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ABSTRACT Poxviruses replicate within the cytoplasm and encode proteins for DNA
and mRNA synthesis. To investigate poxvirus replication and transcription from a
new perspective, we incorporated 5-ethynyl-2=-deoxyuridine (EdU) into nascent DNA
in cells infected with vaccinia virus (VACV). The EdU-labeled DNA was conjugated to
fluor- or biotin-azide and visualized by confocal, superresolution, and transmission
electron microscopy. Nuclear labeling decreased dramatically after infection, accom-
panied by intense labeling of cytoplasmic foci. The nascent DNA colocalized with
the VACV single-stranded DNA binding protein I3 in multiple puncta throughout the
interior of factories, which were surrounded by endoplasmic reticulum. Complexes
containing EdU-biotin-labeled DNA cross-linked to proteins were captured on
streptavidin beads. After elution and proteolysis, the peptides were analyzed by
mass spectrometry to identify proteins associated with nascent DNA. The known
viral replication proteins, a telomere binding protein, and a protein kinase were
associated with nascent DNA, as were the DNA-dependent RNA polymerase and
intermediate- and late-stage transcription initiation and elongation factors, plus the
capping and methylating enzymes. These results suggested that the replicating pool
of DNA is transcribed and that few if any additional viral proteins directly engaged
in replication and transcription remain to be discovered. Among the host proteins
identified by mass spectrometry, topoisomerases II� and II� and PCNA were note-
worthy. The association of the topoisomerases with nascent DNA was dependent on
expression of the viral DNA ligase, in accord with previous proteomic studies. Fur-
ther investigations are needed to determine possible roles for PCNA and other host
proteins detected.

IMPORTANCE Poxviruses, unlike many well-characterized animal DNA viruses, repli-
cate entirely within the cytoplasm of animal cells, raising questions regarding the
relative roles of viral and host proteins. We adapted newly developed procedures for
click chemistry and iPOND (Isolation of proteins on nascent DNA) to investigate vac-
cinia virus (VACV), the prototype poxvirus. Nuclear DNA synthesis ceased almost im-
mediately following VACV infection, followed swiftly by the synthesis of viral DNA
within discrete cytoplasmic foci. All viral proteins known from genetic and pro-
teomic studies to be required for poxvirus DNA replication were identified in the
complexes containing nascent DNA. The additional detection of the viral DNA-
dependent RNA polymerase and intermediate and late transcription factors provided
evidence for a temporal coupling of replication and transcription. Further studies are
needed to assess the potential roles of host proteins, including topoisomerases II�
and II� and PCNA, which were found associated with nascent DNA.
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Poxviruses have linear double-stranded DNA genomes of approximately 200,000 bp
that are covalently linked at each end by an incompletely base-paired hairpin that

is 104 nucleotides long in the case of vaccinia virus (VACV), the prototype member of
the family (1). DNA replication occurs exclusively in the cytoplasm, forming discrete
juxtanuclear sites known as factories (2, 3). The mechanism of poxvirus genome
replication is uncertain, and two models have been proposed. One version, based on
the rolling-hairpin model of parvovirus replication (4), posits only leading-strand DNA
synthesis starting at a nick near one or both covalently closed ends of the genome and
continuing by strand displacement to the other end, generating concatemers that are
subsequently resolved into unit genomes (5, 6). Although mechanistically simple, a
weakness of this model is the failure to identify the putative nickase. The other version,
like replication in prokaryotes and eukaryotes, involves leading- and lagging-strand
synthesis at replication forks and is consistent with viral encoding of a primase (7),
requirement for a DNA ligase (8), evidence for Okazaki fragments (9, 10), suggestive
electron microscopic images (11), and identification of a putative bidirectional origin
(12). Missing from the identified replication proteins, however, is a flap endonuclease
for removing RNA from Okazaki fragments.

Because poxvirus replication occurs in the cytoplasm and even in enucleated cells
(3, 13), it has been generally thought that most or even all of the replication proteins
are virus encoded. Currently, 10 VACV proteins are known to be involved in DNA
replication, another 4 in precursor metabolism, and 2 more in packaging DNA in virus
particles (14). The proteins required for DNA replication include the DNA polymerase
holoenzyme, consisting of a DNA polymerase with a C-terminal 3=-5= proofreading
exonuclease domain (15–18); a processivity factor (19, 20); and a uracil DNA glycosylase
that has a function in DNA synthesis, in addition to repair (21–23). A multifunctional
scaffold protein (24) and a primase/helicase (7, 25) interact with DNA polymerase and
form a multicomponent DNA replication-repair complex. Additional proteins involved
in VACV genome replication are a single-stranded DNA binding protein (26–30), DNA
ligase (8, 31, 32), serine-threonine protein kinase (33), a nuclease homologous to Fen-1
(34), and a Holiday junction resolvase (35, 36). The above-mentioned proteins, except
for the resolvase, are synthesized at the early stage of infection prior to the initiation of
DNA synthesis. The resolvase is not required for DNA synthesis, as it functions to
convert concatemeric replicative intermediates into unit length genomes with hairpin
ends.

Although the identified viral proteins seem to fulfill many of the basic requirements
for VACV genome replication, uncertainty remains as to whether additional viral or host
proteins might enhance replication or supply some missing functions. Indeed, there is
some evidence for roles of cellular topoisomerases II� and II� (37), DNA ligase I (8) and
DNA damage response proteins, the single-stranded DNA binding protein RPA, and the
DNA clamp protein PCNA (38). In addition, BAF1 acts as a negative regulator of VACV
genome replication (39) and DNA-PK as a sensor of cytoplasmic DNA (40). Although
some of the host proteins have been shown to localize in viral-factory areas of the
cytoplasm, none has yet been demonstrated to associate directly with the VACV
genome in vivo.

There are also open questions regarding the proteins required for transcription of
the VACV genome. The virus-encoded proteins include a multisubunit DNA-dependent
RNA polymerase (41, 42), factors specific for the early intermediate and late stages of
transcription (43–45), type 1 topoisomerase (46–48), an elongation factor (49), capping
and methylating enzymes (50, 51), poly(A) polymerase (52, 53), and transcription
termination factors (54–56). Although these viral proteins seem sufficient for transcrip-
tion, there is evidence, mainly from in vitro experiments, for roles of host proteins,
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including cellular heterogeneous nuclear ribonucleoproteins (57), G3BP and caprin I
(58), TATA binding protein (59), and YY1 (60).

To address gaps in knowledge of the VACV DNA replication and transcription
machinery, we adapted recently developed click chemistry methods for visualizing
newly synthesized chromosomal DNA (61, 62) and for isolating and identifying protein
components of nuclear eukaryotic (63–65) and herpesvirus (66, 67) replisomes. The
method is based on the in vivo incorporation of ethynyl deoxynucleoside analogs, such
as 5-ethynyl-2=-deoxyuridine (EdU), into replicating DNA. The principal advantage of
this approach is the availability of the ethynyl group for the click chemistry reaction,
with a fluorescent-azide conjugate for visualization by microscopy or biotin-azide for
affinity purification of DNA. The DNA-associated proteins can be covalently but revers-
ibly cross-linked to the DNA in vivo with formaldehyde and then copurified with
biotin-labeled DNA under stringent conditions to minimize nonspecific protein inter-
actions, a procedure known as iPOND (Isolation of proteins on nascent DNA). Here, we
identify viral and cellular proteins that associate with nascent DNA following infection
of human cells with wild-type VACV and a DNA ligase deletion mutant.

RESULTS
Localization of newly synthesized viral DNA by confocal and superresolution

microscopy. By labeling infected cells with [3H]thymidine, Cairns (2) provided autora-
diographic evidence for VACV DNA replication in discrete areas of the cytoplasm.
Subsequent in situ hybridization studies confirmed the presence of viral DNA in these
factory areas (3). However, much remains to be learned about the formation and
development of the factories. The incorporation of the clickable nucleoside EdU offers
an advantageous way of localizing nascent DNA by fluorescence microscopy. In a
recent study, both nuclei and cytoplasmic factories were labeled when cells were
incubated with EdU for 24 h and then infected with VACV in the continuous presence
of the nucleoside (68). We followed up those experiments first by visualizing EdU
incorporated during 1-h intervals before and after infection of �80% confluent human
A549 cells. Incorporation of EdU was determined by click chemistry with the fluorescent
probe Alexa Fluor 488 azide; the cells were also stained for total DNA with DAPI
(4=,6-diamidino-2-phenylindole) and with a monoclonal antibody (MAb) to the VACV-
encoded I3 single-stranded DNA binding protein (26, 29, 69). In Fig. 1A, DAPI, EdU, and
I3 staining are shown in the upper left, upper right, and lower left quadrants, respec-
tively, with the merged image in the lower right quadrant. Fluorescence due to EdU
was undetectable in controls when the click chemistry reaction was prevented by
omission of its essential catalyzer, CuSO4 (not shown). In the absence of infection,
bright EdU fluorescence was detected in the nuclei of about one-third of the unsyn-
chronized cells, and the pattern of granular perinuclear and intranuclear labeling (Fig.
1A) was typical of mid-S phase (70, 71). Nuclear EdU fluorescence intensity decreased
markedly after infection, although it was still detectable at a low level in some cells.
Occasional cytoplasmic EdU foci were detected at 1 to 2 h, were more numerous at 2
to 3 h, and were abundant at 3 to 4 h and 4 to 5 h (Fig. 1A). The pulse-labeled
cytoplasmic DNA colocalized with the I3 protein, which was detectable at 2 h and
increased substantially at subsequent times (Fig. 1A). Incorporation of EdU into DNA
depends on diffusion through the cell membrane and conversion to the triphosphate.
To determine whether shorter pulse-labeling times were feasible, infected cells were
incubated with EdU for 10, 20, or 30 min. Fluorescence increased greatly between the
10- and 20-min time intervals (Fig. 1B).

VACV factories are surrounded by endoplasmic reticulum (ER), and it has been
suggested that the ER is specifically recruited to enable viral DNA synthesis in associ-
ation with membranes (72, 73). We took advantage of the rapid incorporation of EdU
to localize nascent DNA in relation to the ER. At 3.5 h after infection, the cells were
incubated with EdU for 10 min, which, as discussed below, labels about 30,000 bp,
which is equivalent to less than 20% of a full-length genome in this time interval. The
cells were then fixed, permeabilized, and incubated with the fluorescent probe Alexa
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Fluor 488 azide. The cells were also stained with antibody to the ER-resident protein
calnexin and with DAPI. In Fig. 2, DAPI, EdU, and calnexin staining are shown in the
upper left, upper right, and lower left quadrants, respectively, with the merged image
in the lower right quadrant. EdU staining appeared throughout the factory, whereas
calnexin was peripheral and cytoplasmic. The intense calnexin staining at the periphery
of the factories suggested to us that the membranes may be displaced from these sites

FIG 1 Visualization of newly labeled nuclear and cytoplasmic DNA by confocal microscopy. (A) Approximately 80% confluent A549 cells were infected with
VACV at a multiplicity of infection of 10 PFU per cell. Uninfected (un) cells and infected cells at the indicated times were incubated for 1 h with 10 �M EdU
and then fixed, permeabilized, and reacted with Alexa Fluor 488 azide. The I3 single-strand binding protein was visualized by staining with a MAb, followed
by an anti-mouse secondary antibody conjugated to Alexa Fluor 594. DAPI was used to stain total DNA. The cells were viewed with a confocal microscope, and
maximum projections are shown. Each subpanel is divided into quadrants: upper left, DAPI (blue); upper right, EdU (green); lower left, I3 (red); and lower right,
merge. (B) Cells were infected for 3.5 h and incubated for 10, 20, or 30 min with EdU as for panel A.
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by crowding due to macromolecular synthesis. The images did not suggest replication
in close proximity to membranes, although small amounts of ER or membranes with
little or no calnexin may not have been discerned within the factories.

Superresolution microscopy was employed for further analysis of the EdU- and
I3-labeled bodies. The procedure was like that used for confocal microscopy, except
that DAPI staining was omitted and images were collected with a stimulated emission
depletion (STED) microscope. When the EdU was added for 10 min at 3.5 h after
infection, the nascent DNA appeared as puncta that did not entirely colocalize with I3
(Fig. 3A), likely because some protein was associated with genomes that had been
synthesized before the pulse. The smallest I3-labeled puncta may represent the asso-

FIG 2 Localization of nascent viral DNA relative to the ER. A549 cells were infected with VACV at a
multiplicity of infection of 10 PFU/cell. At 3.5 h after infection, the cells were incubated for 10 min with
EdU and then fixed, permeabilized, and reacted with Alexa Fluor 488 azide. The cells were then incubated
with rabbit polyclonal antibody to calnexin (Santa Cruz), followed by secondary antibody conjugated to
Alexa Fluor 594 and DAPI. The image was made with Huygens deconvolution software and analyzed with
Imaris 8.4.1.

FIG 3 Superresolution images of nascent DNA. A549 cells infected with VACV for 3.5 h were incubated
for 10 (A) or 60 (B) min with EdU, fixed, permeabilized, and reacted with Alexa Fluor 488 azide. In
addition, the cells were stained with a MAb to I3, followed by a secondary antibody conjugated to Alexa
Fluor 594. The images were made using Huygens deconvolution software and analyzed with Imaris 8.4.1.
Scale bars are shown. A higher-magnification image is shown in the inset.
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ciation of the protein with uncoated DNA released from the core. The image in Fig. 3B
shows an infected cell incubated for 1 h with EdU in which both nucleus and cytoplasm
were labeled. The nuclear pattern was like that of uninfected cells but much lower in
intensity, and I3 localized only with the intensely labeled cytoplasmic foci. Such
low-level nuclear staining was detected in about 25% of infected cells at this time.

Localization of newly synthesized DNA by electron microscopy. To our knowl-
edge, EdU labeling and click chemistry have not previously been employed to visualize
DNA by electron microscopy. We modified the procedure used for light microscopy by
substituting biotin-azide, followed by streptavidin– 6-nm gold for the fluor-azide. Trans-
mission electron microscopy of thin sections revealed that the streptavidin-gold was
distributed throughout the viral factory, which was recognized at this early time by the
juxtanuclear location, paucity of cellular organelles, relatively homogeneous electron
density, occasional crescent structures (not shown), and membranes at the periphery
(Fig. 4A). There was virtually no background of streptavidin-gold when biotin-azide was
omitted (Fig. 4B). A similar labeling pattern was obtained with an alternative procedure
in which the EdU-labeled cells were fixed, permeabilized with 0.05% saponin, and
incubated with biotin-azide, followed by cryosectioning and then streptavidin–10-nm
gold (Fig. 4C). Again, the nascent DNA was distributed throughout the factory. Absence
of background streptavidin-gold is shown in Fig. 4D. In a parallel experiment, protein
disulfide isomerase was localized with specific antibody and protein A-gold mainly in
the membranes surrounding the virus factory (data not shown).

FIG 4 Transmission electron microscopy of EdU-labeled cells. (A) A549 cells were infected with VACV and
at 3.5 h were incubated with EdU for 30 min. The cells were fixed and permeabilized with 0.1% Triton X-100
and reacted with biotin-azide, followed by streptavidin– 6-nm gold. (B) Same as panel A, except that
biotin-azide was omitted as a control. (C) A549 cells were infected and labeled with EdU as for panel A. The
cells were then permeabilized with 0.05% saponin and reacted with biotin-azide. The cells were cryosec-
tioned and incubated with streptavidin–10-nm gold. (D) Same as panel C, except that biotin-azide was
omitted as a control. Nu, nucleus; Go, Golgi apparatus; Mi, mitochondria.
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Kinetics of VACV DNA synthesis in the absence and presence of EdU. A detailed
analysis of the kinetics of VACV genome synthesis was carried out by Joklik and Becker
(74). In their study, the incorporation of [14C]deoxyribosylthymine (dT) into cytoplasmic
DNA was detected at 1.5 h, was maximal between 2 and 2.5 h, and decreased
appreciably at 4 h in a suspension of HeLa cell cultures. Although the rate of DNA
synthesis was not calculated directly, they estimated that it was up to 3 times that of
nuclear DNA in uninfected HeLa cells. From the data of Painter and Schaefer and of
Collins (75, 76), the rate of replication of a single replicon of a suspension of HeLa cells
corresponds to 60 bp/s. Based on this and the data of Joklik and Becker (74), VACV
replication was estimated to be about 180 bp/s. Using confluent A549 cell monolayers,
we detected by droplet digital PCR (ddPCR) VACV DNA synthesis that was maximal
between 4 and 5 h (Fig. 5). As described by Dembowski et al. (67), we calculated a rate
of 86 bp/s from 3.5 to 4 h and 130 bp/s from 4 to 5 h, assuming a single replicon per
genome. The estimated rate of an individual polymerase would be lower if there were
multiple origins. From these calculations, it would take 23 to 35 min to replicate a
full-length genome. We also used ddPCR to determine the number of actin genes in the
DNA sample. If we assume that A549 cells are at least diploid for the actin gene, then
approximately 500 VACV genomes per cell accumulated by 6 h (Fig. 5). To determine
the effect of EdU on ongoing viral DNA synthesis, the nucleoside was added at a
concentration of 10 �M at 3.5 h after infection. Based on ddPCR data, we calculated a
diminished rate of 52 bp/s from 3.5 h to 4 h and 95 bp/s from 4 to 5 h.

Adaptation of iPOND for isolation of VACV DNA with cross-linked proteins. The
basic iPOND protocol consists of labeling cells with EdU, cross-linking DNA and proteins
by mild formaldehyde treatment, permeabilizing the cells, incubating with biotin-azide,
shearing the DNA into small fragments, and isolating the nascent DNA-protein com-
plexes on streptavidin beads. Our modified protocol developed for analysis of proteins
associated with VACV DNA is shown in Fig. 6 and described below. Labeling with EdU
was performed for 20 min at 3.5 h after infection, since confocal microscopy had shown
that EdU was predominantly incorporated into DNA located in cytoplasmic viral
factories at that time. After cross-linking the intact cells with formaldehyde, the cells
were lysed with 0.5% Triton X-100 and divided into two equal parts to provide an
experimental sample (click) that was incubated with biotin-azide and a control sample
(nonclick) that was treated identically except for omission of biotin-azide. Because of
the cytoplasmic location of VACV DNA, low-speed centrifugation is routinely used to
enrich viral DNA in the supernatant fraction of lysates, although some also pellets with
nuclei (74). Under the conditions used for iPOND, the bulk of viral DNA pelleted with
nuclei at 800 � g, presumably because of the formaldehyde cross-linking. We therefore

FIG 5 Kinetics of VACV DNA synthesis in the absence (�) and presence (�) of EdU. A549 cells were
infected with VACV for 6 h in duplicate. At 3.5 h, EdU (10 �M) was added to one portion of the cells. At
the time points shown, the cells were harvested, and the amounts of VACV DNA and host actin were
determined by ddPCR.
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discarded the low-speed supernatant and incubated the pellet with 1% SDS at room
temperature. The latter was separated by centrifugation at 8,000 � g into an insoluble
fraction containing the bulk of the chromatin and a soluble fraction. The DNA com-
plexes were sheared by sonication so that the DNA was approximately 100 to 300 bp,
as determined by gel electrophoresis after deproteinization. The biotin-linked DNA with
associated proteins was captured on streptavidin-agarose beads in the presence of SDS.
Following washes with SDS at room temperature, the proteins were eluted by boiling
the beads in 4% SDS buffer to reverse the heat-labile formaldehyde cross-links.

The amounts of experimental (click) and control (nonclick) viral DNA bound to
streptavidin from the various fractions were determined by ddPCR (Table 1). Only small
amounts of viral DNA were in the 800 � g supernatant fraction, up to 75% was in the
SDS 8,000 � g supernatant fraction, and the remainder was in the pellet. Importantly,
nearly 30-fold more viral DNA was associated with the streptavidin-agarose beads than
with the controls when click chemistry was carried out, indicating selective isolation of
nascent DNA. We further analyzed the 1% SDS supernatant (soluble) and pellet
(insoluble) fractions. The DNA fragment sizes after sonication were similar (Fig. 7A).
Western blots showed that more of the single-stranded DNA binding protein I3 was
associated with DNA from the SDS-soluble fraction than with the insoluble fraction and
that there was none in the no-click controls (Fig. 7B). I3 migrated as a 30-kDa monomer
and a 60-kDa dimer, evidently due to incomplete reversal of the formaldehyde cross-

FIG 6 iPOND protocol. Confluent A549 cells were infected with VACV, incubated with EdU, and reacted
with biotin-azide, and DNA-protein complexes were isolated as depicted. TX-100, Triton X-100; RT, room
temperature.

TABLE 1 Recovery of nascent VACV DNA

Cell fractiona

Relative amount of VACV DNAb

Click� Click� Click�/click�

800 � g supt 0.1 1.4 14
8,000 � g supt 3.6 100 28
8,000 � g pellet 1.2 32.2 27
aSupt, supernatant.
bClick�, with biotin-azide; click�, without biotin-azide.

Senkevich et al. Journal of Virology

October 2017 Volume 91 Issue 19 e01015-17 jvi.asm.org 8

http://jvi.asm.org


linking. The self-association of I3 was previously shown using the yeast two-hybrid
system (77) and by in vitro experiments (29). Taking the above-described findings into
account, we focused on the SDS-soluble fractions for mass spectrometry analysis.

Analysis of viral proteins associated with nascent DNA by mass spectrometry.
Confluent A549 cells were infected either with wild-type VACV or with an A50 DNA
ligase deletion mutant, and nascent DNA was labeled with EdU for 20 min starting at
3.5 h, corresponding to peak viral DNA replication, as well as active early and interme-
diate viral protein synthesis. At the determined replication rate in the presence of EdU, this
would result in synthesis of about 62,400 bp or about 1/3 of the VACV genome. Following
the protocol outlined in Fig. 6, proteins eluted from streptavidin-agarose were subjected to
electrophoresis on 2-cm-long SDS-polyacrylamide gels. Peptides produced by tryptic di-
gestion were analyzed by label-free nano-liquid chromatography-tandem mass spectrom-
etry (nano-LC–MS-MS), in some experiments with the Velos mass spectrometer (MS) and
in others with the Fusion MS, which provided a greater depth of peptide identification
due to its speed. Altogether, there were 10 independent experiments in which click and
nonclick controls were analyzed. We required at least two peptides for positive iden-
tification of a protein. The TOP3 method (78), in which the extracting ion current (XIC)
peak areas of the three most abundant peptides (or two when only two peptides were
detected) were averaged and used for protein quantification, was employed. A value of
5 � 104 was used as the threshold for further analysis. For significance, the protein had
to be absent from the nonclick control or the abundance of the protein in the
experimental (click) sample had to be at least 8-fold greater than that in the nonclick
control sample.

A total of 30 viral proteins were identified using the above-mentioned criteria in at
least two independent experiments (Table 2). Peptides were undetected in the control
samples for 26 of these proteins, and the abundances of the peptides for the other 4
proteins were at least 8-fold higher in the experimental samples than in the controls
(see Table S1 in the supplemental material). Seven (H5, I3, A50, A20, E9, D5, and D4) of
the proteins were known to be required for DNA replication; one (G5) for homologous
recombination, double-strand break repair, and full-size genome formation; one (B1) for
phosphorylating the BAF1 DNA binding protein; and one (I1) for telomere binding and
morphogenesis. The genes encoding these proteins all have early promoters except for
I1, which has an intermediate promoter. Each of these proteins was detected in both
analyses with the Fusion MS. Except for D4, they were also detected in one or both
analyses with the Velos MS. The concatemer resolution protein (A22), which is not
required for DNA synthesis, was undetected by either the Fusion or the Velos MS. No

FIG 7 Detection of I3 by Western blotting of proteins associated with affinity-purified EdU-biotin
complexes. (A) Gel electrophoresis of deproteinized DNA from the 1% SDS-insoluble and -soluble
fractions as shown in Fig. 6. (B) Proteins eluted from streptavidin beads were resolved by SDS-PAGE,
electroblotted onto a nitrocellulose membrane, probed with a MAb to the VACV I3 protein, and detected
by chemiluminescence. The control (�click) and experimental (�click) samples are indicated. The masses
of marker proteins are shown on the right, with the position of monomeric I3 indicated by the arrow. The
band of about 62 kDa is presumed to be an I3 dimer.
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protein already known to be required for VACV DNA synthesis was missing, indicating
good sensitivity.

Thirteen of the identified proteins are involved in transcription, including the four
largest of the eight DNA-dependent RNA polymerase subunits (J6, A24, A29, and E4),
the intermediate transcription factor complex (A23 and A8), the late transcription factor
complex (G8, A1, and A2), the transcription elongation factor (G2), the two capping
enzyme subunits (D1 and D12), and the cap 2=O-methyltransferase (J3). These proteins
were detected in at least four experiments but not always with the Velos MS, evidently
because of the lower depth of peptide identification (Table 2). The genes encoding
these proteins all have early promoters, except for the three late transcription factors,
which have intermediate promoters. The A18 protein, a putative helicase with a role in
the release of RNA from transcription complexes (79, 80), was detected, but the peptide
abundance was below the threshold that we chose for significance. A transient asso-
ciation with the transcription complex, as well as other technical factors, could explain
this result. The absence of the poly(A) polymerase was not unexpected, since it interacts
with RNA posttranscriptionally. Similarly, the proteins expressed late in infection and
required specifically for early transcription within virus cores, including the two sub-
units of the early transcription factor, RAP94, NPH-I, NPH-II, and the type I topoisom-

TABLE 2 VACV proteins associated with nascent DNA

Functiona Gene Exprb

Criteria metc

Wild-type VACV A50 deletion mutant

1 2 3 4 5 6 7 8 9 10

DNA replication
DNA polymerase E9 E � � � � � � � �
Primase/helicase D5 E � � � � � � � � � �
Scaffolding protein H5 E � � � � � � � � � �
Processivity factor A20 E � � � � � � � �
Uracil glycosylase D4 E � � � �
ssDNA binding I3 E � � � � � � � � �
Fen1-like nuclease G5 E � � � � � �
DNA ligase A50 E � � � �
Protein kinase B1 E � � � � � � � � � �
Telomere binding I1 I � � � � � � � � � �

Transcription
RNA Pol subunit 147 J6 E � � � � � � � � � �
RNA Pol subunit 132 A24 E � � � � � � �
RNA Pol subunit 35 A29 E � � � �
RNA Pol subunit 30 E4 E � � � � � �
Intermediate transcription factor subunit A23 E � � � � �
Intermediate transcription factor subunit A8 E � � � � �
Capping enzyme subunit D1 E � � � � � � � �
Capping enzyme subunit D12 E � � � � �
2=O-methyltransferase J3 E � � � �
Elongation factor G2 E � � � � � � �
Late transcription factor 1 G8 I � � � � � � �
Late transcription factor 2 A1 I � � � � � �
Late transcription factor 3 A2 I � � � � �

Other
dsRNA, DNA Z binding E3 E � � � �
ssDNA, ssRNA binding L4 I � � � �
Ubiquitin ligase trunc p28 WR208 E � � �
Viral membrane formation A6 I � � � �
Soluble interferon receptor B18 E � �
BCL2-like, immune evasion A46 E � � �
Immature virion scaffold D13 I � � � �

aAbbreviations: trunc, truncated; ssDNA, single-stranded DNA; dsRNA, double-stranded RNA.
bExpr, expression; E, early, or I, intermediate.
cThe numbers refer to independent experiments. Shading indicates experiments were performed with Fusion MS, and lack of shading indicates experiments were
performed with Velos MS. The plus signs indicate that the inclusion criteria were met.
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erase, were not associated with nascent DNA, which may occur at later times in concert
with genome packaging.

The relative abundances of the individual replication and transcription proteins on
nascent viral DNA are plotted in Fig. 8. The replication proteins, except G5 and D4, were
among the 10 most abundant proteins, whereas the transcription proteins, except for
the largest RNA polymerase subunit J6 and the late transcription factor G8, were lower
in abundance. H5, I1, and I3 were consistently the highest-abundance proteins, con-
sistent with noncatalytic roles. The ratio of replication to transcription proteins would
likely be affected by the duration of EdU labeling.

Of the 30 viral proteins that met the cutoff for significance, only 7 were not in the
DNA replication or transcription functional category (Table 2). Two such proteins, E3
and L4, have DNA binding properties, possibly accounting for their isolation with DNA.
However, the known information regarding the other five proteins does not provide a
basis for such an association and should be considered nonspecific until demonstrated
otherwise.

We also carried out iPOND using cells infected with a VACV DNA ligase deletion
mutant that has been shown to require cellular DNA ligase 1 for replication. Viral DNA
replication was slightly reduced in the cells infected with the mutant virus compared to
the wild type, and the experiments were repeated several times, initially with the Velos
MS and then with the Fusion MS (Table 2) for greater depth of analysis. In one Fusion
MS experiment (number 7), we identified all the viral DNA replication and transcription
proteins that were found in infection with wild-type VACV, except, of course, A50, and
large subsets of those proteins were found in the other experiments (Table 2). There-
fore, the absence of the viral ligase did not impact the association of other viral proteins
with the nascent DNA.

Analysis of host proteins recovered with nascent DNA by mass spectrometry.
No experiments to identify host proteins associated with nascent VACV DNA have been
reported previously. Two candidates, however, were topoisomerase II� (TOP2A) and
topoisomerase II� (��P2B), which are recruited to DNA factories, bind to the VACV
DNA ligase, and are responsible for the sensitivity of VACV DNA synthesis to etoposide
(37). We considered that the detection of these proteins in association with nascent
DNA from cells infected with wild-type VACV but not from cells infected with a VACV
DNA ligase deletion mutant would further validate the sensitivity and specificity of the
analysis. Seventeen proteins were identified from wild-type VACV infection using the
Velos MS. These proteins were undetected in 16 of the 17 controls, and the ratio of

FIG 8 Relative abundances of viral and host proteins. The average XIC peptide areas for each protein
were determined from experiment 1 in Tables 2 and 3. Blue, viral DNA replication proteins; yellow, viral
transcription proteins; green, host proteins. The diameters of the circles are proportional to the number
of experiments with wild-type virus in which the proteins met the inclusion criteria.
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experimental to control samples was 8 to 1 (see Table S2 in the supplemental material).
Ten of the 17 proteins belonged to the Gene Ontology (GO) categories of chromatin
organization, chromatin binding, and chromosome, which translated into significant
enrichment for each of these categories (P values of 0.009, 0.000149, and 000299,
respectively). In addition, 3 of the 10 proteins (Top2A, Top2B, and PCNA) also belong to
the DNA-dependent DNA replication category, which also corresponds to significant
enrichment (P � 0.03). A much larger number of host proteins were detected with the
Fusion MS (see Table S3 in the supplemental material). The greater depth of analysis
revealed mostly contaminants, as neither chromatin organization, DNA replication, nor
DNA repair terms were enriched to a statistically significant extent. To reveal proteins
that could be involved in DNA replication or repair, we manually removed ribosomal
proteins and ribonucleoproteins, heat shock proteins, histones, actins, tubulins, pro-
teins involved in ER trafficking, translation elongation factors, tRNA ligases, and mito-
chondrial proteins, even though they met the inclusion criteria. Of the remaining
proteins, 10 were in the GO category chromosome organization and included those
detected with the Velos MS (Table 3). From the combined Velos and Fusion MS list, 5
proteins were in the GO category DNA replication and a partially overlapping group of
5 were in the DNA repair category (Table 3). Top2A and -2B were identified in both the
Velos and Fusion MS analyses of proteins from wild-type-virus-infected cells in the
abundance range of viral replication proteins (Fig. 8), but not from cells infected with
the VACV DNA ligase mutant. In contrast PCNA, which was in lower abundance than
TOP2A or -2B (Fig. 8), was detected in both wild-type and mutant virus infections and
was absent from controls (see Table S2 in the supplemental material). The other
candidate DNA replication/repair proteins, HMGA1, TOP1, PARP1, and RUVBL2, were
less consistently found (Table 3).

Several host proteins were suggested to have roles in intermediate and late tran-
scription based on in vitro studies (57–60). Of those, G3BP1 and CAPRIN1 (58) and
HNRPA2B1 (57) met the inclusion criteria in three experiments (Table 3).

DISCUSSION

We used EdU labeling and click chemistry to address several aspects of poxvirus
DNA replication, including the inhibition of nuclear DNA synthesis, the intracellular

TABLE 3 Host proteins associated with nascent DNA

Protein name Gene

Criteria metd

Wild type A50 deletion

1 2 3 4 5 6 7 8

Chromatin associateda

Topoisomerase II�b TOP2B � � � �
High-mobility group AT-Hook 1b,c HMGA1 � �
Topisomerase II�b TOP2A � � � �
Proliferating cell nuclear antigenb,c PCNA � � � � � � �
High-mobility group box 3 HMGB3 � �
Structural maintenance of chromosomes 4 SMC4 � � � �
Topoisomerase Ib TOP1 � � �
Poly(ADP-ribose) polymerase 1c PARP1 � � �
ATP-dependent RNA helicase DDX3X � � �

RuvB-like 2c RUVBL2 � � �

Reported to be involved in VACV transcription
Ras GTPase activating protein-binding protein 1 G3BP1 � � �
Caprin 1 CAPRIN1 � � �
Heterogeneous nuclear ribonucleoprotein A2/B1 HNRNPA2B1 � � �

aListed in order of abundance for the first six proteins in experiment 1.
bGO term DNA replication.
cGO term DNA repair.
dThe numbers refer to independent experiments. Shading indicates experiments were performed with Fusion MS, and lack of shading indicates experiments were
performed with Velos MS. The plus signs indicate that the inclusion criteria were met.

Senkevich et al. Journal of Virology

October 2017 Volume 91 Issue 19 e01015-17 jvi.asm.org 12

http://jvi.asm.org


localization of nascent VACV DNA, and the identification of viral and cellular proteins
associated with nascent DNA. First, we confirmed that the thymidine analog EdU was
rapidly incorporated into VACV DNA and had a modest effect on synthesis at the
concentration employed. The rate of VACV DNA synthesis, determined by ddPCR, was
approximately 86 to 130 bp/s assuming one replisome per genome, which was several
times faster than that calculated for herpes simplex virus (67). At that rate, it would take
25 to 35 min for a DNA polymerase to synthesize a complete VACV genome. At 6 h,
there were approximately 500 genomes per A549 cell, consistent with exponential
replication.

EdU labeling and attachment of a fluor-azide by click chemistry coupled with
fluorescence confocal and superresolution microscopy provided an advantageous way
to study the intracellular location of nascent VACV DNA compared to other methods,
such as [3H]thymidine and 5-bromouridine labeling. Prior to infection, about 30% of the
unsynchronized cells displayed intense nuclear labeling, which decreased markedly
during the first few hours of infection. The decreased labeling was consistent with
previous reports of inhibition of host DNA synthesis by VACV (74, 81). Further studies
employing EdU may be useful to determine the parameters necessary for this inhibi-
tion. Regardless of the mechanism, the decrease in nuclear labeling with EdU facilitated
subsequent iPOND analysis. Labeling times with EdU as short as 10 min, which is much
less than the time to complete a genome, were sufficient for detection by fluorescence
microscopy. Consistent with previous studies (29, 82), the I3 single-stranded-DNA
binding protein colocalized with pulse-labeled DNA. However, the superresolution of
STED microscopy revealed that the colocalization was incomplete, likely because I3 was
also associated with genomes that were replicated prior to EdU labeling.

Virus factories are surrounded by ER that was suggested to be actively recruited (72)
or, as suggested here, passively pushed out from the interior, along with other cellular
organelles, as the factory expands due to macromolecular synthesis. To determine the
spatial relationship between the nascent viral DNA and ER, infected cells were pulse-
labeled for 10 min with EdU, followed by attachment of fluor-azide, and stained with
an antibody to calnexin, a resident ER membrane protein. There was intense ER staining
around the factory, whereas the nascent DNA was distributed throughout the interior.
We also adapted EdU labeling and reaction with biotin-azide for transmission electron
microscopy. With labeling times of 30 min, streptavidin-gold spheres, which attach to
biotin, were distributed throughout the factory rather than at the periphery, where
most of the ER was located. With these techniques, we did not find evidence that VACV
DNA synthesis occurs in close association with recognizable ER membranes.

The main purpose of the study was to use EdU labeling and click chemistry for
isolating nascent DNA with cross-linked proteins. By labeling cells with EdU at 3.5 h
after infection, we took advantage of the dramatic decrease in EdU incorporation into
nuclear DNA to preferentially label viral DNA. With some modifications that further
enriched viral DNA, the protocol closely followed that previously used (63–65). We
chose iPOND over the alternative AniPOND procedure (83) because formaldehyde
cross-linking allows stringent washing of the beads with SDS. Cross-linking using
formaldehyde is particularly useful for studying protein-DNA interactions because of its
small size, linkage of groups that are 2 Å apart, ability to penetrate the cell membrane,
and preferential reactivity with accessible lysines that are frequently in close contact
with nucleic acids because of their charge (84). Formaldehyde also cross-links proteins
to each other if reactive groups are sufficiently close.

iPOND demonstrated the association of the complete set of viral replication proteins
with nascent DNA. The seven proteins (H5, I3, A50, A20, E9, D5, and D4) previously
shown by genetic and biochemical methods to be necessary for DNA synthesis (14, 18)
were all found to be physically associated with nascent DNA. In addition, the Fen1-like
nuclease G5, which is involved in homologous recombination, double-strand break
repair, and full-size genome formation (34); the I1 DNA telomere-binding protein, which
is required for morphogenesis rather than DNA replication (85, 86); and the B1 kinase,
which phosphorylates cellular BAF1, thereby preventing the latter from binding to
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VACV DNA and inhibiting replication (33), were also recovered with the EdU-labeled
DNA. Protein-protein interactions, in addition to protein-DNA interactions, may con-
tribute to the association of these proteins with nascent DNA. For example, D4 can bind
DNA (87, 88) and, together with A20 (which has not been shown to bind DNA) and E9,
forms a holoenzyme complex (23). H5 has affinity for DNA and interacts with both A20
(77) and the B1 protein kinase (77, 89). The three most abundant viral proteins detected
by iPOND were H5, I1, and I3. This correlates with their direct DNA binding properties,
as well as the amounts of their mRNAs at 4 h after infection (90). Since I1 is a virion
protein (85), some may have been released from the core, though most was probably
expressed from a strong intermediate promoter (91). Unexpectedly, the least abundant
viral DNA replication protein was D4, even though it can bind directly to DNA and form
a 1:1:1 complex with E9 and A20 (23). However, there are many factors that contribute
to the amount of peptide detected by mass spectrometry.

We also identified the viral proteins known to be involved in intermediate and late
transcription on nascent DNA, indicating that the pool of replicating DNA was being
transcribed. A similar observation was recently made with herpesvirus (67). In contrast
to herpesvirus, VACV encodes its own DNA-dependent RNA polymerase, which consists
of eight subunits. The two large subunits of Pol II interact with DNA and RNA, and the
homologous VACV subunits RPO147 (J6) and RPO132 (A24) were recovered with
nascent DNA. The next two subunits in size were lower in abundance, and the smaller
ones were not detected. The finding of the intermediate (A8 and A23) and late (A1, A2,
and G8) transcription factor complexes, which are expressed by early and intermediate
genes, respectively, was interesting, because they have not been shown to directly
interact with DNA or the RNA polymerase. The two-subunit (D1 and D12) capping
enzyme, which has been shown to associate with the RNA polymerase (92), and the cap
2=O-methyltransferase (J3) were also recovered. In addition to its catalytic role in
methylation, J3 is also a noncatalytic subunit of the poly(A) polymerase (93) and a
positive transcription elongation factor (49). The absence of the large catalytic subunit
of poly(A) polymerase (E1) from the DNA-associated proteins is consistent with its
posttranscriptional activity and association with mRNA rather than DNA (94). H5, which
was discussed above with regard to its role in DNA replication, is also involved in
transcription (95–98) and interacts with G2, another positive transcription elongation
factor associated with nascent DNA (99, 100).

Relatively few viral proteins that did not fall into the known DNA replication or
transcription group were found, suggesting that additional ones may not exist. One of
the proteins in this “other” category was the E3 double-stranded RNA binding protein,
which also has a Z-DNA binding domain (101) that could account for its association
with nascent DNA. E3 is a host defense protein that is not required for either DNA
replication or transcription. L4, a DNA binding protein thought to be the major
component of the nucleocapsid (102), was also detected by mass spectrometry. The
few remaining proteins could be contaminants or hitchhikers, as they have no obvious
relation to replication or transcription.

An important reason for undertaking iPOND experiments was to search in an
unbiased fashion for host proteins that could be involved in poxvirus DNA replication.
The two important concerns were sensitivity and nonspecific binding (103). The recov-
ery of TOP2A and TOP2B associated with nascent DNA from cells infected with
wild-type virus but not from cells infected with the VACV DNA ligase mutant supports
findings from the Evans laboratory (37). Nevertheless, the role that the type II topo-
isomerases play in VACV DNA replication remains uncertain, as the DNA ligase deletion
mutant replicated even though topoisomerase II was not found associated with the
VACV replisome under these conditions. We found PCNA in multiple experiments;
although present at a low abundance level, it was undetected in all the controls. PCNA
is involved in eukaryotic DNA replication by increasing the processivity of the DNA
polymerase during elongation of the leading strand. However, the VACV proteins A20
and D4 form a complex with the VACV DNA polymerase to provide a similar function
(18). Nevertheless, a possible role for PCNA in replication of VACV was suggested
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indirectly by a report that two human PCNA-associated proteins are inhibitors of a host
range mutant (104). To ascertain whether to pursue this lead in the future, we
investigated the effect of the specific PCNA inhibitor T2AA (105). When added either
before or after adsorption of VACV, T2AA inhibited VACV DNA replication in a
concentration-dependent manner (data not shown). Very recently, Postigo and cowork-
ers (38) reported the inhibition of VACV DNA synthesis by T2AA, as well as by small
interfering RNAs (siRNAs) specific for PCNA, emphasizing the importance of further
investigations into the role of PCNA in VACV replication.

Several additional host DNA replication/repair proteins (HMGA1, TOP1, PARP1, and
RUVBL2) were identified with average peptide abundances above that of controls in
several independent experiments. Although one could postulate functions for some of
these proteins, such as DNA unwinding for TOP1, there is no evidence as yet that they
have essential roles in viral DNA replication. The DEAD box helicase DDX3X, which has
been identified as a target of the VACV K7 protein and an activator of IRF3 (106, 107),
was detected with nascent DNA, but the specificity of this is uncertain. On the other
hand, we were surprised that cellular DNA ligase 1 was not detected by iPOND when
cells were infected with the VACV A50 deletion mutant, as this host protein is required
for viral DNA replication in the absence of the viral DNA ligase and localizes in
cytoplasmic factories (8). DNA ligase 1 is cell cycle dependent, and synchronization of
the cells might improve recovery. The DNA damage response proteins (ATR, CHK1,
Rhino, INTS7, and TOPBP1) and the DNA replication protein RPA, which have been
reported to be involved in VACV DNA replication based on inhibitor, cytoplasmic
localization, and protein interaction studies (38), were not detected in our experiments
even below cutoff levels. The proposal that cellular RPA rather than I3 is the replicative
single-stranded-DNA binding protein associated with the VACV replisome (38) was not
affirmed by our finding of large amounts of I3 associated with nascent VACV DNA and
failure to detect any of the RPA subunits.

We also specifically looked for the association of several host proteins that were
reported to have roles in VACV transcription based on in vitro studies. G3BP1 and
CAPRIN1, which form a heterodimer, were isolated from cell extracts in a search for
factors necessary for transcription of intermediate genes (58) and were subsequently
shown to colocalize with viral mRNA in virus factories (108). Both proteins were
recovered in association with nascent DNA (Table 3). Similarly, the RNA binding
proteins HNRPA2B1 and RBM3 were found to stimulate late gene transcription (57), and
the former was associated with nascent DNA (Table 3). On the negative side, the TATA
binding protein (59) and YY1 (60), which were reported to up- and downregulate
intermediate and late VACV transcription by promoter binding, respectively, were not
found.

In conclusion, we demonstrated the value of EdU and click chemistry to investigate
the intracellular localization of nascent VACV DNA and to identify associated proteins.
Multiple puncta of pulse-labeled DNA visualized by confocal, superresolution, and
transmission microscopy were present throughout the interior of cytoplasmic factories,
which were surrounded by ER. This first implementation of iPOND to study VACV
provided strong support for the major roles of viral proteins in DNA replication and
transcription, suggested that transcription begins on nascent DNA, confirmed the
association of cellular topoisomerase II with nascent DNA, and hinted at a possible role
of PCNA. In future studies, we plan to use short pulse and chase protocols to charac-
terize the proteins in the replication fork, to determine the kinetics of binding of
transcription factors and core proteins to DNA, and to employ additional mutant viruses
and drugs.

MATERIALS AND METHODS
Cells and viruses. Standard procedures for preparation and maintenance of cells and propagation

and titration of VACV were used (109). Human A549 cell monolayers were infected (or mock infected)
with the WR strain of VACV (ATCC VR-1354) or its derivative, vΔA50gfp (8), which was propagated on
BS-C-1 cells. As the titer of vΔA50gfp was usually lower than that of WR, it was concentrated by
purification through a sucrose cushion (109).
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Confocal and STED microscopy. A549 cells plated on coverslips were infected with 10 PFU per cell
of VACV and incubated for 1 h at room temperature for virus adsorption. After three washes with Eagle’s
minimum essential medium (EMEM), the incubation was continued at 37°C as indicated for each
experiment, and EdU was added to a final concentration of 10 �M. The cells were then washed twice with
EMEM and once with phosphate-buffered saline (PBS) with Mg2� and Ca2� and fixed with 3.7%
formaldehyde in PBS for 15 min at room temperature. The cells were permeabilized with 0.1% Triton
X-100 in PBS for 20 min at room temperature and subjected to click reaction with Alexa Fluor 488 azide
according to the Click-it Plus EdU imaging kit protocol (Thermo Fisher). In control reactions, CuSO4 was
omitted. The cells were incubated with anti-I3 mouse MAb (37) or anti-calnexin rabbit polyclonal
antibody (sc-11397; Santa Cruz) in 10% fetal calf serum (FCS), followed by the corresponding secondary
antibody conjugated to Alexa Fluor 594 and by DAPI staining, which was omitted for STED experiments.
Coverslips were mounted on slides using ProLong Gold (Life Technologies). Images were collected on a
Leica DMI6000 confocal microscope (Leica Microsystems) or a Leica TCS SP5 STED microscope. STED
images were deconvoluted with Huygens deconvolution software and analyzed with Imaris 8.4.1
(Bitplane AG, Zurich).

Electron microscopy. A549 cells were incubated with 10 PFU/cell of VACV for 1 h at room
temperature for adsorption, washed three times with EMEM, and then incubated at 37°C. EdU (10 �M)
was added at 3.5 h after infection for 30 min. For embedding in Epon, the cells were fixed with 3.7%
formaldehyde and permeabilized with 0.1% Triton X-100. The cells were washed twice with PBS-3%
bovine serum albumin (BSA) and reacted with biotin-azide as described for iPOND, except that it was
done on cell monolayers rather than after releasing the cells by scraping. In controls, biotin-azide was
omitted. The cells were washed with 3% BSA-PBS 3 times and with PBS twice and incubated with
streptavidin– 6-nm gold (with gelatin as a blocking agent) (Electron Microscopy Sciences, Hatfield, PA) for
1 h with rotation, washed three times with 3% BSA-PBS and twice with PBS, fixed again with 2%
glutaraldehyde-0.1 M sodium cacodylate buffer for 1 h, washed extensively 0.1 M sodium cacodylate
buffer, and left at 4°C overnight. The samples were postfixed with reduced osmium tetroxide, washed
with sodium cacodylate buffer, dehydrated in a series of ethyl alcohol incubations, and then treated with
propylene oxide. Samples were embedded in Embed 812 (Electron Microscopy Sciences), and sections
were cut on a Leica EM UC7 ultramicrotome (Leica Microsystems Inc., Buffalo Grove, IL). The sections were
stained with 7% uranyl acetate in 50% ethanol and then 0.01% lead citrate. The sections were reviewed
and photographed on a Tecnai G2 Spirit transmission electron microscope (Thermo Fisher Scientific, FEI,
Hillsboro, OR) fitted with a Gatan (Warrendale, PA) charge-coupled-device (CCD) camera.

For cryosectioning, infected cells were fixed with 4% paraformaldehyde-0.05% glutaraldehyde-0.1 M
phosphate buffer for 30 min at room temperature, washed three times with PBS, permeabilized in
PBS-0.05% saponin, washed with PBS, and subjected to click reaction with or without biotin-azide as for
iPOND. The cell monolayers were washed extensively with PBS and left in PBS overnight at 4°C. Cells were
scraped, pelleted, resuspended, and incubated in 10% gelatin at 37°C for 15 min. The cells were
repelleted, solidified on ice, cut at 4°C into small cubes, infiltrated with 2.3 M sucrose in 0.1 M phosphate
buffer, frozen on pins in liquid nitrogen, and cut into 80-nm cryosections on a Leica EM UC7 ultrami-
crotome. The cryosections were picked up on Formvar-coated grids, thawed, washed free of sucrose, and
stained with streptavidin–10-nm gold.

ddPCR. DNA for kinetic experiments was prepared from duplicate sets of 24 wells of A549 cells
infected with 10 PFU/cell of VACV for 1 h at room temperature, washed three times with EMEM, and
incubated for the indicated times at 37°C. At each time point, duplicate samples were collected by cell
scraping, pelleted by centrifugation, and frozen at �80°C. DNA was extracted with a QIAamp DNA blood
kit (Qiagen) and eluted in 200 �l of H2O. ddPCR was performed using a QX200 droplet digital PCR system
(Bio-Rad) according to the manufacturer’s protocols. Forward (F) and reverse (R) primers (F, 5=-GTCTCC
GATACGAACGCTAAACTCTAG, and R, 5=-CATAAGAAAGTGAGTTACGAAGATATCATCGGTTC) were used for
VACV DNA amplification; primers for the human actin beta gene, ACTB, were purchased from Bio-Rad
(catalog number 10031258).

Preparation and isolation of DNA-protein complexes. For each iPOND experiment, confluent
A549 cells (�8 � 107) were infected with 10 PFU/cell of VACV or vΔA50gfp. Virus adsorption was for 1
h at room temperature with rotation, and the cells were then washed 3 times with EMEM and incubated
at 37°C for 3.5 h. EDU was added to a final concentration of 10 �M, and the cells were incubated for 20
min more. The cells were then washed 3 times with EMEM and incubated with 1% formaldehyde in PBS
for 30 min at room temperature. Unreacted formaldehyde was quenched with 0.125 M glycine for 10 min
at room temperature, and the cell monolayers were washed 3 times with PBS. Cells were collected by
scraping, washed twice with PBS, and permeabilized with 0.5% Triton X-100 with protease inhibitor
cocktail (Roche) in PBS for 15 min at 4°C. The cells were then washed twice with PBS– 0.5% Triton X-100,
suspended in PBS, and divided into two tubes for experimental and control samples. The click reaction
components were added in the following order to the following final concentrations in 1 ml: biotin-azide,
10 mM; CuSO4, 20 mM; sodium L-ascorbate, 100 mM. For the control (�click) sample, DMSO was added
instead of biotin-azide. Samples were incubated for 1 h at room temperature with rotation in the
presence of protease inhibitors. The cells were washed with PBS to remove unincorporated biotin-azide
and resuspended in 50 mM Tris, pH 8, 1% SDS. The cell extract was incubated with rotation for 30 min
in the presence of protease inhibitors at room temperature and then centrifuged at 8,000 � g for 10 min.
The supernatant was collected, sonicated with a Bioruptor sonicator (Diagenode Inc.) for 30 s on and 30
s off for 45 min, and centrifuged at 20,000 � g for 30 min. The supernatant was diluted 1:1 with PBS,
preadsorbed on protein A agarose beads for 30 min, and loaded on streptavidin agarose beads
(Novagen) at 4°C overnight with rotation. The beads were washed with 1% SDS-50 mM Tris, pH 8.0, 1 M
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NaCl, and proteins were eluted in 4% SDS gel loading buffer at 95°C for 25 min. The eluted proteins were
separated by SDS-PAGE on 2-cm-long gels, which were cut into 4 slices, and the proteins were digested
and analyzed by mass spectrometry.

Western blotting. Proteins were analyzed on NuPAGE gels (Invitrogen, Carlsbad, CA) and transferred
to nitrocellulose membranes using the iBlot system (Invitrogen). The membranes were incubated with
antibodies in 5% nonfat milk in PBS-0.1% Tween 20 for various times at room temperature or 4°C and
then with secondary horseradish peroxidase-conjugated antibodies. The blot was developed with
SuperSignal West Pico, Dura, or Femto chemiluminescent substrate (Pierce, Rockford, IL), depending on
the luminescence intensity.

Mass spectrometry. Identification of proteins was performed on reduced and alkylated, trypsin-
digested samples prepared by standard mass spectrometry protocols. The supernatant and two washes
(5% formic acid in 50% acetonitrile) of the gel digests were pooled and concentrated with a Speed Vac
(Labconco, Kansas, MO) to dryness directly in 200 �l polypropylene autosampler vials (Sun Sri, Rockwood,
TN). The recovered peptides were resuspended in 5 �l of solvent A (0.1% formic acid, 2% acetonitrile, and
97.9% water).

Mass spectrometry analysis was performed with either an LTQ-Velos Orbitrap (Thermo Fisher
Scientific, West Palm Beach, FL) or an Orbitrap Fusion Tribrid with in-line chromatography without trap
cleanup. For the Velos Orbitrap acquisitions, nano-LC–MS-MS was performed with a ProXeon Easy-nLC
II multidimensional liquid chromatograph and a temperature-controlled dynamic nanospray ion source
(ThermoFisher Scientific). Peptides were separated at 500 nl/min using Magic aQC reverse-phase medium
(3-�m particle size; 75-�m inside diameter [i.d.]; 15-cm length) packed in a pulled-tip nanochromatog-
raphy column (Precision Capillary Columns, San Clemente, CA). For the Orbitrap Fusion acquisitions,
nano-LC–MS-MS was performed with a ProXeon Easy-nLC 1000 multidimensional liquid chromatograph
and a temperature-controlled Nanospray Flex ion source (ThermoFisher Scientific). Peptides were
separated at 200 nl/min using Reprosil-Pur C18 reverse-phase medium (3-�m particle size; 75-�m i.d.;
30-cm length) packed in a pulled-tip nanochromatography column (Precision Capillary Columns). In both
acquisition protocols, the mobile phase consisted of a linear gradient prepared from solvent A and
solvent B (0.1% formic acid, 2% water, and 97.9% acetonitrile) at room temperature. Computer-controlled
data-dependent automated switching to MS-MS by Xcalibur software was used for data acquisition and
provided the peptide sequence information.

Protein identification. Data processing and data bank searching were performed with Peaks Studio
8 (Bioinformatics Solution Inc., Waterloo, ON, Canada). The data were searched against the human and
vaccinia virus (Western Reserve) proteins deposited in the UniProt KB (June 2016) and the common
Repository of Adventitious Proteins (http://theGPM.org). The peptides were filtered at a 0.5% false-
discovery rate (FDR) calculated using a decoy sequence approach with a 2 peptide per protein minimum.
The TOP3 method was used for quantification (78), with the XIC peptide areas determined using Peaks
Studio 8.

SUPPLEMENTAL MATERIAL
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