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The vaccinia virus B5R type I integral membrane protein accumulates in the Golgi network, from where it
becomes incorporated into the envelope of extracellular virions. Our objective was to determine the domains
of B5R responsible for Golgi membrane targeting in the absence of other viral components. Fusion of an
enhanced green fluorescent protein to the C terminus of B5R allowed imaging of the chimeric protein without
altering intracellular trafficking and Golgi network localization in transfected cells. Deletion or swapping of
B5R domains with corresponding regions of the vesicular stomatitis virus G protein, which is targeted to the
plasma membrane, indicated that (i) the N-terminal extracellular domain of B5R had no specific role in Golgi
apparatus localization, (ii) the transmembrane domain of B5R was sufficient for exiting the endoplasmic
reticulum, and (iii) removal of the cytoplasmic tail impaired Golgi network localization and increased the
accumulation of B5R in the plasma membrane. Further experiments demonstrated that the cytoplasmic tail
mediated internalization of B5R from the plasma membrane, suggesting a retrieval mechanism. Mutagenesis
revealed residues required for Golgi membrane localization and efficient plasma membrane retrieval of the
B5R protein: a tyrosine at residue 310 and two adjacent leucines at residues 315 and 316.

Vaccinia virus replicates in the cytoplasm and produces two
related infectious forms: intracellular mature virions (IMV)
and extracellular enveloped virions (EEV) (32). EEV arise
from IMV that have been wrapped by a trans-Golgi network
(TGN) or endosomal cisternae (18, 21, 31, 44, 47). While IMV
comprise the majority of progeny virions, they are released
only following cell lysis. Cell surface adherent and detached
EEV are believed to be largely responsible for cell-to-cell
spread and long-range transmission of vaccinia virus (1, 4, 7,
37). Six proteins, encoded by the A33R (42), A34R (12), A36R
(36), A56R (38, 45), B5R (13, 22), and F13L (19) open reading
frames (ORFs), are known to be EEV specific. When expres-
sion of A33R, A34R, A36R, B5R, or F13L was prevented, the
size of virus plaques was drastically reduced because of ineffi-
cient virus spread (3, 30, 36, 41, 51). F13L and B5R play crucial
roles in morphogenesis, as deletion of either inhibited the
wrapping of IMV causing decreased EEV production (3, 14,
51). In contrast, deletion or repression of A33R, A34R, or
A36R had relatively little effect on EEV formation but de-
creased the number of actin tails associated with intracellular
enveloped virions (IEV) (41, 42a, 52, 53).

While there is considerable information regarding the con-
sequences of EEV gene deletions on morphogenesis and virus
spread, little is known about how EEV proteins are targeted to
the viral membrane. The 42-kDa type I integral membrane
glycoprotein encoded by the B5R ORF (13, 22) was found in
the Golgi network when it was expressed in the absence of
other viral proteins (24), suggesting that it contains the requi-
site transport and localization signals. Several studies with in-
fected cells showed that removal or replacement of either the
lumenal domain or the cytoplasmic tail had no effect on the
incorporation of B5R into EEV (17, 24, 26, 29). Taken to-
gether, these results implied that the transmembrane domain

of B5R was necessary and sufficient for Golgi membrane lo-
calization and EEV targeting. However, no mutant with a
deletion of both the lumenal domain and cytoplasmic tail of
B5R was examined, leaving open the possibility that redundant
targeting signals are present in the lumenal domain and cyto-
plasmic tail and absent from the transmembrane domain. Fur-
thermore, since all studies with mutated proteins were carried
out in the context of permissive virus infections, other viral
proteins may have served as chaperones. For these reasons, we
thought it important to test the roles of the transmembrane
domain and cytoplasmic tail individually and in the absence of
other vaccinia virus proteins.

In the present study, we modified and interchanged domains
of the B5R and vesicular stomatitis virus glycoprotein (VSVG)
and demonstrated that the transmembrane domain of B5R al-
lowed endoplasmic reticulum (ER)-to-Golgi membrane trans-
port and that specific sequences in the cytoplasmic tail of B5R
were responsible for its accumulation in the Golgi network and
retrieval from the plasma membrane.

MATERIALS AND METHODS

Construction of chimeric proteins. The following primers, with restriction
endonuclease cleavage sites in italics, overlapping nucleotides (nt) for two-stage
PCR underlined, and mutations in the B5R coding sequence in bold letters, were
used in this study: B5RSacF, CGGAGCTCTGCAACTTATCATATAATC;
B5R39NcoR, GCTTACACCATGGGTAGCAATTTATGGAACT; VSVGctF,
TGTTCCTGTCGAGTTGGTATTTATC; B5RtmdR, AAATACCAACTCGA
CAGGAACAAACTAAT; B5R59D3F, GAAGCTTCATAAATAAAAATGAA
AACG; B5RDctR, ACCATGGTACAGGAACAAACTAATAC; B5RctF, TTG
GTTCTCTGTTCCTGTGACAAAAAT; VSVGtmdR, GGAACAGAGAACC
AAGAATAGTCC; B5R310AF, GACCAAGCTAAGTTCCATAAATTGCTA;
B5R310AR, GAACTTAGCTTGGTCATTATTTTTGTC; B5RSacR, AGAGCT
CTCTAACGATTCTATTTCTTGT; B5RDLLR, CCATGGGTTTATGGAACT
TATATTGGTCATT; VSVGDctR, ATCCATGGCAATACCAACTCGGAGA
ACCAA; B5R310A/DLLR, ACCATGGGTTTATGGAACTTAGCTTGG.

The cosmid pWR133-168 (46) was digested with ScaI-NsiI and a 2.15-kbp
fragment containing B5R was cloned into pGEM-7Zf (Promega) that had been
digested with SmaI-NsiI. The resulting plasmid, pBMW-4, contained B5R and
approximately 500 bp of flanking sequence on each side. Primers B5R59D3F and
B5R39NcoR were used to amplify the entire B5R sequence and add a HindIII
site 17 bp upstream from the translational start site and an NcoI site immediately
in front of the termination codon. PCR products were separated on a 1%
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low-melting-point agarose (GIBCO) gel, and the appropriately sized fragment
was excised, purified by using Wizard PCR preps (Promega), cloned into
pGEM-T (Promega), and sequenced. Subsequently, a 970-bp HindIII-NcoI frag-
ment containing the coding sequence for B5R was ligated together with a 734-bp
NcoI-XbaI fragment from pEGFP-N1 (Clontech) containing the enhanced green
fluorescent protein (GFP) ORF and the expression vector pCDM8 (Invitrogen),
which had been linearized with HindIII-XbaI to yield pB5R-GFP. To simplify the
nomenclature of the chimeras, each was given a three-letter designation, divided
by slashes, corresponding to the three domains of the protein (lumenal/trans-
membrane/cytoplasmic) and the protein from which it was derived, G for VSVG
and B for B5R (Fig. 1). VSVG-GFP (39) was a generous gift from Jennifer
Lippincott-Schwartz. Primers B5RSacF and B5R39NcoR were used to amplify a
fragment of B5R containing the transmembrane domain and cytoplasmic tail and
add a SacI site at nt 825 and an NcoI site immediately in front of the termination
codon. The amplified fragment was cloned into pGEM-T as described above to
yield pBMW1-T. To construct G/B/B-GFP, a fragment containing the transmem-
brane domain and cytoplasmic tail was excised from pBMW1-T by using SacI and
NcoI. This fragment was ligated with a 734-bp NcoI-XbaI fragment containing
GFP from pEGFP-N1 and VSVG-GFP that had been linearized with XbaI and
partially digested with SacI to cleave only the SacI site at nt 1389 of VSVG to
yield G/B/B-GFP. To make templates for the construction of other chimeras, the
plasmids containing VSVG-GFP and G/B/B-GFP were each digested with PstI-
XbaI, and the resulting fragments were cloned into pUC19 that had been di-
gested the same way to yield pBMW-10 and pBMW-3, respectively. Standard
two-stage PCR was used with the following primers and template pairs: primer
pair B5RctF and M13 forward (Promega) with template pBMW-3 and primer
pair VSVGtmdR and M13 reverse (Promega) with template pBMW-10 to con-
struct G/G/B-GFP. After amplification, fragments were separated as before and
joined by a third PCR. The resulting amplified fragment was cloned as described
before to yield pBMW-5T. A 730-bp PstI-NcoI fragment from G/B/B-GFP was
replaced with a 720-bp PstI-NcoI fragment from pBMW-5T to yield G/G/B-GFP.
Construct G/B/G-GFP was made in a similar way by using the following primer
pairs and templates: primer pair B5RtmdR and M13 reverse (Promega) with
template pBMW-3 and primer pair VSVGctF and M13 forward and template
pBMW-10 for the initial amplification.

To construct G/B/D-GFP, primers B5RDctR and M13 reverse were used to
amplify a 703-bp fragment from pBMW-4 that contained an NcoI site at nt 911
of B5R that is in frame with the 59 NcoI site in pEGFP-N1. Similarly, to construct

G/G/D-GFP, primers VSVGDctR and M13 reverse were used to amplify a
686-bp fragment from pBMW-10 that contained an NcoI site at nt 1461 of
VSVG. Amplified fragments were initially cloned into pGEM-T for sequencing
and then inserted into VSVG-GFP as described above. To construct B/G/D-GFP,
primers T7 and B5RSacR were used to amplify a fragment from pBMW-10 that
contained a SacI site at nt 825 of B5R. The resulting fragment was cloned into
pGEM-T as described above to yield pBMW-24T. A 550-bp EcoRI-SacI frag-
ment from pBMW-24T was ligated with an 813-bp SacI-XbaI fragment from
construct G/G/D-GFP and B5R-GFP that had been linearized with EcoRI-XbaI
to yield B/G/D-GFP.

Construct G/B/BY310A-GFP, in which the nucleotide sequence was changed to
encode an alanine at residue 310 instead of a tyrosine, was made by two-stage
PCR using pBMW-3 as the template and primer pairs B5R310AF-M13 forward
and B5R310AR-M13 for the initial amplification. The second stage and subse-
quent cloning were carried out as described earlier. Primers B5RDLLR and M13
forward were used to amplify a 750-bp fragment from pBMW-3 that placed an
NcoI site at nt 349 of B5R and removed the sequence that coded for the two
leucines at residues 315 and 316 of B5R. A fragment containing both mutations
was amplified with primers B5R310A/DLLR and T7 with G/B/BD315/316-GFP as
the template. Both fragments were cloned into pGEM-T for sequencing and
inserted into G/B/B-GFP as previously described.

Cells and transfections. HeLa and COS-7 cell monolayers were grown in
Dulbecco’s modified Eagle’s medium (Quality Biologicals, Gaithersburg, Md.)
supplemented with 10% fetal calf serum. For transfection, cells were grown on
coverslips in six-well plates to approximately 80% confluency and then trans-
fected with Lipofectamine reagent (Gibco BRL) as recommended by the man-
ufacturer. DNA for transfection was prepared with the Wizard Maxipreps DNA
Purification System according to the directions of Promega.

Fluorescence microscopy. At 36 to 48 h after transfection, cells expressing
GFP chimeras were fixed in 4% paraformaldehyde in phosphate-buffered saline
(PBS) at 4°C. To stain the Golgi network, fixed cells were permeabilized with
0.05% saponin in PBS, quenched for 10 min in 0.1 M glycine, and incubated with
anti-58K antibody (Sigma) followed by CY5-conjugated goat anti-mouse second-
ary antibody (Jackson ImmunoResearch Laboratories) that had been diluted
1:100 in PBS.

Hybridoma cells expressing the anti-VSVG monoclonal antibody (MAb) I1
(10, 25) were a generous gift of Jonathan Yewdell. For live staining, cells
expressing GFP chimeras were washed twice with ice-cold PBS and incubated for
1 h on ice with hybridoma I1 supernatant diluted 1:100 in PBS. Following
incubation, cells were washed twice with ice-cold PBS, fixed for 1 h, and stained
with secondary antibody as described above. For internalization of antibody
complexes, live cells expressing chimeras were incubated with MAb I1 as de-
scribed above. After incubation, cells were washed twice with ice-cold PBS and
incubated in Opti-MEM medium (Gibco BRL) for 2 h at 31°C. After incubation,
cells were washed, fixed, permeabilized with PBS containing 0.5% saponin for
1 h, and quenched. Antibody staining was detected as described above.

Fab fragments of the MAb I1 were generated by using the ImmunoPure Fab
preparation Kit (Pierce) according to directions of the manufacturer. Cells ex-
pressing chimeras were washed twice in Opti-MEM followed by incubation
overnight at 31°C with the Fab fragments that had been diluted 1:10 in Opti-
MEM.

Nuclei were visualized by staining with 6 mg of Hoechst 33258 (Pierce) per ml
in PBS for 10 min, followed by three 5-min washes with PBS. Coverslips were
mounted in PBS and sealed with rubber cement. Fluorescence was detected on
a Leica TCS NT inverted confocal microscope with a UV laser (Coherent, Santa
Clara, Calif.) attached. Images were overlaid by using Adobe PhotoShop version
5.0.2.

Flow cytometry. HeLa cells were harvested with PBS containing 2% EDTA at
48 h after transfection. Harvested cells were incubated for 1 h on ice with I1
hybridoma supernatant, diluted 6:100 in PBS, followed by CY5-conjugated goat
anti-mouse secondary antibody. Stained cells were analyzed for GFP and CY5
staining on a FACSCalibur instrument (Becton Dickinson). At least 1,400 GFP-
positive cells were analyzed.

RESULTS

Localization of a B5R-GFP fusion protein in the Golgi net-
work. The B5R ORF encodes a type I integral membrane
protein that localizes to the Golgi network independently of
other viral proteins (24). In a previous study, Presley et al. (39)
had shown that fusion of GFP to the C terminus of VSVG,
another type I membrane glycoprotein, did not affect the traf-
ficking of VSVG from the ER to the plasma membrane as
detected by fluorescence microscopy. Based on this result, we
decided to add GFP to the C terminus of the B5R protein (Fig.
1). A plasmid containing the B5R-GFP ORF regulated by a
cytomegalovirus promoter was transfected into HeLa cells. As
shown in Fig. 2, an intense green fluorescence was detected in

FIG. 1. VSVG, B5R, and GFP chimeras. (A) Schematic representation of
chimeras. VSVG-GFP and B5R-GFP are VSVG and B5R proteins with GFP
appended to the cytoplasmic tail, respectively. Chimeras are constructed from
the lumenal domain (LD), transmembrane domain (TMD), and cytoplasmic tail
(CT) of VSVG (■) or B5R (h), and GFP ( ). ‚, deleted cytoplasmic
domain. (B) Amino acid sequences of predicted transmembrane domains (un-
derlined) and cytoplasmic tails of B5R and VSVG. Tyrosine 310 and leucines 315
and 316 of B5R and the diacidic signal of VSVG are shown in italics.
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perinuclear and juxtanuclear structures characteristic of the
ER and Golgi complex, respectively. The GFP fluorescence
colocalized with antibody to the Golgi 58K protein (Fig. 2)
which has been shown to be associated with the Golgi appa-
ratus (5, 11). As will be shown later, constructs with an intact
B5R cytoplasmic tail are retained in the Golgi network even
after a prolonged chase in the presence of cycloheximide, an
inhibitor of protein synthesis. Whereas cells transfected with
B5R-GFP exhibited very low fluorescence in the plasma mem-
brane, strong Golgi and plasma membrane fluorescence was
noted in HeLa cells transfected with a plasmid expressing
VSVG-GFP (Fig. 2). (The VSVG protein expressed in this
study has a reversible temperature-sensitive mutation in the
lumenal domain that inhibits proper folding and subsequent
exit from the ER at the nonpermissive temperature of 40°C but
refolds at the permissive temperature of 31°C. Unless specifi-
cally mentioned, all cited studies were carried out at 31°C.)
Thus, the addition of GFP to the C terminus of B5R did not
interfere with its normal ability to traffic to the Golgi network
and accumulate there.

The transmembrane domain and cytoplasmic tail of B5R
are sufficient for ER to Golgi network transport. A segment
containing most of the lumenal domain of B5R (residues 1 to
275) was replaced with residues 1 to 464 of VSVG to form a
protein with the lumenal domain of VSVG, the transmem-
brane domain of B5R, and the cytoplasmic tail of B5R fused to
GFP (G/B/B-GFP; Fig. 1). Expression of G/B/B-GFP at the
permissive temperature resulted in green fluorescence in a
juxtanuclear region that colocalized with the Golgi 58K marker
(Fig. 2) indicating that the B5R lumenal domain was not
needed for this localization. As with B5R-GFP, low fluores-
cence was detected on the plasma membrane. When G/B/B-
GFP or VSVG-GFP was expressed at the nonpermissive tem-
perature, widespread cytoplasmic staining characteristic of the
ER was observed (not shown), indicating that the VSVG lu-
menal domain was temperature sensitive even with a heterol-
ogous transmembrane domain and cytoplasmic tail.

Neither the cytoplasmic tail nor the lumenal domain of B5R
was needed for export from the ER. A diacidic signal in the
cytoplasmic tail of VSVG is required for net export from the
ER (34). Accordingly, a construct with the VSVG lumenal and
transmembrane domains but lacking the VSVG cytoplasmic
tail (G/G/D-GFP; Fig. 1) largely remained in the ER (Fig. 3).
In addition, unpermeabilized cells that expressed G/G/D-GFP
could not be stained with MAb I1 to the VSVG extracellular
domain (Fig. 3), whereas cells expressing VSVG-GFP were
readily labeled on the cell surface by this procedure (not shown).
Similarly, little surface staining of G/B/B-GFP was detected by
MAb I1 in unpermeabilized cells (Fig. 3). The above results
allowed us to investigate whether an ER export signal capable
of replacing that of VSVG occurs in the cytoplasmic domain of
B5R. Transfection experiments indicated that a construct con-
sisting of the lumenal and transmembrane domains of VSVG
attached to the cytoplasmic domain of B5R (G/G/B-GFP) also
remained in the ER and was not transported to the Golgi or
plasma membrane (Fig. 3). Permeabilized cells expressing
either G/G/D-GFP or G/G/B-GFP were readily stained with
MAb I1 (not shown), which is conformation specific (10, 25),
indicating that the lumenal domain of these proteins was prop-
erly folded and that misfolding was not the reason for their
inability to leave the ER. Thus, there was no evidence of an
ER-exiting signal in the cytoplasmic tail of B5R.

Next, we exchanged the lumenal domain of VSVG with that
of B5R to test its ability to facilitate ER export. Cells express-
ing the lumenal domain of B5R and the transmembrane do-
main of VSVG linked to GFP (B/G/D-GFP; Fig. 1) showed
widespread fluorescence of the cytoplasm similar to that seen
for G/G/D-GFP (Fig. 3), indicating that the lumenal domain of
B5R could not restore efficient export from the ER. Taken
together, these data suggested that neither the cytoplasmic
domain nor the lumenal domain of B5R contains a strong
ER-to-Golgi transport signal which could substitute for the
one in VSVG.

The transmembrane domain of B5R facilitated ER to Golgi
transport. When the transmembrane domain of B5R and the
lumenal domain and cytoplasmic tail of VSVG were expressed
as part of the same construct (G/B/G-GFP; Fig. 1), the protein
was present in Golgi and plasma membranes as determined by
green fluorescence and staining of live cells with VSVG MAb
I1 (Fig. 3). With this construct, however, transport out of the
ER could have been mediated by either the transmembrane
domain of B5R or the diacidic signal in the cytoplasmic tail of
VSVG. To distinguish between these two possibilities, the cy-
toplasmic tail of G/B/G-GFP was removed and GFP was
placed directly after the transmembrane domain of B5R (G/
B/D-GFP; Fig. 1). As shown in Fig. 3, expression of G/B/D-

FIG. 2. Golgi network localization of B5R-GFP and G/B/B-GFP. HeLa cells
were transfected with plasmids containing B5R-GFP, G/B/B-GFP, or VSVG-
GFP (Fig. 1). Fixed, permeabilized cells were stained with anti-Golgi 58K anti-
body, followed by CY5-conjugated goat anti-mouse antibody to show location of
the Golgi apparatus and with Hoechst dye to show location of nuclei, and then
examined by confocal microscopy. Colors: green, GFP; red, 58K antibody; blue,
Hoechst dye. Note that green fluorescence only occurred in transfected cells,
whereas the Hoechst dye and antibody stained all cells.
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GFP resulted in green fluorescence of both the Golgi and
plasma membranes; fluorescence of the plasma membrane also
occurred when the live cells were stained with MAb I1. Con-
sidering that G/G/D-GFP was unable to exit the ER efficiently,
the ability of G/B/D-GFP to traffic to the Golgi network indi-
cated that the transmembrane domain of B5R allowed efficient
protein export from the ER.

Signals in the cytoplasmic tail are required to maintain B5R
in the Golgi network and prevent accumulation on the plasma
membrane. The striking difference in the localization of G/B/
B-GFP and G/B/D-GFP (Fig. 3) suggested that the cytoplasmic
tail of B5R prevented the accumulation of this protein in the
plasma membrane. The cytoplasmic tail could mediate Golgi
membrane localization either by acting as a Golgi membrane
anchor or as a retrieval signal from the plasma membrane via
the endocytic pathway (33). Inspection of the sequence consti-
tuting the short cytoplasmic tail of B5R revealed a tyrosine at
residue 310 and a two adjacent leucines at residues 315 and 316
(Fig. 1B) which could form parts of motifs for selective inclu-
sion in clathrin-coated vesicles. Such a receptor-mediated re-
trieval pathway has been shown to function for both furin
and the Golgi 58K protein (6, 20, 33, 43). To determine if
tyrosine or leucine mutations affect the localization of B5R,
three new constructs were made. In one, the tyrosine at
position 310 was changed to alanine (G/B/BY310A-GFP); in
another, the two leucines at positions 315 and 316 were deleted
(G/B/BD315/316-GFP); and in the third, both mutations were
made (G/B/BY310A/D315/316-GFP). Each construct was tested
independently and shown to express the GFP-fusion protein
(Fig. 4). Live, unpermeabilized cells that had been transfected
with plasmids capable of expressing these mutated proteins
were incubated at 0°C with VSVG MAb I1. As shown in Fig. 4,
the proteins with the mutated tyrosine or deleted leucines were
more highly expressed on the cell surface than was G/B/B-GFP
(Fig. 3), suggesting that these amino acids are part of a signal
that normally plays a role in preventing plasma membrane
accumulation.

Although mutations of the tyrosine and leucine residues led
to the presence of G/B/BY310A-GFP, G/B/BD315/316-GFP, and
G/B/BY310A/D315/316-GFP in the plasma membrane, there were
still appreciable amounts of the mutated proteins associated
with the Golgi network (Fig. 4). We suspected that this
protein was still in transit to the plasma membrane. To test
this theory, we incubated cells expressing VSVG-GFP, G/B/
B-GFP, G/B/D-GFP, or G/B/BY310A/D-315/316-GFP in the pres-
ence of cycloheximide to stop further protein synthesis and to
provide additional time for the existing proteins in the ER and
Golgi network to be transported to their final cellular destina-
tion. In the case of VSVG-GFP, which lacks Golgi retention or
retrieval signals, there were considerable amounts of the pro-
tein in the plasma membrane at the start of cycloheximide
treatment and most had moved out of the Golgi network after
4 h (Fig. 5). In contrast, G/B/B-GFP with an unmutated B5R
cytoplasmic tail remained in the Golgi network at 8 h after
the addition of cycloheximide (Fig. 5) and even after 20 h
(not shown). With cells expressing constructs G/B/D-GFP or
G/B/BY310A/D315/316-GFP, missing either the entire B5R cyto-
plasmic domain or the tyrosine and dileucine residues, respec-

FIG. 3. Intracellular and surface expression of chimeric proteins. HeLa cells
were transfected with plasmids containing the indicated GFP chimeras, and the
live, unpermeabilized cells were stained with VSVG extracellular domain MAb
I1, followed by CY5-conjugated goat anti-mouse antibody to detect surface
expression and Hoechst dye to show location of nuclei by confocal microscopy.
Colors: green, GFP; red, MAb I1; blue, Hoechst dye.
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tively, the fluorescence was decreased in the Golgi network
and increased at the cell surface at 4 and 8 h after cyclohexi-
mide addition (Fig. 5). Therefore, Golgi accumulation was
dependent on signals in the cytoplasmic tail of the B5R pro-
tein.

Flow cytometry was used to confirm differences in surface
expression of proteins with intact or mutated B5R cytoplasmic
domains. Live, unpermeabilized cells expressing our various
GFP chimeras were incubated with VSVG MAb I1 followed by
a CY5-conjugated secondary antibody. Cells expressing
VSVG, which localizes to the plasma membrane, served as a
positive control; cells expressing B5R served as a negative
control as the epitope for VSVG MAb I1 is absent. Other
negative controls consisted of cells expressing VSVG but not
incubated with MAb or secondary antibody. Histograms show-
ing representative data of the CY5 fluorescence of GFP-posi-
tive cells are shown in Fig. 6A. The percentages of CY5-
positive cells are enumerated in Table 1 and confirm the higher
surface expression when the B5R cytoplasmic domain was mu-

tated or deleted as compared to that of G/B/B-GFP. To control
for different levels of expression of the various proteins in the
transfected cells, we divided the CY5 mean channel fluores-
cence (MCF) by the GFP MCF; the resulting ratios are shown
in Table 1 and represented graphically in Fig. 6B. The highest
MCF ratios were obtained for VSVG-GFP and G/B/G-GFP,
whereas expression of G/G/B-GFP and G/G/D-GFP yielded
very low MCF ratios due to their inability to exit the ER. The
MCF ratios of cells transfected with G/B/B-GFP were higher
than the negative controls, indicating that significant amounts
of B5R were present on the cell surface, although this had been
difficult to detect by confocal microscopy. Importantly, higher
MCF ratios were obtained for cells transfected with either
G/G/GY310A-GFP, G/B/BD315/316-GFP, G/B/BY310A/D315/316-GFP,
or G/B/D-GFP than with G/B/B-GFP, indicating increased sur-
face expression when signals in the cytoplasmic domain of B5R
were removed.

Retrieval of the B5R protein from the plasma membrane.
Thus far, we have not specifically examined the roles of reten-
tion and retrieval in the accumulation of the B5R protein in
the Golgi network, although the latter was suggested. To in-
vestigate these mechanisms, we needed to determine whether
the B5R protein cycles between the Golgi network and the
plasma membrane and if mutation of either the tyrosine or
leucines could inhibit this cycling. Our plan was to use extra-
cellular antibody to bind proteins on the cell surface and then

FIG. 4. Effects of point mutations in the cytoplasmic tail of B5R on intra-
cellular trafficking of chimeric proteins. HeLa cells were transfected with GFP
chimeras containing the VSVG lumenal domain, the B5R transmembrane do-
main, and the B5R cytoplasmic domain with mutations in the putative retrieval
sequences. Live, unpermeabilized cells were stained with VSVG MAb I1, fol-
lowed by CY5-conjugated goat anti-mouse antibody to detect surface expression
and Hoechst dye to show the locations of nuclei by confocal microscopy. Colors:
green, GFP; red, MAb I1; blue, Hoechst dye.

FIG. 5. Localization of chimeric proteins following a chase in the presence of
cycloheximide. COS-7 cells expressing the indicated GFP chimeric proteins were
incubated in medium containing 100 mg of cycloheximide per ml at 31°C. Cov-
erslips were removed at 0, 4, and 8 h after addition of cycloheximide and stained
with Hoechst dye. Colors: green, GFP; blue, Hoechst dye.
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see if the complexes are internalized and returned to the Gol-
gi network. Live, unpermeabilized cells expressing VSVG-
GFP, G/B/B-GFP, G/B/BY310A-GFP, G/B/BD315/316-GFP, or
G/B/BY310A/D315/316-GFP were incubated on ice for 1 h with the
MAb I1. Afterwards, the cells were washed to remove un-
bound antibody and prevent its fluid phase endocytosis and
then incubated at 31°C for 2 h to allow time for the internal-

ization of antibody-protein complexes. After incubation, cells
were washed, fixed, and processed for immunofluorescence,
and also examined for green fluorescence. Only cells express-
ing GFP showed antibody staining, demonstrating the speci-
ficity of MAb I1. As shown in Fig. 7, cells expressing VSVG-
GFP exhibited green fluorescence in the Golgi and plasma
membranes but antibody labeling was restricted to the cell
surface, indicating that no detectable antibody complexes
had been internalized. This was an important control to
ensure that internalization of antibody does not occur because
of cross-linking or fluid phase endocytosis. Cells expressing
G/B/B-GFP showed green fluorescence in the Golgi network
but almost no antibody labeling, presumably because there
are small amounts of protein with an intact cytoplasmic tail on
the cell surface (Fig. 7). As before, cells expressing either
G/B/BY310A-
GFP or G/B/BD315/316-GFP exhibited intense plasma mem-
brane labeling with antibody. However, after the 2-h incuba-
tion, antibody could also be detected in the juxtanuclear region
of these cells, suggesting that some complexes had been
internalized from the cell surface (Fig. 7). Cells expressing
G/B/BY310A/D315/316-GFP showed antibody labeling on the
plasma membrane but not in the juxtanuclear region (Fig. 7).
Thus, mutation of the tyrosine or leucines impaired retrograde
transport, whereas mutation of both sites abrogated it.

In the previous experiments, antibody binding and internal-
ization were carried out for a relatively short time to minimize
the possibility that antibody-mediated cross-linking contrib-
uted to endocytosis. Under those conditions, however, there
was sufficient protein on the cell surface for antibody staining
only when the tyrosine was mutated or the leucines deleted.
Presumably, because of the efficiency of internalization me-
diated by the unmutated cytoplasmic tail, the steady-state
amount of G/B/B-GFP on the surface was too small for anti-
body staining under these conditions. To allow longer contin-
uous labeling without the potential of antibody cross-linking,
monovalent Fab fragments were made from MAb I1. Trans-
fected cells were incubated overnight at 31°C with the Fab
fragments and then washed, fixed, and further processed to
detect both GFP fluorescence and Fab staining. As shown in
Fig. 8, Fab fragments that had bound to antigen on the cell
surface were mostly detected in overlapping regions of green
fluorescence in the juxtanuclear region of cells expressing
G/B/B-GFP, suggesting that this chimera recycles between the

FIG. 6. Surface expression of chimeric proteins. Transfected HeLa cells were
placed on ice and stained with VSVG MAb I1, followed by CY5-conjugated goat
anti-mouse antibody except as indicated. (A) Shaded histograms of CY5 fluo-
rescence of GFP-positive cells that were transfected with plasmids expressing
VSVG-GFP, G/B/B-GFP, B/B/D-GFP, or G/B/BY310A/D315/316-GFP. Unshaded
peak in each panel represents a negative control in which cells expressing VSVG
were stained with the CY5-conjugated second antibody only. (B) Graphical
representation of the CY5 MCF-to-GFP ratios in Table 1.

TABLE 1. Flow cytometry analysis of surface
expression of chimeric proteins

Sample
no. Construct % CY5

positive
CY5
MCF

GFP
MCF

MCF
ratioa

1 VSVGb 0.0 1.97 224.45 0.01
2 VSVGc 0.0 2.91 231.46 0.01
3 B5R 0.1 3.21 140.10 0.02
4 VSVG 79.6 170.84 218.94 0.78
5 G/B/B 14.9 34.49 359.10 0.10
6 G/B/G 38.3 89.83 234.71 0.38
7 G/G/B 5.7 16.29 389.95 0.04
8 G/G/D 7.7 17.26 293.56 0.06
9 G/B/D 40.3 104.99 399.24 0.26
10 G/B/BY310A 47.2 109.84 533.14 0.21
11 G/B/BD315/316 29.8 60.21 328.19 0.18
12 G/B/BY310A/D315/316 43.4 100.48 473.17 0.21

a CY5 MCF/GFP MCF.
b Neither MAb I1 nor CY5-conjugated secondary antibody was added to the

cells.
c Only CY5-conjugated secondary antibody was added to the cells.
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plasma and Golgi membranes. It is possible, however, that
some internalized Fab-protein complexes dissociated or were
directed toward the lysosome for degradation as confocal
microscopy is not quantitative. In contrast, VSVG-GFP and
G/B/BY310A/D315/316-GFP showed intense Fab staining of the
plasma membrane but little, if any, Fab staining in the juxta-
nuclear area (Fig. 8), indicating that the mutations effectively
blocked retrieval from the plasma membrane even after pro-
longed incubation. The observation that there was little
internal Fab staining of cells transfected with VSVG-GFP or
G/B/BY310A/D315/316-GFP or of cells that were not expressing
chimeras indicated that intracellular Fab staining of G/B/B-
GFP was specific for internalized protein-Fab complexes and
was not due to fluid phase endocytosis of the Fab fragments.

DISCUSSION

The outer membrane of extracellular vaccinia virus particles
is derived from the TGN or endosomal cisternae that have
been modified by the insertion of specific viral proteins. The
type I integral membrane protein encoded by the B5R ORF is
crucial as deletion of it prevents the wrapping of intracellular
particles by the modified cellular membranes (14, 51). Thus
far, the B5R protein is the only one encoded by vaccinia virus
that has been shown to localize within the Golgi network when
expressed in the absence of other viral proteins (24). The
purpose of the present study was to identify the B5R domains
responsible for intracellular trafficking and localization. We
adapted an approach, successfully used for other integral
membrane proteins, involving the construction of chimeras
between proteins that localize in Golgi and plasma membranes
(33). The intracellular locations of the chimeras were visual-
ized by appending GFP to the C terminus of the cytoplasmic
domain of the B5R protein. GFP is particularly suitable as a
reporter because it has a compact, independently folding struc-
ture and its stable fluorescence is easily monitored by confocal
microscopy (48). Moreover, Presley et al. (39) had reported
that GFP did not perturb the plasma membrane localization of
VSVG and we found that it also did not alter the normal Golgi
membrane localization of the B5R protein. By swapping do-
mains between VSVG and B5R, we showed that the trans-
membrane domain of B5R was responsible for export from the
ER and the cytoplasmic tail was needed for accumulation of
chimera in the Golgi network. Further investigations provided
evidence for cycling of B5R between the Golgi and plasma
membranes mediated by internalization sequences within the
cytoplasmic tail.

Integral membrane proteins exit the ER in COPII-coated
vesicles. Accumulation of a protein in the ER can occur for
different reasons, including improper folding, absence of exit
signals, or recycling. Signals that allow movement of proteins
from the ER are generally located in the transmembrane or
cytoplasmic domains. A well-studied example, in the cytoplas-
mic tail of VSVG and some other type 1 integral membrane
proteins, is a diacidic motif which interacts with COPII ma-
chinery (2, 35). Another signal, present in the cytoplasmic tail
of the p24 family of type I integral membrane proteins which
move both anterograde and retrograde in the secretory path-
way, includes a diphenylalanine motif that interacts with
COPII component Sec23Ap (9, 23). A conserved glutamine in
the transmembrane domain acts in conjunction with the diphe-
nylalanine for efficient ER export (15). However, neither a
diacidic nor a diphenylalanine motif is present in the cytoplas-
mic tail of B5R. Moreover, the inability of the cytoplasmic tail
of B5R to functionally replace the corresponding part of
VSVG suggested that it lacks an independent ER-exiting sig-

FIG. 7. Surface staining and internalization of chimeric proteins complexed
with VSVG MAb I1. HeLa cells expressing the indicated GFP chimeric proteins
were labeled with MAb I1 on ice and then incubated at 31°C to allow internal-
ization of protein-MAb complexes. Cells were stained with CY5-conjugated goat
anti-mouse antibody and Hoechst dye. Colors: green, GFP; red, MAb I1; blue,
Hoechst dye.
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nal. Instead, ER exiting was determined by the transmembrane
domain of B5R. Thus, a chimera consisting of the B5R trans-
membrane domain fused to either the lumenal domain of B5R
or VSVG efficiently exited the ER. Whether constructs con-
taining the B5R transmembrane domain exit by a default path-
way or through specific signals cannot be distinguished from
this study. In the absence of any recognizable motif in the B5R
transmembrane domain, extensive mutagenesis would be re-
quired to correlate structure with function.

Having exited the ER, membrane proteins may accumulate
in the Golgi network because of retention or retrieval mecha-
nisms. Retention can be mediated by the transmembrane do-
main and has been attributed to formation of large oligomeric
complexes or to lipid sorting based on the length of the trans-
membrane domain (reviewed in reference 33). Although a
chimeric protein containing the VSVG lumenal and B5R
transmembrane domains was exported out of the ER, it did not
accumulate in the Golgi network but continued on to the
plasma membrane. Addition of the B5R cytoplasmic domain,
however, allowed Golgi network accumulation. Furthermore,
internalization of B5R from the plasma membrane was indi-
cated by the internalization of extracellular antibody as well as

Fab fragments that targeted the extracellular domain of B5R
chimera. Although antibody cross-linking and fluid phase en-
docytosis were ruled out, we cannot be absolutely certain that
the B5R chimera and antibody or Fab fragments remained
complexed in the cytoplasm after internalization. However, it
was likely that the complexes did remain intact, because the
internalized Fab fragment staining overlapped with GFP and
because the antibody and Fab fragments were found in jux-
tanuclear regions where the GFP chimera accumulated. There-
fore, the cytoplasmic tail of B5R appeared to mediate retro-
grade transport from the plasma membrane to the Golgi
apparatus. It is possible that along with their role in internal-
ization, signals in the cytoplasmic tail are responsible for re-
taining B5R in the Golgi network. In that case, mutation of
these residues would prevent retention, and this could also
lead to increased levels of B5R on the cell surface. Further
analysis will be required to determine if these signals can
mediate Golgi retention as well as plasma membrane internal-
ization.

Endosomal targeting signals have been found in the cyto-
plasmic domain of some TGN resident proteins. The best
characterized of these are two tyrosine-containing motifs,
YXXØ (where Y is tyrosine, X is any amino acid, and Ø is an
amino acid with a bulky hydrophobic side group) and NPXY
(where N and P are asparagine and proline, respectively) (re-
viewed in reference 28). Studies have shown that internalized
TGN38 containing the YXXØ motif was delivered to the TGN
via an endocytic recycling compartment, whereas a chimera
containing the NPXY motif bypassed this compartment en
route to the TGN (16, 27). Overexpression studies further
suggested that these two signals are internalized by distinct
saturable mechanisms (50). The YXXØ signal interacts with
the m2 subunit of the clathrin adapter protein complex AP-2,
accounting for its selective recruitment into coated pits (40).
Another motif, consisting of two adjacent leucine residues, has
been found in the cytoplasmic tail of several proteins and
shown to direct endocytosis (reviewed in reference 28). This
dileucine motif also interacts with the m2 subunit of the clath-
rin adapter protein complex AP-2 (8). Inspection of the B5R
cytoplasmic tail sequence revealed a tyrosine at residue 310,
although the neighboring amino acids did not conform exactly
to either of the known tyrosine motifs, as well as adjacent
leucine residues at positions 315 and 316. Mutation of either
the tyrosine or the dileucine motif increased surface expression
of the B5R protein and impaired its internalization from the
plasma membrane, whereas mutation of both abrogated inter-
nalization. It is possible that the tyrosine and two leucines
constitute parts of a single retrieval motif that has reduced
efficiency when either the tyrosine or leucines are missing.
Alternatively, the tyrosine and leucines could be parts of inde-
pendent internalization signals that act coordinately. Construc-
tion and analysis of additional mutations would be needed to
discriminate between these models and to determine the roles
of adjacent and intervening amino acid residues.

The B5R protein including the cytoplasmic tail is highly
conserved among orthopoxviruses, and the latter is therefore
likely to have an important role in virus replication or spread.
One would expect the cytoplasmic tail to allow retrieval of B5R
that transited through the Golgi network to the plasma mem-
brane as well as B5R that was deposited in the plasma mem-
brane during the membrane fusion events that occur during
budding of EEV. The active internalization of B5R from the
plasma membrane could be related to the finding of enhanced
traffic between the plasma membrane and the TGN after vac-
cinia virus infection (44). The retrieved B5R could be recycled
for IEV membrane formation. However, Lorenzo et al. (26)

FIG. 8. Surface staining and internalization of chimeric proteins complexed
with Fab fragments. COS-7 cells expressing the indicated GFP chimeric proteins
were incubated overnight at 31°C with Fab fragments prepared from VSVG
MAb I1. Cells were stained with CY5-conjugated goat anti-mouse antibody and
Hoechst dye. Colors: green, GFP; red, Fab fragments.
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recently reported that vaccinia virus expressing a mutated form
of B5R without the cytoplasmic tail formed similar amounts of
EEV as wild-type virus in cultured cells. Either the transit
through the TGN of B5R lacking a cytoplasmic tail is slow
enough to permit wrapping of IMV or else other viral proteins
help retain B5R in the TGN or retrieve it from the plasma
membrane. Recovery of B5R from the plasma membrane for
conservation purposes, however, is only one possible function
of retrieval. Alternatively, there could be negative conse-
quences of having large amounts of B5R on the infected cell
surface in vivo. Still another possibility is that B5R associates
with proteins on the cell surface and transports them to the
TGN either to remove them from the plasma membrane or for
their incorporation into EEV membranes. The extracellular
portion of B5R could be the interacting domain, as it contains
short consensus repeats that are homologous to those in com-
plement regulatory proteins. These repeats, however, were not
necessary for the incorporation of cellular complement regu-
latory proteins in the EEV membrane (49). Therefore, either
the transmembrane domain of B5R is involved in the transport
of the latter proteins or other mechanisms are involved.

In future experiments, we plan to study the recycling of
native and mutated forms of the B5R protein between the
plasma membrane and TGN in infected cells and investigate
the role of this process on intracellular trafficking, EEV for-
mation, and virulence in vivo.
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