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The outer envelope of the extracellular form of vaccinia virus is derived from Golgi membranes that have
been modified by the insertion of specific viral proteins, of which the major component is the 37-kDa,
palmitylated, nonglycosylated product of the F13L gene. The F13L protein contains a variant of the HKD
(His-Lys-Asp) motif, which is conserved in numerous enzymes of phospholipid metabolism. Vaccinia virus
mutants with a conservative substitution of either the K (K314R) or the D (D319E) residue of the F13L protein
formed only tiny plaques similar to those produced by an F13L deletion mutant, were unable to produce
extracellular enveloped virions, and failed to mediate low-pH-induced fusion of infected cells. Membrane-
wrapped forms of intracellular virus were rarely detected in electron microscopic images of cells infected with
either of the mutants. Western blotting and pulse-chase experiments demonstrated that the D319E protein was
less stable than either the K314R or wild-type F13L protein. Most striking, however, was the failure of either
of the two mutated proteins to concentrate in the Golgi compartment. Palmitylation, oleation, and partitioning
of the F13L protein in Triton X-114 detergent were unaffected by the K314R substitution. These results
indicated that the F13L protein must retain the K314 and D319 for it to localize in the Golgi compartment and
function in membrane envelopment of vaccinia virus.

Vaccinia virus (VV), the most intensively studied member of
the Orthopoxvirus genus of the family Poxviridae, was previ-
ously used as a smallpox vaccine and is presently a vector in
recombinant vaccine strategies to prevent infectious diseases
and to treat cancer (15, 30). The characteristic features of
orthopoxviruses are a double-stranded DNA genome of ap-
proximately 200,000 bp, a cytoplasmic site of replication, tem-
porally regulated gene expression, and a complex process of
morphogenesis involving multiple viral membranes (29). VV
morphogenesis is the subject of this study.

VV forms several types of morphogenetically related parti-
cles. The intracellular mature virions (IMV) have two closely
apposed outer membranes (45) and are infectious when re-
leased by cell lysis. To exit from an intact cell, the IMV un-
dergo a second wrapping event and acquire two additional
membrane layers from the trans-Golgi cisternae (20, 22, 41).
The four membrane intracellular enveloped virions (IEV) then
migrate to the cell periphery, where the outermost viral mem-
brane is lost during fusion with the plasma membrane (22, 28).
The externalized particles, with three remaining membranes,
may be released into the medium as extracellular enveloped
virions (EEV) or remain attached as cell-associated extracel-
lular enveloped virions (CEV) (5, 22, 28, 34, 41).

Since enveloped virus particles are primarily responsible for
the cell-to-cell spread of infection (1, 4, 7, 33, 47), the wrapping
of virus particles is of considerable interest. The following six
genes have been identified as encoding proteins that are spe-
cifically incorporated into the outer envelope: AS6R (35, 44),
F13L (21), BSR (13, 24), A36R (31), A34R (11), and A33R
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(38). Information regarding the roles of the individual enve-
lope proteins was obtained by deletion of the cognate genes.
Mutants with deleted A33R, F13L, B5SR, A36R, or A34R
genes produced plaques that were much smaller than those of
wild-type (WT) virus, and those tested were attenuated in vivo
(4, 23, 27, 31, 39, 48). The block in virus spread may be attrib-
uted to (i) a block in the wrapping of IMV to form IEV (e.g.,
the F13L and B5R genes) (4, 14, 48), (ii) a reduction in the
amount of EEV released (e.g., the A36R gene) (31), (iii) a
decrease in the infectivity of the EEV (A34R gene) (27), or
(iv) a lack of formation of specialized actin containing mi-
crovilli that propel virus particles to the surface of infected
cells (the A33R, A34R, and A36R genes) (39, 40, 49, 50).

The WT F13L gene encodes a 37-kDa polypeptide that
localizes to the trans-Golgi membranes where the IMV are
wrapped to form IEV (41). The membrane association is me-
diated via palmitylation of one or both of two adjacent cysteine
residues (18, 43). The F13L gene is highly conserved in poxvi-
ruses, and a homolog is present in the distantly related mol-
luscum contagiosum virus (3, 9), consistent with its important
role in the virus life cycle. Interestingly, the F13L protein
contains two 16-amino-acid HKD motifs (named for the most
highly conserved residues), conserved in phospholipases and
phospholipid synthases (9, 26, 37, 46), and possesses a broad-
spectrum lipase activity (2). We reported previously that virus
mutants containing F13L protein with a substitution of lysine
to arginine at position 314 (K314R) or aspartic acid to glutamic
acid at position 319 (D319E) produced tiny plaques similar to
those of the F13L deletion (F13LA) mutant (46). Here, we
have described the effects of these two independent mutations
in the HKD motif of the VV F13L protein on the VV life cycle.
The small-plaque phenotype was due to a block in the wrap-
ping of IMV to form IEV. The data suggested that mutations
of the HKD motif inhibited morphogenesis due to changes in
membrane localization of the F13L protein.
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FIG. 1. Appearance of plaques formed by F13L mutants. BS-C-1 cell monolayers were infected with F13L+, F13L(K314R), F13LA, or F13L(D319E) virus. After
2 or 5 days, media were removed, and the monolayers were fixed and stained with 0.1% crystal violet in 20% ethanol. At day 2, each well contained more than 50 foci

of infection or plaques.

MATERIALS AND METHODS

Cells and antibodies. VV stocks were prepared in HeLa cells as described
previously (12). BS-C-1 cells served for plaque assays, immunoprecipitation, and
Western blotting experiments, and RK, 3 cells were used to propagate VV for
CsCl purification. Cells were grown in Eagle’s minimal essential medium with
10% fetal bovine serum (FBS), and infections were carried out with 2.5% FBS.
For titration of infectious VV and analysis of plaque size, monolayers were fixed
and stained with 0.1% crystal violet in 20% ethanol. Mouse monoclonal antibody
(MAD) 20 (B3R specific) and MAb 4 (A33R specific) were previously described
(32). The FI3L peptide RLVETLPENMDFRSDHLTTFEC (representing
amino acids 14 to 35 of the F13L protein) conjugated to keyhole limpet hemo-
cyanin was injected into rabbits to produce anti-F13L antibody.

Construction of viruses with F13L point mutations. The construction and
purification of viruses with K314R or D319E point mutations in the F13L gene
and of a control virus with WT F13L sequence (F13L+) have been previously
described (46).

Immunoprecipitation and Western blotting. Inmunoprecipitates and Western
blots were made essentially as described previously (38).

Triton X-114 partitioning. Triton X-114 partitioning was performed as previ-
ously described (38). After partitioning, the detergent and aqueous phases were
made equal in volume, detergent, and salt concentration and analyzed by West-
ern blotting or immunoprecipitation and autoradiography.

Palmitate and oleate labeling of VV proteins. Subconfluent monolayers of
BS-C-1 cells were infected with virus at a multiplicity of 10 for 5 h. Medium was
then replaced with Eagle’s minimal essential medium (no serum) with 200 wCi of
[9, 10-*H(N)]palmitic acid in 10 ul of dimethyl sulfoxide or 100 wCi of [9,
10-*H(N)]oleaic acid in 20 pl of ethanol per well. After 24 h, medium was
removed and centrifuged to pellet cells, which were then combined with cells
scraped from wells. The cells were lysed, and F13L proteins were immunopre-
cipitated, solubilized in buffer containing 4% sodium dodecyl sulfate (SDS), 15
mM dithiothreitol, 0.05 M Tris base, 10% glycerol, and 0.1% bromphenol blue,
heated at 80°C for 3 min, analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE), transferred to Immobilon-P membrane (Millipore, Bedford, Mass.),
and exposed to Kodak Biomax MS film by using the Biomax TranScreen Low
Energy intensifying screen (Kodak, Rochester, N.Y.).

Syncytium formation. Confluent BS-C-1 cell monolayers were infected with
virus at a multiplicity of 10 for 2 h, washed, and incubated in medium for an
additional 10 h as described previously (4, 39). Cells were washed and treated
with fusion buffer [phosphate-buffered saline with 10 mM 2-(N-morpholino)eth-
anesulfonic acid and 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid] at pH 5.5 or 7.4 for 2 min at 37°C. Afterwards, fusion buffer was replaced
with medium, and the cells were incubated at 37°C and then observed by phase-
contrast microscopy.

Virus purification. Wrapped and unwrapped virus particles were purified on
the basis of their buoyant densities in CsCl gradients as described previously (38).

The refractive index of the CsCl from samples was measured to verify correct
collection of wrapped and unwrapped virus particles.

Electron microscopy. For transmission electron microscopy, RK;; cells in
60-mm-diameter dishes were infected with VV at a multiplicity of 10 for 24 h,
fixed in 2% glutaraldehyde, and embedded in Embed-812 (Electron Microscopy
Sciences, Fort Washington, Pa.) or fixed with increasing concentrations of para-
formaldehyde and prepared for immunoelectron microscopy as previously de-
scribed (49). Thawed cryosections were incubated with either rabbit antibody to
an F13L peptide or MAb 20, which recognizes the BSR protein (32). The
samples were washed, incubated with gold particles conjugated to protein A
(Department of Cell Biology, Utrecht University School of Medicine, Utrecht,
The Netherlands), and viewed with a Philips CM 100 electron microscope.

Immunofluorescence microscopy. Fluorescence microscopy was performed as
described previously (49). Infected HeLa cell monolayers on coverslips were
washed with phosphate-buffered saline, fixed in 3% paraformaldehyde, and per-
meabilized with 0.05% saponin (Calbiochem, San Diego, Calif.). Samples were
stained with rabbit anti-F13L antibody or MAb 4 to the VV A33R protein (32)
as a control, and then with rhodamine-conjugated swine anti-rabbit or anti-
mouse antibody (Dako Corporation, Carpinteria, Calif.). Samples were viewed
and images were collected using a Zeiss Axiophot, and photographs were taken
at identical exposure times.

RESULTS

Mutations of the F13L. HKD motif cause a small-plaque
phenotype. The VV F13L protein contains two previously
identified 16-amino-acid HKD motifs at positions 118 to 133
and 312 to 327 (9, 26, 37). The second VV F13L HKD motif is
more conserved than the first and is the focus of this study.
This sequence has an N replacing the H in position 1 of the
HKD motif. Therefore, because the K at amino acid 314 and D
at 319 are the most highly conserved residues, we decided to
mutate these two amino acids (46) to determine if this motif
might be important for the function of the F13L protein in the
VV life cycle. Viruses containing F13L point mutations,
K314R and D319E, made barely visible plaques after 48 h (46).
Here we compared the sizes of the plaques made by
F13L(K314R) and F13L(D319E) mutants to those of a control
virus engineered for these studies, F13L+ (with a WT copy of
the F13L gene and the lacZ gene which is also present in the
mutants), and the FI3LA mutant (Fig. 1). On day 2, mutant
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FIG. 2. Synthesis and accumulation of F13L proteins. BS-C-1 cells were
infected with F13L+, F13L(K314R), F13LA, or F13L(D319E) virus for 4, 8, and
24 h. Cell lysates were analyzed by SDS-PAGE, transferred to a membrane, and
probed with anti-F13L protein antibodies. The molecular weights (thousands) of
markers are shown to the left. The arrow points to the F13L protein.

virus infection was observed macroscopically as tiny foci, prob-
ably due to VV growth factor-induced cell proliferation (8). By
day 5, tiny plaques were visible. Significantly, the plaques of the
K314R and D319E mutants were similar to those of F13LA,
suggesting that the function of the F13L protein was com-
pletely abrogated. In contrast, the plaques of F13L+ were
quite large on day 2 and had spread extensively by day 5. It is
apparent that the F13L HKD mutants do not form the diffuse
elongated plaques, or comets, that some viruses with mutated
EEV proteins produce (even though the parental WR [West-
ern Reserve] virus does not form comets) and which are asso-
ciated with increased release of wrapped virus particles into
the medium (5, 27, 39). The results demonstrated the impor-
tance of the F13L HKD motif for the function of the F13L
protein in cell-to-cell spread of VV.

Expression of the mutated F13L proteins. Western blot
analysis showed that the two HKD point mutants made readily
detectable F13L protein, although the D319E protein seemed
reduced in amount. The accumulation of F13L protein during
infection was analyzed at 4, 8, and 24 h (Fig. 2). WT F13L
protein was barely detectable at 4 h, clearly visible at 8 h, and
further increased at 24 h postinfection. The K314R protein
showed a similar pattern, with slightly less protein present at
24 h. The D319E protein accumulated to 8 h, but then was
reduced at 24 h, suggesting that this protein was less stable.

Stability of the mutated F13L proteins. Pulse-chase experi-
ments were carried out to compare the stabilities of the mu-
tated and WT F13L proteins. Cells were infected with F13L+
or mutant viruses for 8 h, metabolically labeled for 90 min with
[**S]methionine, and then harvested immediately or at 3-h
intervals after the return of the cells to normal media. F13L
protein was immunoprecipitated from the lysates and analyzed
by SDS-PAGE and autoradiography. Although there were a
number of background bands, a unique 37-kDa protein was
present in all lanes, except that of F13LA (Fig. 3). (The F13LA
lane was also missing a 120-kDa band which corresponds to the
product of the Escherichia coli lacZ gene, which was not
present in this recombinant virus [4]). The relative amounts of
[**S]methionine-labeled 37-kDa protein were determined with
a PhosphorImager. After the pulse, F13L(K314R) and F13L
(D319E) proteins were present at 90 and 88%, respectively, of
the WT level. After a 3-h chase incubation in unlabeled media,
the amount of F13L(K314R) protein remained near the WT
level (120% of the WT level), but the FI3L(D319E) protein
was reduced to 36% of the WT level. At 6 h, FI3L(D319E)
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FIG. 3. Stability of F13L proteins. BS-C-1 cells were infected with F13L+,
F13L(K314R), F13LA, or F13L(D319E) virus as indicated. After 15 h of infec-
tion, the cells were incubated for 90 min with [3SS]methionine, and the cells were
either lysed immediately (pulse) or after an additional 3, 6, or 9 h of incubation
in normal culture media. The F13L protein was immunoprecipitated, resolved by
SDS-PAGE, and autoradiographed. The molecular weights (thousands) of mark-
ers are shown in the center. The arrows point to the F13L protein.

protein had degraded to 29% of the WT level, and at 9 h, it had
degraded to 16% of the WT level. In comparison,
F131(K314R) protein was more stable, being reduced to 72%
at 6 h and 51% at 9 h of the F13L+ levels. The persistence of
the K314R protein, as determined by Western blotting and
pulse-chase analysis, suggested that the profound effect on
plaque formation was not solely due to protein instability. In
the case of the D319E mutant, however, protein instability may
play a significant role.

Triton X-114 phase partitioning of mutated F13L proteins.
While the F13L protein contains several hydrophobic regions,
of which one is predicted to be a transmembrane domain, the
palmitylation state also affects its hydrophobicity and mem-
brane association (18, 20, 43). To compare the hydrophobic
properties of the mutated and WT F13L proteins, infected
cells were metabolically labeled with [>>S]methionine for 24 h
and then lysed in buffer containing 2% Triton X-114. After
extraction of proteins for 30 min, insoluble matter was pelleted
and analyzed by Western blotting. The F13L+, K314R, and
D319E pellets all contained detectable F13L protein (Fig. 4A).
The Triton X-114 soluble material was then warmed to 37°C to
allow separation of the detergent and aqueous phases. F13L
proteins were immunoprecipitated, analyzed by SDS-PAGE,
and autoradiographed (Fig. 4B). The WT F13L protein parti-
tioned completely to the detergent phase, as did the K314R
F13L protein, indicating their hydrophobicity and suggesting
that the K314R protein was also palmitylated (18, 43). In
contrast to the WT and K314R FI13L proteins, the D319E
F13L protein was not detected in either the detergent phase or
the aqueous phase (Fig. 4B), even after extended autoradiog-
raphy. This indicated that the D319E F13L protein was not
extracted by Triton X-114 and was entirely within the insoluble
pellet, as detected by Western blotting (Fig. 4A).

Since the D319E protein possessed altered solubility prop-
erties in Triton X-114, we considered that the apparent insta-
bility determined in the previous section might be due in part
to poor solubility in immunoprecipitation buffer containing 1%
sodium deoxycholate and 1% Triton X-100. To evaluate this,
cells were infected for 24 h and lysed in immunoprecipitation
buffer. Western blotting was performed with the soluble and
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FIG. 4. Triton X-114 (TX-114) partitioning of F13L proteins. BS-C-1 cells were infected with F13L+, F13L(K314R), F13LA, or F13L(D319E) virus as indicated.
After 6 h of infection, the cells were incubated for 16 h with [**S]methionine and extracted in 2% Triton X-114. Insoluble material was centrifuged and analyzed by
Western blotting (A). The Triton X-114 solution was warmed, and the phases were separated. The F13L protein from each phase was immunoprecipitated under
identical salt and detergent conditions, resolved by SDS-PAGE, and autoradiographed (B). The molecular weights (thousands) (M) of markers are shown. The arrows

point to the F13L protein.

insoluble materials, and the proteins were quantitated (data
not shown). In the case of the F13L+ virus, 87% of the F13L
protein was present in the supernatant. For the F13L(K314R)
and F13L(D319E) mutants, 78 and 53% of the F13L protein
were soluble, respectively. Therefore, the reduced solubility of
the mutated proteins may have led to a small underestimate of
their stability as determined by immunoprecipitation.
Acylation of F13L proteins. Since the mutant F13L proteins
were not functional, we were interested in determining if they
were posttranslationally modified as is WT F13L protein. The
F13L protein has been shown to be oleated and palmitylated
(20, 32). Since the acylation of a protein can determine its
activation or interaction with other proteins or membranes (18,
43), the acylation status of the mutated F13L proteins was
important to determine. The WT F13L protein is palmitylated
on cysteine residues 185 and 186 (18). Although this is 125
amino acids from the location of the mutated HKD motif (Fig.
1), the effects of the point mutations on protein folding or
localization might affect processing. Therefore, cells were in-
fected and labeled with [9, 10-*H(N)]palmitic acid or [9, 10-
JH(N)]oleaic acid, lysed with immunoprecipitation buffer con-
taining 0.1% SDS, immunoprecipitated, electrophoresed, and
autoradiographed. WT and K314R 37-kDa F13L proteins were
both palmitylated and oleated (Fig. 5). However oleation or
palmitylation of the F13L D319E protein was not detected,
even after quadrupling of the exposure time of the gel to X-ray
film. The immunoprecipitation buffer-insoluble material was
also analyzed, and distinct tritiated 37-kDa bands (data not
shown) were detected for F13L+ and the K314R mutant, but
not for the D319E or F13LA mutant, suggesting that the in-

oleate palmitate

FIG. 5. Palmitate and oleate labeling of VV proteins. BS-C-1 cells were
infected with virus at a multiplicity of 10 for 5 h. Medium was then replaced with
medium containing 200 p.Ci of [9, 10-*H(N)]palmitic acid in 10 pl of dimethyl
sulfoxide or 100 p.Ci of [9, 10-°H(N)Joleaic acid in 20 ul of ethanol per well.
After an additional 24 h, cells were lysed, and F13L proteins were immunopre-
cipitated, analyzed by SDS-PAGE, and exposed to film. The position of the
46-kDa marker is shown on the left. The arrow points to the 37-kDa F13L
protein.
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FIG. 6. Induction of syncytia by F13L+ or F13L mutants. BS-C-1 cells were infected for 12 h, treated for 2 min with buffer at pH 5.5 or 7.4, and then returned to
growth medium for 3 h and examined by phase-contrast microscopy.
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TABLE 1. Effects of F13L mutations on the formation of wrapped
and unwrapped virus particles

No. of PFU (10°)

Virus Enveloped Cell associated
(media) Enveloped Unwrapped
WR 2.4 40 26
F13L+ 1.2 44 42
F13LA 0.07 3.6 14
F13L(K314R) 0.04 3.6 60
F13L(D319E) 0.2 3.1 32

“Total PFU from CsCl gradient fractions.

ability to detect acylated D319E protein was not due to its
altered solubility.

Because the K314R protein partitioned into the Triton
X-114 phase and was acylated, it was expected to be membrane
associated (18, 43). This association was confirmed by sucrose
density flotation experiments (51) (data not shown). The
amount of labeled D319E protein, however, was insufficient to
determine membrane association. Although the K314R muta-
tion does not appear to alter the Triton X-114 partitioning,
acylation, or membrane association of the F13L protein, the
mutant virus nonetheless formed tiny plaques.

Fusion of cells infected with F13L mutant virus. Cells in-
fected with the F13LA do not undergo low-pH-induced fusion
(4). This process is believed to require wrapping and display of
virus particles on the cell surface (4, 10, 17, 39, 48). Therefore,
we evaluated the ability of the F13L point mutant viruses to
mediate acid fusion. Cells were infected for 12 h with F13L+,
F13LA, F13L(K314R), or F13L(D319E) virus, incubated for 2
min in buffer at pH 5.5, returned to growth media, and, after
3 h, examined microscopically. While infected cells maintained
at neutral pH did not fuse, brief acid treatment induced syn-
cytium formation of F13L+ virus-infected cells. In contrast,
none of the F13L mutants induced polykaryon formation (Fig.
6), even though the infected cells were observed for 12 h after
the acid treatment. As controls, we confirmed the inability of
the A34R deletion mutant to induce fusion and the ability of
the A33R deletion mutant to do so (39, 49). These data sug-
gested that the F13L HKD motif was required for cell fusion or
that the HKD point mutants did not make wrapped virus
particles that were associated with the cell surface.

CsCl gradient centrifugation of virus particles. Membrane-
wrapped virions (IEV, CEV, and EEV) can be distinguished
from unwrapped IMV by their lower buoyant density in CsCl.
To determine whether the F13L mutations affected wrapping,
cells were infected with WT or mutant viruses, and the parti-
cles from the medium and cell lysates were analyzed by CsClI
centrifugation. While the production of infectious unwrapped
IMV by the HKD mutants was similar to that of controls (WR
and F13L+), the production of wrapped virus forms, both
cell-associated (IEV or CEV) and free (EEV), was reduced by
89 to 98% (Table 1). These results were similar to those found
with F13LA (Table 1). The titer of virus infectivity was deter-
mined before and after freeze-thawing and sonication (a pro-
cedure used to increase infectivity of defective EEV by releas-
ing IMV [27]), with no significant difference in the result.
Consequently, the mutation of the K or the D in the HKD
motif of the F13L protein severely inhibited the ability of VV
to form intracellular wrapped virus particles or to release
wrapped particles into the medium (Table 1). This was consis-
tent with the lack of comet formation in infected-cell mono-
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layers (Fig. 1) and the absence of low-pH-induced cell fusion
(Fig. 6).

Electron microscopic examination of cells infected with
F13L mutant virus. Since the F13LA mutant virus is blocked in
morphogenesis at the stage of IMV wrapping to form IEV (4)
and the F13L point mutants form plaques the same size as
those formed by the deletion mutant, electron microscopy was
used to analyze the effects of the mutations on morphogenesis.
In cells infected with F13L+, numerous wrapped IEV were
visible (Fig. 7). However, in the cells infected with the F13LA
mutant or the F13L point mutants, K314R and D319E, IMV
were common, but IEV were rare or absent, consistent with the
result obtained by CsCl gradient centrifugation of virus parti-
cles. Interestingly, rare IEV could be seen in the D319E mu-
tant virus, which makes the less stable F13L protein, but they
were almost completely absent in the K314R mutant with the
more stable F13L protein, indicating that the phenotypic
changes did not correlate with protein levels. These data indi-
cated that the F13L point mutants were blocked in membrane
wrapping of IMV, similar to the phenotype of the F13LA
mutant.

Localization of mutated F13L proteins by immunofluores-
cence. The WT F13L protein has been shown to localize to the
trans-Golgi membranes which wrap IMV to form IEV (20, 41).
Since efficient wrapping of the F13L HKD point mutant virus
particles did not occur, we investigated the intracellular local-
ization of the mutant F13L proteins. WT F13L protein showed
the typical bright juxtanuclear staining pattern characteristic of
Golgi localization (Fig. 8) (20). Both the F13L(K314R) and
F13L(D319E) proteins showed levels of staining above that of
uninfected cells or the FI3LA mutant, but the staining ap-
peared to be distributed throughout the cell rather than in-
tensely localized in the Golgi compartment. In the experiments
described above, the cells were also stained with antibody
recognizing the surface- and Golgi-localized A33R protein as a
control for virus gene expression (38, 41) (data not shown).

Localization of mutated F13L proteins by immunogold elec-
tron microscopy. We investigated the localization of the F13L
proteins by comparing them with the VV BSR EEV protein,
which also localizes to the trans-Golgi network and wrapping
membranes (41), by using specific antibodies and two sizes of
protein A-gold spheres. The 10- and 5-nm particles target the
F13L and B5R proteins, respectively. We found that in VV
strain WR-infected cells, membranes were heavily labeled for
both proteins, with 92% of the F13L protein closely juxtaposed
with B5R protein (Fig. 9 and Table 2). Although wrapped IMV
are rarely seen in cells infected with the BSR and F13L dele-
tion mutants, virus protein-laden membranes may still be
noted adjacent to IMV or localized in vesicular structures. In
both of the HKD point mutant virus-infected cells, it was
possible to see membranes heavily labeled for the B5R protein,
while the F13L protein was distributed throughout the cell,
rather than concentrated in particular areas. For this reason, it
was difficult to find electron microscope fields with concen-
trated labeling of F13L protein. However, in the cells infected
with the K314R mutant, the F13L protein could occasionally
be seen concentrated in discrete membraneous structures, but
these membranes were lacking B5R protein (Fig. 9, lower right
panel). Quantification indicated a high level of K314R protein,
of which only 24% was juxtaposed with the B5R protein (Table
2). This value is similar to the background value of 23% ob-
tained in cells infected with F13LA (Table 2). For the D319E
mutant, there was less total staining of F13L protein, and only
19% was adjacent to the B5R protein (Table 2). Thus the
K314R and D319E F13L proteins did not localize with BSR
protein above background levels. A B5R deletion mutant virus
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FIG. 7. Electron micrographs of Epon-embedded infected cells. RK;5 cells
were infected with F13L+, F13L(K314R), or F13L(D319E) virus. After 24 h,
cells were fixed in glutaraldehyde and embedded in Epon. In F13L+-infected
cells, arrows point to examples of wrapped IEV particles.
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FIG. 8. Immunofluorescence detection of FI3L proteins. HeLa cells were
infected with F13L+, F13L(K314R), F13LA, or F13L(D319E) virus. At 16 h, the
cells were fixed, permeabilized, and incubated with antibodies to F13L protein
and rhodamine-conjugated swine anti-rabbit immunoglobulin.

was also included as a control; background B5R staining was
very low (Fig. 9), and only 1% juxtaposed with F13L protein.
These data suggested that the block in IEV formation was due
to improper membrane localization of both the K314R and
D319E F13L proteins.

DISCUSSION

We combined genetic, biochemical, and microscopic ap-
proaches to investigate the role of the HKD motif of the F13L
protein. Conservative mutations of the K and D positions of
the second VV F13L HKD motif caused a small-plaque phe-
notype, indicating the functional importance of this sequence.
The F13L K314R and D319E phenotypes were as severe as
that of F13LA, indicating that the function of the F13L protein
was completely abrogated by these single-amino-acid muta-
tions in the HKD motif. The specificity of these mutations is
demonstrated by several other known amino acid changes not
affecting plaque size (42, 16, 36).

Biochemical analyses showed that the properties of the
K314R protein were similar to those of WT F13L, while those
of the D319E protein were more severely altered. Thus the
K314R mutant, which partitioned normally in Triton X-114,
was acylated and membrane bound. In contrast, the D319E
protein was less stable, was insoluble in Triton X-114, and was
less soluble than WT F13L protein in immunoprecipitation
buffer. Acylation of the D319E protein could not be detected,

TABLE 2. Juxtaposition of F13L and B5R proteins

No. of F13L % F13L proteins
Virus particles/1,000 juxtaposed with
B5R particles® B5R protein
WR 534 92
F13L(K314R) 718 24
F13L(D319E) 253 19
F13LA 148 23

“B5R and F13L proteins were detected with specific antibodies and 5- and
10-nm protein A-gold particles, respectively. The numbers of 10-nm particles per
1,000 5-nm particles are indicated.



FIG. 9. Immunogold labeling of viral membranes. RK; cells were infected with WR, F13L(K314R), F13LA, or F13L(D319E) virus for 24 h, fixed in paraformal-
dehyde, cryosectioned, and double labeled with antibodies specific to either the F13L (and 10-nm protein A-gold spheres) or BSR (and 5-nm protein A-gold spheres)
protein. Thick and thin arrows point to representative 10- and 5-nm gold spheres, respectively. Occasional 10-nm gold particles in the FI3LA are due to background
staining as quantified in Table 2.
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either because of the small amount of the protein or because
the mutated protein was sequestered or degraded before it
could undergo posttranslational modifications.

Small-plaque phenotypes have been associated with reduc-
tions in the quantity (5, 31, 48) or infectivity (27) of extracel-
lular virus and with a defect in actin tail formation (39, 40, 49,
50). The F13L(K314R) and F13L(D319E) mutants mirror the
F13LA mutant in their formation of small plaques, lack of virus
released into the medium, and lack of comet formation. These
data uphold the correlation between EEV in the medium and
the formation of elongated comet-shaped plaques under liquid
medium (4-6, 27, 39). Both F13L HKD mutant viruses were
blocked in morphogenesis at the stage of membrane wrapping
of IMV to form IEV. Very few examples of wrapped IEV were
seen, and there was a log or more reduction in the amount of
EEV released into the media by the K314R and D319E mu-
tants compared to the F13L+ control viruses. The F13L point
mutants did not mediate acid-induced fusion of infected cells,
consistent with previous observations that formation of wrap-
ping and display of virus on the surface are necessary for
acid-induced polykaryon formation (4, 10, 48).

Although the F13L(K314R) and F13L(D319E) proteins
could be detected, they did not localize properly to the Golgi
compartment. These data indicated that the HKD motif may
be important for the proper sorting of the F13L protein in
intracellular membranes during VV infection. It has previously
been shown that F13L localization is dependent on other VV
protein(s) (25). In the case of the K314R mutant, hydropho-
bicity, oleation, and palmitylation alone were insufficient to
direct the protein to its proper compartment in the mem-
branes. Thus, the K314 of the HKD motif was required for
proper localization. It is unknown whether the F13L HKD
motif functions through an interaction with another VV pro-
tein or directly with membranes. The data indicate that there
are three requirements for correct intracellular localization of
the F13L protein: (i) palmitylation (18, 43), (ii) another VV-
encoded protein (25), and (iii) amino acids in the HKD motif.

The HKD motif is conserved in phospholipases and phos-
pholipid synthases, leading to speculation that the VV F13L
protein and the process of envelopment require phospholipid
biosynthesis or cleavage (26, 37). Indeed, the VV F13L protein
has now been characterized as a broad-specificity lipase, pos-
sessing triacylglycerol lipase and phospholipase A and C activ-
ities (2). The EEV is known to differ in phospholipid compo-
sition from the IMV (19). However, the direct involvement of
the 16 amino acids of the VV F13L HKD motif in enzymatic
activity seems unlikely for several reasons. (i) Although this
motif is characteristic of the phospholipase D superfamily,
phospholipase D activity of the VV F13L protein has not been
demonstrated (2, 46). (ii) The H is believed to form part of a
catalytic H, K, and D triad and is conserved in all phospho-
lipase D enzymes, cardiolipin synthases, and phosphatidyl
serine synthases, suggesting that it is essential for enzyme ac-
tivity. (iii) None of the other enzymes in this family has an N
replacing the H at position 1 of the motif, as is found in the VV
F13L HKD, and mutation of the human phospholipase D
HKD motif to NKD totally ablated phospholipase D function
(2, 46). (iv) Finally, F13L phospholipase A and C activities
persisted after mutation of D319 (which causes a small-plaque
phenotype) of the VV HKD motif (2). Mutation of S327 of the
VV F13L HKD motif (deemed possibly to be important for
phospholipase A or C activity) also did not affect the reported
phospholipase activity (2). One interpretation is that the VV
F13L HKD motif is involved in an enzymatic activity not yet
assayed, possibly even a phospholipid synthesis activity. An-
other possibility is that the motif mediates a nonenzymatic

J. VIROL.

interaction of the F13L protein with phospholipids in mem-
branes needed for wrapping. This hypothesis is supported by
the loss of proper membrane localization of the VV HKD
mutants.
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