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The major envelope antigen of vaccinia virus is an acylated protein of M, 37,000 {p37K) which is required for the formation
of extracellular enveloped viriens (EEV). Despite its important role in the wrapping process, p37K has not been studied in
much detail. In order to better characterize this protein we have undertaken a detailed biochemical analysis. Sodium
carbonate treatment showed that p37K is tightly bound to the viral envelope. Its resistance to proteinase K digestion
indicates that it is not exposed on the surface of EEV but lines the inner side of the envelope. Since p37K does not contain
a signal peptide characteristic of most membrane proteins, we examined the possibility that the protein acquires its
membrane affinity through the addition of fatty acids. Indeed, Triton X-114 phase partitioning experiments demonstrated
that p37K is hydrophobic when acylated, but hydrophilic in the absence of fatty acids. Three other viral proteing have been
shown to be required for virus envelocpment and retease from the host cell and we therefore tested whether p37K interacts
with viral proteins. In EEV and in absence of reducing agents, an 80-kDa complex reacting with an anti-37K antiserum was
found. Analysis of this complex showed that it most likely consists of a p37K homodimer. Interestingly, only a smail amount

of p37K occurs as a complex, most of it is present in the viral envelope as monomers.

INTRODUCTION

Vaccinia virus, the representative member of the Pox-
viridae, has a complex morphology and replicates in the
cytoplasm of infected cells. Among the four distinct forms
of vaccinia virions generated during the replication cycle,
intracellular mature virions {IMV) and extracellular enve-
loped virions (EEV) are the best characterized. IMV con-
tain two lipoprotein membranes of which the inner en-
closes the complex core structure containing the viral
genome while the outer represents the MV external
membrane. The EEV are surrounded by a third mem-
brane. The mechanism by which IMV are enveloped is
poorly understood. The process starts with the associa-
tion of fully infectious IMV with the trans-Golgi network
to produce the four-membraned structure of intracellular
enveloped virus {IEV) (Schmelz et 4/, 1994). These parti-
cles migrate along actin-containing microfilaments to the
cell surface (Hiller et a/, 1981b) where they lose their
outermost membrane by fusion with the plasma mem-
brane. The final separation between the virions and the
hast cell resuits in the release of EEV which are com-
pased of the original IMV enclesad by cne trans-Golgi
network-derived membrane. The envelope of EEV con-
tains 10 proteins, 9 glycoproteins and 1 nonglycosylated
acylated protein which has been designated p37K
(Payne, 1978; Hiller and Weber, 1985). Several studies
have recently shown that the 42K and 22-24K envelope
proteins, as well as the 14K IMV protein, are essential
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for virus envelopment and egress of EEV (Redriguez and
Smith, 1990a; Duncan and Smith, 1992; Engelstad and
Smith, 1993; Wolffe et &/, 1993). The 37K protein also
plays a crucial role in this process {(Blasco and Moss,
1991; Schmutz et al, 1991), but has been poorly charac-
terized so far. This protein is encoded by the F13L open
reading frame (Goebel et afl, 1990) that is expressed
during the late phase, i.e., 68 hr postinfection {Hirt et
al, 1986} and is the major viral envelope-specific protein
representing 5—7% of the total particle proteins {Hiller et
al, 1981a). The p37K is acylated by palmitic and oleic
acids {Hiller and Weber, 1985; Payne 1992) and is im-
portant for lacal cell-to-cell transmission of the virus and
in the virus-induced formation of microvilli (Blasco and
Moss, 1991).

In view of its important role in the formation of enve-
toped virions, we have studied some biochemical charac-
teristics of p37K and analyzed its potential interaction
with other viral proteins.

MATERIALS AND METHODS
Cells and viruses

The rabbit kidney cell line RK13 (ATCC No. CCL 37)
was cultivated in Dufbecco’s maodified Eagle’'s medium
{(DMEM} supplemented with 8% fetal calf serum (FCS)
and containing 100 U/ml and 100 upg/ml penicillin and
streptomyecin, respectively. The IHD-J strain of vaccinia
virus, obtained from L. G. Payne, was used in this study.

Antisera
The monoclonal antibodies anti-42K (19C2; Schmelz
et al, 1994) and anti-hemagglutinin (B2D10; Oie et &/,
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1990} were kindly provided by G. Griffiths, EMBL, Heidel-
berg, Germany, and Y. Ichihashi, Niigata University,
Asahimachi, lapan, respectively. The anti-37K antiserum
was prepared by immunizing rabbits with the purified
protein. The gene was cloned and expressed using the
QlAexpressionist system (Qiagen). A 1716-bp £coRl frag-
ment containing the F13L gene coding and ftanking se-
quences of the IHD-J strain {Schmutz et &/, 1991) was
cleaved with Sspl, and the fragment containing almost
the entire F13L open reading frame was subcloned into
the pQE-18 vector (Qiagen) linearized with Bgill and
blunt-ended with the Klenow fragment of DNA polymer-
ase . This introducad the amino acid sequence MIFRS-
{H)s3top after the Kagg, 16 amino acids upstream of the
natural stop codon of the F13L gene. The engineered
F13L gene was excised using the Kpnl site located 15
nucleotides downstream of the natural start codon and
the Bg/l site 3’ of the stop codon in the vector DNA.
This fragment, together with a synthetic oligonucleotide
reconstituting the 16 &'-terminal nucleotides, was ligated
into the expression vector pQE-5 at the sites BamH!
(blunt) and Bg/l. The truncated p37K was overexpressed
in Escherichia cofi SC 13009 and purified by Ni** che-
late affinity chromatography {Qiagen) under denaturing
conditions as described by the supplier. The protein was
further purified by SDS~PAGE.

Antisera were raised in rabbits by four subcutaneous
injections of recoembinant protein at monthly intervals.
The first dose contained 500 ug of protein in complete
Freund's adjuvant and the following three 250 ug of pre-
tein in incomplete Freund's adjuvant. Antibody titers were
monitored by Western blotting and immuncprecipitation.

Phase partitioning experiments

Tha hydrophobic or amphiphilic nature of p37K was
determined by phase separation experiments (Bordier,
1981). Briefly, infected cells or virus were suspended in
1% {final concentration) ice-cold Triton X-114, kept on ice
for 10 min with occasional shaking, and then centrifuged
at 10,000 g. The supernatant was incubated at 37° for b
min and then again centrifuged for 5 min at 10,000 g.
After centrifugation the detergent phase was found at
the bottom of the tube and the agueous phase at the
top. The two phases were separated, reconstituted with
the counterpart fractions originating from a biank, and
reextracted &s before. The aqueous and detergent
phases were adjusted to conditions for immunoprecipita-
tion or the proteins were precipitated with methanol.

Hydroxylamine treatment

Infected cells were harvested in buffer H {380 mM
Tris—HCI, pH 8.8, 0.1% NP-40), kept on ice for 10 min,
homogenized by 30 passages through a 26 gauge nee-
dle, and the lysates were clarified by a 5-min centrifuga-
tion at 700 g. Equal volumes of 2 M hydroxylamine, pH

7.0, or buffer H as a control were added o the extracts
and the samples were incubated at room temperature
for 2 hr and then Iyophilized overnight. The dry pellets
were resuspended in PBS and subjected 1o phase parti-
tioning experiments.

Sodium carbonate treatment

EEV preparations were diluted 50- to 1000-fold with
ice-cold 100 mM sodium carbonate, pH 11.5, kept on ice
for 30 min, and centrifuged at 4° for 1 hr at 230,000 g as
described previousty (Fujiki et a/, 1982). Proteins in the
supernatant were TCA precipitated, and the pellet was
washed with distilled water and centrifuged as before.
Pellets were resuspended either in 2X sample buffer
(82.5 mM Tris—HCI, pH 6.8, 4% SOS, 10% glycernl, 0.003%
bromophenol blug) for SBDS-PAGE or lysis buffer [10 mM
Tris—HCI, pH 7.2, 1% Triton X-100, 0.6% sodium deoxy-
cholate (NaDQC), 0.1% SDS, 150 mM NaCl, 1 mM EDTA]
for immunoprecipitation.

Proteinase K digestion on EEV

EEV were recovered from the culture medium of in-
fected cells (175-cm” flask) grown in DMEM without FCS.
The medium was clarified by low-speed centrifugation
and the EEV were concentrated by a 30-min centrifuga-
tion at 100,000 g and 4° and were resuspended in 50 wl
of PBS.

EEV (4 ul) were digested for 1 hr or overnight with
0.57 p!l of proteinase K (3 mg/ml) in 8 gl final valume, in
presence or absence of 3% Triton X-100. The proteins
were precipitated with TCA and immediately boiled in
2% sample buffer.

Immunoprecipitation

Confluent monoiayers of RK13 cells were infected at
a multiplicity of infection of 10 and labeled, for the periods
of time indicated, with either 20 pCi/ml [**S]methionine
ar 80 pCi/ml PHlpalmitic acid. After 24 hr, EEV were
prepared as described above. The total cell extracts were
prepared by resuspending the cells in the indicated lysis
buffer {see below)} after washing with PBS. After 30 min
on ice, cell extracts were sonicated (water bath) and
clarified by centrifugation for 5 min at 10,000 g The
amount of extract equivalent 1o 10® cpm was mixad with
anti-37« rabbit antiserum at room temperature for 90 min.
Then, 20 ! of a B0% slurry of protein A—Sepharose beads
in PBS was added and incubation was continued for 90
min. The immunoprecipitates were washed three timas
with the corresponding lysis buffer and three times with
PBS and resuspended in 2x sample buffer without re-
ducing agents. Samples were boiled for 3 min and split
into two aliguots. The proteins of one aliquot were re-
duced by the addition of 150 mA DTT and 1.5% f-mer-
captoethanol for 30 min before being boiled again. The
different samples were resclved on SDS-PAGE. The
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gels were dried, and the proteing were visualized by
autoradiography.

Lysis buffers:

l. B0 mA Tris—HCI, pH 8.0, 1% Triton X-100, 0.5% Na-
DOC, 0.1% SDS, 150 mM NaCl, 1 mM EDTA.

i 50 mM Tris—HCI, pH 8.0, 1% Triton X-100, 0.5% Na-
DOC, 0.1% SDS, 1 M NaCl, 1 mM EDTA.

. 50 mM Tris—HCI, pH 8.0, 0.2% Triton X-100, 0.5%
NaDQC, 150 mM NaCl.

V. 50 mM Tris—HCI, pH 8.0, 0.2% Triton X-100, 0.5%
NaDOC, 1 M NaCl.

EEV lysis, alkylation, and cross-linking

EEV prepared as above were washed with and resus-
pended in PBS at about 1.5 X 108 PFU/ml and stored as
50-pl aliquots at —20°. Samples of 7.5 p! of this suspen-
sion were lysed in a iotal vclume of 60 ut of sample
buffer without reducing agent containing 1, 0.1, or 0.01%
SDS and were either boiled or heated to 37° for & min,
as indicated in the figure legends. In order to block un-
bound SH-groups by alkylation, the lysis reactions con-
tained 1% SDS and either 40 mM N-ethyl-maleimide
{NEM} or 100 mM 2-iodcacetamide (both from SIGMA)
and were incubated at 25° for 30 min before being boiled
for B min. For cross-linking studies, 7.5 ul of EEV suspen-
sion was incubated in a total volume of 50 ul of PBS
containing 0.2% Triton X-100 and 0-0.1% glutaraldehyde
(see figure legends) for 3C min at 25°. SDS—PAGE sam-
ples were then prepared by adding 14 ul of BX sample
buffer containing reducing agent.

For SDS—-PAGE and Western bletting using anti-37K
rabbit antiserum, 10 ul of these iysates was loaded per
lane on 10% gels.

Western blotting

Proteins were fractionated in 10 or 12% SDS-paoly-
acrylamide gels and transferred to nitrocellulose mem-
branes by electroblotting. After transfer, the membranes
were soaked in blocking buffer made cut of TBS—-Tween
(25 mM Tris—HCI, pH 7.5, 137 mAM NaCt, 3 mM KCI, 0.05%
Tween 20} containing 5% nonfat dry mitk. The mem-
branes were then incubated with anti-37K rabbii antise-
rum (diluted 1:100,000), anti-42K monoclonal antibody (di-
luted 1:500), or anti-hemagglutinin monoclonal antibody
{diluted 1:10) in blocking buffer for 1 hr at room tempera-
twre. After four 10-min washes with TBS—Twean, the
membranes were incubated for 1 hr at room temperature
with rabbit or mcuse anti-lgG antibody (diluted 1:2000)
conjugated with horseradish peroxidase in blocking
buffer. After four washes with TBS—-Tween, bound anti-
bodies were detected using the enhanced chemilumi-
nescence kit from Amersham.

A B
MWT S M MW T S§ M
200- [
97.4-|
69- 69- | —
E __¥ —
46- 46- | —
- p— -] -37TK
30- 30| —
L J —
14.3- b 4 - ol

FIG. 1. Sodium carbonate treatment of labeled EEV. EEV labeled
with [*S]methioning in the late phase of infection ware subjected to
sodium carbenate treatment and the fractions containing the total (T),
soluble (8), and membrane (M) proteins were analyzed (A) as such or
{B} after immunoprecipitation with ant-37K antiserum. The molecular
weights of marker proteins (MW) are indicated in kilodaltons.

RESULTS
The p37K is tightly bound to the viral envelope

Treatment with sodium carbonate at pH 11.5 is used
to separate soluble proteing and proteins loosely
attached to the membrane from tightly bound and integral
membrane proteing (Fujiki et g/, 1982). This procedure
was applied to partially purified [*S]methicnine-labeled
EEV in order to characterize the attachment of p37K to
the envelope.

All proteins present in the starting material were found
in the pellet fraction after sodium carbonate treatment
{(Fig. 1A). Western blotting confirmed that this is also true
for p37K (Fig. 1B), and we therefare conclude that this
protein is tightly bound to the membrane. In contrast,
when similar experimenis were performed with MV,
some proteing were found in the supernatant fraction
(data not shown). This indicates that loosely bound pro-
teins can indeed be removed by this technigue, validating
the results obtained with EEV.

The hydrophobic nature of p37K is due to the
presence of fatty acids

The 37K protein is located in the viral envelope, al-
though the hydropathic index does not reveal hydropho-
bic regions characteristic of a signal peptide and a mem-
brane-spanning anchor sequence. Nevertheless it has
been suggested that p37K is relatively hydrophobic
(Hiller and Weber, 1985) and indeed there are two hy-
drophobic regions close to the center of the polypeptide
(Hirt et al., 1986). Phase partitioning using Triton X-114
allows a fast determination of the relative hydrophabicity
of a protein. RK13 cells were infected and cell exiracts
as well as EEV particles were treated with Triton X-114
and analyzed on SDS—PAGE. Western blotting of cell
extracts showed an enrichment of the p37K in the deter-
gent phase (Fig. 2A). In contrast, EEV particles were only
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FIG. 2. Triton X-114 phase partitioning analysis. (A) Infected cell extracts, {B) labeled EEV, (C) in vitro-translated p37K, and (D) infectad cell extracts
treated (+H) or nontreated (—H) with hydroxylamine were subjected to phase partitioning. The tota! (T), insoluble (), agueous (A), and datergent
{D} fractions were analyzed by autoradiography (B, C) or Western blatting using anti-37K antiserum {A, O). The molecular weights of marker proteins

(MW) are indicated in kilodaltons.

weakly solubilized by this treatment and most of the pro-
teins were present as insoluble material. After phase
separation some proteins were nevertheless visible in
the detergent phase, the largest one most likely repre-
senting p37K (Fig. 2B). This overall hydrophobic nature
of p37K could be due either to the twe hydrophobic amino
acid streches or to the presence of fatty acids. To distin-
guish between these possibilities a phase partitioning
experiment was performed on p37K translated in vitro in
rabbit reticulocyte lysates, which presumably do not add
fatty acids to the translation products. Figure 2C shows
an enrichment of the protein in the agusous phase, and
only a very weak signal is observed in the detergent
phase. This result indicates that the hydrophobic behav-
ior of the p37K is mainly due to its acylaticn and that the
two hydrophobic regions play only a minor role in this
respect. 1o confirm this result we made use of the fact
that palmitate—protein bonds are highly labile and sus-
ceptible 1o cleavage by hydroxylamine (Magee et al,
1984). indeed the p37K-palmitate bond has previously
been shown to be sensitive to this treatment (Franke et
al, 1989). A phase separation experiment on hydroxyl-
amine-treated cell extacts is shown in Fig. 2D. Upon
depalmitation p37K exclusively partitions in the agueous
phase. This result confirmed that the palmitic acid mciety
confers the hydrophobicity to p37K. The small amount of
p37K abserved in the aqueous phase of the nontreated
extracts might be explained by the lahiiity of the palmitate
bond.

Location of p37K within the envelope

To investigate the topology of p37K in the envelops
we performed protease shaving experiments. When viral
particles are treated with a nonspecific protease such
as proteinase K, proteins or parts of proteins exposed to
the outside of the virions will be cleaved ang progres-
sively digested by the protease. The separation of virions
and shaved protein fragments can be achieved by centrif-
ugation and both fractions can be analyzed using specific
antibodies. Depending on the size of the proteins or pro-
tein fragments and the fraction where these are found,
their position with respect to the membrane can be deter-
mined.

Partially purified EEV were treated with proteinase K
for 1 hr or overnight. As a control for protease action,
the same starting material was exposed to the enzyme
overnight in presence of Triton X-100. The detergent dis-
rupts the envelope and therefore should render p37K
accessible to the action of the protease. By means of
the anti-37K antiserum, intact p37K was detected in the
viral pellets which had or had not been treated with prote-
ase (Fig. 3A). However, overnight digestion in presence
of Triton X-100 completely degraded the protein. This
indicates that the protein is not exposed t¢ the outside
of the EEV but probably lines the inner surface of the
envelope. Similar analyses of the same fractions using
anti-42K (Fig. 3B) and anti-hemagglutinin (data not
shown) monocicnal antibodies indicated that these enve-
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FIG. 3. Protease shaving experiments on EEV. EEV were nontreated {NT), treated for 1 hr (1h) or overnight (QO/N) with proteinase K, or digested
overnight in presence of Triten X-100 {O/N+TX). After centrifugation, the pellet (P} and supernatant {S) fractions were analyzed by Western blotting
with (A) anti-37K antiserum or (B) anti-42K monoclonal antibody. The molecular weighis of marker proteins (MW) are indicated in kilodaltons,

lope proteins are expoesed to the outside of EEV since
single fragments of reduced size were detected in the
supernatant fraction. The unexpected resistance of these
shaved fragments to complete proteolysis might be ex-
plained by a heavily glycosylated globular structure
which may protect regions of the exposed fragments of
the proteins.

Protein interactions

The 37K, 42K, and 22-24K envelope proteins as well
as the 14K protein present on the surface of the IMV
have been shown to be required for the formation or
release of enveloped particles (Rodriguez et &/, 1985;
Rodriguez and Smith, 1990b; Blasco and Moss, 1991;
Duncan and Smith, 1992; Engelstad and Smith, 1993;
Wolffe et af, 1993). Interactions betwsaen these proteins
might therefore be needed during the complex process
leading to the formation and release of enveloped virions.

In order ¢ detect potential interactions of these pro-
teins with p37K, [**S]methionine-labeled infected cells or
EEV were lysed with different buffers. One of these has
previously allowed the identification of protein—protein
interactions in vaccinia virus (Rodriguez et af, 1993). After
immungprecipitation, the proteins were sclubilized in
sampie buffer under either reducing or nonreducing con-
ditions before being analyzed by SDS-PAGE. Despite
various conditions tested (lysis buffers, infection times,
presence or absence of reducing agents), we were not
able to detect any protein interactions in infacted cell
lysates (data not shown}, However, these experiments
revealed a difference in the migration of the immunopre-
cipitated p37K depending on the presence of reducing
agents {data not shown), suggesting the presence of
intramolecular disulfide bonds.

In contrast, immunoprecipitation of p37K from lysed
EEV revealed a high molecular weight complex of about
80 kDa which was present in all lysis conditions used
but only in the absence of reducing agents (Figs. 4A and
4B). This indicates that the proteins in the complex are
covalently linked by intermolecular disulfide bonds which
are already present in EEV released only 10 hr postinfec-
tion (Figs. 4C and 4D).

The fact that some p37K is present in a complex con-
taining disulfide bonds is surprising in view of the reduc-
ing environment of the cytosol. However, such bonds
apparently form as a consequence of the envelopment
process since the complex was only found in EEV and
not in ¢cell extracts. 1t is therefore conceivable that these
bonds are only present in p37K contained in the inner
trans-Golgi network-derived membrane which remains
associated with EEV, and not in p37K of the outer mem-
brane of the intracellular four-membraned particles. Nev-
ertheless, 1o rule out the possibility that the disulfide
bonds are formed as an artifact afier EEV lysis, purified
virions were lysed in the presence of alkylating agents
which block free SH groups. After EEV lysis, the proteins
were separated by SDS—PAGE under nonreducing con-
ditions and p37K was detected by Western blotting (Fig.
6A}). Neither NEM nor iodcacetamide had any effect on
the amount of the 80-kDa complex detected. In the pres-
ence cf the alkylating agents, both p37K and the 80-kDa
complex had a slightly reduced electrophoretic mobility,
suggesting that the compounds had indeed bound to
the SH groups, thus increasing the apparent M,. This
experiment therefcre strongly suggests that the complex
is present in the envelope pricr to EEV lysis.

Since p37K contained in the 80-kDa complex repre-
sents a minor fraction with respect to monomeric p37K,
we tested the possibility that some complex was lost as
a result of too harsh lysis conditions. EEV particles were
therefore lysed at lower SDS concentration and at re-
duced temperature. These milder conditions did not alter
the ratio of complexed to monemeric p37K (Fig. 5B). As
an alternative approach to detect more p37K in com-
plexed form, we performed cross-linking experiments.
Purified EEV were lysed with increasing concentrations
of glutaraldehyde, and the proteins were separated by
SDS—-PAGE under reducing conditions and analyzed by
Western blotting. Significantly, with 0.001 and 0.01% glu-
taraldehyde a protein complex in the 80-kDa range was
observed, as well as a higher M, complex (Fig. 5C). With
higher concentrations of the cross-linking agent, these
complexes as well as the signals for monomeric p37K
were no longer detectable. The reason for this is unciear,
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FIG. 4. Immunoprecipitation of EEV lysates. [**S]Methionine-labeled EEV were harvested {A, B} after 20 hr or (C, D) at the indicated times and
lysed with stringent {I, 1} or nonstringent (I}, 1¥) lysis buffers {see Materials and Methods). p37K was immunoprecipitated in the corresponding
lysis buffers in the absence of reducing agents. The proteins were {+RA) or werg not {(—RA) reduced before SDS—PAGE. The molecular weights

of marker proteins {MW) are indicated in kilodaltons.

but one possibility is that extensive cross-linking renders
the epitcpes inaccessible to antibody binding. Taken to-
gether, the results obtained with alkylating agents, differ-
ent lysis conditions, and cross-linking agents strongly
suggest that some p37K is present in the viral envelope
as a complex, but that the majority of p37K occurs as
monomers.

As a first step to identify the partners constituting the
complex, nonreduced lysed EEV were run on a 10% SDS
gel and analyzed with an anti-37K rabbit antiserum and
an anti-42K antibody to test whether these two proteins
are present in the 80-kDa comptex.

As expected, anti-37K rabbit antiserum datected the
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band for monomeric p37K and also reacted with the 80-
kDa complex (Fig. 6B1}. In addition t¢ the 42K monomer,
the anti-42K antibody bound a complex migrating slightly
above the 80-kDa band containing p37K {Fig. 6D1). To
confirm that the two complexes are different, the two
membranes were stripped and reprobed with the cther
antibody (Figs. 6B2 and 6D2). Comparison cf the posi-
tions of the bands obiained on each membrane with the
twe antibodies clearly indicated that the two complexes
are different. Their sizes suggested that each complex
is @ homodimer of either the 37K or the 42K protein.
The p37K-containing complex was further analyzed us-
ing a different approach (Fig. 7). An immunoprecipitation

C
6178 a8 L9810
\ !-‘_J i

pre
L.'- -37K

FIG. 6. Effect of alkylating agents and different lysis conditions on the 80-kDa cemplex. (A) EEV were incubated in sample buffer containing 40
mM NEM (lane 1) or 100 mM icdcacetamide {lane 2) or (B) EEV were lysed in sample buffer containing 1% S0S at 100° {lane 3) or containing 0.1
or 0.01% SDS at 37° {lanes 4 and 5, respectively) prior to SDS-PAGE under nonreducing conditions. {C) Alternatively, EEV were lysed in the absence
{lane 8) or in the presence of glutaraldehyde at concentrations of 0.0001, 0.001, 0.01, or 0.1% (lanes 7-10, respectively) and then subjected to SDS—

PAGE under reducing conditions.
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FIG. 6. Detection of 37K and 42K proteins In higher A, complexes. EEY resuspended in sample buffer with (+RA) or withcut (—RA) reducing
agents were loaded on (A, C) 16% or (B, D) 10% SDS gels. The proteins were transferred to nitroceliulose membranes and visualized with {A, B1)
anti-37K antiserurn or (C, 1) anti-42K monoclonal antibody. The membranes were stripped and reciprocally reprobed with (B2} anti-42K monoclonal
antibody or (D2) anti-37K antiserum, The molecular weights of marker proteins (MW) are indicated in kilodaltons.

was performed on EEV lysates in presence cr absence
of reducing agents. After SDS—PAGE the regions corre-
sponding to the p37K and 80-kDa complex were excised
from the gel and subjected to a second SDS—PAGE un-
der reducing conditions. The 80-kDa complex was again
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FIG, 7. Composition of the 80-kDa protein complex. The proteins of
labeled EEV were immunaoprecipitated with anti-37K antiserum in the
absence of reducing agents. The immunoprecipitate was split into two
aliquots, which were reduced {lpp + RA} ¢r nonreduced (lpp — RA),
respectively, and loaded on a 10% SDS gel. Gel slices corresponding
to the positions of p37K and the 80-kDa complex were excised. The
proteins in these gei slices were reduced and separated on a 15%
SDS gel. The molecular weights of marker proteins {MW) are indicated
in kilodaltens.

present only under nonreducing conditions during immu-
noprecipitaticn (Fig. 7, lanes 80K), and, upon reduction,
was resolved into a single band migrating with an appar-
ent molecular weight of 37K (Fig. 7, lanas 37K). This
further supports the idea that the 80-kDa complex is com-
posed of a p37K homodimer.

DISCUSSION

Even though p37K is the major envelope protein and
is required for the formation of enveloped virus, it has
been only poorly characterized so far. As a first step in
understanding the role of the envelope proteins in the
wrapping process, we studied p37K and its potential in-
teraction with other viral proteins,

Although p37K cofractionates with the envelope upon
Brij 58 extraction (Payne, 1978), this experiment did not
provide any information about the nature and strength of
attachment to the envelope. Sodium carbonate treatment
provides such infarmation and the results of this analysis
showed that p37X is tightly bound to the envelope. De-
spite its primary structure which is not typical of trans-
membrane proteins (Hirt et al, 1988), Tritacn X-114 phase
partitiocning confirmed the hydrophaobic nature of p37K
(Hiller and Weber, 1985). Furthermors, such expeariments
on p37K synthesized in rabbit reticulocyte lysates as well
as on hydroxylamine-depalmitated proteins showed that
the hydrophcbic behavior of the p37K is due tc its fatty
acid content rather than to the two small central hy-
drophobic domains.

Knowledge about the location of p37K within the EEV
could also contribute to the understanding of the process
of envelopment. To determing whether the protein is to-
tally, partially, or not at ali exposed on the EEV surface,
proteinase K shaving experiments were performed. The
complete resistance of the protein within an intact virus
envelope indicated that p37K s not exposed on the sur-
face but seems to line the inner side of the envelope. In
contrast, the hemagglutinin and the 42K proteins, two
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FIG. 8. Model for vaccinia virus envelopment. IMV particles are wrapped by TGN membranes, and the resulting enveloped virus particles migrate
to the cell surface, where their outer membrane fuses with plasma membrane releasing EEV. Cellular structures: GA, Golgi apparatus; PM, plasma
mernbrane; TGN, trans-Golgi network. Virus: IMV, intracellular mature virus; IEV, intracellular enveloped virus; CEV, cell-associated enveloped virus;
EEV, extracellular enveloped virus. O, p37K; CO, 80-kDa protein complex; —, envelope glycoproteins.

glycosylated envelope proteins, were sengitive to prote-
ase treatment, indicating that both contain a portion
which is oriented to the outside of EEV. These results are
consistent with the location of potential transmembrane
domains predicted from the sequences of these proteins
(Shida, 1986; Smith et af, 1891). The topology of p37K
suggests that it might interact both with the 14K protein
an the surface of the IMV and with the inner portions of
the glycoproteins of other envelope antigens. EEV con-
tains a high molecular weight protein complex of about
80 kDa containing p37K. The analysis of this complex
did not reveal any other envelope proteins and seems
to be composed of a p37K homodimer. Alternatively, the
complex may be composed of p37K and an unlabeled
host protein of similar size. We have not investigated this
possibility further. Interestingly, only a small portion of
p37K appears 1o be present in the viral envelope in com-
clexed form, the majority occuring as monomers. It is
unlikely that this is due to a loss of complex upon EEV
lysis, since cross-linking experiments and the use of mild
lysis conditions did not allow us 1o detect more p37K as
dimers.

We were unable to detect the complex in immunopre-
cipitates from infected cell lysates at any of the tested
time points postinfection. This can best be explained by

the reducing environment cf the eytosol which is not
compatible with the formation of disulfide bonds. Thus,
the complex is apparently only formed upen EEV release.

QOur results suggest the madel of vaccinia virus envel-
opment presented in Fig. 8. Initially, p37K is located on
the outer surface of the trans-Golgi network (TGN). When
the IMV are surrounded by these membranes, p37K is
found on the cytoplasmic side of IEV but also inside
the IEV, that is, between the IMV particle and the TGN
membrane. Upon fusion of 1EV with the plasma mem-
brane, p37K remains located on the cytoplasmic side of
the cell membrane and on the inner side of the envelope
in the released EEV. Within the enveloped viruses, p37K
exists in beth monomeric and dimeric forms. This model
is consistent with the 'mmunohistochemical observa-
tions, where p37K has been detected on the TGN, on
both sides of IEV envelopes, on the plasma membrane,
and in EEV (Schmelz gt &/, 1994).

Vaccinia virions are enveloped and released by a
mechanism that seems guite different from the budding
process used by other enveloped animal viruses, never-
theless there are also several analogies. The envelopes
of all these viruses are compoesed of lipid membranes
griginating from the plasma or Golgi membrane of the
host cell and contain glycosylated and nonglycosylated
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proteins. The giycoproteins play a role in specific adsorp-
tion to the cell surface, they have biological properties
such as hemagglutinin or neuraminidase activity, and
they induce neutralizing antibcdies. The biochemical
characteristics and the topology of p37K show several
analogies 1o the matrix proteins of other enveloped ani-
mal viruses. These proteins have molecular weights
ranging from 25 to 45 kDa, they line the inner surface of
the envelepe, and although they contain a small hy-
drophebic domain in their center, they are not transmem-
brane proteins. Futhermore, mutations in or deletions of
the envelope protein genes inhibit assembly and budding
of enveloped virus in analogy to what is observed in
vaccinia virus where deletion of the F13L gene blocks
envelopment and release of EFV {Blasco and Moss,
1991). All these analogies strongly suggest that virus
budding and vaccinia virus envelopment are retated
mechanisms and that p37K may act as a matrix protein.
A similar role has alsc been propesed for the vaccinia
p65 protein, which is involved in formation of the viral
crescents at the very beginning of the assembly process
(Sodeik et al, 1924}, and for the 14K protein (Rodriguez
et al, 1993}
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