum (1:10,000) or antibodies against actin
(1:2500) or the myc epitope tag (1:2500)
and a HRP-conjugated goat anti-rabbit sec-
ondary antibody (1:10,000). For the endo H
assays, cells were lysed at 24 hpt, and be-
fore SDS-PAGE lysates were treated at 37°C
for 2 h with endo H or PNGase F according
to the manufacturer’s specifications (New
England BioLabs, Ipswich, MA). Membranes
were developed using ECL-Plus reagent
(GE Healthcare, Little Chalfont, UK) and im-
aged on a Typhoon 9410 variable-mode
imager (GE Healthcare) or a Kodak 4000-
mm Pro CCD imager. Blots were quantified
by ImageJ (National Institutes of Health,
Bethesda, MD) and results reported as band
intensity relative to authentic p14.

Cell surface immunofluorescence flow
cytometry

Transfected QM5 cells were cultured for 24 h
in growth medium containing a 1:20 dilution
of anti-p14 ectodomain antiserum to
prevent syncytium formation. Conversely,
cells transfected with the nonfusogenic
p14(G2A) pr p14(V9T) constructs were cul-
tured for 24 h in normal growth medium. Live cells were then incu-
bated at 4°C for 30 min in blocking buffer (5% normal goat serum,
1% bovine serum albumin, 0.02% NaN3 in HBSS) and stained with
a 1:1000 dilution of anti-p14 ectodomain, anti-14 full length anti-
serum, or anti-myc antibody (for the chimeric ERGIC-53 constructs)
and a 1:2000 dilution of Alexa 647—conjugated goat anti-rabbit
secondary antibody, each for 1 h at 4°C. Cells were resuspended
in phosphate-buffered saline (PBS) containing 10 mM EDTA and
fixed with 3.7% formaldehyde, and 10,000 cells were analyzed by
flow cytometry (FACSCalibur; BD Biosciences) using De-Novo
software. Cells transfected with empty vector were used as nega-
tive controls for immunostaining, the fluorescence gate was set to
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<5%, and the same gate was applied to quantify surface fluores-
cence of the p14-transfected cells. Background fluorescence from
vector-transfected cells was subtracted before mean percentage
surface fluorescence was calculated.

Intracellular immunofluorescence flow cytometry

QM5 cells were transfected with nonfusogenic p14(G2A) or p14-
PB(G2A) for 24 h in normal culture medium. Cells were then resus-
pended in PBS with 10 mM EDTA and fixed with 1% paraformalde-
hyde in PBS for 15 min at room temperature. Cells were pelleted,
washed with PBS, and permeabilized in blocking buffer containing
0.1% saponin for 30 min at room temperature. Cells were then la-
beled with 1:1000 dilution of anti-p14 antiserum and 1:2000 dilution
of Alexa 647—-conjugated goat anti-rabbit secondary antibody, each
for 1 h at room temperature in blocking buffer containing 0.1%
saponin. Cells were resuspended in PBS and analyzed by flow
cytometry as indicated for cell surface immunofluorescence.

Intracellular immunofluorescence microscopy

At 24 hpt, transfected Vero cells cultured on glass coverslips (Thermo
Scientific, Hampton, NH) were fixed in 3.7% formaldehyde for
20 min at room temperature, permeabilized for 20 min at room tem-
perature with 0.1% Triton X-100, blocked for 30 min in blocking buf-
fer, and stained with rabbit anti-p14 antiserum (1:200) or rabbit anti-
myc antibodies (1:1000) or with 1:1000 dilutions of mouse
monoclonal antibodies against a Golgi marker (PI4KIIIB), TGN
marker (TGN46), or ER marker (PDI) and with 1:1000 dilutions of
Alexa 488—-conjugated goat anti-mouse or Alexa 647-conjugated
goat anti-rabbit secondary antibodies. Coverslips were mounted on
glass slides using fluorescence mounting medium (Dako, Glostrup,
Denmark) or Prolong gold antifade reagent (Life Technologies) and
then visualized and photographed using a Zeiss LSM 510 META
confocal microscope or a Zeiss Axioplan Il MOT and AxioCam HRC
Color Camera. Images were acquired with either 63 or 100x objec-
tive. Images were analyzed by ImageJ to generate fluorescence in-
tensity graphs. Pearson’s r was determined for 5-10 cells on unad-
justed images using the Fiji version of ImageJ (Schindelin et al.,
2012). If required, background was corrected using the rolling ball
background plug-in, and colocalization thresholds were set using
the Coloc_2 plug-in (Costes et al., 2004).

Endocytosis inhibition assay

Cells were transfected with nonfusogenic p14(G2A) or p14-PB(G2A),
and at 24 hpt, cells were incubated with 80 uM dynasore (Santa Cruz
Biotechnology, Dallas, TX) or 0.8% dimethyl sulfoxide (DMSO;
Sigma-Aldrich) at 37°C for 1 h in serum-free growth medium. Cells
were then treated and analyzed for p14 surface expression as de-
scribed in surface expression assay. For analyzing dynasore function-
ality, vector-transfected cells were serum starved for 30 min and
then incubated with 80 pM dynasore or 0.8% DMSO at 37°C for
30 min. Alexa 555-conjugated transferrin (Molecular Probes) was
then added (20 pg/ml) to cells for 20 min at 4°C. Cells were then
harvested and analyzed as described in surface expression assay.

Antibody internalization assay

Vero cells cultured on glass coverslips were transfected with nonfu-
sogenic p14(G2A) or p14-PB(G2A) and incubated for 24 h with nor-
mal growth medium. Cells were then incubated with blocking buffer
and subsequently with 1:200 dilution of anti-p14 antiserum in block-
ing buffer, each for 30 min at 37C. Cells were fixed with 4% para-
formaldehyde for 15 min at room temperature and then processed
further as nonpermeabilized cells or after permeabilization with
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0.1% Triton X-100 in PBS for 15 min at room temperature using
Alexa Fluor 488—conjugated goat anti-rabbit antibody, as described
for 1 h at room temperature. Coverslips were then mounted and
analyzed as indicated in intracellular immunofluorescence staining.

Statistical analysis

Statistical analysis and sample comparison were performed using
Prism software (GraphPad, San Diego, CA). Groups of two samples
were analyzed with a paired two-tailed ttest, and groups of more than
two samples were analyzed using ANOVA with a Tukey post test.
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