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ABSTRACT Genome uncoating is essential for replication of most viruses. For
poxviruses, the process is divided into two stages: removal of the envelope, al-
lowing early gene expression, and breaching of the core wall, allowing DNA re-
lease, replication, and late gene expression. Subsequent studies showed that the
host proteasome and the viral D5 protein, which has an essential role in DNA
replication, are required for vaccinia virus (VACV) genome uncoating. In a search
for additional VACV uncoating proteins, we noted a report that described a de-
fect in DNA replication and late expression when the gene encoding a 68-kDa
ankyrin repeat/F-box protein (68k-ank), associated with the cellular SCF (Skp1,
cullin1, F-box-containing complex) ubiquitin ligase complex, was deleted from
the attenuated modified vaccinia virus Ankara (MVA). Here we showed that the
68k-ank deletion mutant exhibited diminished genome uncoating, formation of
DNA prereplication sites, and degradation of viral cores as well as an additional,
independent defect in DNA synthesis. Deletion of the 68k-ank homolog of VACV
strain WR, however, was without effect, suggesting the existence of compensat-
ing genes. By inserting VACV genes into an MVA 68k-ank deletion mutant, we
discovered that M2, a member of the poxvirus immune evasion (PIE) domain su-
perfamily and a regulator of NF-�B, and C5, a member of the BTB/Kelch super-
family associated with cullin-3-based ligase complexes, independently rescued
the 68k-ank deletion phenotype. Thus, poxvirus uncoating and DNA replication
are intertwined processes involving at least three viral proteins with mutually re-
dundant functions in addition to D5.

IMPORTANCE Poxviruses comprise a family of large DNA viruses that infect verte-
brates and invertebrates and cause diseases of medical and zoological impor-
tance. Poxviruses, unlike most other DNA viruses, replicate in the cytoplasm, and
their large genomes usually encode 200 or more proteins with diverse functions.
About 90 genes may be essential for chordopoxvirus replication based either on
their conservation or individual gene deletion studies. However, this number
may underestimate the true number of essential functions because of redun-
dancy. Here we show that any one of three seemingly unrelated and individually
nonessential proteins is required for the incompletely understood processes of
genome uncoating and DNA replication, an example of synthetic lethality. Thus,
poxviruses appear to have a complex genetic interaction network that has not
been fully appreciated and which will require multifactor deletion screens to
assess.
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Genome uncoating is a prerequisite for the replication of most viruses (1, 2).
Uncoating may be divided into two stages for poxviruses, which are large DNA

viruses that replicate in the cytoplasm and are comprised of a nucleoprotein core
surrounded by a lipoprotein envelope (3). The first stage of uncoating commences
almost immediately upon infection and consists of removal of the envelope and
liberation of cores into the cytoplasm (4). This step, involving fusion of the viral
envelope with the host plasma or endosomal membrane, has been reviewed elsewhere
(5, 6). Less is known about the second stage of uncoating, which is usually referred to
simply as uncoating and consists of rupture of the core wall and liberation of the
genome. This stage begins after a lag and was originally defined experimentally as the
sensitization of the viral DNA to DNase (4). Further studies indicated that the latter step
requires RNA and protein synthesis (7). Although it was initially proposed that the
protein synthesis requirement was mediated by activation of host gene expression, the
subsequent finding that intact cytoplasmic cores synthesize early mRNAs (8–11) sug-
gested that uncoating may be mediated by a viral protein. Further insights came from
studies with inhibitors and human genome-wide RNA interference (RNAi) screens,
which indicated a role for the ubiquitin-proteasome system in both uncoating and DNA
replication (12–15). It was not until a recent small interfering RNA (siRNA) screen of
VACV conserved early genes that a viral protein required for uncoating was identified
by Kilcher and coworkers (16). In an analysis with 81 siRNAs, D5 was the only protein
whose depletion prevented genome uncoating, the formation of DNA prereplication
sites, and degradation of viral cores. D5 is a highly conserved protein that is directly
involved in DNA replication (17) and has essential ATPase (18) and primase (19)
activities. Mutagenesis studies suggested that only the ATPase domain is required for
uncoating (16). Whether additional viral proteins, not revealed by the siRNA screen, are
involved in uncoating is an open question. In particular, a screen carried out with single
siRNAs would not detect two or more genes that have mutually redundant functions.

We were intrigued by the report of Sperling and coworkers (20) that deletion of
open reading frame (ORF) 186, encoding a 68-kDa ankyrin repeat protein (68k-ank) of
modified vaccinia virus (VACV) Ankara (MVA), led to a defect in DNA replication and late
gene expression in mammalian cells without affecting replication in chicken embryo
fibroblasts (CEF), indicating a host-specific defect. MVA was generated by serial pas-
sages in CEF, during which a substantial amount of genetic information, including all
other ankyrin repeat-encoding genes was lost (21–23). Although MVA containing the
68k-ank has a host range defect in most mammalian cells, viral protein synthesis occurs
at a high level, and the block is at a virion assembly step (24). In addition to four
33-residue ankyrin repeats, the 68k-ank protein contains a C-terminal F-box-like do-
main, which is found in cellular adapter proteins involved in the ubiquitin-dependent
proteolysis pathway, and the 68k-ank protein was shown to interact with the SCF (Skp1,
cullin1, F-box-containing complex) ubiquitin ligase complex (25). The known role of the
proteasome in VACV replication and the above-described properties of the 68k-ank
protein led us to investigate whether the defect of the MVA deletion mutant might be
based in part on a failure of genome uncoating, although Sperling and coworkers (20)
had found that the F-box domain is not essential.

The current study confirmed that a deletion of the 68k-ank ORF from MVA resulted
in a block in postreplicative gene expression in several mammalian cell lines. Further-
more, we provide evidence for a defect in uncoating as well as an independent
impairment of DNA replication. In contrast to the results obtained with MVA, deletion
of the ORF encoding the 68k-ank homolog of VACV strain WR did not adversely affect
replication, suggesting the existence of compensating or redundant genes. Two such
VACV genes, M2L and C5L, were identified by reversing the block in postreplicative
gene expression of an MVA 68k-ank deletion mutant. Uncoating, DNA replication,
and postreplicative gene expression of MVA in mammalian cells were enabled by
independent expression of either the 68k-ank, M2, or C5 protein. Thus, poxvirus
uncoating is a complex process involving the proteasome and multiple viral
proteins in addition to D5.
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RESULTS
The 68k-ank protein is required for MVA DNA replication and postreplicative

gene expression in a variety of mammalian cell lines. Sperling et al. (20) previously
reported that deletion of the 68k-ank gene from MVA abolished late gene expression
in HaCaT human skin keratinocytes and NIH 3T3 murine embryonic fibroblasts but not
in permissive CEF. We constructed a new 68k-ank deletion mutant (MVA-Δ186) by
replacing ORF 186 with an ORF encoding enhanced green fluorescent protein (GFP)
regulated by a VACV late promoter (Fig. 1A). The absence of ORF 186 was verified by
PCR and sequencing. The previous finding regarding a defect in late gene expression
was confirmed and extended by comparing the syntheses of the intermediate/late A3
protein by MVA-Δ186, the parental MVA, and MVA-GFP (encoding GFP at an irrelevant
site) in a variety of cell lines. Synthesis of the A3 protein by MVA-Δ186 was specifically
diminished in human lung carcinoma A549, human cervical carcinoma epithelial HeLa,
human embryonic kidney 293-T, and hamster fibroblast BHK-21 cells but not in CEF (Fig.
1B). Nevertheless, similar amounts of the early I3 protein were produced by parental
MVA, MVA-GFP, and MVA-Δ186 in each of the cell lines. Thus, the 68k-ank protein plays
a critical role in MVA postreplicative gene expression in several different mammalian
cell lines.

Sperling et al. (20) further demonstrated by dot blot analysis that deletion of the
68k-ank gene of MVA led to decreased viral genome replication, which is a prerequisite
for late mRNA and protein synthesis. The incorporation of the clickable nucleoside
5-ethynyl-2=-deoxyuridine (EdU) offers an advantageous way of localizing nascent DNA
by fluorescence microscopy in individual cells (26). In human A549 cells infected with
the WR strain of VACV, Senkevich et al. (27) combined EdU incorporation, immuno-
staining of the early I3 single-stranded DNA binding protein, and staining with 4=,6-
diamidino-2-phenylindole (DAPI) to visualize a dramatic decrease in host nuclear DNA
synthesis and the de novo synthesis of viral DNA in cytoplasmic factories. As shown in
Fig. 2, nuclear EdU fluorescence was bright in mock-infected HeLa cells but dim or
absent by 3 h after infection with either MVA or MVA-Δ186. Distinct cytoplasmic DNA
factories were evident by bright EdU labeling in the cells infected with MVA at each of
the 3-, 4-, and 5-h time points; I3 was present throughout the cytoplasm but was highly
concentrated in the replication sites (Fig. 2). In the cells infected with MVA-Δ186, small
EdU-labeled viral factories were seen only occasionally, and there was always diffuse
cytoplasmic I3 staining (Fig. 2). These data confirmed the deficiency in viral DNA

FIG 1 Deletion of MVA ORF 186 encoding the 68k-ank protein reduces postreplicative gene expression
in mammalian cells. (A) Diagram showing replacement of MVA ORF 186 with the GFP gene regulated by
the VACV P11 late promoter for construction of MVA-Δ186. (B) The indicated cells were infected for 16 h
with 0.5 PFU/cell of parental MVA, MVA expressing GFP regulated by the P11 promoter (MVA-GFP), and
MVA-Δ186. Proteins were resolved by SDS-PAGE, transferred to membranes, and probed with antibodies
to VACV intermediate/late A3 protein (upper panels) and early I3 protein (middle panels). Actin (lower
panels) served as a loading control.
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replication in human cells infected with MVA-Δ186, which would account for the defect
in postreplicative protein synthesis. Interestingly, the data also show that viral DNA
replication was not necessary for the decrease in nuclear DNA synthesis.

68k-ank contributes to MVA genome uncoating in human cells. Since uncoating
of the viral genome precedes DNA replication, it was important to determine whether
the defect in DNA synthesis might be a secondary effect. We addressed this question
by quantification of punctate viral cores, which are destabilized after uncoating and can
be detected by immunostaining with antibody to the A4 core protein (12, 14) and by

FIG 2 Deletion of MVA ORF 186 encoding the 68k-ank protein prevents viral genome replication. HeLa
cells were mock infected or infected with 5 PFU/cell of MVA or MVA-Δ186 (Δ186) and incubated with EdU
(10 �M) for 1-h periods at 3, 4, and 5 h after infection. Following each incubation time, the cells were
fixed, permeabilized, and reacted with Alexa Fluor 647 azide. The I3 single-stranded DNA binding protein
was visualized by staining with a specific MAb, followed by an anti-mouse secondary antibody conju-
gated to Alexa Fluor 568 and DAPI to stain total DNA. Images were captured with a confocal microscope.
Each panel is divided into quadrants: upper left, I3 (red); upper right, EdU (green); lower left, DAPI (blue);
and lower right, merge. The scale bar represents 10 �m. hpi, hours postinfection.
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detection of viral genomes which are accessible to the early I3 single-stranded DNA
binding protein only after uncoating (14, 28, 29). In the experiment depicted in Fig. 3,
HeLa cells were infected with MVA or MVA-Δ186 in the absence of drugs or in the
presence of the protein synthesis inhibitor cycloheximide (CHX) or the DNA synthesis
inhibitor cytosine arabinoside (AraC). At 1 and 4 h after infection, the cells were fixed
and stained with DAPI and antibodies to the A4 and I3 proteins. During the first hour
of a normal VACV infection, the numbers of cores represent a balance due to entry and
degradation. Without inhibitors, low numbers of cores that stained with A4 antibody
were present in cells infected with MVA or MVA-Δ186 at 1 h (Fig. 3A and B). The

FIG 3 Deletion of MVA ORF 186 encoding the 68k-ank protein prevents viral genome uncoating. HeLa
cells were untreated or treated with 100 �g/ml of cycloheximide (CHX) or 44 �g/ml of cytosine
arabinoside (AraC) and infected with 5 PFU/cell of MVA or MVA-Δ186. After 1 h of adsorption at 4°C, the
cells were washed and incubated at 37°C for 1 or 4 h. Cells were then fixed, permeabilized, and
immunostained with mouse anti-I3 MAb and rabbit anti-A4 polyclonal antibody, followed by Alexa Fluor
568 anti-mouse IgG and Alexa Fluor 647 anti-rabbit IgG, respectively. Nuclei were stained blue with DAPI.
(A) The subcellular localizations of I3 (red), A4 (green), and DAPI (blue) were determined by confocal
microscopy, with the scale bar representing 10 �m. (B) Viral cores that stained with anti-A4 antibody and
cells that stained with DAPI were enumerated from 40 to 120 cells, and the average numbers of viral
cores per cell were plotted. Standard deviations were calculated from the numbers obtained in three
random fields.
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numbers of cores decreased by 4 h in MVA-infected cells due to uncoating and
degradation, but they increased markedly in cells infected with MVA-Δ186, suggesting
core stabilization under the latter conditions. As expected, the large difference between
MVA and MVA-Δ186 also occurred in the presence of AraC but not in the presence of
CHX, which prevents uncoating and allows cores to accumulate during the 4 h of
infection with both viruses.

In the untreated MVA-infected cells, I3 produced at 1 h by intact cores appeared
diffuse, whereas at 4 h considerable I3 protein localized with DNA in viral factories (Fig.
3A). In contrast, the I3 staining remained diffuse in MVA-Δ186-infected cells at both
times (Fig. 3A), consistent with the data in Fig. 2. Importantly, in the presence of AraC,
punctate I3 staining of genomes released from cores could be seen at 4 h after infection
with MVA but not after infection with MVA-Δ186 (Fig. 3A). Of course, no I3 was made
in the CHX control. Thus, uncoating as assessed by both core destabilization and release
of genomic DNA was inhibited in the absence of the 68k-ank protein.

68k-ank is required for DNA synthesis in addition to uncoating. Although a
reduction in genome replication and postreplicative gene expression could be ex-
plained entirely by an uncoating defect, this does not preclude an additional direct
block in DNA synthesis. To test the latter idea, we developed a droplet digital PCR
(ddPCR) plasmid replication assay (Fig. 4A) based on previous findings that VACV can
replicate any circular DNA (30, 31). This assay allowed us to examine the ability of VACV
to replicate DNA while circumventing the genome uncoating step. HeLa cells were
transfected with pUC19 plasmid and 24 h later infected with MVA or MVA-Δ186. The
cells were lysed at 6 and 12 h after infection, and the total DNA was extracted and
incubated with DpnI enzyme to digest the methylated input plasmid and with BamHI
to cleave the replicated DNA concatemers into unit-length segments. Primers for
ddPCR were designed to flank a region of the plasmid with a cluster of GATC DpnI
recognition sites (Fig. 4B) so that only replicated unmethylated DNA would remain

FIG 4 68k-ank is required for replication of uncoated DNA. (A) Overview of plasmid replication assay. HeLa cells
were transfected with pUC19 and infected with VACV 24 h later. The methylated template plasmids and
unmethylated replicated DNA are represented by gray and red circles, respectively. Total DNA was extracted and
digested with BamHI to cut DNA into unit-length segments and DpnI to cleave methylated template plasmids. After
the digestion, droplet digital PCR (ddPCR) was performed to detect newly synthesized DNA. (B) The single BamHI
and multiple DpnI restriction sites in pUC19 are shown. The ddPCR primers (P� and P�) flanked a region with
multiple DpnI sites. (C) The number of copies of replicated plasmid DNA was determined at 6 and 12 h after
infection of HeLa cells with 5 PFU/cell of MVA or MVA-Δ186. **, P � 0.01.
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intact and be amplified. The number of DNA copies determined by ddPCR was much
higher (P � 0.01) for MVA than for MVA-Δ186 (Fig. 4C). We concluded that the 68k-ank
protein has roles in promoting both uncoating and DNA synthesis.

Other VACV genes can compensate for loss of a 68k-ank homolog. Because the
MVA 68k-ank gene is highly conserved in orthopoxviruses, we were curious to deter-
mine the effects of deletion of the homologous gene of the well-characterized VACV
WR strain. Accordingly, we deleted WR ORF 199 (B18R according to the Copenhagen
nomenclature) by replacing it with the GFP gene (Fig. 5A). After verification of the
deletion by PCR and DNA sequencing, we compared the syntheses of the intermediate/

FIG 5 Deletion of VACV WR 199 (B18R), the homolog of the 68k-ank gene, does not impair postreplicative
gene expression. (A) Diagram showing replacement of VACV ORF B18R with the GFP gene regulated by
the VACV P11 late promoter. (B) The indicated cells were infected with 0.5 PFU/cell of parental VACV WR
strain (WR) or VACV WR ΔB18R (ΔB18R) for 16 h. The proteins were resolved by SDS-PAGE, transferred to
membranes, and probed with antibodies to A3 intermediate/late protein (upper row) and early I3 protein
(middle row). Actin (lower row) served as a loading control. (C) The indicated cells were infected with 0.5
PFU/cell of MVA, MVA-GFP, MVA-Δ186, and recombinant rMVAs 44/47.1, 44.2, 51.1, 44/47.1-Δ186,
44.2-Δ186, and 51.1-Δ186 for 16 h. Proteins were resolved by SDS-PAGE, transferred to membranes, and
probed with antibodies to the A3 protein and actin.
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late A3 and early I3 proteins by the parent VACV WR and the WR deletion mutant by
Western blotting. No reduction in gene expression was observed (Fig. 5B), suggesting
that one or more genes in VACV WR compensated for the loss of the 68k-ank homolog
and that those genes had been lost by MVA during the extensive passages in CEF. We
considered two approaches that might help us identify the putative compensating
genes. One was to make additional deletions in VACV WR. However, this approach
might fail if more than one compensating gene was present. Furthermore, we knew
that VACV WR remained replication competent after deletion of a large DNA fragment
from the left end of the genome that included 68k-ank gene homolog as well as other
genes (32). The second tactic was to insert additional genes into MVA-Δ186. This
method had advantages and was facilitated by the availability of a panel of recombi-
nant MVAs (rMVAs) that had up to 80,000 bp of DNA inserted into the left end of the
genome (33). To implement this method, the 68k-ank ORF was deleted from three such
MVA recombinants (rMVA 51.1, rMVA 44.2, and rMVA 44/47), and their ability to express
the intermediate/late A3 protein was evaluated in several cell lines. Interestingly,
each recombinant MVA expressed A3 despite deletion of the 68k-ank gene (Fig. 5C).
(We noted that the protein expression defect was less pronounced in BS-C-1 cells
infected with MVA-Δ186 than in the other mammalian cells tested.) Further studies
were carried out with rMVA 51.1 because it appeared to have a smaller DNA insert
than the other recombinant viruses tested here (33).

The terminal regions of VACV contain numerous short ORFs representing pseudo-
genes in addition to full-length protein-coding ORFs. Whole-genome sequencing of
rMVA 51.1 revealed insertions within the left end of MVA, which corresponded to the
region contained in cosmid 51 used for recombination (Fig. 6). The insertions restored
DNA of MVA deletions I, V, and II. Based on these data, we focused on ORFs C17-C12,
C5-C1, and M1-K1, which were absent from the parental MVA (Fig. 7A). Segments of
DNA containing these ORFs were PCR amplified from the genome of rMVA 51.1 and
inserted into a noncoding region (deletion III) near the right end of MVA-Δ186 (Fig. 7B).
A cassette containing the late P11 promoter fused to the mCherry ORF was introduced
simultaneously to allow visualization and isolation of fluorescent recombinant plaques.
After confirming the insertions by PCR and DNA sequencing, HeLa cells were infected
with the new viruses as well as the parental MVA and MVA-Δ186. Lysates were then
analyzed for expression of the A3 protein (Fig. 7B). Whereas rMVA-Δ186-C17-C12
failed to show increased A3 gene expression, both rMVA-Δ186-M1-K1 and rMVA-
Δ186-C5-C1 did (Fig. 7B). Therefore, at least two compensatory genes were present
in rMVA 51.1.

To identify the compensatory genes, the individual ORFs were amplified by PCR
from rMVA 51.1. In each case the ORF was regulated by the mH5 promoter (34), since
the native promoter sequences of these genes have not been characterized. The genes
were then inserted into deletion III of MVA-Δ186 to form the seven recombinants
rMVA-Δ186-C1, -C2, -C3, -C5, -K1, -M1, and -M2, and HeLa cells were infected with each.

FIG 6 Comparison of genome sequences of MVA and rMVA 51.1. The left 50,000 bp of the genome of
MVA 51.1, corresponding to the DNA segment in cosmid 51, is shown. ORFs of �100 bp and starting with
ATG, CTG, or TTG are color coded with arrows pointing in the direction of transcription. Green, identical
to MVA; blue, mutated relative to MVA; red, inserted or repaired relative to MVA. The three MVA deletions
dI, dV, and dII are indicated. HindIII fragments C, N/M, K, and F are shown at the bottom.
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Western blotting showed that only ORFs C5 and M2 compensated for the 68k-ank gene
(Fig. 7C). We also confirmed that rMVA-Δ186-C5 and rMVA-Δ186-M2 no longer had a
defect in viral DNA replication by assessing EdU incorporation and I3 labeling in HeLa
cells (Fig. 8A).

The studies described thus far showed that expression of C5 and M2 compensates
for the absence of the 68k-ank protein with regard to DNA replication and postrepli-
cative gene expression. However, even without deletion of the 68k-ank gene, MVA
cannot produce infectious virus in human cells due to an assembly block. We therefore

FIG 7 C5L and M2L ORFs rescue the postreplicative gene expression defect of MVA-Δ186. (A) Diagram
representing the MVA-Δ186 genome with position of cosmid 51 and site of GFP replacement of MVA ORF
186. The enlargement shows missing ORFs within deletion I (C17-C12), deletion V (C5-C1), and deletion
II (M1-K1). (B) Diagram representing the genome of MVA-Δ186 and DNA containing the mCherry ORF
regulated by the P11 promoter, followed by an insert containing C17-C12, C5-C1, or M1-K1 DNA
flanked by sequences to enable homologous recombination. The Western blot shows A3 protein and an
actin loading control from cells infected for 16 h with 0.5 PFU/cell of MVA-Δ186, rMVA-Δ186-C17-C12,
rMVA-Δ186-M1-K1, or rMVA-Δ186-C5-C1. (C) Diagram representing the genome of MVA-Δ186 and DNA
containing the mCherry ORF regulated by the P11 promoter, followed by an insert containing an
individual ORF (C1, C2, C3, C5, K1, M1, or M2) regulated by the mH5 promoter and flanked by sequences
to enable homologous recombination. The Western blot shows A3 protein and an actin loading control
from cells infected for 16 h with 0.5 PFU/cell of MVA, MVA-Δ186, or rMVA-Δ186 constructs expressing C1,
C2, C3, C5, K1, M1, or M2 protein.
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turned to BHK-21 cells, which are permissive for MVA (35, 36). Unlike MVA, MVA-Δ186
was unable to spread in BHK-21 cells (Fig. 8B). However, the ability to spread was
restored by either C5 or M2 expression, indicating that these proteins fully replaced
68k-ank. Although C5 and M2 restored postreplicative gene expression in HeLa cells
(Fig. 6C), they did not restore formation of infectious virus as determined by a spread
assay (Fig. 8B), indicating persistence of the host range defect.

DISCUSSION

The two major themes of this work are genome uncoating/DNA replication and
gene redundancy. It seems apparent that uncoating is a prerequisite for poxvirus DNA
replication, as the genome must be accessible to newly synthesized viral proteins.
However, there has been increasing evidence that uncoating and DNA synthesis are
deeply intertwined, with the ubiquitin-proteosome system playing a key role. Evidence
for this has come from studies with proteasome inhibitors and human genome-wide
RNAi screens (12–15). Mercer and coworkers (14) provided evidence for a model in
which core proteins are ubiquitinated prior to or during virion assembly and suggested

FIG 8 C5 and M2 restore genome replication by MVA-Δ186. (A) HeLa cells were infected with 5 PFU/cell
of MVA, MVA-Δ186, rMVA-Δ186-C5, or rMVA-Δ186-M2. At 3 h after infection, the cells were incubated
with EdU (10 �M) and then fixed, permeabilized, and reacted with Alexa Fluor 647 azide. The I3
single-stranded DNA binding protein was visualized by staining with a MAb followed by an anti-mouse
secondary antibody conjugated to Alexa Fluor 568. DAPI was used to stain total DNA. Images were
collected with a confocal microscope. The scale bar represents 5 �m. (B) BHK-21 and HeLa cells
were infected with 0.05 PFU/cell of the indicated viruses expressing GFP under the control of the P11 late
promoter for 24 h. Virus spread was visualized by confocal microscopy. The presence of similar numbers
of cells was confirmed by differential image contrast (DIC) microscopy (not shown). The scale bar
represents 200 �m.
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that these ubiquitinated proteins become substrates for the proteasome following virus
entry and early gene expression. Evidence for a proteasome requirement for viral DNA
replication independent of uncoating was also obtained by allowing uncoating to
occur in the presence of a reversible DNA replication inhibitor and then inhibiting
proteasome activity before reversal (12, 14) and also by inhibiting virus-mediated
replication of transfected circular DNA, which does not require uncoating (12). In
addition, inhibition of the ubiquitin-activating enzyme E1 by UBEI-41 reduced DNA
replication and late gene expression (12, 13) without affecting uncoating (14). Also,
siRNA knockdown experiments showed that cullin-3 ubiquitin ligase was needed for
DNA replication (14). Nevertheless, how the ubiquitin-proteosome system facilitates
uncoating or DNA synthesis has not been elucidated.

Although numerous viral early proteins are required for DNA synthesis (37, 38), so
far only one such viral protein, D5, has been shown to be involved in uncoating (16).
D5 is a DNA primase and putative helicase that is essential for viral DNA replication but
without obvious links to the ubiquitin-proteosome system. Therefore, it seemed likely
to us that additional viral proteins are involved in uncoating. Because the phenotype of
a mutant virus unable to replicate its genome might have a primary block in uncoating,
we were intrigued by a report by Sperling and coworkers (20). They found that the
68k-ank protein of MVA is required for DNA replication and late gene expression in
human and murine cells. In the present study, we confirmed their findings by showing
that a 68k-ank deletion mutant had defects in genome replication as assessed by
diminished EdU incorporation and in postreplicative gene expression as determined by
Western blotting. In addition, we found that genome uncoating, formation of DNA
prereplication sites, and degradation of viral cores were severely reduced. Although an
uncoating defect could be sufficient to explain the inhibition of genome replication, we
also obtained evidence for a direct block in DNA synthesis using a ddPCR plasmid
replication assay. The assay was based on the remarkable ability of poxviruses to
mediate the replication of transfected plasmids and other circular DNAs that requires
all known viral replication proteins (30, 31, 39). Since plasmid replication does not
require core uncoating but was inhibited in cells infected with the 68k-ank deletion
mutant, we concluded that the 68k-ank protein has a dual role in uncoating and DNA
synthesis. Western blotting showed that similar amounts of D5 were made in cells
infected with MVA and MVA-Δ186 (data not shown), eliminating the possibility that the
68k-ank protein was needed for expression or stability of D5.

The 68k-ank protein encoded by the MVA 186 ORF has homologs in other strains of
VACV as well as other orthopoxviruses, but these have not been shown to be essential
for replication in cell culture. We considered that the 68k-ank protein might have a
unique role for MVA because of the many genes that were disrupted during the
extensive passages of this virus in CEF. To test this hypothesis, we deleted the
homologous ORF from VACV WR and found no defect in postreplicative gene expres-
sion. To follow up the idea of compensatory genes, we took advantage of a panel of
MVA recombinants that were made by transfecting cosmids with DNA from the left end
of a replication-competent VACV and which recovered the ability to replicate in
mammalian cells to various degrees (33). Unlike the case for the parent MVA, deletion
of the 68k-ank gene from three of these constructs did not prevent postreplicative gene
expression, indicating that one or more of the additional genes had a compensatory
function. By whole-genome sequencing of the recombinant virus rMVA 51.1, we found
that DNA corresponding to the ORFs missing from three deletions in the MVA genome
had been restored. We then used a forward strategy to identify two genes, C5 and M2,
that independently enabled DNA replication and postreplicative gene expression by
the MVA 68k-ank deletion mutant. These genes were not included in the siRNA screen
of early VACV proteins that led to the identification of D5 as an uncoating factor (16).

The structural motifs of 68k-ank (B18), C5, and M2 indicate the presence of protein-
interacting domains (Table 1). The 68k-ank protein has four ankyrin repeats near the N
terminus and an F-box-like domain that interacts with components of the SCF (Skp1,
cullin1, F-box-containing complex) (25). The combination of ankyrin repeats and F-box-
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like domains (called Ank/PRANC) is found in proteins encoded by nearly all poxvirus
genera, and many species have multiple copies (40). Sonnberg and coworkers (41)
proposed that these bipartite proteins bind through the F box to Skp1, the adapter
subunit of the SCF1 complex, and that additional interactions of the ankyrin repeats
provide target specificity. The role of the F-box domain of the MVA 68k-ank protein is
uncertain, however, since an F-box-truncated protein still enabled MVA late gene
expression (20).

The C5 protein belongs to a superfamily of poxviral proteins with BTB (POZ) and
Kelch domains (42). BTB is a protein interaction domain comprised of a cluster of
�-helices flanked by short �-sheets (43). Kelch repeats form �-propeller tertiary struc-
tures involved in protein interactions (44). The WR strain of VACV has 4 BTB/Kelch
proteins (C2, C5, F3, and A55), none of which is individually essential for replication in
cell culture (45–48). Cellular BTB domains have been shown to function as specific
adaptors for cullin-3-based ubiquitin ligase to target proteins for ubiquitination, and
there is evidence that certain ectromelia BTB/Kelch proteins do so as well (49). The
protein-interacting Kelch domain, like the ankyrin repeats, may provide target speci-
ficity (42). Since cullin-3 ubiquitin ligase is needed for VACV DNA replication, a role for
C5 as a cullin-3 adaptor is an interesting possibility (14).

The M2 protein belongs to the poxvirus immune evasion (PIE) superfamily based on
the presence of a conserved �-sandwich fold (50). M2 is nonessential for replication in
cell culture (45, 51) and is a glycosylated protein that is expressed early in infection,
localizes to the endoplasmic reticulum (ER), and is one of several VACV proteins that
can inhibit NF-�B as one of its functions (52, 53). Ligands for 68k-ank, C5, and M2 that
could account for their roles in uncoating/DNA replication remain to be determined.

The redundancy of the 68k-ank, C5, and M2 genes is an interesting aspect of this
work and is related to synthetic lethality, a well-known genetic phenomenon in which
deficiencies in the expression of two or more genes result in cell or organismal death,
whereas a deficiency in any one gene does not. Such redundancy may lead to a gross
overestimation of the number of nonessential genes. For example, the majority of the
6,000 genes of Saccharomyces cerevisiae are individually dispensable but form a com-
plex interaction network (54, 55). In most cases, nonhomologous genes acting on the
same cellular process or pathway, rather than homologous genes, provide functional
redundancy. The situation with poxviruses may be similar. A cowpox virus complete
single-gene knockout bacterial artificial chromosome library was constructed, and
infectious virus was successfully recovered for 109 of the 183 clones, indicating that
only 74 ORFs are essential (56). However, Dobson and Tscharke (32) pointed out the
difficulty due to redundancy in defining essential and nonessential genes of orthopox-
viruses. In their study, VACV with large deletions at either end of the genome exhibited
no or only mild host range defects, whereas combining deletions from both ends had
a devastating effect. The present study underscores this phenomenon for uncoating
and DNA synthesis and suggests that multifactor gene screens are necessary for
analyzing the complexity of poxvirus replication and host interactions.

MATERIALS AND METHODS
Cells, viruses, and chemicals. Cells and viruses were propagated essentially as described previously

(57). A panel of human replication-competent recombinant MVAs (rMVAs) (44/47.1, 44.2, and 51.1) with
segments of added DNA of various lengths was described previously (33). AraC and CHX were purchased
from Sigma-Aldrich.

TABLE 1 VACV proteins with roles in uncoating and DNA synthesis

Protein, Cop (WR)a Size (kDa) Expression Viruses with homologs Essential Domains
Ubiquitin/proteasome
interaction

D5 (110) 90 Early All poxviruses Yes Helicase, primase ?
B18 (199) 68 Early Orthopoxviruses No Ankyrin repeats, F box Yes
C5 (023) 25 Early Orthopoxviruses No BTB, Kelch Yes
M2 (031) 25 Early Orthopoxviruses No Signal peptide, PIE ?
aCop, VACV Copenhagen nomenclature; WR, WR nomenclature.
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Library preparation for pyrosequencing. Libraries for 454 pyrosequencing were made using the
Rapid Library Preparation Method Manual (October 2009) GS FLX Titanium Series (Roche, Branford, CT)
and the Paired End Library Preparation Method Manual, 3kb Span (October 2009) GS FLX Titanium Series.
Each library was processed using the emPCR Method, Manual Lib-L MV (October 2009) in separate
emulsion reactions. The paired-end sample was loaded in a single lane, and the fragment sample was
loaded in two lanes of an 8-region 454 GS FLX Titanium sequencing run.

Genome assembly and gap closure. A de novo assembly with several reiterations was initially done.
Physical mapping was carried out using an in-house script coupled with Nucmer software (58), and all
gaps were closed by PCR and Sanger sequencing. Several reference genomes (MVA, Lister, and Copen-
hagen genome sequence) were used for verification and comparison purposes. The inverted terminal
repetitions were identified and junctions sequenced to generate the final genome drafts. PCR and Sanger
sequencing were also done for mutations within coding regions to correct mismatches caused by
sequencing errors or homopolymers. Whole-genome alignments were compared to Acam3000 (acces-
sion number AY603355). Determination of homology of annotated ORFs was carried out using My-
Orfeome script (https://sourceforge.net/projects/myorfeome/) and several other reference genomes,
such as VACV-Lister_107 (accession number DQ121394), VACV-CVA (accession number AM501482),
Acam2000 (accession number AY313847), Acam3000 (accession number AY603355), and VACV-Cop
(accession number M35027).

Construction of recombinant viruses. Modified viruses were constructed by homologous recom-
bination using fluorescent reporter genes as described previously (59). ORF 186 of MVA and rMVA
44/47.1, 44.2, and 51.1 was deleted by homologous recombination with a PCR product containing the
P11 VACV promoter-driven GFP gene flanked by sequences on either side of ORF 186. Fluorescent
plaques were identified and cloned by repeated plaque isolation. A similar strategy was adopted to
delete the B18R homolog of the 68k-ank gene from VACV strain WR. Similarly, MVA-GFP was generated
by inserting P11 promoter-driven GFP into deletion III of MVA. The insertion regions of the recombinant
viruses were PCR amplified and sequenced to confirm the identities.

To introduce the C17-C12, C5-C1, or M1-K1 DNA segment into the genome of MVA-Δ186 at the
deletion III site, the segments were PCR amplified and inserted downstream of P11 VACV promoter-
driven mCherry in a modified pLW44-derived vector (60). This plasmid was transfected into CEF that were
infected with MVA-Δ186, and fluorescent foci that expressed both GFP and mCherry were picked and
plaque purified. The C5, C3, C2, C1, M1, M2, and K1 ORFs under the control of the mH5 promoter were
inserted into MVA-Δ186 in a similar manner. Expression of each gene was confirmed by ddPCR.

EdU assay and immunostaining. EdU assays were performed according to the Click-it Plus EdU
imaging kit protocol (Thermo Fisher) as described previously (27). Briefly, HeLa cells plated on coverslips
were mock infected or infected with VACV and at various times were incubated with EdU for 1 h before
fixation with 4% paraformaldehyde in phosphate-buffered saline (PBS) and permeabilization with 0.1%
Triton X-100. The click reaction was carried out by incubation with Alexa Fluor 647 azide, followed
successively by immunostaining with anti-I3 mouse monoclonal antibody (MAb) (61), a secondary
anti-mouse antibody conjugated to Alexa Fluor 594, and DAPI. Images were collected with a Leica
laser-scanning confocal microscope.

Visualization of intracellular viral cores. Immunostaining and visualization of intracellular viral
cores were as previously described (12). Briefly, HeLa cells plated on glass coverslips were infected with
purified virus (5 PFU per cell) at 4°C for 1 h to allow attachment. After removal of unbound virions by
washing, the cells were incubated for 1 or 4 h at 37°C in medium without or with CHX (100 �g/ml) or
AraC (44 �g/ml). The cells were then fixed, permeabilized, and immunostained as described above.
Anti-A4 rabbit polyclonal antibody (62), anti-I3 mouse MAb (61), and appropriate secondary antibodies
were used for immunostaining. Images were collected with a Leica laser-scanning confocal microscope.
Viral cores that stained with anti-A4 antibody and cells that stained with DAPI were counted using Imaris
8.4 software (Bitplane Scientific Solutions).

Western blotting. Cells were lysed with radioimmunoprecipitation assay (RIPA) buffer and clarified
by low-speed centrifugation. Proteins were resolved by electrophoresis on NuPAGE gels (Invitrogen,
Carlsbad, CA) and transferred to nitrocellulose membranes using the iBlot system (Invitrogen). Mem-
branes were incubated with primary antibodies in 3% nonfat milk in PBS overnight at 4°C and
subsequently with horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch)
and were developed with SuperSignal West Pico, Dura, or Femto chemiluminescent substrate (Pierce,
Rockford, IL).

Plasmid replication assay. HeLa cells were transfected with pUC19 plasmid and 24 h later were
infected with VACV. Total DNA was extracted using a QIAamp blood minikit (Qiagen, Valencia, CA) and
digested with BamHI and DpnI. Replicated plasmid DNA was quantified by ddPCR using primers
5=-CTTCATTTTTAATTTAAAAGG-3= and 5=-GAAAAAGAGTTGGTAGCTCTTG-3=.

Statistical analysis. Data analysis was performed using IBM SPSS 11.5 software. Statistical differences
were determined using Student’s t test. P values of �0.05 were considered significant. Error bars
represent standard deviations.

Accession number(s). The genome sequence of rMVA 51.1 was deposited under GenBank accession
number MG663594.
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