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We produced an infectious vaccinia virus that expressed the B5R envelope glycoprotein fused to the
enhanced green fluorescent protein (GFP), allowing us to visualize intracellular virus movement in real time.
Previous transfection studies indicated that fusion of GFP to the C-terminal cytoplasmic domain of B5R did
not interfere with Golgi localization of the viral protein. To determine whether B5R-GFP was fully functional,
we started with a B5R deletion mutant that made small plaques and inserted the B5R-GFP gene into the
original B5R locus. The recombinant virus made normal-sized plaques and acquired the ability to form actin
tails, indicating reversal of the mutant phenotype. Moreover, immunogold electron microscopy revealed that
both intracellular enveloped virions (IEV) and extracellular enveloped virions contained B5R-GFP. By confocal
microscopy of live infected cells, we visualized individual fluorescent particles, corresponding to IEV in size and
shape, moving from a juxtanuclear location to the periphery of the cell, where they usually collected prior to
association with actin tails. The fluorescent particles could be seen emanating from cells at the tips of
microvilli. Using a digital camera attached to an inverted fluorescence microscope, we acquired images at 1
frame/s. At this resolution, IEV movement appeared saltatory; in some frames there was no net movement,
whereas in others movement exceeded 2 mm/s. Further studies indicated that IEV movement was reversibly
arrested by the microtubule-depolymerizing drug nocodazole. This result, together with the direction, speed,
and saltatory motion of IEV, was consistent with a role for microtubules in intracellular transport of IEV.

Vaccinia virus morphogenesis is a complex process that be-
gins with the formation of crescent membranes within cyto-
plasmic factory regions and leads to the production of infec-
tious intracellular mature virions (IMV) (6, 13, 19, 38). After
IMV are transported away from the factories, some are
wrapped with a double membrane derived from the trans-
Golgi network (TGN) or endosomal cisternae to form intra-
cellular enveloped virions (IEV) (15, 36, 40). By associating
with actin tails (4) or through other mechanisms (41, 44), the
IEV reach the periphery of the cell, where one of the two outer
membranes is thought to fuse with the plasma membrane. The
externalized virions remain attached to the outer surface of the
cell as cell-associated extracellular enveloped virions or are
released as extracellular enveloped virions (EEV). The cell-
associated extracellular enveloped virions and EEV are
thought to be responsible for cell-to-cell (2) and long-range
(26) virus spread, respectively.

The proteins encoded by the F13L, B5R, A33R, A34R,
A36R, and A56R open reading frames (ORFs) are constitu-
ents of the IEV or EEV membrane (7, 9, 20, 25, 28, 32, 41).
Deletion of any one of these ORFs except A56R, which en-
codes the viral hemagglutinin, resulted in a mutant virus with
a small-plaque phenotype. The F13L and B5R proteins are
required for EEV formation, because deletion of either se-
verely reduced the wrapping of IMV to form IEV (1, 10, 43).

In contrast, deletion of the A33R, A34R, or A36R gene leads
to the absence of actin tails without blocking EEV formation,
suggesting that actin tails are more important for cell-to-cell
spread than for egress (31, 34, 44, 46).

The trafficking of proteins from the endoplasmic reticulum
to the Golgi network and to the plasma membrane has been
visualized by transfecting cells with a plasmid that expresses
vesicular stomatitis virus envelope glycoprotein (VSVG) fused
to enhanced green fluorescent protein (GFP) (17, 30). In a
similar manner, we previously demonstrated the localization of
a vaccinia virus B5R-GFP fusion protein in Golgi membranes
of uninfected cells and identified the targeting signals involved
in that process (42). Although the C-terminal attachment of
the GFP sequence did not affect the intracellular trafficking of
the B5R protein, we did not know whether it would compro-
mise B5R function. Since the B5R protein is required for the
formation of IEV, actin tail formation, and virus spread, the
most rigorous way of evaluating the functionality of the B5R-
GFP fusion would be to substitute the gene encoding the
chimeric protein for the natural one. We now describe the
construction and characterization of a B5R-GFP recombinant
vaccinia virus, the use of confocal and fluorescence video mi-
croscopy to visualize the intracellular movement of the IEV,
and the effect of a microtubule-depolymerizing drug on this
movement.

MATERIALS AND METHODS

Construction of B5R-GFP virus. The construction of a plasmid containing the
B5R ORF and approximately 500 bp of flanking sequence on each side
(pBMW-4) and another with the B5R ORF fused to GFP sequences (pB5R-
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GFP) has been described previously (42). A NotI site was introduced using the
primers AGCGGCCGCTAAATATAAATCCGTTAAAATAAT and M13 Rev
(Promega) with pBMW-4 as the template. The resulting fragment was cloned
into pGEM-T and sequenced. To construct a plasmid that contained B5R-GFP
and approximately 500 bp of the flanking sequence on each side, a three-
fragment ligation was set up using (i) HpaI- and NsiI-digested pBMW-4 as the
vector fragment, (ii) the HpaI-NotI fragment from pB5R-GFP which contained
the last one-third of B5R and GFP, and (iii) the NotI-NsiI fragment from the
pGEM-T construct described above. The resulting plasmid was transfected with
Lipofectamine (GIBCO-BRL) into HeLa cells that had been infected with vac-
cinia virus vSI-14 (43), in which B5R has been replaced with a lacZ-gpt cassette.
Recombinant viruses that formed green fluorescent foci were plaque purified

three times. The final plaques were screened for b-galactosidase synthesis to
make sure that the recombinant virus did not retain the lacZ-gpt cassette. The
resulting recombinant virus (called vBMW-1 or vB5R-GFP) was amplified and
analyzed by PCR using primers that annealed just upstream and downstream of
the B5R ORF. The size of the PCR product was in accordance with insertion of
the full B5R-GFP ORF, and the wild-type-sized B5R PCR product was not
detected.

Cells and viruses. HeLa and BS-C-1 cell monolayers were grown in Dulbecco’s
modified Eagle’s medium and Earle’s minimum essential medium (Quality Bio-
logicals), respectively, supplemented with 10% fetal bovine serum. Virus was
propagated in HeLa cells, and plaque assays were carried out with BS-C-1 cells
by standard procedures. Images were obtained at 2 days after infection, using a

FIG. 1. Plaque phenotype of vB5R-GFP. Viruses were plated on monolayers of BS-C-1 cells. After 2 days, plaques were either stained with
crystal violet (top panels) or viewed by differential interference contrast (middle panels) and fluorescence (bottom panels) microscopy. (A, D, and
G) Vaccinia virus strain WR; (B, E, and H) vB5R-GFP; (C, F, and I) B5R deletion mutant. Scale bar, 0.5 cm (D through I).
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Leica DMIRBE inverted fluorescence microscope with a cooled charged-cou-
pled device camera (Princeton Instruments) that was controlled by using Image
Pro software.

Western blotting. HeLa cells were infected with 10 PFU of virus per cell. At
various time points, cells were scraped from the dish and collected by centrifu-
gation. Pelleted cells were dissolved in lysis buffer (100 mM Tris [pH 8.0], 100
mM NaCl, 0.5% Triton X-100, and 0.2 M phenylmethylsulfonyl fluoride), incu-
bated on ice for 10 min, and stored at 280°C until samples were collected at all
time points. Lysed extracts were resolved by sodium dodecyl sulfate–12% poly-
acrylamide gel electrophoresis and transferred to a nitrocellulose membrane.
Membranes were incubated with anti-B5R monoclonal antibody (MAb) 19C2
(36) followed by horseradish peroxidase-conjugated goat anti-rat antibody (Jack-
son ImmunoResearch Laboratories). Bound antibodies were detected with
chemiluminescence reagents (Pierce) as directed by the manufacturer.

Fluorescence microscopy of fixed cells. HeLa cells were grown to confluence
on coverslips and infected at a multiplicity of 1. Infected cells were fixed with 4%
paraformaldehyde and permeabilized with Triton X-100, both diluted in phos-
phate-buffered saline. To stain intracellular virions, fixed and permeabilized cells
were incubated with anti-B5R MAb 19C2 followed by indodicarbocyanine (Cy5)-
conjugated goat anti-rat secondary antibody (Jackson ImmunoResearch Labo-
ratories) that had been diluted 1:100 in phosphate-buffered saline. Actin fila-
ments were stained with rhodamine-conjugated phalloidin (Molecular Probes),
and coverslips were mounted in Mowio containing 1 mg of 49,6-diamidino-2-
phenylindole dihydrochloride (DAPI) (Molecular Probes) per ml to visualize
DNA in the nucleus and viral factories. Images were collected on a Leica
TCS-NT/SP inverted confocal microscope with an attached Argon laser (Coher-
ent Inc.). Images were overlaid by using Adobe PhotoShop version 5.5.

Fluorescence microscopy of live cells. HeLa cells were plated at ;80% con-
fluence onto DTC3 dishes (Bioptechs, Inc.) and infected with 0.2 PFU of virus
per cell on the next day. On the following day, cells were imaged by either

confocal or video microscopy. In some experiments, synchronization of virus
assembly was achieved by adding 0.1 mg of rifampin per ml of medium at 1 h
after infection and removing it 3 h prior to imaging. A Bio-Rad MicroRadiance
confocal scanning system attached to a Zeiss Axiovert 135 microscope was used
for confocal microscopy. For video microscopy, a Hammumatsu C5985 camera
and controller were attached to a Leica DMIRBE inverted fluorescence micro-
scope. Images were digitized using an IC-PCI video capture card (Coreco Imag-
ing, Inc.) controlled by Image Pro Plus software. In either case, cells were
maintained on a heated DTC3 stage (Bioptechs) with the temperature set at
35°C. Fresh medium supplemented with 2.5% fetal calf serum and 25 mM
HEPES was perfused onto the dish at a rate of 0.1 ml/min throughout the
experiment by the use of a P720 peristaltic pump (Instech Laboratories). In some
experiments, the perfused medium contained 30 mM nocodazole or 0.1 mg of
rifampin/ml for various periods of time. Velocities of virion movement were
calculated using the public-domain software NIH Image 1.62 (developed at the
National Institutes of Health and available on the internet at http://rsb.info.nih-
.gov/nih-image/).

Cryoimmunoelectron microscopy. RK13 cells were grown in 60-mm-diameter
dishes and infected with vaccinia virus at a multiplicity of 10. After 24 h, the cells
were prepared for freezing as previously described (45) except that the final
fixation step was performed with 8% paraformaldehyde. Ultrathin sections were
cut, collected, immunostained, and viewed as previously described (5). The GFP
polyclonal antibody (Clontech) was used at a dilution of 1:75.

RESULTS

Construction of a recombinant vaccinia virus that expresses
a B5R-GFP fusion protein. Having shown by transfection ex-
periments that the addition of GFP to the C terminus of the
vaccinia virus B5R envelope glycoprotein did not affect the
normal intracellular targeting of this protein to the Golgi net-
work (42), we wanted to determine whether the chimeric pro-
tein could functionally replace wild-type B5R during vaccinia
virus infection. To accomplish this, we started with the vaccinia
virus mutant vSI-14, in which the B5R gene has been largely
replaced with a lacZ-gpt cassette (43). HeLa cells were infected
with the B5R deletion mutant and transfected with a plasmid
containing B5R-GFP and B5R-flanking sequences including
the natural B5R promoter. Recombinant virus plaques exhib-
iting green fluorescence were picked. Individual recombinant
viruses were further plaque purified and screened by PCR to
confirm the presence of the ORF encoding the B5R fusion
protein and the absence of the wild-type B5R ORF (data not
shown). In addition to exhibiting fluorescence, the plaques
formed by the B5R-GFP virus were considerably larger than
those of the parental B5R deletion mutant and resembled
plaques formed by WR, suggesting that the fusion protein was
functional (Fig. 1).

Expression of B5R-GFP was demonstrated by Western blot-
ting with a MAb to the B5R protein. Cells were infected with
either WR or vB5R-GFP and harvested at various time points.
In each case, a prominent band was detected at 18 and 24 h
(Fig. 2). As expected, the B5R-GFP fusion protein was approx-
imately 20-kDa larger than the wild-type B5R protein, and
there was no trace of the latter in cells infected with vB5R-
GFP.

FIG. 2. Synthesis of B5R-GFP. HeLa cells were infected with WR
or vB5R-GFP. At various time points, cells were harvested and ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and Western blotting with MAb 19C2 to B5R. The numbers above the
lanes indicate the hour after infection that the cells were harvested.
The masses (in kilodaltons) and positions of marker proteins are
shown on the left.

FIG. 3. Confocal microscopy of cells infected with vB5R-GFP. HeLa cells were infected with WR (A) or vB5R-GFP (B to F) and then stained
with MAb 19C2 against B5R followed by Cy5-conjugated donkey anti-rat antibody (appearing white [A] or red [E and F]). F-actin was visualized
with rhodamine-phalloidin (red [A, C, and D]). GFP fluorescence appears green (B, D, and F). (D) Overlay of panels B and C; (F) overlay of
panels B and E. Overlapping red and green signal is represented by yellow (D and F). Arrowheads indicate virions on the end of actin tails.
Arrowheads in panels B and D to F point to the same set of virions.
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FIG. 4. Immunogold electron microscopy of cells infected with vB5R-GFP. RK13 cells that had been infected with vB5R-GFP for 24 h were
fixed in paraformaldehyde, cryosectioned, and incubated with GFP polyclonal antibody followed by 10-nm-diameter gold particles conjugated to
protein A. IMV (A), IEV (B), and EEV (C) are shown. Scale bars, 500 nm.
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Further characterization of the B5R-GFP virus. Numerous
virus particles with actin tails were seen in cells infected with
wild-type vaccinia virus by staining with rhodamine-phalloidin
to label F-actin fibers and with a B5R-specific MAb (Fig. 3A).
Because of the defect in wrapping of IMV, actin tails are
extremely rare in cells infected with a B5R deletion mutant
(33) and were not detected with the vSI-14 parental virus (data
not shown). In contrast, abundant actin-tailed virions were
visualized by green fluorescence and phalloidin staining of cells
infected with vB5R-GFP (Fig. 3B to D). Furthermore, when
the B5R-GFP virus-infected cells were stained with a MAb to
B5R followed by a Cy5-conjugated secondary antibody, the
Cy5 signal colocalized with the green fluorescence, indicating
that the B5R-GFP fusion protein remained intact (Fig. 3E and
F).

The wrapping of IMV to form IEV was blocked in cells
infected with the parental B5R deletion mutant (43). However,
the formation of IEV in cells with vB5R-GFP was demon-
strated by electron microscopy (Fig. 4B). Furthermore, the
outer membranes of the majority of IEV (Fig. 4B) and EEV
(Fig. 4C) were stained with anti-GFP antibody followed by
protein A-gold. In contrast, IMV were only sparsely labeled
(Fig. 4A) with an amount similar to a wild-type vaccinia virus
control (data not shown) and consistent with the background,
indicating that B5R-GFP was not associated with IMV. Thus,
both functional and structural studies established that the ad-
dition of GFP to the C terminus of the B5R glycoprotein had
no apparent deleterious effects.

Visualization of IEV movement by laser-scanning confocal
microscopy. The abundant incorporation of B5R-GFP into
IEV membranes indicated that it should be possible to visual-
ize the intracellular movement of virions in real time by laser-
scanning confocal microscopy of unfixed cells. HeLa cell
monolayers were infected with 0.2 PFU of B5R-GFP virus per
cell and incubated overnight. The low multiplicity was used to
minimize cytopathic effects and allow good separation of in-
fected cells from each other. In some experiments, virus as-
sembly was synchronized by adding rifampin to reversibly in-
hibit morphogenesis (13, 24) and images were collected after
the drug was removed. Under low magnifications, individual
green cells in the monolayer were observed (data not shown).
At higher magnifications, we discerned a brightly fluorescent
juxtanuclear region that most likely included the TGN (Fig.
5A), known from previous studies to be a site of B5R protein
localization. In addition, there were fluorescent particles of the
diameter (;400 mm) and regular shape expected for IEV,
which are much larger than the 70- to 90-nm-diameter irreg-
ular vesicles and tubules that typically bud from the Golgi
network. The number of IEV particles increased with time
after rifampin was removed, and they accumulated in periph-
eral regions of the cell (Fig. 5B). Many of these fluorescent
particles appeared to have exited the cell, but thread-like con-
nections could be seen with transmitted light (shown below).
By capturing successive images at intervals of 10 s, we could
follow the movement of those individual fluorescent particles
that remained within the focal plane. Selected images, with the
arrowhead pointing to one fluorescent particle as it moved
away from the TGN toward the periphery, are shown in Fig.
5A. Movement of another virus particle in the same cell, but
later after rifampin removal and at a higher magnification, is
shown with arrowheads in Fig. 5B. The movement of these and
numerous other particles can be seen in movies available at
http://www.niaid.nih.gov/dir/labs/lvd/moss.htm. As a control,
we also imaged infected cells from which rifampin was not
removed. No movement of particles that were the size and
shape of IEV was observed (Fig. 6).

Images of cells infected in the absence of rifampin are shown
in Fig. 5C and D. The discrete TGN was largely disrupted by
this time, but numerous IEV were still moving to the periph-
ery. We calculated a velocity for virion movement from the
pixel dimensions and the time interval (6 s) between images.
Intracellular virion speeds ranged from 0.14 to 0.99 mm/s, with
a range of 0.18 to 0.48 mm/s in a single cell. The average speed
was 0.34 mm/s (standard deviation, 0.12 mm/s). In addition to
these uniformly sized virus particles, long tubular-vesicular
structures that often stretched as they moved were observed
(Fig. 5D). These tubules resembled post-Golgi structures la-
beled with VSVG-GFP that were described by Hirschberg et
al. (17).

The IEV usually congregated at the periphery of the cell in
clusters that increased in size and fluorescence as the infection
proceeded. Such clusters of IEV are often seen by electron
microscopy (Fig. 4B). Large numbers of virus-tipped microvilli
formed at the plasma membrane adjacent to these IEV clus-
ters. Nevertheless, some IEV that transited from within the
cytoplasm all the way to the edge of the cell were imaged.
White arrowheads in successive frames of Fig. 7 depict one
such particle. Upon reaching the plasma membrane, the virion

TABLE 1. Frame-by-frame measurements for five individual virions

Frame no.a
Measurement (mm) for frame:

A B C D E

1 0.98 0.95 0.00 0.81 0.00
2 0.57 0.70 0.00 1.63 2.20
3 0.00 0.00 0.70 0.77 1.06
4 0.00 0.36 1.21 1.07 0.88
5 0.57 0.69 0.98 2.48 1.31
6 0.00 0.00 0.29 2.05 1.09
7 0.00 0.95 0.00 0.00 0.00
8 0.00 1.39 0.93 2.40 1.83
9 0.24 0.75 0.00 0.00 1.50
10 0.33 1.18 0.57 1.01 1.03
11 0.50 0.33 0.00 0.81 0.95
12 0.36 0.69 0.00 0.00 0.34
13 0.00 0.00 1.56 0.00
14 0.00 0.00 0.70 0.52
15 0.00 0.00 1.09 1.29
16 0.55 0.00 0.98 0.99
17 0.32 0.00 0.34 1.11
18 0.00 0.74 0.26 0.00
19 0.00 0.00 1.20 0.93
20 0.66 0.00 0.41 1.09
21 0.00 1.15 0.34 1.27
22 0.00 0.00 0.00 1.03
23 1.09
24 1.04

Total (mm) 5.08 9.88 13.70 21.25 12.18
Time (s) 22 22 24 22 12
Speed (mm/s) 0.23 0.45 0.57 0.97 1.02

a Frame rate, 1 frame/s.
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appeared at the end of a thread-like projection (Fig. 7, frames
210, 232, 234, and 246). Actin tails could be visualized in the
simultaneously captured transmitted light images because of
the increased depth of focus. The actin tail attached to the
particle being followed was first seen when the particle reached
the edge of the cell (Fig. 7, black arrowheads in frames 216,
228, 240, and 252). Additional actin tails, apparently projecting
from the cell surface, were also seen in the transmitted-light
images (Fig. 7, black arrows).

IEV display saltatory movement. The fastest that we could
acquire images with the confocal microscope setup was 1
frame/6 s. With a digital camera attached to an inverted fluo-
rescence microscope, we were able to acquire images at 1
frame/s. With the shorter intervals of time, we discerned that
intracellular movement to the cell periphery was composed of
frequent stops and starts. Table 1 lists the movement distances,
in micrometers per 1-s frame, of five individual virions. In some
frames the virions moved quite rapidly (.2 mm), whereas there
was no net movement in others. Over the times measured, the
average speed of different IEV ranged from 0.23 to 1.02 mm/s.

IEV movement is blocked by nocodazole. The saltatory
movement of multiple IEV along similar pathways leading to
their accumulation in clusters near the cell periphery suggested
the possibility of microtubular transport. To test this hypoth-
esis, cells infected with vB5R-GFP were treated with nocoda-
zole, a drug that disrupts microtubules (18, 22). After imaging
a cell displaying normal IEV movement (Fig. 8A), we replaced
the medium with medium containing 30 mM nocodazole. After
10 min the number of moving IEV had diminished, and after
50 min there was no discernible movement (Fig. 8B). Only 6
min after the cells were washed with nocodazole-free medium,
a particle was seen starting to move toward the cell edge,
where it subsequently moved away on a microvillus (Fig. 8C).
Subsequently, many particles were seen moving to the plasma
membrane and associating with actin tails (Fig. 8D). These
results were consistent with a role for microtubules in virion
transport.

DISCUSSION

The poxviruses are among the largest of all animal viruses
and have previously been seen by confocal microscopy of fixed
and permeabilized cells that were stained with fluorescent an-
tibodies or by phase-contrast video microscopy of unstained,
live cells (4). The adaptation of the Aequorea victoria GFP for
visualizing gene expression and protein localization in living
organisms has provided a powerful new tool (3). A study by
Elliott and O’Hare (8) showed that the herpes simplex virus
P22 tegument protein could be fused to GFP without apparent
loss of function. To apply this approach to vaccinia virus, we
needed to find a viral structural protein that would retain

FIG. 6. Effect of rifampin on virion movement. HeLa cells were
incubated continuously in medium containing 0.1 mg of rifampin/ml
starting 1 h prior to infection with vB5R-GFP. Cells were imaged by
confocal microscopy at ;13 h after infection. Shown is a representative
cell starting at time zero. Subsequent frames are shown with the cu-
mulative time elapsed (in seconds) indicated in the upper left corner.

FIG. 5. Visualization of IEV by time-lapse confocal microscopy. At 1 h after infection of HeLa cells with 0.2 PFU of vB5R-GFP per cell,
medium containing rifampin (0.1 mg/ml) was added to the cell monolayer. Approximately 12 h later, the rifampin was removed by washing with
fresh medium. (A) Cells were viewed by confocal microscopy 2 h and 40 min later, and an image of one cell was collected every 10 s for 2 min.
(B) After an additional 2 h, an image of the same cell was collected every 10 s. (C and D) HeLa cells were infected with 0.2 PFU of vB5R-GFP
in the absence of rifampin, and imaging at 1 frame/6 s was started approximately 12 h later. In the upper left corner, the cumulative time elapsed
(in seconds) after the start of image collection/video frame number is indicated. Arrowheads in each row point to the same IEV particle. In row
B, the arrows point to virions extended from the cell on microvilli. In row D, the arrows point to tubules. N, nucleus. Scale bars, 50 mm. (The entire
time-lapse videos are available at http://www.niaid.nih.gov/dir/labs/lvd/moss.htm.)
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FIG. 7. Visualization of IEV acquiring an actin tail. HeLa cells were infected and examined by confocal microscopy as described in the legend
to Fig. 5. One image was acquired every 6 s. As in Fig. 5, the cumulative time elapsed/video frame number of the sequence is indicated in the upper
left corner of each image, starting at time/frame 0/1. The frames in the first and third columns depict GFP fluorescence; the frames in the second
and fourth columns depict images acquired simultaneously by the transmitted-light detector. Arrowheads point to the same virion in all frames.
Arrows point to additional actin tails. Scale bar, 50 mm. (The entire time-lapse videos are available at http://www.niaid.nih.gov/dir/labs/lvd/moss.htm.)
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FIG. 8. Effect of nocodazole on virion movement. HeLa cells were infected with vB5R-GFP and examined by confocal microscopy as described
in the legend to Fig. 5. One image was acquired every 6 s. (A) No nocodazole added; (B) 50 min after addition of 30 mM nocodazole; (C) 6 min
after removal of nocodazole; (D) 97 min after removal of nocodazole. As in Fig. 5, the cumulative time elapsed/video frame number from the
sequence is indicated in the upper left corner of each image, starting at time/frame 0/1. Arrowheads point to the same virions in each row. Scale
bar, 50 mm. (The entire time-lapse videos are available at http://www.niaid.nih.gov/dir/labs/lvd/moss.htm.)
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function when fused to GFP. The EEV-specific type 1 mem-
brane glycoprotein encoded by the B5R gene seemed suitable
for several reasons. First, a fusion protein containing the B5R
cytoplasmic and transmembrane domains fused to the ectodo-
main of the human immunodeficiency virus type 1 envelope
protein was incorporated into EEV membranes (21). Second,
most of the ectodomain of the B5R protein could be deleted
without interfering with EEV formation (14, 23). Third, we
had shown by transfection experiments that fusion of GFP to
the cytoplasmic domain of the B5R protein did not prevent the
localization of this protein in the Golgi network (42). We
therefore decided to construct a recombinant vaccinia virus in
which the B5R-GFP ORF replaced the wild-type B5R ORF.
This isolation procedure was facilitated by starting with a vac-
cinia virus whose B5R gene had been deleted, resulting in a
small-plaque phenotype, and using GFP expression as a
marker. We found that the recombinant virus formed large,
fluorescent plaques, suggesting that the B5R-GFP was func-
tional. This was confirmed by immunoelectron microscopy
showing that the B5R-GFP was incorporated into IEV and
EEV membranes.

Encouraged by the these results, we examined, by confocal
or fluorescence video microscopy, live cells that had been in-
fected with vB5R-GFP. Juxtanuclear structures corresponding
to the Golgi network as well as particles of the size and shape
expected for IEV were brightly fluorescent. At relatively low
illumination levels that did not cause photobleaching or toxic-
ity, we were able to trace the movement of fluorescent particles
from a juxtanuclear location to the periphery of the cell and
subsequently to microvilli. These B5R-GFP-containing parti-
cles were larger and more regular in shape than the elastic
post-Golgi transport tubules (17) which were also labeled with
B5R-GFP. Furthermore, when vaccinia virus assembly was
specifically blocked with the drug rifampin, similar particle
movement was not observed. These observations, together
with the immunoelectron microscopy data, provided compel-
ling evidence that the fluorescent particles were IEV.

Confocal microscopic images were collected every 6 s to
determine the speed of IEV movement from the TGN to the
periphery of the cell. The rate of movement was quite variable,
but an average value of 0.34 mm/s was determined. This speed
was more than 600 times that of the hypothetical diffusion rate
of IEV in the cytoplasm that was calculated by Sodeik (37).
With a digital camera that was attached to an inverted fluo-
rescence microscope, we were able to acquire images at 1
frame/s. At this resolution, movement was saltatory; in some
frames there was no net movement, whereas in others it ex-
ceeded 2 mm/s. Saltatory movement and maximal speeds of 2.7
mm/s were also obtained for post-Golgi transport of the
smaller VSVG-GFP fusion protein vesicles (16). The saltatory
movement of multiple IEV along tracks leading to their accu-
mulation near the cell periphery suggested microtubule in-
volvement, since microtubules are arranged parallel to the long
axis of the cell, especially after vaccinia virus infection (29). In
addition, the average velocity of the IEV was close to the speed
of several classes of kinesin motors that associate with micro-
tubules. The movement of vesicular post-Golgi structures la-
beled with the VSVG-GFP fusion protein was inhibited by
nocodazole, a microtubule-depolymerizing drug (16). Simi-
larly, we found that nocodazole stopped the movement of IEV.

A direct effect of nocodazole on IEV movement was suggested
because fluorescent particles in the cytoplasm started moving
again within minutes after removal of the drug by perfusion of
fresh medium. However, nocodazole also interferes with IMV
movement and IEV formation (29, 35); hence, further inves-
tigation is needed.

Although microtubules and actin filaments had been consid-
ered as separate systems, there is growing evidence of physical
and functional interactions between them in vesicle and or-
ganelle transport (12). Thus, our data supporting a role for
microtubules in the long-range intracellular transport of IEV
does not preclude a role for cytoskeletal actin filaments in that
process. Indeed, we found that cytochalasin D inhibited IEV
movement (B. Ward, unpublished data). Several previous stud-
ies indicated a role for actin in the release of vaccinia virus
from infected cells (4, 27, 39). It has been suggested that actin
tails, in contrast to cytoskeletal actin filaments, propel IEV
through the cytoplasm to the cell membrane, where long virus-
tipped microvilli form (4). However, it is difficult to distinguish
particles within the cytoplasm from those at the lower or upper
cell surface. Our images suggested that the actin tails first
appeared when the IEV were at or near the plasma membrane.
A peripheral location for actin tails was also suggested from an
analysis of Z sections by confocal microscopy (E. Wolffe, per-
sonal communication). Actin tail formation is dependent on
three IEV or EEV proteins: A33R, A34R, and A36R (11, 31,
34, 44, 46). When the gene encoding any of these proteins was
deleted, virus spread was severely reduced but EEV still
formed, indicating that actin tails are not essential for move-
ment of virions to the cell surface. Furthermore, van Eijl et al.
(41) presented evidence that the A36R protein is associated
with IEV but not EEV and suggested that actin tails form after
fusion of the outer IEV membrane with the cell membrane.
Thus, microtubules may play a major role in intracellular trans-
port of virions, and the actin tails may facilitate cell-to-cell
spread.
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