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ABSTRACT

Electron micrographs from the 1960s revealed the presence of an S-shaped tubular structure in the center of the vaccinia virion
core. Recently, we showed that packaging of virus transcription enzymes is necessary for the formation of the tubular structure,
suggesting that the structure is equivalent to a nucleocapsid. Based on this study and on what is known about nucleocapsids of
other viruses, we hypothesized that in addition to transcription enzymes, the tubular structure also contains the viral DNA and a
structural protein as a scaffold. The vaccinia virion structural protein L4 stands out as the best candidate for the role of a nucleo-
capsid structural protein because it is abundant, it is localized in the center of the virion core, and it binds DNA. In order to gain
more insight into the structure and relevance of the nucleocapsid, we analyzed thermosensitive and inducible mutants in the
L4R gene. Using a cryo-fixation method for electron microscopy (high-pressure freezing followed by freeze-substitution) to pre-
serve labile structures like the nucleocapsid, we were able to demonstrate that in the absence of functional L4, mature particles
with defective internal structures are produced under nonpermissive conditions. These particles do not contain a nucleocapsid.
In addition, the core wall of these virions is abnormal. This suggests that the nucleocapsid interacts with the core wall and that
the nucleocapsid structure might be more complex than originally assumed.

IMPORTANCE

The vaccinia virus nucleocapsid has been neglected since the 1960s due to a lack of electron microscopy techniques to pre-
serve this labile structure. With the advent of cryo-fixation techniques, like high-pressure freezing/freeze-substitution, we
are now able to consistently preserve and visualize the nucleocapsid. Because vaccinia virus early transcription is coupled
to the viral core structure, detailing the structure of the nucleocapsid is indispensable for determining the mechanisms of
vaccinia virus core-directed transcription. The present study represents our second attempt to understand the structure
and biological significance of the nucleocapsid. We demonstrate the importance of the protein L4 for the formation of the
nucleocapsid and reveal in addition that the nucleocapsid and the core wall may be associated, suggesting a higher level of
complexity of the nucleocapsid than predicted. In addition, we prove the utility of high-pressure freezing in preserving the
vaccinia virus nucleocapsid.

Vaccinia virus, the best-studied member of the family Poxviri-
dae, is a large double-stranded DNA (dsDNA)-containing vi-

rus with a unique and complex virion structure. The vaccinia vi-
rion does not conform to the standard helical or icosahedral
classifications but, instead, consists of a brick-shaped particle
comprising an outer membrane that surrounds a biconcave core
and two lateral bodies within each concavity of the core (1).

The vaccinia virus replicative cycle takes place entirely in the
cell cytoplasm. Because of the cytoplasmic site of replication, vac-
cinia virus packages all of the enzymes necessary for early-stage
viral transcription. The virus also encodes all of the enzymes re-
quired for DNA replication. Virion assembly occurs in cytoplas-
mic areas devoid of organelles, called viral factories. Viral mem-
brane crescents are the first structures observed within factories
during virion assembly. These membrane crescents grow and en-
gulf an electron-dense viroplasm to form immature virions (IVs).
IVs encapsidate viral DNA and evolve into mature virions (MVs)
in a process that is coupled to cleavage of several membrane
and core proteins (2, 3). Processing of these viral proteins is
linked to a major structural rearrangement in the virion in
which the spherical IV morphs into the classical brick-shaped
virion. In addition to the change in the overall shape of the viral

particle, the interior of the virion undergoes striking changes,
with the reorganization of the viroplasm mass into a biconcave
core with lateral bodies (4, 5).

Experiments from the early 1960s revealed a tubular structure
inside the core (6, 7). This tubular structure has been largely over-
looked for the last 50 years because of the difficulty in preserving it
using conventional techniques for electron microscopy (EM). Re-
cently, we demonstrated that formation of the tubular structure
requires packaging of viral transcription enzymes into the virions
(8). This observation prompted us to designate the tubular struc-
ture as a nucleocapsid. By analogy with other viruses, we hypoth-
esized that the vaccinia virus nucleocapsid contains the viral DNA
and a major structural protein. The virion structural protein L4

Received 18 July 2014 Accepted 17 September 2014

Published ahead of print 24 September 2014

Editor: K. Frueh

Address correspondence to Desyree Murta Jesus, desyree@ufl.edu.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.02126-14

December 2014 Volume 88 Number 24 Journal of Virology p. 14017–14029 jvi.asm.org 14017

http://orcid.org/0000-0002-4448-4508
http://dx.doi.org/10.1128/JVI.02126-14
http://jvi.asm.org


possesses several characteristics that suggest it as the best candi-
date for a nucleocapsid protein. L4 binds both RNA and DNA
with high affinity, and it is highly abundant, being the sixth most
abundant protein in the virions (9–11). Also, the absence of L4
from virions leads to formation of viral particles with fragile viral
cores, from which the transcription enzymes are more easily ex-
tracted than from viral particles containing L4 (12). Interestingly,
Sarov and Joklik (13) and Pedersen and colleagues (14), using
biochemical and microscopy techniques, characterized interme-
diates of vaccinia virus that accumulate in the period immediately
following virus entry and before the onset of virus DNA replica-
tion. These studies revealed that intermediates that accumulate
after about 90 min of infection contained most of the proteins
present in the mature virion core but lacked DNA, L4, and three
other viral proteins (13, 14). The intermediates isolated by Sarov
and Joklik also lacked DNA-dependent RNA polymerase activity,
suggesting that these structures were no longer active for viral
transcription. These two independent studies suggest that L4 and
DNA are lost simultaneously during the initial steps of virus rep-
lication.

All poxviruses contain homologs to vaccinia virus L4, with
amino acid identities ranging from a low of 43% (molluscum
contagiosum) in a comparison of all mammalian poxviruses to
98% for the orthopoxviruses. L4 has no sequence homology with
proteins outside the poxvirus family. L4 is synthesized late during
infection and cleaved during maturation from IV to MV (12, 15,
16). Data showing that L4 stimulates the activity of the vaccinia
virus I8 RNA helicase and that viral particles lacking L4 are inac-
tive for core transcription even though they package all transcrip-
tion factors suggest that L4 could participate in virus transcription
(17, 18).

The main goal of this study was to understand in more detail
the structure and function of the vaccinia virus nucleocapsid. For
this, we used an approach that has been successful in revealing the
basic biology of poxviruses, the study of conditionally lethal mu-
tants. Poxvirus conditional lethal mutants comprise two main
classes, inducible and thermosensitive. For some vaccinia virus
genes, both thermosensitive and inducible mutants are available.
In the majority of cases, the phenotypes of thermosensitive and
inducible mutants are similar. However, in a few cases these two
classes of mutants present blockage in different steps of replication
(19–22). This difference in phenotypes reflects the mechanistic
difference between the two classes of mutants: thermosensitive
mutants often produce a nonfunctional protein which is never-
theless present under the nonpermissive condition, whereas the
affected gene product is completely absent during infection with
an inducible mutant. These observations demonstrate the impor-
tance of studying both types of mutants in order to obtain the
most complete understanding of protein function.

In this study, we characterized a thermosensitive mutant pre-
viously mapped to the L4R gene, Ets85 (12, 23, 24). Importantly,
because routine preparations for electron microscopy provide
poor preservation of the nucleocapsid, we used high-pressure
freezing followed by freeze-substitution to visualize the nucleo-
capsid. High-pressure freezing and freeze-substitution techniques
ensure better preservation of fine ultrastructure than conven-
tional fixation methods (26, 27). We then reinvestigated the mor-
phogenesis of an inducible mutant in L4 that has been character-
ized previously (12).

The results with Ets85 show that during virus assembly under

nonpermissive conditions, abnormal immature virions (IVs) are
produced. Even though the immature virions are aberrant, they
package all virion proteins tested as well as viral DNA. Some IVs
are able to progress further in the maturation pathway to produce
abnormal mature particles in the cytoplasm. Virtually identical
abnormal mature virions also form when infection is performed
with the inducible mutant in L4, vL4i. With both Ets85 and vL4i,
aberrant mature virions appear to have a defect in core wall for-
mation in addition to being devoid of a nucleocapsid, showing
that the absence of L4 has a profound effect on the core structure
that goes beyond the nucleocapsid structure.

MATERIALS AND METHODS
Cells and viruses. Viruses were grown in BSC-40 cells, an African green
monkey cell line. BSC-40 cells were cultured in Dulbecco’s modified Ea-
gle’s medium (catalog number 12100-061; Life Technologies) containing
10% fetal bovine serum, 0.12 mg/ml penicillin (Sigma), 0.2 mg/ml strep-
tomycin (Sigma), and 250 �g/ml amphotericin B (Fungizone; Sigma).
Wild-type vaccinia virus strain WR, used as the control in this study, the
temperature-sensitive mutant virus Ets85, the inducible mutant in the
L4R gene (vL4i), and the inducible mutant in the E6R gene (vE6i) have
been described previously (12, 21, 24, 28). (Ets85 was obtained indirectly
from Marcia Ensinger. Upon her retirement Ensinger left her mutant
collection with Hamish Young at Columbia University. Upon his retire-
ment in 1995, Young provided us with the entire Ensinger collection. vL4i
is our designation for the mutant vDW4, and was obtained from Geoffrey
Smith.) The permissive temperature for Ets85 is 31°C. The nonpermissive
temperature is 39.7°C. vL4i and vE6i were grown at 37°C in the presence
(permissive condition) or absence (nonpermissive condition) of 200 �M
isopropyl-�-D-thiogalactopyranoside (IPTG) for vL4i and 50 �M IPTG
for vE6i.

Plaque assay. Ten-fold dilutions of the virus were used to infect
BSC-40 cell monolayers in 60-mm dishes. After 1 h of adsorption, the
inoculum was removed, and medium supplemented with 1% methylcel-
lulose was added to the cells. Cells were incubated for 3 or 7 days at 31°C
or 39.7°C and stained with crystal violet.

One-step growth. BSC-40 cells were infected with WR or Ets85 at a
multiplicity of infection (MOI) of 10. After a 30-min adsorption, the
inoculum was removed, and medium was added to the cells. Infected cells
were incubated at 31°C or 39.7°C and harvested at various times postin-
fection. Virus titer was determined by plaque assay at 31°C.

Western blot analysis. BSC-40 cells in 35-mm dishes were infected at
an MOI of 10 with WR or Ets85 and incubated at 31°C or 39.7°C. Infected
cells were harvested at different times postinfection in sample buffer (50
mM Tris-HCl, pH 6.8, 1% SDS, 10% glycerol, 140 mM 2-mercaptoetha-
nol, 0.1% bromophenol blue). Western blots were prepared and analyzed
as described previously (29). The L4 antibody was supplied by Paula Trak-
tman and used in a 1:50,000 dilution. Secondary anti-rabbit antibody was
purchased from Santa Cruz Biotechnologies, Inc.

Protein pulse-labeling. Cells were infected at an MOI of 10 with WR
or Ets85 and incubated at 31°C or 39.7°C. For pulse-labeling, at each time
point, cells were labeled with methionine-free culture medium containing
20 �Ci/ml of [35S]methionine (PerkinElmer). After 30 min of incubation
at 31°C or 39.7°C, the medium was removed, and the cells were harvested
in sample buffer. Proteins were analyzed by SDS-PAGE, followed by au-
toradiography (29).

For pulse-chase experiments, cells were pulse-labeled at 8 h postinfec-
tion. After 15 min, medium was replaced with unlabeled, methionine-
containing medium, and cells were incubated for various times at 31°C or
39.7°C. Cells were harvested in sample buffer and analyzed by SDS-PAGE
and autoradiography.

Electron microscopy: conventional sample fixation for ultrastruc-
ture. BSC-40 cells in 60-mm dishes were infected with either the WR or
Ets85 vaccinia virus at an MOI of 10 and incubated at 31°C or 39.7°C for
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24 h. Infected cells were fixed with 2% glutaraldehyde in cacodylate buffer
(0.1 M sodium cacodylate, 2 mM MgCl2, 1 mM CaCl2, 43 mM NaCl, pH
7.2) and postfixed with 1% osmium tetroxide in water. After dehydration
with increasing concentrations of ethanol, samples were embedded in
Spurr’s resin. Sections of 70- to 80-nm thickness were poststained with
2% uranyl acetate and lead citrate and visualized in a Hitachi H-7000
electron microscope (29). The electron microscopy was done with assis-
tance of the University of Florida ICBR Electron Microscopy Core Labo-
ratory.

Electron microscopy: high-pressure freezing/freeze-substitution.
BSC-40 cells in 100-mm dishes were infected at an MOI of 10 with WR,
Ets85, or vL4i. For infections with Ets85, both mutant and control infec-
tions were incubated at 31°C or 39.7°C. For infections with vL4i, cells were
incubated with drug-free medium or medium containing 200 �M IPTG
at 37°C. At 24 h postinfection, cells were harvested and incubated with
cacodylate buffer containing 4% paraformaldehyde and 1% glutaralde-
hyde for 30 min on ice. Fixed cells were pelleted by gentle centrifugation,
washed twice with cacodylate buffer, and resuspended in 25 �l of cryo-
protectant (20% [wt/vol] dextran [molecular weight, 39,000] prepared in
serum-free medium). The dextran-protected cell suspension was loaded
into a 6-mm aluminum type A planchette (Leica Microsystems, Buffalo
Grove, IL) that was capped using the flat side of a 6-mm aluminum type B
planchette. This assembly was loaded into a holder and immediately fro-
zen using a high-pressure freezing system (HPM 100; Leica Microsystems,
Buffalo Grove, IL). After freezing, planchettes containing cells were kept
under liquid nitrogen and transferred to a vial containing 20% epoxy resin
in acetone. The epoxy fixative was adapted from Matzko and Mueller (31).
The vials containing the planchettes were transferred to the freeze-substi-
tution unit (EM AFS2; Leica Microsystems, Buffalo Grove, IL). Freeze-
substitution was performed using the following program: �90°C for 12 to
48 h, followed by slow warming from �90°C to �70°C for 16 h, from
�70°C to �45°C for 12 h, from �45°C to �20°C for 2 h, and from �20°C
to 4°C for 2 h. Cells were removed from the planchettes and washed three
times with acetone, followed by 1 h of incubation with 1% tannic acid in
acetone on ice. After three washes with 100% acetone, cells were incubated
in 1% osmium tetroxide in acetone for 1 h on ice. Cells were washed three
times with acetone at 4°C and then handled at room temperature for
infiltration with increasing concentrations of Embed resin (30%, 50%,
70%, and 100%) using a Pelco BioWave laboratory microwave, ColdSpot
platform, and EM Pro Vacuum chamber (Ted Pella, Redding, CA) set at a
20-Hg vacuum and 220 W for 3 min. Specimens were polymerized over a
period of 2 days at 60°C. Ultrathin sections (70 to 80 nm) were poststained
with 2% uranyl acetate and lead citrate and examined with an H-7000
transmission electron microscope (TEM; Hitachi High Technologies
America, Inc., Schaumburg, IL) operated at 100 kV. Digital images were
acquired with a Veleta camera and iTEM software (Olympus Soft-Imag-
ing Solutions Corp., Lakewood, CO). Details of the development of these
techniques for imaging poxvirus-infected cells will be published elsewhere
(D. Jesus, unpublished data).

Immunoelectron microscopy. BSC-40 cells in 60-mm dishes were
infected at an MOI of 10 with WR or Ets85 (see Fig. 9 and 10) or with the
inducible mutant in the E6R gene in the presence of IPTG (Fig. 1). (The
experiments shown in Fig. 1 are control infections from a related project
studying the role of E6 in virus assembly.) vE6i infections done in the
presence of IPTG are equivalent to wild-type virus infections (21). After
24 h of infection at 31°C or 39.7°C, cells were washed with PHEM buffer
(60 mM PIPES [piperazine-N,N=-bis(2-ethanesulfonic acid)], 25 mM
HEPES, 10 mM EGTA, 2 mM MgCl2, pH 6.9) and fixed with a solution
containing 0.6% glutaraldehyde, 4% paraformaldehyde, 5 mM CaCl2, and
0.5% sucrose in PHEM buffer for 1 h at 4°C. The monolayer was washed
with 0.1 M glycine in PHEM buffer, and cells were harvested. Cell pellets
were dehydrated in a series of ice-cold ethanol (30%, 50%, 70%, and
100%) and infiltrated with Lowicryl HM20 resin. Samples were polymer-
ized with 100% Lowicryl at �20°C with UV light for 2 days. Ultrathin
sections (70 to 80 nm) were collected on nickel grids and immunolabeled

as described previously (32). The following antibodies were used: anti-L4
(at a dilution of 1:100) and anti-F17 (1:2,000) rabbit sera (supplied by
Paula Traktman), anti-A3 (1:100) and anti-D13 (1:1,000) rabbit sera
(supplied by Bernard Moss), anti-dsDNA (1:10) mouse serum (Santa
Cruz Biotechnologies), and secondary antibodies anti-rabbit and anti-
mouse (1:50) (BBI Solutions, Cardiff, United Kingdom).

RESULTS
L4 protein is localized in the center of the virus core. As de-
scribed in the introduction, several characteristics of the L4 pro-
tein are consistent with a possible role as a nucleocapsid structural
protein. Reasoning that a nucleocapsid protein should localize to
the center of the virion, we compared the subvirion localization of
L4 with several other major virion structural proteins using im-
munoelectron microscopy. Thin sections of virus-infected cells
were probed with antibodies against the A3 (4b), A4 (p39), F17
(VP11), and L4 proteins. A3 and A4 are thought to be core wall
proteins, and F17 is thought to be a lateral body protein (33–36).
Figure 1 shows that antibodies against L4 decorate the center of
the core, distinct from A3, A4, and F17, which have a more pe-
ripheral localization. The centralized localization of L4 reinforces
our hypothesis that L4 is the structural protein of the vaccinia
virus nucleocapsid.

Ets85 phenotype is due to an amino acid substitution in the
L4R gene. The Ets85 mutant has been mapped previously to the
L4R gene; however, the mutation responsible for the thermosen-
sitivity was not determined (24). In order to confirm the genotype
of Ets85, we repeated the marker rescue, confirming that the mu-
tant could be rescued only by the L4R gene (data not shown). To
verify the precise mutation that renders Ets85 thermosensitive, we
determined the complete nucleotide sequence of the L4R gene
from Ets85. The sequencing revealed a missense mutation at nu-
cleotide 412 (C412T) that led to a change of amino acid 138 from
proline to serine (P138S). The sequence alignment represented in
Fig. 2 shows that the proline-138 residue is highly conserved
throughout the orthopoxviruses. In addition, secondary structure
prediction using PredictProtein indicates that proline-138 is
probably buried inside the protein structure and that a change
from proline to serine has a high potential to affect the protein
structure (25). Because proline and serine have different polarities
(proline is nonpolar and serine is polar) as well as different struc-
tures, these differences probably account for the thermosensitivity
of Ets85.

Plaque phenotype and growth properties of Ets85. To analyze
the plaque phenotype of Ets85, we performed a plaque assay at
permissive (31°C) and nonpermissive (39.7°C) temperatures. Un-
der permissive conditions, Ets85 formed plaques that were similar
in size to the wild-type plaques (Fig. 3A). However, under non-
permissive conditions, only the wild-type virus was able to form
visible viral plaques after 7 days of infection.

The growth pattern of Ets85 was analyzed in a one-step growth
experiment (Fig. 3B). We infected cells at an MOI of 10, and after
incubation for various times postinfection at 31°C or 39.7°C, we
harvested the infected cells and determined the virus yields by
plaque assay. Figure 3B shows that wild-type virus was able to
grow to normal titers irrespective of the temperature of incuba-
tion. In contrast, Ets85 was able to grow only when the infection
proceeded at the low temperature. No infectious particles were
produced at the high temperature after 48 h postinfection. Thus,
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the data presented in Fig. 3 corroborate the thermosensitivity of
Ets85.

Accumulation of L4 protein during infection with Ets85. In
general, two fundamentally distinct mechanisms for thermosen-
sitivity exist: a mutant protein may be rendered unstable and

therefore be absent from the infection, or, alternatively, a muta-
tion may cause a conformational change and loss of function
without destabilizing the protein, in which case the mutant pro-
tein will persist during the infection. To discriminate between
these alternatives, we analyzed the accumulation of L4 protein

FIG 1 Localization of vaccinia virus core proteins in the virions. Cells were infected at an MOI of 10 with vE6i in the presence of IPTG and incubated at 37°C.
At 24 h postinfection, cells were processed for immunoelectron microscopy as described in Materials and Methods. Ultrathin sections were probed with
antibodies against L4, A3, A4, and F17 (top) or only against L4 (bottom) and visualized in an electron microscope. Scale bar, 100 nm.
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during infection. Cells were infected with WR or Ets85 at an MOI
of 10 and incubated at permissive and nonpermissive tempera-
tures, and samples taken at various times after infection were an-
alyzed for the presence of the L4 protein by Western blotting
(Fig. 4). During the WR infection, the L4 protein accumulated
during the late phase of infection in similar quantities and with
similar kinetics at both 31°C and 39.7°C. During an Ets85 infec-
tion, L4 protein accumulation was slightly reduced at both tem-
peratures compared to the wild-type infection; however, the high
temperature did not significantly destabilize L4. We can also infer
from the data shown in Fig. 4 that the processing of the mutated L4
protein is slightly inhibited at 39.7°C compared to Ets85 at 31°C or
to the wild type.

Protein synthesis and processing. To analyze Ets85 gene ex-

pression throughout replication, we infected cells at an MOI of 10,
pulse-labeled the cells with [35S]methionine at various times
postinfection, and analyzed labeled proteins by SDS-PAGE and
autoradiography. Figure 5 shows that for the wild-type infection,
the pattern of protein synthesis was the same at both tempera-
tures. Specifically, host protein synthesis apparent at 0 h
postinfection was inhibited within 3 h, early viral protein syn-
thesis was apparent at 3 h postinfection, and viral late protein
synthesis commenced by 6 h postinfection and persisted
through 24 h postinfection. The infection with Ets85 produced
the same results as the wild-type infection at both tempera-
tures, demonstrating that overall virus gene expression is not
affected by the L4 mutation.

Protein processing is a major step during vaccinia virus mor-

FIG 2 Analysis of L4 sequence. The protein sequences were obtained from www.poxvirus.org and aligned using the software programs BioEdit and ClustalW
Multiple. The gray box highlights residue 138 (proline) that is mutated in the mutant Ets85. Vaccinia virus (VACV) WR and variola, monkeypox, ectromelia, and
cowpox viruses are representatives of the genus Orthopoxvirus; deerpox virus is a member of the genus Cervidpoxvirus; molluscum contagiosum virus is a member
of the genus Molluscipoxvirus. Amino acid identity relative to the WR vaccinia virus is 98% for members of genus Orthopoxvirus, 63% for deerpox virus, and 43%
for molluscum contagiosum. Asterisk (*), identical amino acid; colon (:), conserved substitutions; period (.), semiconserved substitutions.
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phogenesis, and it is required for the transition from immature
virions to mature, infectious virus. Because we observed a slight
inhibition of L4 processing in infections done with Ets85 at a high
temperature, we wanted to determine whether the processing of
other proteins, specifically p4a/4a and p4b/4b, is also affected un-
der these conditions. Cells infected at an MOI of 10 were incu-
bated at 31°C or 39.7°C and pulse-labeled with [35S]methionine at
8 h postinfection. Some infections were harvested immediately
after the pulse while others were incubated in the presence of
excess unlabeled methionine for various times at the low or high
temperature. Samples were analyzed by SDS-PAGE and autora-
diography. Figure 6 shows that p4a and p4b were processed nor-
mally during both virus infections at both temperatures. These
results were confirmed using Western blot assays with antibodies
against p4a and p4b (data not shown). The quantification of the
bands corresponding to p4a/4a and p4b/4b showed that the ratio
of unprocessed to processed forms was the same under all condi-
tions (data not shown). However, the quantification of the bands

corresponding to unprocessed and processed forms of L4 showed
2- to 3-fold less processing in infections with the mutant at the
nonpermissive temperature than with the wild type at both tem-
peratures or than Ets85 at 31°C. The same result was obtained
when the Western blot with anti-L4 (Fig. 4) was quantified. We

FIG 3 Characterization of the Ets85 mutant. (A) BSC-40 cells were infected
with WR or Ets85 and incubated at 31°C or 39.7°C. After 7 days of infection,
dishes were stained with crystal violet. (B) Cells were infected at an MOI of 10
with WR or Ets85 and incubated at the permissive or nonpermissive temper-
ature. Samples were harvested at various times postinfection. Titers were de-
termined by plaque assay at 31°C. The experiment was done three times. A
representative experiment is shown.

FIG 4 Accumulation of L4 during infection. Cells were infected with WR or
Ets85 at an MOI of 10 and incubated at 31°C or 39.7°C. Samples were har-
vested at various times postinfection and analyzed by SDS-PAGE, followed by
Western blotting using antibody against L4.

FIG 5 Viral protein synthesis during WR and Ets85 infection. Cells were
infected at an MOI of 10 with WR or Ets85 and incubated at 31°C or 39.7°C. At
various times postinfection, cells were pulse-labeled for 30 minutes with
[35S]methionine. Samples were then harvested and analyzed by SDS-PAGE
and autoradiography. Molecular masses in kilodaltons are indicated on the
right. The numbers at the top indicate the time (in hours) postinfection.
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conclude that L4 protein processing is slightly decreased in mu-
tant infections done at the high temperature.

Virus morphogenesis. Because Ets85 produces a normal com-
plement of late proteins under nonpermissive conditions, we hy-
pothesize that the L4 mutation affects virus assembly or infectiv-
ity. To analyze virus assembly, we infected cells at an MOI of 10
with WR or Ets85, incubated the cells for 24 h at 31°C or 39.7°C,
and prepared ultrathin sections for analysis by transmission elec-
tron microscopy using conventional fixation techniques, as de-
scribed in Materials and Methods. Figure 7A, C, and D show that
the wild-type virus produced normal immature and mature par-
ticles at both temperatures. The same normal phenotype was ob-
served during Ets85 infections done at 31°C (Fig. 7B). However, in
infections done with Ets85 at the high temperature, most of the
particles seen in the cytoplasm were defective immature virions
(IVs) (Fig. 7E). The viroplasm inside the IVs was not homoge-
neous as in wild-type IVs, and in many cases a gap was observed
between the viroplasm and the IV membrane (Fig. 7E, triangle).
Also, a high percentage of the IVs appeared empty (Fig. 7E, star).

Some IVs were nevertheless able to develop into MVs. However,
these MVs presented an aberrant structure (Fig. 7F). The defective
mature particles contain a malformed core that is not dumbbell
shaped and a core wall with the palisade layer not discernible.

Our primary interest is in the role of L4 in the nucleocapsid
structure. However, we cannot achieve good preservation of the
nucleocapsid using conventional electron microscopy protocols
for sample fixation and dehydration. In order to visualize the nu-
cleocapsid in a consistent fashion, techniques that improve pres-
ervation of ultrastructure are necessary. Therefore, we turned to
high-pressure freezing followed by freeze-substitution to analyze
the nucleocapsid structure in the mutant particles. Furthermore,
we were interested in analyzing whether the assembly of Ets85
would resemble the previously determined phenotype for the in-
ducible mutant in L4R (vL4i), namely, the production of normal-
looking mature particles (12). We infected cells at an MOI of 10
with WR, Ets85, or vL4i and incubated the cells under the permis-
sive or nonpermissive conditions. At 24 h postinfection, we cryo-
immobilized the cells using a high-pressure freezing system. The
ice from frozen cells was replaced by a solution of 20% epoxy
fixative in acetone during the freeze-substitution step. Following
freeze-substitution, cells were poststained with tannic acid and
osmium tetroxide in acetone as described in Materials and Meth-
ods. Subsequent steps were similar to the conventional protocol
for electron microscopy. In all of the wild-type infections, we were
able to visualize the nucleocapsid in several particles (Fig. 8A, B,
and E). We observed the same phenotype in infections with the
mutants Ets85 and vL4i under permissive conditions (Fig. 8C and
F). However, both mutants produced mature particles with simi-
lar aberrant structures under nonpermissive conditions (Fig. 8D,
G, and H). These particles have an electron-dense structure rem-
iniscent of a core; however, the core wall palisade is not discern-
ible, and the core wall is not shaped as a dumbbell surrounding the
electron-dense part of the core. Instead, in some views the core
wall seems to form a spiral around the electron-dense portion of
the core (Fig. 8I, J, and K). More importantly, it was not possible to
detect a normal nucleocapsid in any of the abnormal particles.
Thus, the phenotype of the L4 mutants as visualized by electron
microscopy is consistent with a role for L4 in the nucleocapsid
structure. The data also suggest a relationship between the nucleo-
capsid and the core wall.

Protein and DNA content of mutant virus particles. The ab-
normal structure of viral particles formed under nonpermissive
conditions might be explained by the absence of L4 from the par-
ticles, by the presence of a mutated form of L4, or by the absence of
other viral proteins. In order to discriminate among these alter-
natives, we analyzed the protein composition of both immature
and mature wild-type and mutant particles. Attempts to purify
viral particles produced during infections with Ets85 at the high
temperature were unsuccessful. The apparent yield of viral parti-
cles for the mutant under nonpermissive conditions as judged by
light scattering was approximately 10% of the yield obtained with
wild-type infections at both temperatures or with mutant infec-
tions at the low temperature. The reasons for the low yields are
unknown; however, given the previous observation that particles
lacking L4 are relatively fragile (18), it seems most likely that the
aberrant virions produced at the high temperature are also fragile
to the extent that they cannot be efficiently purified. We therefore
used immunoelectron microscopy to characterize the viral parti-
cles. We infected cells with WR or Ets85 at an MOI of 10. After 24

FIG 6 Analysis of protein processing during infection. Cells were infected at
an MOI of 10 with WR or Ets85 and incubated at 31°C or 39.7°C. At 8 h
postinfection, cells were pulse-labeled for 30 minutes with [35S]methionine.
Some cells were harvested after the 30-min pulse (P), and some were incubated
at 31°C or 39.7°C for 2, 4, or 16 h in medium lacking [35S]methionine. Samples
were then harvested and analyzed by SDS-PAGE and autoradiography. Mo-
lecular masses in kilodaltons are indicated on the right.
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h of infection, cells were prepared for immunoelectron micros-
copy, and ultrathin sections were probed with antibodies against
virion structural proteins (Fig. 9). We observed that both wild-
type and mutant IVs and mature particles contain both L4 (Fig. 9A
to D) and A3 (Fig. 9E to H). We tested additional virus core pro-
teins (A10, A4, and F17), and all of them were present within
particles formed at either temperature during both wild-type and
Ets85 infections (data not shown). As noted previously, Ets85 in-
fection at 39.7°C produces a large amount of immature virions
that appear empty. Consistent with this appearance, the empty

particles do not label with any of the antibodies tested (Fig. 9D and
H and data not shown).

We hypothesize that the viral DNA is contained within the
nucleocapsid and that L4 is the nucleocapsid scaffold protein. Be-
cause the mutated L4 protein causes a defect during assembly at a
high temperature and L4 is able to bind DNA, we were interested
to determine whether the defective particles contain viral DNA.
For this, we used an antibody against double-stranded DNA in an
immunogold labeling experiment. In this experiment, we also
probed with anti-D13 antibody to ensure that the defective elec-

FIG 7 Viral morphogenesis: conventional fixation. Cells were infected with WR or Ets85 at an MOI of 10 and incubated at 31°C or 39.7°C. At 24 h postinfection,
cells were fixed with 2% glutaraldehyde and 1% osmium tetroxide and processed for transmission electron microscopy as described in Materials and Methods.
(A) WR at 31°C. (B) Ets85 at 31°C. (C and D) WR at 39.7°C. (E and F) Ets85 at 39.7°C. MV, mature virus particles; IV, immature virus particles; M, mitochondria;
N, nucleus; asterisk, empty IV; triangle, IV with nonhomogeneous viroplasm. Scale bar, 500 nm.
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FIG 8 Viral morphogenesis: high-pressure freezing/freeze-substitution. Cells were infected with WR, Ets85, or vL4i at an MOI of 10. For Ets85, cells were
incubated at 31°C or 39.7°C. For vL4i, cells were incubated at 37°C in the presence or absence of 200 �M IPTG. At 24 h postinfection, cells were processed by
high-pressure freezing and freeze-substitution as described in Materials and Methods. Ultrathin sections were visualized in an electron microscope. (A) WR at
31°C. (B) WR at 39.7°C. (C) Ets85 at 31°C. (D) Ets85 at 39.7°C. (E) WR at 37°C. (F) vL4i in the presence of IPTG. (G and H) vL4i in the absence of IPTG. (I)
Higher magnification of a wild-type mature particle. (J and K) Higher magnification of mature particles produced in mutant infections under nonpermissive
conditions. Arrows and arrowheads indicate mutually perpendicular sections of representative particles in which the nucleocapsid can be visualized. Filled arrow,
transverse section (A); open arrow, sagittal section (C); arrowhead, coronal section (F). Scale bars, 500 nm (A to H) and 100 nm (I to K).

Vaccinia Virus L4R Mutants Produce Abnormal MVs

December 2014 Volume 88 Number 24 jvi.asm.org 14025

http://jvi.asm.org


tron-dense particles were abnormal mature particles and not
immature virions. D13 protein is present only during the im-
mature stage, being released during virus maturation (37). Im-
portantly, labeling with anti-DNA antibody showed a very spe-
cific pattern, with robust labeling of cell nuclei and viral
factories (data not shown). This pattern was distinct from la-
beling observed with all other antibodies, giving us confidence

in the specificity of the anti-DNA antibody used. Figure 10
shows that the defective particles formed at a high temperature
contain viral DNA. Also, because we do not see significant
labeling with D13, we conclude that these particles are abnor-
mal mature particles. Immature particles labeled for D13 under
all conditions (data not shown).

Taken together, these data imply that the defect observed with

FIG 9 Immunogold labeling of core proteins. Cells were infected with WR or Ets85 at an MOI of 10 and incubated at 31°C or 39.7°C. At 24 h postinfection, cells
were processed for immunoelectron microscopy. Ultrathin sections were probed with antibodies against L4 (A to D) or A3 (E to H) and visualized in an electron
microscope (Hitachi H-7000). (A and E) WR at 31°C. (B and F) WR at 40°C. (C and G) Ets85 at 31°C. (D and H) Ets85 at 39.7°C. The insets show the labeling
of immature virions. Scale bar, 500 nm.
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Ets85 at the nonpermissive temperature is due to the presence in
the particles of a mutated form of L4.

DISCUSSION

The motivation for the present study was to gain insight into the
structure of the vaccinia virus nucleocapsid. Determining the
structure and biological significance of vaccinia virus nucleocap-
sid will help elucidate how viral proteins are organized in the vi-
rion and how viral early transcription occurs inside the virus core.
By analogy with other virus nucleocapsids, we postulated that the
vaccinia virus nucleocapsid contains a major structural protein.
The best candidate for this role is the protein L4 because of its
abundance, its localization in the center of the core, and its ability
to bind DNA. In order to test the hypothesis that L4 is a structural
protein of the vaccinia virus nucleocapsid, we analyzed two mu-
tants in the L4R gene. Both mutants produce similar abnormal
mature particles exhibiting a defective core wall and lacking the
nucleocapsid. The lack of a nucleocapsid is consistent with a re-
quirement for L4 in this structure. The unexpected observation
that the core wall is malformed suggests an interaction between
nucleocapsid and core wall and indicates a higher degree of com-
plexity of the nucleocapsid than predicted.

The abnormality of the viral particles produced under nonper-
missive conditions results from a loss of function of L4 and not
from a complete absence of L4 or other viral proteins. The reason-
ing behind this conclusion is that the temperature-sensitive and
the inducible mutant present equivalent phenotypes regardless of
the total absence of L4 (in the case of vL4i infections) or the pres-
ence of a mutated form of L4 (in the case of Ets85 infections).
Furthermore, all proteins tested as well as the viral DNA were
present in the viral particles formed at high temperature. These
data are in accordance with previously published results with vL4i
showing that virions completely lacking L4 contain a normal com-
plement of proteins (18).

The absence of a nucleocapsid, coupled with the abnormality
of the core wall, suggests that these structures may be connected.
Our previous work has shown that the absence of viral transcrip-
tion enzymes from virions results in the lack of a nucleocapsid;
however, the core wall is not affected (8). Therefore, disruptions of
nucleocapsid structure do not necessarily impact the core wall,
suggesting that the defect in the core wall observed in the present
study is directly linked to the absence of L4 function (and not the
nucleocapsid) and that L4 may be important for an association
between the nucleocapsid and core wall. The major protein of the

FIG 10 Immunogold labeling of DNA. Cells were infected with WR or Ets85 at an MOI of 10 and incubated at 31°C or 39.7°C. At 24 h postinfection, cells were
processed for immunoelectron microscopy. Sections of 70- to 90-nm thickness were probed with antibodies against double-strand DNA (5-nm gold particles)
or against the viral protein D13 (20-nm gold) and visualized in an electron microscope (Hitachi H-7000). (A) WR at 31°C. (B) WR at 40°C. (C) Ets85 at 31°C.
(D) Ets85 at 39.7°C. Scale bar, 200 nm.
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inner core wall is thought to be A3 (35; N. Moussatche, unpub-
lished data); therefore, it would be interesting to determine if an
interaction between L4 and A3 exists.

The defect in core structure probably explains the block in virus
early transcription reported previously with the inducible mutant of
L4 (18). Correspondingly, a thermosensitive mutant on the A3L gene
(Cts8) presents a defect in core structure and a block in early tran-
scription despite the fact that all enzymes are present and functional
in the virus particles (30). In addition, mutants in the H1R (phospha-
tase), I8R (RNA helicase), and E8R (unknown function) genes pro-
duce mature virus particles that are indistinguishable from wild-type
virions in structure and protein and DNA content but that are unable
to perform core-directed early transcription (29, 38, 39). Thus, the
present study reinforces the observation that changes in core struc-
ture are detrimental to viral early transcription even when these
changes are subtle and not readily visualized by conventional electron
microscopy. These facts, however, do not conflict with the notion
that L4 might have a direct role in virus transcription. In fact, some
evidence suggests that L4 might be important for early transcription
by stimulating the virus RNA helicase activity or for transport of viral
RNAs to accumulation areas (17, 40).

Our results are consistent with but do not definitively demon-
strate that L4 is the structural protein of the nucleocapsid. However,
the data prove that L4 is important for nucleocapsid formation and
add the new perspective that the core wall and nucleocapsid may not
be entirely separate structures as previously thought. Our data also
strengthen the value of high-pressure freezing for studying vaccinia
virus structure. Studies applying high-pressure freezing to mutants
that are not able to transcribe early genes but produce normal-look-
ing mature particles, as visualized by conventional electron micros-
copy, have the potential to offer a better understanding of the vaccinia
virus nucleocapsid. Moreover, analysis of the nucleocapsid of mu-
tants with a defective core wall could clarify the interaction between
the core wall and nucleocapsid. These mutant studies combined with
structural data acquired from cryo-electron microscopy, which per-
mits examination of the fine structure of the virus core, will be vital
for a comprehensive understanding of vaccinia virus nucleocapsid
structure and function.
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