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ABSTRACT The adenovirus E3 region encodes proteins that are not essential for vi-
ral replication in vitro. The porcine adenovirus type 3 (PAdV-3) E3 region encodes
three proteins, including 13.7K. Here, we report that 13.7K is expressed as an early
protein, which localizes to the nucleus of infected cells. The 13.7K protein is a struc-
tural protein, as it is incorporated in CsCl-purified virions. The 13.7K protein appears
to be essential for PAdV-3 replication, as mutant PAV13.73A expressing a mutated
13.7K could be isolated only in VIDO AS2 cells expressing the 13.7K protein. Analysis
of PAV13.73A suggested that even in the presence of reduced levels of some late vi-
ral proteins, there appeared to be no effect on virus assembly and production of
mature virions. Further analysis of CsCl-purified PAV13.73A by transmission electron
microscopy revealed the presence of disrupted/broken capsids, suggesting that inac-
tivation of 13.7K protein expression may produce fragile capsids. Our results suggest
that the PAdV-3 E3 region-encoded 13.7K protein is a capsid protein, which appears
to be essential for the formation of stable capsids and production of infectious
progeny virions.

IMPORTANCE Although E3 region-encoded proteins are involved in the modulation
of leukocyte functions (N. Arnberg, Proc Natl Acad Sci U S A 110:19976 –19977,
2013) and inducing a lytic infection of lymphocytes (V. K. Murali, D. A. Ornelles, L. R.
Gooding, H. T. Wilms, W. Huang, A. E. Tollefson, W. S. Wold, and C. Garnett-Benson, J
Virol 88:903–912, 2014), none of the E3 proteins appear to be a component of virion
capsid or required for replication of adenovirus. Here, we demonstrate that the
13.7K protein encoded by the E3 region of porcine adenovirus type 3 is a compo-
nent of progeny virion capsids and appears to be essential for maintaining the in-
tegrity of virion capsid and production of infectious progeny virions. To our knowl-
edge, this is the first report to suggest that an adenovirus E3-encoded protein is an
essential structural protein.

KEYWORDS 13.7K, E3, essential protein, PAdV-3, porcine adenovirus, structural
protein

Porcine adenovirus (PAdV) is a member of the genus Mastadenovirus within the family
Adenoviridae. It was first isolated from a rectal swab of a piglet with diarrhea (1) and

subsequently has been isolated from healthy pig feces, piglet kidney cell cultures, and
encephalitic piglet brains (2, 3). PAdV type 3 (PAdV-3), one of the five known serotypes,
is characterized by low virulence and the ability to grow to high titers in cell culture (4,
5); therefore, it has been chosen as a candidate vector for vaccine design (6, 7).
Molecular characterization has identified its nucleotide sequence and transcriptional
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map (8). The overall genome organization of PAdV-3 exhibits generally a colinear gene
arrangement similar to that of human adenoviruses (HAdVs), with minor differences (8,
9). In contrast, significant differences were reported in proteins encoded by the PAdV-3
E1, E3, and E4 regions and proteins encoded by the E1, E2, E3, and E4 regions of
different members of the Mastadenovirus genus (10–12).

The E3 regions of different animal adenoviruses are variable in size and range from
1 kb to 5.6 kb (8, 12–16). The adenovirus E3 region is complex and produces several
overlapping mRNAs, encoding different proteins (17). Although the E3 transcription
unit is nonessential for replication of adenovirus (18) and can be used for insertion of
transgenes (6, 7, 17, 18), the efficient expression of some transgenes requires the
presence of some E3 genes (18).

The E3 region of PAdV-3 is 1,179 bp (8, 12) and produces three overlapping open
reading frames (ORFs) (13.7K, 23K, and 13.1K). Analysis of the amino acid sequence of
PAdV-3 E3 13.7K does not show any significant amino acid identity with proteins
encoded by the E3 region of nonporcine adenoviruses (data not shown). Since the
adenovirus E3 transcription unit is nonessential for viral replication (17), we hypothe-
sized that deletion of the E3 region may not affect PAdV-3 replication. Although we
successfully isolated a mutant PAdV-3 containing deletions of 23K and 13.1K ORFs (546
bp) in the E3 region (7), surprisingly, repeated attempts to isolate PAdV-3 containing a
complete deletion of 13.7K, 23K, and 13.1K ORFs proved futile.

The E3-encoded 13.7K is 117 amino acids long and shows over 95% amino acid
identity to homologs encoded by E3 regions of PAdV-1 and PAdV-2 (19), suggesting
that 13.7K may have an important role in virus life cycle. To the best of our knowledge,
currently, no data are available on the role of the 13.7K protein encoded by the E3
region of PAdV-3 in the replication process of the PAdV-3.

In this report, we demonstrate that 13.7K is expressed early in infection and localizes
to the nucleus of the infected cell. Moreover, 13.7K appears to be incorporated in
purified virion capsids and plays an essential role in stabilizing the capsid integrity and
production of infectious progeny PAdV-3 virions.

RESULTS
Sequence analysis of PAdV-3 13.7K. Amino acid sequence analysis of 13.7K (19)

demonstrated homology to E3 proteins encoded by other members of Mastadenovirus,
including ORF2 of PAdV-5 and the 12.5-kDa protein of human adenoviruses (20). The
13.7K protein and its homologs are predicted to be nonmembrane proteins, which do
not contain a signal sequence, a transmembrane domain(s), or a potential nuclear
localization signal. Although 13.7K contains an N-linked glycosylation motif (105NRS107),
it may not be utilized due to the absence of a signal sequence. Moreover, compared to
other proteins, 13.7K protein is rich in arginine residues. The arginine-rich viral proteins
have been reported to be involved in different aspects of viral replication (21). Inter-
estingly, 13.7K and its homologs are rich in cysteine residues. Cysteine-rich proteins
have been speculated to be involved in the regulation of virus gene expression (22).

Expression of 13.7K protein. To characterize the 13.7K protein, the protein-specific
antiserum raised in rabbits using the glutathione S-transferase (GST)-13.7K fusion
protein was analyzed using Western blotting. As seen in Fig. 1A, anti-13.7K serum (this
study) detected a protein of 13.7 kDa in PAdV-3-infected cells (Fig. 1A, lane 2) or in
plasmid pC-13.7-transfected cells (lane 4). No such protein could be detected in
mock-infected (lane 1) or plasmid pCDNA3 DNA-transfected cells (lane 3). Moreover,
13.7K could be detected as early as 2 to 4 h after PAdV-3 infection (Fig. 1B, lanes 3 to
7). Anti-�-actin was used as a loading control.

Subcellular localization of PAdV-3 13.7K. To determine the subcellular localiza-
tion of 13.7K in infected cells, VIDO R1 cells (6), either mock infected or infected with
PAdV-3, were analyzed by indirect immunofluorescence using anti-13.7K serum as a
primary antibody and Alexa Fluor 488-conjugated goat anti-rabbit antibody (for in-
fected cells) or tetramethyl rhodamine (TRITC)-conjugated goat anti-rabbit antibody
(for transfected cells) as a secondary antibody. Our results (Fig. 1C) revealed that 13.7K
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protein appears to be localized predominantly in the nucleus of the PAdV-3-infected
(Fig. 1C, second row) or plasmid pC-13.7 DNA-transfected (Fig. 1C, bottom row) cells. No
such protein could be detected in mock-infected (Fig. 1C, top row) or plasmid pCDNA3
DNA-transfected (Fig. 1C, third row) cells.

Detection of 13.7K in purified empty/mature PAdV-3 capsids. To determine
whether 13.7K is a part of the virions, empty and mature capsids were purified from
PAdV-3-infected cells using CsCl density gradient ultracentrifugation. Two distinct
bands representing empty and mature capsids were collected separately and subjected
to the second round of CsCl density gradient purification (Fig. 2A). The incorporation of
13.7K was detected by Western blotting using anti-13.7K serum. As seen in Fig. 2A,
nonstructural proteins 52K, 22K, and 33K could be detected in purified empty capsids
but not in mature virions. However, like hexon and fiber, 13.7K protein could be
detected in both purified empty and mature capsids of PAdV-3.

Detection of 13.7K protein in proteinase K-treated PAdV-3. In order to deter-
mine whether 13.7K is loosely associated or actually incorporated in CsCl-purified
empty or mature PAdV-3 capsids, the purified PAdV-3 virions were treated with
proteinase K and purified by CsCl density gradient purification. Initially, proteinase
K-treated PAdV-3 virions were analyzed by Western blotting using protein-specific
antibodies. As seen in Fig. 2B, anti-hexon (23) serum detected a 103-kDa protein in both
proteinase K-treated (lane “�”) and untreated (lane “�”) PAdV-3 (Fig. 2Ba). Similarly,
anti-13.7K serum detected a 13.7-kDa protein in both proteinase-treated (�) and
untreated (�) purified PAdV-3 (Fig. 2Bb). In contrast, anti-fiber serum (23) detected a
50-kDa protein in untreated (lane �) but not in proteinase-treated (lane �) PAdV-3 (Fig.
2Bc).

Next, the purity of proteinase K-treated purified virions was determined using silver
staining of SDS-PAGE-separated viral proteins. The same amounts of proteinase

FIG 1 Expression of 13.7K. (A, B) Western blots. Proteins from the lysates of mock-infected cells (lanes 1), PAdV-3-infected cells
(panel A, lane 2; panel B, lanes 2 to 7), plasmid pcDNA-3 DNA-transfected cells (panel A, lane 3), or plasmid pC_13.7
DNA-transfected VIDO R1 cells (6) (panel A, lane 4) were separated by 12% SDS-PAGE, transferred to nitrocellulose, and
analyzed by Western blotting using anti-13.7K serum. Expression of �-actin using an anti-�-actin MAb was used as a loading
control. The positions of molecular weight markers in kilodaltons are shown on the left. The molecular weights (in kilodaltons)
of observed proteins are shown on the right. (C) Subcellular localization of PAdV-3 13.7K. Monolayers of VIDO R1 (6) cells mock
infected (top row), infected with PAdV-3 (second row), transfected with plasmid pcDNA-3 DNA (third row), or transfected with
plasmid pC_13.7K DNA (bottom row) were analyzed by indirect immunofluorescence using anti 13.7K serum and Alexa Fluor
488-conjugated (top and second rows) or TRITC-conjugated (third and bottom rows) goat anti-rabbit serum. The cells were
mounted in a Vectashield mounting medium with DAPI (Vector Laboratories) to stain nuclei and monitored by confocal
microscope.
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K-treated and untreated purified PAdV-3 virions were separated on 12% SDS-PAGE and
subjected to silver staining (24–28). As expected, several viral proteins bands, including
13.7K, hexon, and fiber proteins (Fig. 2C) could be resolved in untreated virions (lane
�), However, similar results were observed in proteinase K-treated virions (lane �),
except that fiber protein was absent (Fig. 2C).

To determine if proteinase K treatment affected the capsid stability, transmission
electron microscopy (TEM) analysis was carried out. The proteinase K-treated and
untreated purified PAdV-3 virions were analyzed by TEM. As seen in Fig. 2D, intact
virions with icosahedral shape could be visualized in both proteinase K-treated (�) and
untreated (�) purified PAdV-3.

To confirm the incorporation of 13.7K in mature PAdV-3 virions, the proteinase K-treated or
untreated purified PAdV-3 virions were analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). The entire sample was subjected to sequential one-dimensional
reversed-phase chromatography coupled online to MS/MS analysis (one-dimensional [1D]-
nanospray-LC-MS/MS). The proteomic results were statistically analyzed with Scaffold
Q�S software package (Proteome Software, Inc., Portland, OR, USA). The LC-MS/MS
analysis of untreated purified PAdV-3 virions revealed the presence of a unique
PAdV-3-encoded 13.7K protein and 11 virus-encoded proteins (Table 1), which have
been detected in other adenoviruses (26, 28). Similar results were obtained using
proteinase K-treated purified PAdV-3, except peptides representing PAdV-3 fiber pro-
tein could be not detected (Table 2).

Isolation of mutant PAV13.73A using VIDO R1 cells. The genomic organization of
the E3 region encoding three overlapping ORFs (13.7K, 23K, and 13.1K) located be-
tween pVIII and fiber ORFs is shown in the Fig. 3A. In order to determine whether the

FIG 2 Analysis of CsCl-purified PAdV-3 virions. (A) CsCl density gradient purification of PAdV-3. The upper band contains empty capsids (EC), and the lower band
contains mature capsid (MC) (upper panels). Two to five micrograms of PAdV-3 empty capsids or mature capsids was used with anti-13.7K, anti-52K (23),
antifiber (23), antihexon (23) anti-22K (23), or anti-33K (23) serum. (B) Proteinase K treatment. Proteins from purified PAdV-3 untreated (lane �) or treated (lane
�) with 20 �g of proteinase K were separated by 10% to 12% SDS-PAGE, transferred to nitrocellulose, and probed with antihexon serum (a), anti-13.7K serum
(b), and antifiber serum (c). The molecular weight markers (M) in kilodaltons are shown. (C) Silver staining. Proteins from purified PAdV-3 untreated (lane �)
or treated (lane �) with 20 �g of proteinase K were separated by 12% SDS-PAGE, and the gel was stained with silver staining. The positions of the molecular
weights (M) in kilodaltons are shown on the left. (D) Transmission electron microscopy. Purified PAdV-3 virions untreated (lane �) or treated (lane �) with 20
�g proteinase K were negatively stained with 2% aqueous phosphotungstic acid and analyzed by transmission electron microscopy.
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13.7K gene is essential for PAdV-3 replication in VIDO R1 cells (not expressing 13.7K), we
constructed a plasmid, pFPAV13.73A, containing the PAdV-3 genome with a point
mutation (in bold and underlined) in the start codon AUG (AUG to AUA) of 13.7K ORF.
The change resulted in the abrogation of 13.7K expression without affecting the
transcription of the overlapping gene (23K). VIDO R1 cells (6) transfected with PacI-
digested individual plasmid pFPAV200 DNA (containing the full-length PAdV-3 ge-
nome) (7) or pFPAV13.73A DNA (containing the full-length PAdV-3 genome with a point
mutation in start codon of 13.7K AUG to AUA) were observed for the appearance of
cytopathic effects (CPEs). After 7 days posttransfection, the CPEs were clearly visible in
the cells transfected with pFPAV200 (Fig. 3B, left). However, no cytopathic effects could
be observed in cells transfected with plasmid pFPAV13.73A DNA even after 15 days
posttransfection. (Fig. 3B, right).

Generation of VIDO AS2 cells stably expressing 13.7K protein. To develop a
stable cell line expressing the PAdV-3 13.7K protein, VIDO R1 cells (6) were
transduced with lentivirus expressing 13.7K as described previously (29). After
incubation of transduced cells in medium containing hygromycin for 5 to 7 days,
selected hygromycin-resistant clones were expanded and analyzed for the expression
of 13.7K protein by Western blotting and immunofluorescence (IF) assay using the
anti-13.7K-specific serum. As seen in Fig. 4A, anti-13.7K serum detected a protein of 13.7
kDa in the lysates of PAdV-3-infected cells (lane 2) or hygromycin-resistant clone VIDO
AS2 (lane 3) expressing 13.7K. No such protein could be detected in mock-infected cells
(lane 1). Furthermore, the expression of 13.7K was also evaluated by IF assay using
anti-13.7K serum and Alexa Fluor 488-conjugated goat anti-rabbit antibody as a
primary and a secondary antibody, respectively. As seen in Fig. 4B, more than 95% of
the cells showed fluorescence in VIDO AS2 cells (Fig. 4Bb1 to b3). No such fluorescence
could be observed in VIDO R1 cells (Fig. 4Ba1 to a3).

TABLE 1 Proteins identified in CsCl-purified PAdV-3 (without proteinase K treatment) by
LC-MS/MS

Protein name No. of identified peptides Sequence coverage (%) Mascot score

p13.7 44 33 659
Fiber 18 27 893
Hexon 289 69 1,012
pVIII 165 74 977
pV 18 23 614
pX 12 21 690
pVI 119 67 1,032
pIIIa 12 21 690
pIII (penton) 11 17 543
pIX 8 9 443
DBP 15 18 752

TABLE 2 Proteins identified in protein K-treated purified PAdV-3 by LC-MS/MS after
proteinase K treatment

Protein
name No. of identified peptides Sequence coverage (%) Mascot score

p13.7 12 9 83
Fiber 0
Hexon 196 61 975
pVIII 123 67 840
pV 17 21 553
pX 2 4 74
pVI 75 54 866
pIIIa 4 3 59
pIII (penton) 9 15 445
pIX 5 6 96
DBP 4 7 123
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Isolation of mutant PAV13.73A using VIDO AS2 cells. To isolate mutant PAdV-3
containing a defect in 13.7K expression, VIDO AS2 cells (expressing 13.7K) were
transfected with PacI-digested plasmid pFPAV13.73A DNA and observed daily for
development of cytopathic effects. After 10 days posttransfection, the cells showing
cytopathic effects (Fig. 5Aa) were collected, freeze-thawed, and analyzed.

To confirm that PAV3 13.7K is responsible for the replication defect of PAV13.73A,
VIDO R1 cells (6), not expressing 13.7K, were transfected with PacI-digested plasmid
pFPAV13.7R (revertant) DNA and observed for the development of cytopathic effects.
The cells showing cytopathic effect (Fig. 5Ab) at 7 days posttransfection were collected,
freeze-thawed, and analyzed.

The identity of the recombinant virus, designated PAV13.73A (pFPV13.73A), and that
of revertant PAV13.7R (pFPAV13.7R) were confirmed by Western blotting using anti-
13.7K serum. As seen in Fig. 5B, anti-DNA binding protein (anti-DBP) serum (30)
detected a 50-kDa protein in VIDO R1 (6) cells infected with PAdV-3, PAV13.73A, or
PAV13.7R (Fig. 5Ba). Similarly, anti-13.7K serum detected 13.7K protein in cells infected
with PAdV-3 or PAV13.7R (Fig. 5Bb). However, no such protein could be detected by
anti-13.7K serum in cells infected with PAV13.73A (Fig. 5Bb).

Growth of PAV13.73A in VIDO R1 cells. Since adenovirus E3-encoded proteins are
not essential for virus replication, we determined whether PAV-13.73A can produce
infectious virus in 13.7K-negative cells. VIDO R1 (6) cells were infected individually with
PAV13.73A, PAV13.7R, or PAdV-3 at a multiplicity of infection (MOI) of 1. At different

FIG 3 Isolation of PAV13.73A in VIDO R1 cells (6). (A) Schematic illustration of the genomic
organization of pVIII, early (E) region 3, and fiber in the PAdV-3 genome (8, 12). The E3 region
encoding three overlapping proteins (13.7K, 23K, and 13.1K) is shown. (B) Schematic representation
of plasmids pFPAV200 (7) and pFPAV13.73A. PAdV-3 genomic DNA (black filled box). E3 region
(unfilled box). Plasmid DNA is represented by a thin line). Amp, ampicillin resistance gene. Mutation
of 13.7K start codon AUG to AUA in plasmid pFPAV13.73A DNA is depicted. Micrographs represent
cells showing cytopathic effect (a) and no cytopathic effect (b).
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times (0, 6, 12, 24, 36, and 48 h) postinfection, the infected cells were collected,
freeze-thawed, and used for titration by 50% tissue culture infectious dose (TCID50)
assay in VIDO R1 cells. As seen in Fig. 5C, PAdV-3 and PAV13.7R (PAV.13.73A revertant)
grew to a titer of 108.5 TCID50/ml at 36 h postinfection. However, PAV13.73A showed a
negligible increase in the titer.

Protein expression in PAV13.73A-infected cells. In order to assess whether re-
stricting the expression of 13.7K protein alters the expression of other PAdV-3 proteins

FIG 4 Expression of 13.7K in VIDO AS2 cell line. (A) Western blot. Proteins from the lysates (10 �l) of VIDO R1 cells (6) mock
infected (lane 1) or infected with PAdV-3 at an MOI of 2 (lane 2) and of VIDO AS2 cells (lane 3) were analyzed by Western
blotting using anti-13.7K serum. (B) Indirect immunofluorescence. Monolayers of VIDO-R1 cells (a1 to a3) or VIDO AS2 cells
(expressing protein 13.7K) (b1 to b3) were fixed with 3.7% paraformaldehyde and visualized by indirect immunostaining
using anti-13.7K serum followed by TRITC-conjugated goat anti-rabbit IgG using a confocal microscope. The nuclei were
stained by DAPI.

FIG 5 Isolation of PAV13.73A in VIDO R1 cells. (A) Schematic representation of plasmid pFPAV13.73A and plasmid pFPAV13.7R DNAs as described
for Fig. 3B. (B) Proteins from the lysates of cells infected with indicated viruses were analyzed by Western blotting using anti-DBP serum (24) as
described for Fig. 1A and B. (C) Virus growth. Confluent monolayers of VIDO R1 were infected with PAdV-3 (wild-type), PAV13.73A (13.7K point
mutation), or PAV13.7R (PAV13.73A revertant). At indicated times postinfection, the cell pellets were collected, freeze-thawed, and virus titrated
on VIDO R1 (6) cells using TCID50 assay (6, 7). Values represent averages from two independent experiments, each with triplicate samples, and
error bars represent standard deviations.
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in infected cells, VIDO R1 (6) cells were infected with PAdV-3 or PAV13.73A at an MOI of
1. At 24 h postinfection, the cells were harvested, lysed, and subjected to Western blot
analysis using protein-specific antisera. As expected, anti-13.7K serum detected a 13.7K
protein in the cells infected with PAdV-3 but not in the cells infected with PAV13.73A

(Fig. 6). Compared to PAdV-3, there appears to be a modest reduction in the level of
expression of DBP and hexon. However, compared to PAdV-3, a significant reduction in
the levels of expression of intermediate (pIX) and late viral (52K, pVIII, fiber) proteins
could be observed in PAdV-13.73A-infected VIDO R1 cells (Fig. 6).

Virus DNA replication. To determine if restricting 13.7K protein expression alters

DNA replication, we analyzed DNA replication at different time points postinfection (6,
12, 24, and 36 h) by quantitative real-time PCR. As seen in Fig. 7, there was no
significant difference in the viral genomic DNA replication of PAdV-3 or PAV13.73A in
infected cells.

Protein incorporation in PAV13.73A virions. To determine the incorporation of
viral proteins in progeny virions, CsCl-purified virions were separated by 10 to 12%
SDS-PAGE, transferred to nitrocellulose, and analyzed by Western blotting using
protein-specific sera. As seen in Fig. 8, compared to PAdV-3, no significant difference
could be observed in the incorporation of the viral proteins (pVIII, hexon, fiber, and pIX)
in purified PAV13.73A virions. However, as expected, a protein of 13.7K could be
detected in purified PAdV-3 virions but not in purified PAV13.73A virions.

FIG 6 Analysis of viral protein expression in virus-infected cells. Proteins from the lysates of PAdV-3- or PAV13.73A-infected cells were analyzed by Western
blotting using anti-pIX (23), anti-DBP (30), anti-13.7K (this study), anti-52K (23), antihexon (23), anti-pVIII (50), and anti-fiber (22) antibodies followed by alkaline
phosphatase-conjugated secondary antibodies. The �-actin was detected using anti-�-actin MAb followed by alkaline phosphatase-conjugated secondary
antibodies. The BCIP/NBT solution was used as a substrate to visualize proteins. The results were quantified using ImageJ software (http://rsb.info.nih.gov/ij/).
Values represent the means from two independent experiments, and error bars indicate SD. Significant differences (P � 0.05) are indicated with an asterisk (*).
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TEM of PAV13.73A-infected cells. To investigate if restricting the expression of
13.7K protein affects the structure of the virions, PAdV-3 and PAV13.73A individually
propagated in VIDO R1 (6) cells or PAV13.73A propagated in VIDO AS2 cells (VIDO R1
cells expressing 13.7K protein; this study) were purified by CsCl density gradient. The
purified virus particles were observed by negative-staining electron microscopy. As
seen in Fig. 9A, most of the virions of PAdV-3 or PAV13.73A cultivated in VIDO AS2 cells
were observed to have intact capsids with a typical icosahedral shape. In contrast,
PAV13.73A virions cultivated in VIDO R1 (6) cells depicted a more circular shape with
disrupted capsids.

Thermostability of PAV13.73A. The thermostability of purified virions was deter-
mined as described earlier (30). Initially, the infectivity of 105 purified viral particles was
determined by TCID50 assay after incubating the individual viruses at different tem-
peratures for 3 days in phosphate-buffered saline (PBS) containing 10% glycerol. As
seen in Fig. 9B, the thermostability or dynamics of viral inactivation of PAV13.73A grown
in VIDO R1 cells (6) appears to be different from that of PAdV-3 or PAV13.73A grown in
VIDO AS2 cells. Next, the infectivity of 105 purified virus particles was determined by
TCID50 assay after incubating the individual viruses at 37°C for different numbers of
days in PBS containing 10% glycerol. As seen in Fig. 9C, compared to PAdV-3 or
PAV13.73A (grown in VIDO AS2 cells), there was rapid loss of infectivity of PAV13.73A
grown in VIDO R1 cells (6).

DISCUSSION

Despite divergence in the size and number of genes carried by the adenovirus E3
region (10, 15–18), a positional homolog of the E3 region appears to be conserved in
members of Mastadenovirus (10–16), suggesting an important role for E3 in the virus life
cycle (17, 31–33). The proteins encoded by the E3 region not only help in immune
evasion by adenovirus (32), including modulation of leukocyte functions (31), but
are also involved in inducing lytic infection of lymphocytes (33) and helping in the
stable expression of toxic transgene products in adenovirus vectors (18). In spite of
the preservation of the E3 region and its important role in the adenovirus life cycle,
none of the proteins encoded by adenovirus E3 regions appear to be a component
of the progeny virion or required for adenovirus replication (18). In the present study,
we demonstrate that 13.7K protein encoded by the PAdV-3 E3 region is incorporated
in the mature and immature virions and appears to be essential for the replication of
PAdV-3 and stability of virion capsid. To our knowledge, this is the first report to
suggest that adenovirus E3-encoded 13.7K protein is a structural protein required for
efficient viral replication.

FIG 7 Analysis of mutant PAV13.73A. Analysis of genome replication in virus-infected cells. VIDO R1 cells
were infected with PAdV-3 or PAV13.73A at an MOI of 2 and harvested at indicated times postinfection.
The cell pellets were collected, and genomic DNA was extracted. The viral genome copy number was
determined by quantitative PCR using primers (Table 3) as described previously (46).

PAdV-3 E3 Encodes a Structural Protein Journal of Virology

October 2018 Volume 92 Issue 20 e00680-18 jvi.asm.org 9

http://jvi.asm.org


The PAdV-3 E3 region 13.7K gene, encoding a protein of 117 amino acids, is
expressed as a 13.7-kDa protein early in infection, which translocates to the nucleus of
PAdV-3-infected cells. To date, reports suggest that proteins encoded by the adenovi-
rus E3 region are not incorporated in the viral capsid (26, 28). Our observations
demonstrate that 13.7K protein is a component of mature PAdV-3 virions. First, Western
blot analysis of CsCl-purified empty and mature capsids detected a protein of 13.7K
using anti-13K serum. Second, Western blot analysis of proteinase K-treated CsCl
gradient-purified mature PAdV-3 virions also detected a protein of 13.7K using anti-
13.7K serum. Finally, proteomic analysis of protein K-treated CsCl-purified mature
PAdV-3 but not PAV13.7K3A virions using liquid chromatography-mass spectrometry
detected a protein of 13.7K.

Earlier, a mutant PAdV-3 containing a deletion of E3 ORFs including 13.7K could not
be isolated (7). Similarly, a mutant PAdV-5 containing a deletion of 12.5K, a positional
homolog of 13.7K, could not be isolated (20). These results suggested that 13.7K may
be essential for the replication of PAdV-3. The isolation of a viable mutant PAV13.7K3A

(not expressing 13.7K) using the VIDO AS2 cell line (providing 13.7K protein in trans)
confirms that 13.7K is essential for efficient replication of PAdV-3. However, the HAdV
type 5 E3-encoded 12.5K protein showing limited homology (40%) to PAdV-3 13.7K
does not appear to be essential for viral replication (18). Interestingly, homologs of
PAdV-3 ORF2 in PAdV-1 and PAdV-2 show amino acid identities of 97.4% and 94%,
respectively, with PAdV-3 ORF2 (19), suggesting that PAdVs may have a unique feature
of encoding an E3 protein, which appears to be essential for virus replication.

FIG 8 Analysis of viral protein incorporation in purified virions. Proteins from CsCl-purified PAdV-3 or PAV13.73A were separated on 10 to 12%
SDS-PAGE, transferred to nitrocellulose, and probed by Western blotting using anti-13.7K (this study), anti-pVIII (50), anti-hexon (23), anti-fiber (23),
and anti-pIX (23) sera. All data were analyzed using GraphPad Prism, version 6 (GraphPad Software, Inc., La Jolla, CA, USA). The values represent
averages from three independent experiments, and errors bars represent standard deviations.
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While deletion of some adenovirus proteins does not affect capsid formation and
genome packaging (37), it may affect virus entry in naive cells (39). In contrast, deletion
of some adenovirus proteins may lead to capsid formation but may affect genome
packaging (34–38). Inactivation of 13.7K expression did not affect (i) the virus infectivity
and DNA replication of PAV13.73A (grown in VIDO AS2 cells) or (ii) early gene expression
in PAV13.73A-infected cells. However, in spite of a reduction in the expression of some
late genes, capsid formation and virion assembly do not appear to be severely affected,
as there appears to be no difference in the incorporation of proteins in mutant
PAV13.7K3A virus capsids. Moreover, the purification of both empty and mature capsids
by CsCl gradient analysis of PAV13.73A-infected VIDO R1 (6) cells suggests that neither
capsid formation nor genome packaging is mainly affected by inactivation of 13.7K
expression.

The interaction of different structural proteins in adenovirus capsid is critical for the
stability of mature virions (40–42). Earlier reports analyzing the atomic models of
adenovirus have predicted the association of different structural proteins, which may
be required for proper assembly of adenovirus and formation of stable virions (42–45).
Further analysis of mutant adenoviruses suggested that deletion/mutation of adeno-
virus proteins, including IVa2 (34), VIII (46), and pV (40, 47), leads to the production of
disrupted/aberrant capsids. Our results demonstrate that inactivation of E3 13.7K
protein expression results in the production of disfigured capsids, suggesting that 13.7K
appears to be essential for maintaining the stability of PAdV-3 virions.

Adenovirus cement proteins (pIX, IIIa, VI, V) are arranged in two layers, viz., an outer
layer (pIX, IIIa) and an inner layer (VI, VIII, V), which are involved mainly in stabilizing the
hexon capsid (42–44). Protein pIX stabilizes the adenovirus virion by cementing the
group of nine hexons (42–44). Protein IIIa appears to cement the penton base with
peripentonal hexons. Protein IV along with other proteins (V and VIII) stabilizes adjacent

FIG 9 Purified virus analysis and interaction of protein 13.7K with other PADV-3 protein(s). (A) Electron microscopic analysis. Purified
PAdV-3 and PAV13.73A grown in VIDO AS2 cells and PAV13.73A grown in VIDO R-1 cells (6) are shown as indicated at a magnification of
�30,000. The arrows indicate enlargements of selected boxed regions of each virus (magnification, �1,000,000). (B, C) Thermostability
assay. Purified virions (105 TCID50) of PAdV-3 and PAV13.73A grown in either VIDO R1 or VIDO AS2 (expressing protein 13.7K) cells were
incubated at different temperatures for 3 days, and the residual viral infectivity was determined by TCID50 (B). Purified virions (105 TCID50)
of PAdV-3 and PAV13.73A grown in either VIDO R1 or VIDO AS2 cells were incubated at 37°C for the indicated time points (0, 1, 3, or 7
days postinfection), and the residual viral infectivity was determined by TCID50 (C).
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peripentonal hexons (42–44). It is possible that inactivation of E3 13.7K protein expres-
sion disrupts the stability of the hexon shell, leading to production of fragile capsids,
which may be broken due to harsh treatment during CsCl/TEM procedures. Alterna-
tively, it is possible that production of virions with fragile capsids could be due to the
inefficient packaging of virion DNA (48). Several lines of evidence suggest that the
capsid instability could be due to the loss of interaction of 13.7K with other adenovirus
cement proteins. First, coimmunoprecipitation experiments suggested that 13.7K in-
teracts with IIIa (23). Second, biomolecular fluorescence complementation (BiFC) assays
detected interactions of 13.7K with pIX, IIIa, and pIV (A. Said and S. K. Tikoo, unpub-
lished data). Finally, analysis of PAV13.7K3A-infected cells produced virion banding at a
CsCl gradient consistent with the DNA packaging and formation of mature virions.

The E3 region of subgroup C HAdVs encodes a membrane protein named adeno-
virus death protein (ADP), which is modified by addition of oligosaccharides and
palmitic acid (49). ADP, predominantly a late protein, promotes lysis of infected cells
(49). Although homologs of ADP have been identified in other HAdV serotypes, none
of them appear to be involved in lysis of infected cells (49).

Mutant PAV13.73A produces progeny virions without producing cytopathic effects.
It is possible that 13.7K may be involved in facilitating the lysis of infected cells.
However, the absence of amino acid homology, signal/transmembrane regions, and
potential protein modifications (absence of multiple bands in Western blots) suggests
that 13.7K may not perform function(s) similar to those of ADP. Alternatively, it is
possible that the absence of viral plaque formation is due to the presence of a low
number of progeny virus. Further experiments are required to test these speculations.

In summary, we have demonstrated that PAdV-3 13.7K protein (i) is incorporated
into purified PAdV-3 virions, (ii) is essential for virus replication in vitro, and (iii) may not
be required for virus assembly but appears to be required for maintaining the capsid
integrity.

MATERIALS AND METHODS
Viruses and cells. VIDO R1 (6), VIDO AS2 (VIDO R1 expressing PAdV-3 E3 13.7K; this study), and 293T

(ATCC CRL-3216) cells were propagated at 37°C and 5% CO2 in minimal essential medium (MEM; Sigma),
supplemented with 5% fetal bovine serum (FBS; Life Sciences), 0.1 mM nonessential amino acids (NEAA;
Life Sciences), and 50 �g/ml gentamicin (HyClone Laboratories, Inc.). Wild-type and mutant PAdV-3
viruses were propagated as described earlier (6, 7, 9).

Antibodies. Production of PAdV-3 anti-DBP serum has been described previously (30). The produc-
tion and characterization of PAdV-3 anti-hexon serum and PAdV-3 anti-fiber serum will be described
elsewhere. Briefly, anti-pIX, anti-52K, anti-hexon, anti-fiber, and anti-VIII sera recognize proteins of 22 kDa,
40 kDa, 103 kDa, 50 kDa (23), and 25/12/8 kDa (50), respectively, in PAdV-3-infected cells. The anti-�-actin
mouse monoclonal antibody (MAb; Sigma-Aldrich), Alexa Fluor 488 goat anti-rabbit goat, TRITC-
conjugated anti-rabbit and anti-mouse IgG alkaline phosphatase antibodies were purchased from
Jackson ImmunoResearch.

Antiserum against PAdV3 13.7K was produced using GST-13.7K fusion protein. A 250-bp fragment
encoding amino acids 5 to 117 of PAdV-3 E3 13.7K was amplified by PCR using primers (5=-CGGGATC
CCCCAGGGTCAGCA-3= and 5=-GCGTCGACTCAGCGGTCTCC-3=) and plasmid pFPAV200 (7) as the DNA
template. The PCR fragment was digested with BamHI-SalI and ligated to BamHI-SalI-digested pGEX5X3,
creating plasmid pGST-13.7. The GST alone or GST-13.7K fusion protein was induced and purified as
described previously (30). Rabbit procedures were approved by the University Committee of Animal Care
and Supply (protocol no. 19990212) at the University of Saskatchewan, Saskatoon, Canada, according to
guidelines set by the Canadian Council of Animal Care. Rabbits were injected with purified fusion protein
subcutaneously in Freund’s complete adjuvant followed by three immunizations 3 weeks apart in
Freund’s incomplete adjuvant. One week after the last immunization, sera were collected and tested by
Western blotting.

Construction of recombinant plasmids. The construction of plasmid pFPAV200 (7), plasmid pMCS1
(51), and plasmid pTRIP-hygro (29) has been described earlier. Plasmids pMD2 and pSPAX2 were gifts
from R. Brownlie (VIDO, University of Saskatchewan, Saskatoon, SK, Canada). The following plasmids were
constructed using standard procedures (52). The identity of the plasmids was confirmed by restriction
enzyme analysis and DNA sequencing.

(i) Plasmid pC-13.7. A 354-bp DNA fragment containing PAdV-3 13.7K gene was amplified by PCR
using plasmid pFPAV200 (7) as the DNA substrate and primers P1 and P2 (Table 3). The PCR products
were digested with NotI and XhoI and ligated to Not1-Xho1-digested plasmid pcDNA3 (Invitrogen),
creating plasmid pC-13.7K.

(ii) Plasmid pTrip-13.7-hygromycin. A 354-bp DNA fragment containing PAdV-3 13.7K gene was
amplified by PCR using plasmid pFPAV200 (7) DNA as the template and primers P3 and P4 (Table 3) and
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ligated to NotI- and XhoI-digested plasmid pTrip-hygro (containing a hygromycin resistance marker),
creating plasmid pTrip-CMV-13.7-hygromycin.

(iii) Plasmid pMCS-d13.7. A 2,653-bp MfeI-SnaBI DNA fragment of plasmid pFPAV200 was isolated
and ligated to a 2.1-kb MfeI-SnaBI fragment of plasmid pMCS1 (51), creating plasmid pMCS-13.7. Next,
a 351-bp SphI-SbFI fragment was amplified using plasmid pMCS-13.7 DNA as a template and primers P5
and P6 (Table 3). Similarly, a 609-bp SbFI-SnaBI fragment was amplified by PCR using plasmid pMCS-13.7
DNA as a template and primers P7 and P8 (Table 3). In the third PCR, these two PCR fragments were
annealed and used as a DNA template to amplify the 960-bp SphI-SnaBI DNA fragment using primers P7
and P8 (Table 3). Finally, the 960-bp SphI-SnaBI DNA was ligated to SphI-SnaBI-digested plasmid
pMCS-13.7 DNA, creating plasmid pMCS-d13.7.

(iv) Plasmid pFPAVd13.7-Kan. A 1.6-kb SbfI fragment (containing a kanamycin resistance gene) of
plasmid pUC4K was isolated and ligated to SbfI-digested plasmid pMCS.d13.7 DNA, creating plasmid
pMCS-d13.7-Kan. The recombinant plasmid pFPAVd13.7-Kan was generated by homologous recombi-
nation in Escherichia coli BJ5183 between plasmid pFPAV200 DNA and a 3,899-bp MfeI-SnaBI DNA
fragment of plasmid pMCS-d13.7-Kan.

(v) Plasmid pFPAV13.73A. A 1,713-bp fragment was amplified by PCR using plasmid pMCS-13.7 DNA
as a template and primers P9 and P10 (Table 3). Similarly, a 983-bp fragment was amplified by PCR using
plasmid pMCS-13.7 DNA as a template and primers P8 and P11 (Table 3). In a third PCR, two PCR
fragments were annealed and external primers P8 and P9 (Table 3) were used for a PCR across to give
a 2,696-bp MfeI-SnaBI fragment (containing a point mutation in start codon AUG of 13.7K, AUG to AUA).
This PCR product was digested with MfeI-SnaBI and ligated to MfeI-SnaBI-digested plasmid pMCS1 DNA
(51), creating plasmid pMCS-13.73A. The recombinant plasmid pFPAV13.73A was generated by homolo-
gous recombination in Escherichia coli BJ5183 between the SbF-I-digested plasmid pFPAVd13.7-KAN DNA
and a 2,696-bp MfeI-SnaBI fragment (containing a point mutation in start codon AUG of 13.7K, AUG to
AUA) of plasmid pMCS-13.73A.

(vi) Plasmid pFPAV13.7R. A 1,713-bp fragment was amplified by PCR using plasmid pMCS-13.73A

DNA as a template and primers P9 to P12 (Table 3). Similarly, a 983-bp fragment was amplified using
plasmid pMCS-13.73A DNA as a template and by PCR using primers P8 and P13 (Table 3). In a third PCR,
two PCR fragments were annealed and external primers P8 and P9 (Table 3) were used to amplify the
2,696-bp fragment (containing a change of AUA to AUG). This PCR product was digested with MfeI-SnaBI
and ligated to MfeI-SnaBI-digested plasmid pMCS1 (51) DNA, creating plasmid pMCS-13.7R. The recom-
binant plasmid pFPAV13.7R was generated by homologous recombination in Escherichia coli BJ5183
between the SbF-I-digested plasmid pFPAVd13.7-Kan DNA and a 2,696-bp MfeI-SnaBI fragment of
plasmid pMCS-13.7R.

Immunoblotting, silver staining, and indirect immunofluorescence (IF) analysis. Expression of
proteins was detected by Western blotting as described earlier (53). Briefly, the cells seeded in 6-well
plates were infected with virus (wild-type or mutant PAdV-3) at an MOI of 1 or transfected with individual
plasmids’ DNA (2 to 3 �g per 106 cells). At indicated times postinfection or posttransfection, the lysates
of the cells were analyzed by Western blotting using protein-specific primary antibodies and alkaline
phosphatase conjugated as a secondary antibody. The BCIP/NBT solution (nitroblue tetrazolium with
5-bromo-4-chloro-3-indolyl phosphate; Sigma) was used as a substrate to visualize target protein bands.

For IF analysis, the cells grown in two-well chamber slides were infected with wild-type PAdV-3 or
transfected with plasmid DNA (2 to 3 �g per 106 cells). After 24 h of infection or 36 h of transfection, the
cells were processed as described earlier (40) using anti-13.7K serum as a primary antibody and Alexa

TABLE 3 Oligonucleotides used in plasmid constructions

Primer Sequence (5=–3=)a

P1 TTAGCGGCCGCATGACTGACGGTCCCCAG
P2 ATTCTCGAGCTACGAGCGTTGTACAG
P3 TTATCTAGAGCCGCCACCATGACTGACGGTCCCCAGGG
P4 TTACTCGAGCTACGAGCGGTTGTACAGCTCA
P5 TTAGCATGCAATTAGCCCGGGGGCGGAGCCCTC
P6 GGCCCTGCAGGAGCCTGCTACAGAGTCCG
P7 GGCCCTGCAGGCGTCAGCCCCCTACACCTC
P8 GGCTACGTATTGCCCTACGGTTGGCTC
P9 GTTCAATTGCAATTGCATGACATCAAAAAG
P10 TGACCCTGGGGACCGTCAGTTATAGCCTGCTACAGAGTCCGTT
P11 AACGGACTCTGTAGCAGGCTATAACTGACGGTCCCCAGGGTCA
P12 TGACCCTGGGGACCGTCAGTTATGGCCTGCTACAGAGTCCGTT
P13 AACGGACTCTGTAGCAGGCTGTAACTGACGGTCCCCAGGGTCA
�-Actin FW TGTCATGGACTCTGGGGATG
�-Actin RV GGGCAGCTCGTAGCTCTTCT
Hexon FW GGCGACGGAGACCTACTTTA
Hexon RV TGAGTGTCCTCCTTGTCCAC
aSequences in italics indicate additional bases that are not present in the target sequences; restriction
enzyme nucleotide sequences are in bold letters. Underlined sequences indicate the start codon ATG
(methionine) of 13.7K changed to ATA (isoleucine) and in PAV13.7R, ATA (isoleucine) changed to ATG
(methionine).
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Fluor 488- or TRITC-conjugated goat anti-rabbit antibody as a secondary antibody. Finally, cells were
mounted by mounting buffer (Vector Laboratories) containing DAPI (4=,6-diamidino-2-phenylindole) and
inspected under a confocal microscope (Leica SP5, Zeiss Two-Photon).

For silver staining analysis, purified PAdV-3 virions untreated or treated with proteinase K were
processed and stained as described earlier (24–27).

Construction of VIDO AS2 cells (VIDO R1 cell line expressing PAdV-3 13.7K). A lentivirus system
was used to isolate VIDO R1 cells (6) expressing 13.7K as described earlier (29, 40). Briefly, 293T cells were
cotransfected with DNAs from plasmids pTrip-CMV-13.7-hygromycin, pMD2.G (expressing vesicular
stomatitis virus G protein), and pSPAX2 (expressing human immunodeficiency virus Gag/Pol protein)
using Lipofectamine 2000 (Life Technologies). After 48 h posttransfection (h p.t.), the supernatant
containing the lentivirus was harvested and used for lentivirus transduction of VIDO R1 (6) cells. After 24
h postransduction, medium was replaced by fresh medium containing 500 �g/ml hygromycin for
selection. The hygromycin-resistant cell clones were selected, propagated in hygromycin-containing
medium, and analyzed for expression of PAdV-3 13.7K using Western blot assay.

Isolation of mutant PAdV-3. VIDO R1 (6) cells or VIDO AS2 cells (this report) in 6-well plates were
transfected with PacI-digested plasmid DNA using Lipofectamine 2000 (Life Technologies). After 5 to 10
days posttransfection, the cells showing cytopathic effects were collected and freeze-thawed three times.
The recombinant virus, named PAV13.73A, was propagated in VIDO AS2 cells (6, 7) and purified using CsCl
density gradient centrifugation.

For isolation of revertant PAV13.7R, VIDO R1 (6) cells in 6-well plates were transfected with plasmid
pFPAV13.7R DNA (2 to 3 �g per 106 cells). After 3 to 6 days posttransfection, the cells showing cytopathic
effects were collected, and freeze-thawed three times. The revertant PAdV-3 virus, named PAV13.7R, was
propagated in VIDO R1 (6) cells and purified using cesium chloride (CsCl) density gradient centrifugation.

Proteinase K treatment. The purified PAdV-3 virions were treated with proteinase K exactly as
described earlier (26). Briefly, the CsCl gradient-purified PAdV-3 virions were incubated in 1 ml of MNT
buffer (20 �g proteinase K [AmbionTM; Thermo Fisher Scientific], 10 mM NaCl, 20 mM Tris-HCl [pH 7.4],
and 30 mM morpholineethanesulfonic acid) for 1 h at room temperature (RT). Treated virions were
purified by CsCl gradient density purification.

Growth of recombinant viruses. The virus titers were determined as described earlier (6, 7). In brief,
the VIDO R1 or VIDO AS2 cells were cultured in 96-well plates at 37°C and 5% CO2. Tenfold dilutions of
PAdV-3, mutant PAV13.73A, and revertant PAV13.7R were prepared in MEM supplemented with 2% FBS.
The cultured cells infected with the indicated viruses were incubated at 37°C and observed daily for
cytopathic effects (CPEs). The titer of the virus was determined using the 50% tissue infectious dose
(TCID50) assay. For virus growth kinetics, VIDO R1 cells were infected with either PAdV-3, PAV13.73A, or
PAV-13.7R separately at an MOI of 1. The infected cells were harvested at different times (0, 6, 12, 24, 36,
and 48 h) postinfection and analyzed using the TCID50 assay.

Virus DNA replication. VIDO R1 cells (6) infected with PAdV-3 or PAV13.73A were harvested at
indicated times postinfection. After centrifugation, the cell pellets were collected, genomic DNA was
extracted, and the viral genome copy number was determined by quantitative real-time PCR as described
previously (46). Specifically, two sets of oligonucleotide primers (�-actin FW and �-actin RV; Hexon FW
and Hexon RV), listed in Table 3, were used in quantitative PCR. Viral genomic replication was calculated
as the value of viral genome copy number divided by actin copy number. The experiment was performed
independently three times, and each sample was tested in triplicate.

Transmission electron microscopy. TEM analysis was carried out using CsCl gradient-purified
PAdV-3 either treated or untreated with proteinase K as described before (26). For negative-staining
preparation, the purified viruses were adsorbed for 1 min to a Formvar film on carbon-coated 300-mesh
grids (Ted Pella, Inc.). After being washed three times with distal water, the grids were stained with 0.5%
phosphotungstic acid (J. B. Em Services Inc., Dorval, QC, Canada) for 1 min. Finally, the grids with
negatively stained virus particles were photographed at 80 kV using a Philips CM10 TEM at the EM facility
of the veterinary school, University of Saskatchewan, Canada.

For TEM analysis, wild-type or mutant PAdV-3-infected cells were collected after 30 h postinfection,
fixed in 2.5% glutaraldehyde, and postfixed with 1% OsO4 in 0.1 M PBS. The cells were rapidly dehydrated
with a graded ethanol series and propylene oxide, followed by embedding of the specimens in a mixture
of propylene oxide and Epon-812 (45345-250ML-F; Sigma) for 24 h. Ultrathin sections were obtained and
stained with a Reichert Ultracut ultramicrotome and counterstained with alkaline lead citrate. Finally, the
stained sections were imaged using a Philips CM10 TEM.

Liquid chromatography-tandem mass spectrometry analysis. The LC-MS/MS analysis was per-
formed at the University of Victoria Genome British Columbia Proteomics Centre, using CsCl gradient-
purified PAdV-3. Briefly, a 100-�g sample of each protein was solubilized in 25 mM ammonium
bicarbonate prior to reduction with 15 �l of 200 mM dithiothreitol (DTT) and incubated 45 min at 37°C.
Alkylated samples were quenched and digested with 30 �l of 200 mM DTT and 10 �g of trypsin
(Promega) at 37°C for 16 h. Prior to LC-MS/MS analysis, samples were desalted using an Oasis HLB 1cc
cartridge (10 mg) and then rehydrated with 2% acetonitrile, 98% water, and 0.1% formic acid. Online
reverse-phase chromatography using a Thermo Scientific EASY-nLC II system with a reversed-phase
Magic C18AQ precolumn (Michrom BioResources Inc., Auburn, CA) was used to separate the peptide
mixture. The coupled online chromatography system with an LTQ OrbitrapVelos mass spectrometer and
equipped with a NanosprayFlex source (Thermo Fisher Scientific) was used to analyze the resulted
peptides.

Raw files were created by Fusion Control software (Thermo Scientific) and analyzed with the
Proteome Discoverer software suite (Thermo Scientific). Parameters for the spectrum selection to
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generate peak lists of the higher-energy collisional dissociation (HCD) spectra were as follows: activation
type, HCD; s/n cutoff, 1.5; total intensity threshold, 0; minimum peak count, 1; precursor mass, 350 to
5,000 Da). The peak lists were submitted to an in-house Mascot 2.4.1 server against database Uniprot-
Swissprot 20161219 (592,628 sequences; 221,445,742 residues). Statistical analyses of the Proteome
Discover result files were performed with the Scaffold Q�S software package (Proteome Software, Inc.,
Portland, OR). The identified protein sequences with a mascot score greater than 30 were considered
significant. Moreover, identified proteins were accepted when the protein probability was greater than
99.0% and contained at least 2 identified proteins or the peptide probability was greater than 95.0%
peptides (26, 28). The manual systemic evaluation was used to identify PAdV-3 peptides.

Thermostability of PAdV-3. The thermostability of purified virions was determined as described
previously (40, 46).

Statistical analysis. All data were analyzed using GraphPad Prism, version 6 (GraphPad Software,
Inc., La Jolla, CA, USA). Statistical differences among the groups were calculated using an unpaired t test.
P values are indicated in the figures.
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