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A Vaccinia Virus Core Protein, p39, Is Membrane Associated
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We describe herein the characterization of p39, the product of the A4L gene of vaccinia virus. By immuno-
labelling of thawed cryosections from infected HeLa cells, we show that this protein is initially located in the
central region, or viroplasm, of the viral factories, as well as in the immature virions, with very small amounts
of labelling observed on the surrounding membranes. The localization of p39 changes dramatically during the
transition of the immature virion to the intracellular mature virus (IMV), coincident with the appearance of
the core structure in the center of the IMV, with p39 located between this core and the surrounding mem-
branes. Complementary biochemical data, such as partitioning into the Triton X-114 detergent phase and
stripping of the viral membranes with Nonidet P-40 and dithiothreitol, suggest that p39 is associated with the
innermost of the two membranes surrounding the core. Sodium carbonate treatment also indicates that p39 is
associated with membranes, even at the early stages of viral assembly. However, following in vitro translation
of p39 in the presence of microsomal membranes, we failed to detect any association of the independently
expressed protein with membranes. We also failed to detect any posttranslational acylation of p39 with
myristate or palmitate, suggesting that p39 does not achieve its membrane association through lipid anchors.
Therefore, p39 is most likely membrane associated through an interaction with an integral membrane pro-
tein(s) present in the innermost of the two membranes surrounding the IMV. These data, together with our
recent data showing that p39 colocalizes with the spike-like protrusions on the IMV core (N. Roos, M. Cyrklaff,
S. Cudmore, R. Blasco, J. Krijnse-Locker, and G. Griffiths, EMBO J. 15:2343-2355, 1996), suggest that p39
may form part of this spike and that it possibly functions as a matrix-like linker protein between the core and

the innermost of the two membranes surrounding the IMV.

Vaccinia virus, the prototype member of the Poxviridae, has
a 190-kb double-stranded DNA genome, which has been com-
pletely sequenced (18, 26). This genome codes for 263 poten-
tial open reading frames, the products of which include ap-
proximately 100 proteins that are associated with the virus
particle (13). The transcription and translation of these genes
can be divided into three temporal classes: early, intermediate,
and late (38, 43). The early genes are those which are tran-
scribed prior to DNA replication, while the intermediate and
late genes are only transcribed during or after replication of
the viral genome. The vaccinia virus structural proteins are
normally encoded by the late genes (38).

Vaccinia virus assembly has been extensively studied by elec-
tron microscopy (EM), but little is known about the molecular
events which take place during the assembly process. The first
morphological evidence of the infection process is the appear-
ance of large structures enriched in DNA (2, 21, 27) at about
1 to 2 h postinfection (p.i.). These structures, which are also
visible by light microscopy, are referred to as viral factories and
are thought to be the site of viral DNA replication and tran-
scription (2, 38, 39). The first sign of viral membrane assembly
is the appearance of rigid, curved membrane structures re-
ferred to as crescents, which appear to bud in the region of the
viral factories. Originally thought to be the only example of de
novo membrane synthesis (6, 7, 60), more recent evidence
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suggests that these first membranes of vaccinia virus are de-
rived from a cisterna of the intermediate compartment be-
tween the rough endoplasmic reticulum and the Golgi complex
(31, 54). Although by EM these crescents, which are the pro-
genitors of the immature virion (IV), appear as a single mem-
brane profile, our recent data strongly suggested that they
consist of two tightly apposed membrane bilayers (54). The
spherically shaped IV develops a core structure surrounding
the DNA and matures into the brick-shaped intracellular ma-
ture virus (IMV), the first of two distinct infectious forms. This
process coincides with the cleavage of some of the core pro-
teins (28, 29, 41, 50, 57, 58).

There is a marked difference in structure between the IV
and the IMV. The IMV has two membrane-like profiles when
viewed by both conventional thin sectioning and cryo-EM, the
innermost of them representing the newly formed core struc-
ture. We believe that the outer profile is qualitatively the same
as the two membranes surrounding the IV; i.e., it may repre-
sent the two tightly apposed membranes derived from the
intermediate compartment (48, 54). While the central region
of the IV clearly consists of electron-dense material that can be
labelled with antibodies to vaccinia virus core proteins (12, 55,
59), it does not yet contain the final internal core structure
(see, e.g., reference 12). Nothing is known about either the
origin or the composition of this inner membrane-like core
structure or about how it is formed during the transition from
IV to IMV. A possible explanation for the appearance of the
core during the assembly process may be that the insertion of
the DNA into the IV (see reference 37), which coincides with
the proteolytic cleavage of some of the major core proteins (28,
29, 41, 57, 58, 61), leads to a rearrangement of these core
proteins to form the core structure. Following this process, the
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IMV membranes appear brick shaped rather than spherical, as
they were in the IV. This change in shape may result from an
interaction of one or several inner membrane proteins with
components on the surface of the newly formed core.

In pioneering EM studies of IMV particles, using a combi-
nation of thin sectioning and negative staining, Dales (5)
clearly showed the presence of spike-like protrusions extend-
ing between the core and the surrounding membranes. In a
more recent study, Dubochet et al. (10) performed cryo-EM, a
method that does not involve chemical fixation, dehydration,
or embedding techniques, on intact IMV as well as on isolated
vaccinia virus cores. These isolated cores are operationally
defined as the particles which remain intact after treatment of
IMV with Nonidet P-40 (NP-40) and a reducing agent, such as
dithiothreitol (DTT) or B-mercaptoethanol (11, 45, 56). In the
later studies, the spikes were clearly visualized on the outer
surface of the isolated cores, as well as in untreated IMV.
These data were extended by combining cryo-EM with immu-
nogold labelling of antigens on the surface of the core (48),
which suggested that these spike-like protrusions may be com-
posed of p39, the focus of this paper.

p39 was first identified by Maa and Esteban (35) as a highly
antigenic protein that elicited a strong immune response in
mice and rabbits. They demonstrated that p39, a product of the
late class of genes, is an acidic polypeptide which is present in
the vaccinia virus core. The protein was later identified as the
product of the A4L gene, and it was established that the C-
terminal 103 amino acids were the most immunogenic region
of the protein, eliciting an antibody response in vaccinated
humans which persists for years (8). Because of both its loca-
tion on the outside of the core and its abundance in virions, we
suspected that p39 might play an important role during the
transition of the IV to the IMV. We therefore attempted to
establish a function for p39 during virion assembly and matu-
ration. We propose that p39 plays a matrix-like role in the
virion, acting as a link between the core and the surrounding
membranes in the IMV.

MATERIALS AND METHODS

Cells, virus, and antibodies. HeLa cells were grown and infected with vaccinia
virus WR as previously described (54). Two different antibodies were used in the
present study. First, we used the rabbit antiserum raised against p39 previously
described by Demkowicz et al. (8). In addition, we made a new rabbit polyclonal
antibody. A peptide representing C-terminal residues 267 to 281 of the protein
product of gene A4L (pl, 10.78) was solubilized in phosphate-buffered saline
(PBS) prior to being covalently coupled to keyhole limpet hemocyanin. Rabbits
were immunized with 200 pg of peptide in Freund’s complete adjuvant (Sigma)
in the popliteal lymph node on day 1. They received subscapular boosts of 50 g
of peptide in Freund’s incomplete adjuvant (Sigma) on days 21 and 42, and 50 ml
of blood was taken from each animal 10 days after each boost. On day 63, each
rabbit received an intramuscular boost of 25 g of peptide in PBS, and this was
followed by intravenous boosts of 25 g on 2 consecutive days. Ten days later, the
animals were sacrificed and sera were prepared. Western blot (immunoblot)
analysis showed that this peptide antibody recognized p39. This peptide antibody
was used for the immunofluorescence studies, while the other p39 antiserum (8)
was used in all other experiments.

Metabolic labelling of virus and infected cells. Four 175-cm? flasks of subcon-
fluent HeLa cells were infected at a multiplicity of infection of 10. Two millicu-
ries of >*SExpress (Du Pont, New England Nuclear Research Products, Boston,
Mass.) in 20 ml of labelling medium (10% minimal essential medium [MEM]
containing 5% fetal calf serum [FCS], 90% methionine- and cysteine-free Dul-
becco’s MEM [Sigma]) was added to the infected cells at 6 h p.i. After 24 h of
infection, the radioactive label was chased for 2 h by replacing the labelling
medium with MEM containing 5% FCS. The virus was purified by centrifugation
(SW40 rotor, 24,000 rpm) through sedimentation in a 36% sucrose cushion
followed by a 15 to 40% sucrose gradient (9). **S-labelled postnuclear superna-
tant (PNS) from infected cells was prepared as follows. HeLa cells were infected
as described above and incubated in MEM-FCS containing 100 pg of rifampin
(Sigma) per ml. The cells were labelled with 40 pCi of 3SExpress in labelling
medium from 6 to 8 h p.i. and chased for 1 h, still in the presence of rifampin.
Cells were then scraped from the dish in calcium-free PBS, gently pelleted, and
resuspended in 10 mM Tris-Cl, pH 9. The cells were broken by 10 to 12 strokes
of a Dounce homogenizer, and the nuclei were removed by centrifugation in an
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Eppendorf centrifuge (Biofuge; Heraeus Christ) at 3,000 rpm for 10 min. For the
pulse-chase analysis, infected cells were pulse-labelled for 5 min with 100 wCi of
35SExpress per ml at 7 h p.i. and subsequently chased for various periods of time.
The labelled cells were lysed as described previously (30), the lysates were
concentrated by acetone precipitation at —20°C, and the precipitate was dis-
solved in first-dimension lysis buffer (9.8 M urea; 2% ampholines [Pharmacia,
Uppsala, Sweden], pH 7 to 9; 4% NP-40; and 100 mM DTT).

For preparation of PNS labelled with either [*H]myristate or [*H]palmitate
(250 pCi of each per ml) (14), the labelled lipids were added to infected cells, in
Dulbecco’s MEM with 2% delipidated FCS (3), 4 h after infection. PNS was
prepared at 24 h p.i.,, as described above. For preparation of 3?P-labelled PNS,
infected cells were starved of phosphate for 30 min (in Dulbecco’s MEM without
Na,PO, but containing 2% dialysed FCS) prior to addition of 400 p.Ci of 3P at
6 h p.i. The labelled cells were harvested at 24 h p.i., and a PNS was prepared as
described above. [*H]glucosamine labelling was carried out in RPMI medium
(glucose free) containing 2% dialyzed FCS, 2 mM glutamine, and 10 pg of
glucose per ml. [*H]glucosamine (75 mCi/ml) was added to a 3-cm-diameter dish
of cells at 4 h p.i., and PNS was prepared at 24 h p.i. Immunoprecipitation with
antibodies to p39 (8) or p21 (A17L) (31) was carried out as previously described
(30), followed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) analysis (15% polyacrylamide gels).

Protein microsequencing. Purified IMV was resolved by SDS-15% PAGE.
After electrophoresis, the gel was stained with Coomassie brilliant blue (R250),
and a band that comigrated with p39 on Western blots was excised. The gel piece
was subjected to tryptic digestion, the peptides were separated by high-perfor-
mance liquid chromatography, and two resulting peptides were sequenced by
Edman automated degradation (32). The two 7-amino-acid sequences were used
to search Swissprot data bank (using Blitz), the Brookhaven data bank, PIR, and
Swissprot (using Blast), and GenBank and the EMBL Data Library (using
TFasta) for sequences exhibiting homology. These peptides are identical to
amino acids 42 to 50 and 59 to 66 of the vaccinia virus WR strain A4L gene (AC
P29191).

Immunofluorescence microscopy. Cells grown on coverslips were infected as
described above and, following three washes in PBS, were fixed at 8 h p.i. with
3% paraformaldehyde in CB (10 mM MES [morpholineethanesulfonic acid], 150
mM NaCl, 5 mM EGTA, 5 mM MgCl,, 5 mM glucose; pH 6.1) for 10 min at
room temperature. Following three washes in CB, cells were permeabilized with
0.1% Triton X-100 (TX-100) for 60 s and then blocked with 1% FCS and 1%
bovine serum albumin (BSA) for 10 min. The infected cells were labelled with
the antiserum against the C terminus of p39 (diluted 1:300) for 30 min and
subsequently incubated with fluorescein isothiocyanate-conjugated goat anti-
rabbit antibody (Dianova-immunotech GmbH, Hamburg, Germany) together
with 5 pg of Hoechst strain (no. 33258; Sigma) per ml for 30 min. The coverslips
were washed three times in CB, rinsed in distilled water, and mounted on slides
in Moviol. The samples were examined with a Zeiss Axiophot microscope.

EM. For negatively stained samples, IMV was adsorbed to a glow-discharged,
Formvar- and carbon-coated EM grid for 2 min. The sample on the grid was
subsequently treated with either 1% NP-40 or 20 mM DTT, or both, for 30 min
at 37°C. The IMV which had adsorbed to the grid was also treated with either 50
wg of proteinase K per ml for 30 min on ice or 50 g of trypsin per ml for 30 min
at 37°C. Following three washes in 10 mM Tris (pH 9), the grids were incubated
first with 10% FCS in PBS and subsequently with primary antibody (p39 anti-
serum [8] or a monoclonal antibody against p14, C3 [46]), diluted in 5% FCS-
PBS for 15 min. In the case of p14, the labelling was followed by incubation with
a rabbit anti-mouse antibody (Cappel, Durham, N.C.). Subsequently, the grids
were incubated for 15 min with 10-nm protein A-gold and then briefly washed in
triple-distilled water before being stained with 1.5% uranyl acetate for 60 s (53).

Cells which were infected for 8 h, and cells which were infected in the presence
of rifampin for 16 h, were fixed and prepared for cryosectioning and immuno-
labelling with anti-p39 (8) as previously described (19, 55).

Purified IMV was prepared for EM by pelleting for 10 min at 14,000 rpm in an
Eppendorf centrifuge and were then fixed with 4% paraformaldehyde-0.1%
glutaraldehyde for 30 min. The pellet was subsequently infiltrated with 2.1 M
sucrose for 15 min and then rapidly frozen in liquid nitrogen. Immunolabelling
of frozen hydrated cryosections was performed as previously described (49, 53,
54).

Protease treatment. Purified IMV was incubated on ice for 30 min with
proteinase K (Merck, Darmstadt, Germany) at 5, 10, 20, 30, 50, 100, 200, and 300
pg/mlin 10 mM Tris, pH 9.0 (made from a 1-mg/ml stock solution in isopropanol
which was stored at —80°C). Reactions were stopped by the addition of phen-
ylmethylsulfonyl fluoride (Sigma) (10 mM stock solution, in isopropanol, stored
at —20°C) to a final concentration of 1 mM. Purified virus was also treated with
50 pg of a-chymotrypsin (TLCK treated; Sigma) per ml (stock solution, 1 mg/ml,
stored at —20°C), 100 pg of thermolysin (Boehringer GmbH, Mannheim, Ger-
many) per ml (stock solution, 10 mg/ml in 20 mM CaCl,, stored at —20°C), and
250 pg of V8 (endoproteinase Glu-C; Boehringer) per ml (stock solution, 10
mg/ml, stored at —20°C). All incubations were carried out for 30 min at 37°C.
The reactions were terminated by the addition of 3,4-dichloroisocoumarin
(Boehringer), to a final concentration of 0.1 mM (stock solution, 40 mM, stored
at —20°C), to the chymotrypsin- and V8-treated samples and 5 mM EDTA
(Merck) to the thermolysin sample. The samples were immediately frozen in
liquid nitrogen and stored at —20°C to prevent further digestion. All samples
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FIG. 1. Immunofluorescence localization of p39 in vaccinia virus-infected HeLa cells 8 h after infection. (a) An infected cell labelled with antibodies against the
C terminus of p39. There is strong labelling of the perinuclear region of the cell, most likely corresponding to the viral factories. (b) DNA visualized by Hoechst stain.
Arrowheads indicate viral factories. The punctate structures seen throughout the cell (arrows) probably represent individual virions. Bar, 20 um.

were heated for 3 min at 95°C in Laemmli sample buffer just prior to electro-
phoresis.

Detergent extraction and sodium carbonate treatment of IMV and PNS. Viral
membranes were separated from the cores as described by Oie and Ichihashi (45)
with the following modifications: virus was (i) disaggregated before treatment by
a 30-s sonication in a water bath sonicator and (ii) incubated with 1% NP-40
(Sigma) and 20 mM DTT (Sigma) in 10 mM Tris (pH 9) rather than 100 mM Tris
(pH 7.5). The incubation was carried out for 30 min at 37°C with gentle shaking.
The sample was then loaded on top of a 36% sucrose cushion and spun in an
Airfuge at 26 Ib/in? for 30 min to separate the membranes, which remained on
top of the sucrose cushion, from the cores, which pelleted. The cores were
subsequently incubated with 0.5% deoxycholate (Sigma) and 0.5% SDS (Serva)
at 56°C for 10 min to ensure solubilization prior to adding Laemmli sample
buffer.

For the TX-114 extraction (1), following a brief sonication, intact virus was
solubilized in an equal volume of 2% TX-114-300 mM NaCl-1 mM DTT-10
mM Tris (pH 10). An additional 400 ul of 1% TX-114-150 mM NaCl-10 mM
Tris (pH 9) was added, and the mixture was incubated at 37°C for 15 min
followed by 20 min at 4°C and a 2-min centrifugation at 14,000 rpm in an
Eppendorf centrifuge to separate the phases. Both phases were subjected to a
second round of TX-114 extraction. TX-114 extraction of radiolabelled PNS
from cells infected in the presence of rifampin (see above) was performed in the
same way, except that the DTT was omitted. For the Na,COj; extraction of PNS
from cells infected in the presence of rifampin, the pH of the sample was
adjusted to 11 by the addition of an equal volume of 200 mM Na,CO;. The
sample was incubated for 30 min on ice and then spun at 150,000 X g (Beckman
TLA100 rotor) to pellet the membranes. All samples were concentrated by
acetone precipitation at —20°C, and the pellets were dissolved in Laemmli
sample buffer or first-dimension lysis buffer prior to electrophoresis.

Cloning, transfection, and in vitro translation of A4L. Gene A4L from vac-
cinia virus strain WR was PCR amplified with the following primers: TCGGA
ATTCAATTTTAAAGC (EcoRI site underlined) and TTTACTCGAAAAGCT
TGATT (HindIII site underlined). It was then digested with EcoRI and HindIII
and inserted into plasmid pGEM?7. p39 was transcribed and translated in vitro by
using pPGEMAAJL and a coupled T7-driven transcription-translation system (Pro-
mega) in accordance with the instructions of the manufacturer. When dog pan-
creas microsomes (a kind gift from K. Schroeder and B. Dobberstein) were used,
they were added at 100 optical density units (optical density at 280 nm) per
translation. To remove endogenous mRNA, the microsomes were treated with

micrococcal nuclease (Sigma) before translation (31). Soluble p39 was separated
from (putative) membrane-bound protein by pelleting the membranes in a Beck-
man Airfuge through a cushion of 0.5 M sucrose in RM buffer (50 mM HEPES
[N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid]-KOH, pH 7.5; 50 mM
potassium acetate; 2 mM magnesium acetate; 1 mM DTT) for 10 min at 24 1b/in.
All fractions were diluted in 500 pl of detergent solution, and SDS was added to
a final concentration of 0.2% along with 2 .l of the anti-p39 antibody (8). The
subsequent immunoprecipitation steps (as described in reference 31) were fol-
lowed by analysis by SDS-PAGE.

Gel electrophoresis and Western blotting. Proteins were separated by standard
SDS-PAGE (34) with a 15% resolution gel and a 4% stacking gel. Samples were
incubated in Laemmli sample buffer containing 1% SDS and 0.5% B-mercapto-
ethanol for 5 min at 95°C. In some experiments, samples dissolved in first-
dimension lysis buffer were subjected to two-dimensional (2D) gel analysis with
a Bio-Rad (Richmond, Calif.) mini-two-dimensional gel system. Samples were
separated by isoelectric focusing from pH 4.0 to 7.0 in the first dimension and
SDS-15% PAGE in the second dimension. The gels were either fluorographed
with Entensify (du Pont de Nemours, Brussels, Belgium) or electrophoretically
transferred to nitrocellulose membranes for immunoblotting by use of the Bio-
Rad semidry transfer system. The nitrocellulose was blocked in PBS with 0.2%
Tween 20 and 5% nonfat skim milk (PBS-T milk) overnight at 4°C prior to
incubation with anti-p39 serum (8) diluted 1:10,000 in PBS-T milk. The nitro-
cellulose was then incubated with horseradish peroxidase-tagged goat anti-rabbit
antibody (Bio-Rad). Antibody was detected by enhanced chemiluminescence
(Amersham Life Sciences, Amersham, England).

Gel filtration. In vitro-translated p39 was resolved by high-performance size
exclusion chromatography (Gilson, Villiers-le-Bel, France). The 5-um
TSKG2000 SWXL column (Toyosoda Inc., Tosohaas, Stuttgart, Germany) was
precalibrated with a mixture of gel filtration molecular mass standards (ferritin,
440 kDa; catalase, 232 kDa; BSA, 66 kDa; carbonic anhydrase, 29 kDa; and
cytochrome ¢, 12.4 kDa). The column was then preequilibrated with 50 mM
Na,P0O,-100 mM KCl, pH 7.4, and 1 pl of sample was injected into the column.

RESULTS

Identification of p39 (A4L) and synthesis of antibodies. As
a first step towards the characterization of p39, we decided to
ensure its identity by performing peptide sequencing. A 43-
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kDa band, reactive by immunoblotting with the antiserum
raised against the complete p39 (8), was excised from an SDS-
polyacrylamide gel on which purified IMV had been applied
and then sequenced by Edman degradation. Two peptides
were found that showed 100% homology to the gene product
of the vaccinia virus WR A4L open reading frame. This protein
has a predicted molecular mass of 30.9 kDa, but since it has
previously been referred to as p39 because of its mobility on
gels (8, 35), we adhere to this terminology throughout this
paper. To facilitate further characterization studies, we raised
a COOH-terminal peptide antibody against residues 267 to 281
of p39 which also recognized p39 on Western blots (see Fig.
6a).

p39 labels viral factories, as evidenced by immunofluores-
cence microscopy. We first investigated the localization of p39
in infected cells by light microscopy. Infected HeLa cells were
fixed at 8 h p.i. and labelled with the COOH-terminus-specific
peptide antiserum. As can be seen from Fig. 1, clear labelling
of structures in the perinuclear region of the cell could be
detected. This labelling colocalized with the viral DNA facto-
ries, which were visualized by Hoechst staining (Fig. 1b, arrow-
heads). In addition, p39 antiserum decorated punctate struc-
tures throughout the cell, which probably represent individual
virus particles (Fig. 1a, arrows).

EM localization of p39. A more precise localization of p39
throughout the different stages of viral assembly was subse-
quently carried out by immunolabelling thawed cryosections
from aldehyde-fixed infected cells. The earliest viral structures
to appear in infected cells are termed viral factories (2, 21, 27)
(F in Fig. 2a). These electron-dense structures, which are pre-
dominantly found in the perinuclear region, are labelled
strongly by antibodies against p39 in their central region. From
these viral factories, crescent-shaped membranes develop (Fig.
2a). p39 preferentially associated with the viroplasm underly-
ing these membranes, with a very small amount of label occa-
sionally visible on the membranes themselves (Fig. 2a, arrows).
These crescents eventually form IVs (Fig. 2b) which are la-
belled by anti-p39 antibodies throughout the electron-dense
viroplasm. The labelling with anti-p39 at these different early
stages of assembly resembles the pattern that is seen with
antibodies against vaccinia virus core proteins, such as 4a (the
processed form of the gene product of A10L, one of the major
core proteins) or p65 (D13L) (12, 55, 59).

As the virus particles matured to form IMV (Fig. 2b and g),
the p39 labelling was found predominantly in the space be-
tween the newly developed core structure and the outer IMV
membranes, i.e., in the space between the two visible IMV
membrane profiles (see the introduction). Figures 2c to h de-
pict, by p39 labelling, what we believe to be the different stages
of vaccinia virus assembly. Figures 2c and d show developing
IVs. The viroplasm which is present in these structures is
labelled strongly by anti-p39. These IVs are apparently devoid
of DNA, which is visible above the virion in Fig. 2d (arrow-
head). Figure 2e shows an IV in which an electron-dense struc-
ture, most likely the DNA, is visible at one side of the particle
(arrowhead). A transitional intermediate between the IV and
the IMV is shown in Fig. 2f, where the core structure is begin-
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ning to form. At this stage of development, p39 appears to be
excluded from the center of the developing core and is found
in the space between this structure and the surrounding IMV
membranes. The IMV (Fig. 2g) and intracellular enveloped
virus (Fig. 2h) also show labelling of the space between the
core and the surrounding membranes.

We also investigated the localization of p39 in cells which
were infected in the presence of rifampin, which blocks viral
assembly prior to the IV stage (20, 40, 44). In these cells, the
typical electron-dense structures, previously called rifampin
bodies (RB in Fig. 3a) (20, 44, 55), were observed in the
cytoplasm close to the nucleus (N in Fig. 3a). Like the viral
factories, the rifampin bodies were strongly and uniformly la-
belled throughout by antibodies against p39. These rifampin
bodies were surrounded by membrane structures which, after
release of the rifampin block, are thought to form the charac-
teristic crescent-shaped membranes (Fig. 3b, stars). There was
only a very small amount of p39 labelling on these membranes
(within the ~20-nm resolution of this labelling method [18]),
whereas the core material labelled very strongly. As matura-
tion continued, the IVs developed (Fig. 3b), and the viroplasm
of the IVs labelled strongly with p39. In addition to the ri-
fampin bodies, another especially distinct structure can be ob-
served in cells infected in the presence of rifampin (11, 52, 53,
54). These accumulations of DNA (D in Fig. 3a and b), which
are prevented from being packaged into virions because of the
rifampin block, consequently pack into crystalline arrays,
which are much larger than those seen in normally infected
cells (11, 52, 53, 54). These rifampin-induced periodic DNA
structures were also devoid of any p39 labelling.

The localization of p39 in the IMVs was subjected to a closer
inspection by processing purified IMV for cryosectioning and
subsequent immunolabelling with anti-p39 (Fig. 3c). In these
sectioned particles, spike-like protrusions, which have been
previously described (5, 10, 48), extend outward from the in-
ternal core structure (Fig. 3¢, arrowheads). The structure, com-
position, and function of these spikes are unknown. Recent
evidence makes it conceivable that the spikes may be in part
composed of p39 (48), and the p39 labelling of the region in
Fig. 3c where the spikes are visible further supports this pos-
sibility.

Immunolabelling of intact and treated IMV particles. In
order to confirm the localization of p39, EM experiments were
performed in which purified IMV preparations were subjected
to different treatments on the EM grids, followed by immuno-
labelling and negative staining. Intact IMV particles were not
labelled significantly by antibodies against p39 (Fig. 4a). This is
in stark contrast to the labelling obtained for another vaccinia
virus protein, pl4 (A27L) (Fig. 4b), previously described as
being exposed on the outside of the virion (53). As can be seen
in Table 1, intact IMV became labelled with anti-p39 only
occasionally, with an average of less than one gold particle per
virion. A small proportion of particles which were disrupted by
the preparation also were labelled strongly (data not shown).
On treatment of the particles with NP-40 and DTT, classical
methods for removing IMV membranes (11, 45), the labelling

FIG. 2. Immunolabelling of thawed cryosections of fixed HeLa cells, infected with vaccinia virus for 8 h, with antibodies against p39. (a) A viral factory (F) labels
strongly with anti-p39. Crescent-shaped membranes (star) are visible, protruding from the factories, which display a very small amount of p39 labelling (arrows). (b)
The central regions of IVs are clearly labelled by antibodies produced against p39. In the IMV, p39 labelling is observed in the space between the core and the envelope.
N, nucleus. (c to h) Virus particles, at various stages during maturation, labelled with anti-p39. (c) A developing IV is packaging viroplasm. (d) The IV is apparently
devoid of DNA, which is visible above the particle in a crystalline-like array (arrowhead). (¢) An IV is shown that contains an electron-dense structure (arrowhead),
most likely representing DNA, which is devoid of p39 labelling. (f) An intermediate stage between the IV and IMV shown in which the label starts to associate with
what is interpreted to be the surface of the developing core. (g) The IMV (g) and intracellular enveloped virus (h) are labelled between the core and the IMV

membranes. Bars, 200 nm.
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FIG. 3. Cryosections of cells infected for 16 h in the presence of rifampin and immunolabelled with anti-p39. (a) Rifampin bodies (RB), which label strongly with
antibodies against p39, are clearly visible. Also visible are crystalline arrays of DNA (D) which are devoid of labelling. N, nucleus. (b) Viral crescents (stars) protruding
from the rifampin bodies, as well as I'Vs, are seen here 15 min after rifampin release. (c) Purified IMVs were used to make pellets, which were cryosectioned and labelled
with anti-p39. The label is most frequently found in the region between the core and surrounding IMV membranes, in the same area as the spikes, which extend between
the core and IMV membranes (arrowheads). Bars, 400 nm (a), 250 nm (b), and 50 nm (c).

with p39 increased dramatically (Fig. 4a, inset) while p14 la-
belling was lost (Fig. 4b, inset).

The data in Table 1 show the corresponding numerical val-
ues for the p39 labelling. When viral particles were treated
with NP-40 alone, there was very little increase in labelling.
However, treatment with DTT alone caused a significant in-
crease in the number of gold particles per virion. This is in
agreement with other data, obtained by a novel cryo-EM im-
munolabelling procedure, which showed that DTT alone is
sufficient to cause a dramatic loosening of the membranes
surrounding the IMV (48). In this process, the core became
exposed and was labelled strongly on its outer side with anti-
bodies to p39. In our experiments, a combination of NP-40 and
DTT caused an almost 500-fold increase in labelling relative to

the untreated control, suggesting that p39 is associated with
the external surface of the core structure.

p39 is protected from protease digestion in intact IMV par-
ticles. We confirmed the internal location of p39 by carrying
out experiments in which intact purified IMVs were treated
with different proteases. Virions were incubated with increas-
ing concentrations of proteinase K, from 5 to 300 pg/ml, for 30
min on ice. Under these conditions, even the highest concen-
trations of proteinase K did not cause any digestion of p39
while two membrane proteins which are exposed on the out-
side of the IMV, p32 (DSL) and p14 (A27L) (53), were com-
pletely digested (Fig. 5a). The major core proteins, such as
4a-4b (A10L and A3L) and pl1 (F18R), were protected. Ad-
ditional proteases (chymotrypsin and thermolysin) failed to
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FIG. 4. Immunolabelled and negatively stained IMV as viewed by EM. Purified IMVs were adsorbed to an EM grid and labelled with antibodies against (a) p39
and (b) p14, followed by protein A-gold. The insets show IMV particles which were treated with 1% NP-40 and 20 mM DTT to remove the viral membranes prior to
labelling. In contrast to anti-p14, antiserum against p39 does not significantly label intact IMV. However, after NP-40 and DTT treatment, the cores are devoid of p14
labelling while the p39 labelling has dramatically increased. Visible in panel a are virus particles which are open to the negative stain (arrowheads) but do not label
with anti-p39, suggesting that the epitope is still masked by the surrounding envelope. Bars, 200 nm (a), 100 nm (a, inset), and 200 nm (b).
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TABLE 1. Labeling of intact IMV with « p39 on EM grids”

No. of gold
Treatment partic I.CS per Ratio®
virion
(mean *= SEM)®

None (control) 0.1 =0.01 1.0
NP-40 2.5 +0.45 25
DTT 7.5 *1.45 75
NP-40 and DTT 47.4 £ 2.08 474
Trypsin 3.1 +047 31
Proteinase K 0.6 = 0.02 6

¢ Purified IMV were adsorbed to Formvar- and carbon-coated 100-mesh EM
grids and treated as described in Materials and Methods. The grids were subse-
quently blocked and labelled with anti-p39 antibodies followed by 10-nm protein
A-gold.

> SEM, standard error of the mean; n = 20.

¢ For the ratios, the data for the treated samples were compared with the value
for untreated control sample, which was normalized to 1.

digest p39, while they removed p32 and p14 from the outside
of the virion (Fig. 5b). V8 had no effect, even on the last two
membrane proteins. When longer incubation times of 2 h were
used, the core proteins were eventually digested (results not
shown), which is in agreement with our previous studies (48).
When NP-40- and DTT-isolated cores were treated with pro-
tease for 30 min, the particles were completely digested (as
ascertained by EM) and there were no polypeptide bands,
other than small digestion products, remaining on the gel (data
not shown).

J
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p39 associates with viral membranes. Kyte and Doolittle
hydrophobicity plots of the p39 sequence show that it does not
have any hydrophobic sequence typical of membrane spanning
proteins, i.e., a stretch of 17 to 22 hydrophobic amino acids
that may adopt an alpha-helical structure, but data in the
literature showed that a small amount of p39 was found in the
membrane fraction after NP-40 and DTT treatment (35).
Therefore, we decided to undertake a detailed biochemical
characterization of p39. We used a number of different criteria
which are widely used to categorize the physical properties of
proteins. First, the membrane proteins of purified IMV were
extracted by a classical method for vaccinia virus which in-
volves removal of the viral membranes with a combination of
1% NP-40 and 20 mM DTT, along with some modifications
which improved the extraction of membrane proteins, such as
p32 (see Materials and Methods). Following this treatment,
about 60% of the p39 remained with the core fraction while the
remaining 40% was in the membrane fraction (Fig. 6b). As
expected, the core proteins 4a, 4b, p25, and p11 (A10L, A3L,
LA4R, and F18R, respectively) were present exclusively in the
core fraction. The extraction of p39 was highly variable, and in
some experiments the majority of p39 was found in the mem-
brane fraction. When 2D gels were used for separation, (Fig.
6¢c), the p39 pattern appeared complex, as the protein was
resolved into a number of different spots, the identities of
which were confirmed by Western blotting (data not shown).
This pattern is very similar to that seen in 2D gels by Oie and
Ichihashi (45), who referred to this protein as p37.

12 3 4 5

FIG. 5. p39 is not digested during protease treatment of IMV. (a) **S-labelled purified IMV was treated with proteinase K for 30 min on ice. Lane 1, mock-treated
control; lanes 2 to 9, samples treated with 5, 10, 20, 30, 50, 100, 200, and 300 wg/ml proteinase K, respectively; lane 10, untreated IMV sample. The positions of 4a,
4b, p11, and p39, which are not digested, as well as the position of p32, which is sensitive to proteinase K, are indicated on the left. The positions of molecular mass
markers (in kilodaltons) are indicated on the right. (b) IMV was also subjected to treatment with 50 pg of a-chymotrypsin per ml (lane 1), 100 g of thermolysin per
ml (lane 2), and 250 pg of V8 per ml (lane 3) at 37°C for 30 min. Lane 4, samples treated with 50 pg of proteinase K per ml for 30 min on ice; lane 5, untreated control
IMV. The positions of the major core proteins, 4a, 4b, and p11, as well the membrane protein pl4, are indicated on the right, while the positions of three molecular

mass markers (45, 30, and 14 kDa) are indicated on the left.
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FIG. 6. Membrane association of p39. (a) Immunoblot showing the specificity of the two p39 antibodies used in this study. Lane 1, the C-terminal peptide antiserum;
lane 2, antiserum against the entire protein (8). (b) **S-labelled purified IMV was incubated with 1% NP-40 and 20 mM DTT for 30 min, after which the sample was
centrifuged through a 36% (wt/vol) sucrose cushion to pellet the cores. Lane 1, membrane proteins; lane 2, core proteins; lane 3, untreated control IMV. Membrane
(p32) and core (4a/4b) proteins are indicated on the left. (c) 2D gel electrophoresis of NP-40- and DTT-treated samples. Isoelectric focusing (IEF) was used in the first
dimension, and SDS-PAGE was used in the second dimension. The top panel shows the pelleted core proteins, while the bottom panel shows the membrane protein
fraction. Only the relevant part of the autoradiogram is shown. The protein pattern on the right side of the autoradiogram represents the same samples subjected only
to SDS-PAGE. The position of p39 is indicated on the right. The pH range of the IEF is shown at the bottom of the gels, and the pI of p39 is also indicated. (d) PNSs
from infected cells and purified IMV were subjected to treatment with 1% TX-114 or Na,COj;. The top panel shows the gel samples, while the bottom panel shows
a Western blot of an equivalent gel probed with anti-p39. Lane 1, untreated control PNS; lane 2, aqueous phase from TX-114-treated PNS; lane 3, detergent phase
from TX-114-treated PNS; lane 4, supernatant from Na,CO,-treated PNS; lane 5, pellet fraction from Na,COj;-treated PNS; lane 6, aqueous phase of TX-114-treated
purified IMV; lane 7, detergent phase of TX-114-treated purified IMV. Numbers on the right of panels a and c indicate the positions of molecular mass marker proteins

(in kilodaltons).

In another series of experiments, purified IMVs were sub-
jected to treatment with TX-114. Following phase separation,
TX-114 separates proteins predominantly according to their
hydrophobicity, with hydrophobic and hydrophilic proteins
tending to partition into the detergent phase and the aqueous
phase, respectively (1). Since membrane proteins contain hy-
drophobic sequences that anchor them in the membrane, this
phase separation technique can be operationally used to sep-
arate membrane proteins from soluble proteins. After this
extraction technique, p39 was found completely in the deter-
gent phase, indicating that it behaves as a hydrophobic protein
(Fig. 6d, lane 7). In order to study the behavior of p39 in the
absence of IMV formation, cells were infected in the presence
of rifampin to block virus assembly and then radiolabelled

from 6 h p.i., and a PNS was subsequently prepared. A com-
parison of **S-labelled proteins of such samples with a purified
IMV preparation obtained by 2D gel electrophoresis indicated
that they were quite similar. Because of the shutoff of host
protein synthesis and the labelling times chosen, the PNS con-
tained almost exclusively (late) viral proteins (25). PNSs from
these cells were treated with TX-114. Again, p39 was found
predominantly in the detergent phase, as was p32 (DSL), which
has been previously described as a membrane protein (53)
(Fig. 6d, lane 3). These results were unexpected because of the
hydrophilic nature of p39 predicted by the Kyte and Doolittle
algorithm.

In order to further characterize the membrane association of
p39, PNSs from rifampin-blocked infected cells were treated



6918 CUDMORE ET AL.

e 45

i 2 3 4 5 6 7 8

FIG. 7. In vitro translation and translocation of p39. p39 was translated in
vitro with a rabbit reticulocyte lysate system. The samples were then immuno-
precipitated with antibodies against p39, which yielded three different bands
(lane 8), the uppermost of which comigrates with p39 immunoprecipitated from
IMV (lane 7). The faster-migrating bands are most likely due to premature
termination or internal initiation of the translation. Lanes 1 and 2, aqueous and
detergent phases, respectively, of the in vitro translation reaction after TX-14
extraction; lanes 3 to 6, in vitro translation of p39 in the absence (lanes 3 and 4)
or presence (lanes 5 and 6) of dog microsomes. After translation, the soluble
protein (lanes 3 and 5) was separated from the putative membrane-associated
protein (lanes 4 and 6) by centrifugation. The 45-kDa molecular mass standard
is indicated on the right.

with Na,CO;. This treatment is typically used to establish
whether proteins are associated with membranes in a periph-
eral or an integral manner (16). The sample was adjusted to
pH 11 by addition of an equal volume of 0.2 M Na,CO5, which
removes the peripherally associated and luminal proteins, after
which the membranes, along with their integral proteins, were
separated from the soluble proteins by centrifugation. In such
experiments, approximately 15% of the p39 was associated
with the pelleted membrane fraction (Fig. 6d, lane 5) while the
remainder was present in the supernatant (Fig. 6d, lane 4).
Typical membrane proteins, like p21 (A17L), p32 (DSL), and
p16 (A14L), were found exclusively in the pellet fraction, while
the soluble core proteins, such as p11 (F18R) and p25 (L4R),
remained in the supernatant (Fig. 6d [25]).

When isolated IMVs were subjected to a single round of
solubilization with 7 M urea for 60 min at 37°C, approximately
30% of the p39 was extracted, despite the fact that most of the
membrane proteins, with the exception of p14 (A27L), a sol-
uble peripheral-membrane protein, and a protein with a mo-
lecular mass of approximately 60 kDa, remained in the virion
(data not shown).

In vitro translation and translocation studies suggest that
p39 is not an integral membrane protein. The biochemical
results encouraged us to further investigate the membrane
association of p39. In order to ascertain by an independent
approach whether p39 is an integral membrane protein or is
merely peripherally associated with membranes—for instance,
via protein-protein interactions—the gene coding for p39,
AA4L, was cloned and inserted into the pGEM vector, under the
control of the T7 promoter, in order to carry out in vitro
translation and membrane translocation experiments. Upon in
vitro translation of A4L and immunoprecipitation with anti-
bodies to p39, three bands could be detected, the most prom-
inent of which (Fig. 7, upper bands) comigrated with p39
immunoprecipitated from IMV (Fig. 7, lane 7). The faster-
migrating species are possibly due to incomplete translation
products. When in vitro-translated p39 was treated with TX-
114, most of the protein was found in the detergent phase (Fig.
7, lane 2), showing again that p39 behaves as a hydrophobic
protein, even in the absence of other viral proteins. When
microsomes were added to the translation system at the begin-
ning of the reaction, p39 failed to insert into these membranes,
suggesting that it is not a typical endoplasmic reticulum-syn-
thesized integral membrane protein (Fig. 7, lane 5).

J. VIROL.

We also investigated whether the membrane association of
p39 could be accounted for by fatty acid acylation. However,
metabolic labelling with [*H]palmitate or [*H]myristate, fol-
lowed by immunoprecipitation with anti-p39, indicated that
p39 was not modified by the addition of fatty acids (results not
shown). However, under our standard immunoprecipitation
conditions, we consistently saw a number of other proteins
which coimmunoprecipitated with p39, with three of them be-
ing especially abundant (Fig. 8, lane 6). One of these proteins
was identified as p21 (the product of gene A17L) by immuno-
precipitation with antibodies against the C-terminal region of
this protein (Fig. 8, lane 7) (31). This is an integral membrane
protein which is present in the inner membrane surrounding
the IMV (31). The identities of the other bands remain to be
established.

Is p39 glycosylated? As early as 1940 it was suggested by
Smadel et al. (51) that a vaccinia virus heat-stable basic protein
contained small amounts of glucosamine. Moreover, a number
of different groups have reported the presence of a glycopro-
tein with an electrophoretic mobility of 37 to 40 kDa (17, 23,
24, 42, 46). This protein, which can be completely extracted
from virions by two rounds of urea extraction (24, 45), has not
yet been identified, and therefore we investigated whether p39,
which has a similar mobility, could be this glycoprotein. When
infected cells were labelled with [?H]glucosamine, the radiola-
belled sugar which was reported in the previous studies, a faint
band with a very similar molecular weight was found (Fig. 8,
lane 1), but unfortunately it was no longer detectable when
immunoprecipitated with anti-p39 antibodies (Fig. 8, lane 3).
Also, when IMV was subjected to blotting with a monoclonal
antibody specific for the O-linked N-acetylglucosamine modi-
fication (52), a modification that is commonly seen in an ever-
increasing list of cytoplasmic proteins (22), a protein with a
molecular weight corresponding to that of p39 was detected
(data not shown). However, these results were not reproduc-
ible, and so we cannot unequivocally conclude that p39 is
modified by the addition of O-linked N-acetylglucosamine res-
idues. Thus, our results still leave open the possibility that p39
represents the glycoprotein first described by Smadel et al. (51)
and further characterized by Holowczak (23), Garon and Moss
(17), Moss et al. (42), Ichihashi and Oie (24), and Oie and
Ichihashi (46).

As most of the proteins which posess this cytoplasmic O-
linked sugar are phosphorylated (22), we also investigated
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FIG. 8. Immunoprecipitation of p39 from cells infected in the presence of
[*H]glucosamine, 3°S, or 3?P. Lane 1, [*H]glucosamine-labelled PNS; lane 2,
338-labelled PNS without immunoprecipitation. Inmunoprecipitations were per-
formed with antibodies against p39 (8) obtained from [*H]glucosamine-labelled
PNS (lane 3), 3°S-labelled PNS (lane 4), and 3°S-labelled PNS prepared in the
presence of tunicamycin, which prevents N glycosylation (lane 5). The immuno-
precipitation of p39 (lane 6) shows that p39 may interact with a number of other
proteins, one of which was identified as p21 (A17L) by immunoprecipitation with
antibodies against the C terminus of this protein (lane 7).
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FIG. 9. 2D gel showing pulse-chase analysis of p39. Infected HeLa cells were
pulse-labelled for 5 min at 7 h p.i. (a) and chased for 30 min (b), 60 min (c), and
120 min (d). The different forms of p39 that occurred during the various chase
times have been numbered 1 to 6 in panel d. Initially, the p39 pattern is quite
simple, with a central major spot (no. 1) and some minor species visible (5 and
6). By 60 min of chasing, and even more noticeably by 120 min of chasing, the p39
pattern is more complex, with the central, most abundant form of p39 now
surrounded by six other species of varying intensity.

whether p39 was phosphorylated. While a number of viral
proteins were labelled by *?P, immunoprecipitation of p39
from the **P-labelled PNS failed to yield any band, suggesting
that p39 is not phosphorylated (results not shown). We also
tested for N-linked glycosylation by infecting the cells in the
presence of tunicamycin, an N-glycosylation inhibitor, followed
by immunoprecipitation with anti-p39. There was no apparent
shift in molecular weight of p39 synthesized in the presence of
the drug (Fig. 8, lane 5), suggesting that it is not posttransla-
tionally modified by N glycosylation.

Immunoprecipitation experiments in which PNS was probed
with antiserum against p39 consistently yielded a number of
other proteins (Fig. 8, lane 6). When a complementary sample
was immunoprecipitated with an antibody against the C termi-
nus of p21(A17L) (31), a band resulted which comigrated with
the lowest of those immunoprecipitated in the experiment with
anti-p39 (Fig. 8, compare lanes 6 and 7). This suggests that p39
may associate with p21, which was recently described as an
integral membrane protein of the inner membrane of the IMV
(31).

Pulse-chase experiments. p39 showed a multiple-polypep-
tide pattern on a 2D gel, similar to the pattern observed by Oie
and Ichihashi (referred to as p37 in reference 45). We next
investigated if these different forms were synthesized in a tem-
poral fashion during viral infection by performing pulse-chase
labelling experiments followed by separation on 2D gels. In
these experiments, the different forms of p39 indeed appeared
at different stages during viral maturation. The differently mi-
grating forms have been numbered 1 to 6 in Fig. 9d. The larger
central form (form 1) appeared first and was seen after a 5S-min
pulse, along with a very faint trace of 5 and 6 (Fig. 9a). After
a 30-min chase, a fourth form (form 2) appeared (Fig. 9b). Two
further species (3 and 4) were apparent after a 60-min chase
(Fig. 9c), with little change in the pattern after a 120-min chase
(Fig. 9d).

p39 does not form oligomers in vitro. The spike-like struc-
ture observed between the membranes and the core in the
IMV in all EM studies is approximately 20 nm in length.
Therefore, if p39 does form part of this spike, it would most
likely need to oligomerize, forming either homo-oligomers or
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hetero-oligomers with other core proteins. In order to find out
if p39 forms homo-oligomers and to obtain a more accurate
measure of the apparent molecular weight, in vitro-translated
p39 was subjected to high-performance size exclusion chroma-
tography. As can be seen in Fig. 10, p39 behaved as a mono-
mer, eluting from the column with a molecular mass corre-
sponding to 41.5 kDa (%= 5%). The peak at 16.3 min, which
contains less than 1% of the total protein, corresponds to a
molecular mass of 122 kDa (+5%). However, it was confirmed
that this peak did not correspond to p39, as their A,g,/4,,
ratios were different. Two other, smaller peaks of less than 10
kDa were also eluted. These data indicate that p39 does not
form homo-oligomers in vitro. These experiments were very
difficult to perform on in vivo-synthesized protein, as p39 can-
not be isolated from virions or infected cells without the use of
detergent and a reducing agent, both of which could disrupt
any potential oligomerization. Therefore, it remains possible
that p39 forms homo-oligomers, or even hetero-oligomers, in
the virus.

DISCUSSION

The gene product of A4L, a late vaccinia virus gene, has
been previously described as a core protein (35). The amino
acid sequence of this protein indicates a predicted molecular
weight of 30.9 kDa, but on SDS gels it migrates anomalously at
a position corresponding to 39 kDa and was therefore referred
to as p39 in previous studies (8, 35, 47). It has an unusually high
proline content of 30 residues, concentrated mainly in the
central region of the protein, which account for 10.6% of the
entire protein. From sequence analysis it is evident that there
are also a number of internal repeats in p39, which could
indicate gene duplication. It has a predominantly hydrophilic
nature, as determined by the Kyte and Doolittle algorithm
(33), and does not possess a long stretch of hydrophobic amino
acids, which protein prediction (PhD prediction program of
secondary structure; EMBL) indicates could form a putative
membrane-spanning alpha helix. Sequence comparison (Blast
program; National Institutes of Health) suggests that p39 has
some homology with proteins which have a coiled-coil struc-
ture, such as eutrophin and myosins.

Previous studies indicated that p39 was a core protein (33).
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FIG. 10. A graph showing the elution profile of in vitro-translated p39 after
high-performance size exclusion chromatography. The y axis represents the op-
tical density at 280 nm, while the elution time, in minutes, is shown on the x axis.
p39 eluted at 19.42 min, which corresponds to 41.5 kDa (=5%) when compared
with the calibration standards. Two smaller peaks of 8.9 and 7 kDa are also
visible. The peak at 12.5 min is the void volume, while the peak at 16.3 min
corresponds to 122 kDa, but analysis of the 4,5y/A4,, ratio indicated that it is not
a trimer of p39.
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These results were based on biochemical extraction of IMV
with 10 mM DTT and 0.5% TX-100 in 50 mM Tris, pH 8.5, and
it was reported that the bulk of p39 was associated with the
core. We used a similar technique but adjusted the experimen-
tal conditions to obtain the cleanest extraction possible, such
that the membrane proteins, e.g., p32 (DSL), p16 (A14L), and
p21 (A17L), were found exclusively in the membrane fraction
while the core proteins, e.g., 4a-4b (A10L-A3L), were only
found in the core fraction. We found that to obtain the most
reproducible results, the use of NP-40, as well as DTT at a
concentration as high 20 mM, was required. However, we can-
not exclude the possibility that such conditions might lead to
rearrangements of the core with subsequent extraction of core
proteins (e.g., core enzymes) into the membrane fraction. On
the basis of our present data (as well as unpublished observa-
tions), we suggest the possibility that such core proteins which
are lost from the core during NP-40 and DTT treatment may
also be located between the membranes and the core of the
virion, in a similar manner to p39.

We investigated the localization of p39 throughout the early
stages of vaccinia virus assembly by immunogold labelling of
cryosections. p39 labels the viral factories very strongly, as well
as the central region of the IVs, in a manner which resembles
the more typical core proteins, such as 4a (gene A10L) (12,
59), with only a very low amount of membrane association
apparent. However, the Na,CO; experiments indicate that a
small amount of p39 is associated with membranes in cells
which were infected in the presence of rifampin, showing that
even before virion assembly has commenced, p39 attains a low
degree of membrane association. Upon transition of the IV to
the IMV, the pattern of p39 labelling changes dramatically. In
the IMV, p39 is located between the two membrane profiles,
which are apparent in electron micrographs (Fig. 2b and g and
3c). According to our current interpretation of IMV structure
(see the introduction), this would mean that p39 is present in
the space between the core and the innermost of the two tightly
apposed membranes. In this model, p32 (D8L) is located in the
outermost of the two membranes (53) while p21 (A17L) is an
integral protein of the inner membrane (31). This interpreta-
tion of IMV structure is supported by the fact that when
isolated IMVs are treated with DTT alone, the cisternal mem-
branes surrounding the IMV are loosened and begin to come
off the virus as one continuous membrane sheath, thereby
exposing the underlying core (48). This fact could also explain
why p39, a core-associated protein, produces a strong humoral
immune response in humans (8, 36); when the virus particles
are disrupted in any way, the highly abundant p39 is readily
exposed on the outside of the core. Upon DTT treatment of
the IMV, spike-like structures which are present between the
outer surface of the core and the surrounding membranes of
the IMV (5, 10) become exposed, and recent work suggested
that p39 might be a component of these spikes (48). All our
EM results further support this possibility, as both chemically
prepared cores as well as natural cores which arise during
vaccinia virus entry into cells (51a) are labelled by anti-p39 on
their external surface, where the spikes are exposed.

On our gels, p39 had a molecular mass of 43 kDa, which is
even higher than the previously reported value of 39 kDa (8,
35, 47), and when ascertained by gel filtration, the molecular
mass of the native protein was 41 kDa. It is difficult to reconcile
such a large discrepancy between the predicted molecular mass
of 30.9 kDa and the apparent molecular weight mass, even
taking into consideration co- or posttranslational modifica-
tions. Radiolabelling experiments with 2P, [?’H]myristate, and
[>H]palmitate indicated that p39 is not modified by either fatty
acid acylation or phosphorylation. We also showed that this
protein is not modified by the addition of N-linked oligosac-
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charides. However, there was an indication that p39 may be
glycosylated by the addition of N-acetylglucosamine, suggest-
ing that it may be the glycoprotein reported by several groups
(17, 23, 24, 42, 45), but because of the very low levels of
[>H]glucosamine which were incorporated, this point will need
further investigation. Therefore, the aberrant migration of p39
on denaturing gels cannot be reconciled by co- or posttransla-
tional modification but may be due in part to the high number
of proline residues.

Although our detailed sequence analysis failed to reveal a
typical membrane-spanning region, our biochemical data show
that p39 has some characteristics typical of a membrane pro-
tein. Therefore, we investigated the possibility that p39 may be
membrane associated through the addition of a lipid moiety. It
has indeed been shown that a number of vaccinia virus proteins
can be acylated by the addition of palmitate or myristate (4, 14,
15), although the membrane association of p39 cannot be ac-
counted for by a myristate or palmitate anchor, as the protein
cannot be labelled with either [*H]myristate or [°’H]palmitate.
Moreover, in vitro translation and translocation experiments
indicate that the protein does not associate with rough endo-
plasmic reticulum membranes. Therefore, we postulate that
p39 attains its membrane association through interaction with
another viral membrane protein(s) in the innermost of the two
membranes surrounding the IMV. Coimmunoprecipitation ex-
periments suggest that p21 (A17L) could possibly interact with
p39. We have recently identified p21 as an integral protein in
the inner membrane of the IMV which spans this membrane
four times, with both the N and C termini exposed on the
membrane surface which faces the core (31). Thus, the N- and
C-terminal regions of p21, as well as the loop region between
residues 98 and 118, are ideally located to interact with p39.

Collectively, our data suggest the following model for p39 in
the context of vaccinia virus assembly. We propose that p39 is
synthesized on free ribosomes in the cytosol and is then trans-
ported to the viral factories, as it labels the viroplasm of these
factories. Alternatively, the ribosomes may be located within
the viral factories. p39 is packaged into the IV, apparently as
part of the viroplasm, possibly facilitated by its association with
viral membranes even at this early stage (as suggested by the
Na,COj; extraction of membranes from cells infected in the
presence of rifampin), and subsequently is predominantly lo-
cated in their central region. However, during transition to the
IMV, a new internal core structure develops, and p39 is now
located in the space between this newly formed core and the
surrounding cisternal envelope, an ideal position in which to
act as a matrix protein and to make the link between the core
structure and the surrounding membranes. The identity of the
spike-like structures, long seen on the surface of the core, must
be further investigated in order to establish if p39, possibly
along with other proteins, is a structural component of this
spike.
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