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Early region 3 (E3) of mouse adenovirus type 1 has the potential to produce three proteins which have
identical amino termini but unique carboxy-terminal sequences. Three recombinant deletion viruses were
constructed so that each could produce only one of the three E3 proteins. A fourth mutant that should produce
no E3 proteins was also constructed. These recombinants were able to grow in mouse 3T6 cells and produced
wild-type levels of viral mRNAs and proteins except for those specifically deleted by the mutations. Early
mRNA production from the mutant viruses was analyzed by reverse transcriptase PCR and confirmed that
each deletion mutant would be able to produce only one of the three E3 proteins. Late mRNA production was
analyzed by Northern (RNA) blotting and found to be similar in wild-type and mutant viruses. Capsid morph-
ology was unaltered in the mutant viruses as seen by electron microscopy. Immunoprecipitation of E3 proteins
from infections of mouse 3T6 cells using an antiserum specific for all three E3 proteins was used to examine
the effect of the introduced mutations on protein expression. Two mutants produced only one class of E3 pro-
tein as predicted from their specific mutations and mRNA expression profiles. One mutant virus failed to
produce any detectable E3 proteins. The predicted E3-null mutant was found to be leaky and could produce low
levels of E3 proteins. Outbred Swiss mice were infected with the E3 mutant viruses to determine if the E3 pro-
teins have an effect on the pathogenicity of the virus in mice. All of the mutants showed decreased pathogenicity
as determined by increased 50% lethal doses, indicating that the proteins of the E3 region are important
determinants of the pathogenesis of mouse adenovirus in its natural host.

Early region 3 (E3) has been found in all of the adenoviruses
identified to date. Although this region has been maintained
through the evolution of adenoviruses, it is the most highly
variant region among different subgenera of adenoviruses. This
variation may correlate with the differences in the pathogenic-
ity of these serotypes (2). Human adenovirus 2 (Ad2) E3 has
been studied extensively and has been shown to be nonessen-
tial for virus growth in cell culture (33). This region has been
implicated in mediating the interactions between the infected
cell and the host immune response (53). The E3 proteins of
adenovirus 2 and 5 (Ad2/5), which can cause acute pharyngitis
in humans, have been well characterized and found to have
functions that could be important in virus-host interactions.
The Ad2/5 gp19K is the predominant protein produced from

the E3 region during an infection (39). This protein is localized
to the endoplasmic reticulum, where it binds to and retains
the class 1 antigens of the major histocompatibility complex
(MHC) (1, 10, 21). Retention of class 1 MHC in the endoplas-
mic reticulum may enable adenoviruses to evade the T-cell-me-
diated immune response (11, 12) and contribute to the ability
of these viruses to cause persistent infections (38). Other E3
proteins that interact with immune mechanisms are the Ad2/5
E3 14.7K and 10.4K/14.5K proteins. These proteins protect
infected cells from cytolysis by tumor necrosis factor (TNF)
(24, 25, 49, 50). The E3 10.4K protein has been shown to
down-regulate the expression of epidermal growth factor re-
ceptors on the surface of infected cells (14). The E3 11.6K
protein has recently been designated as the human adenovirus

death protein because of its ability to promote the lysis of
human adenovirus-infected cells (48).
The role that the E3 proteins play in infections of the natural

host has been difficult to determine because of the species
specificity of adenoviruses. Several approaches have been used
to facilitate studies of these proteins. One is the use of the
cotton rat as a model system for human adenovirus infection.
Cotton rats infected intranasally with wild-type (wt) Ad5 de-
velop a pulmonary infection. Infection of cotton rats by a
mutant Ad5 that lacks the E3 gp19K protein results in in-
creased lung inflammation (22). It has not been shown that
gp19K can interact with the cotton rat class 1 MHC protein;
thus, it is not possible to attribute the altered pathogenicity to
the lack of gp19K interaction with class 1 MHC. In a second
model, human adenovirus is unable to replicate in mouse cells,
but at high doses it can cause murine pneumonia (23). This
model has been used to evaluate the pathology caused by
mutant viruses that lack either gp19K or the E3 functions
involved in TNF protection. Experiments in human adenovi-
rus-infected mice demonstrated that the 14.7K and 10.4K/
14.5K E3 proteins reduce the recruitment of inflammatory
cells into the alveoli of the lungs, while gp19K is incapable of
altering the immune response (46).
Another approach to studying the role of the E3 proteins in

vivo has been to insert their genes into vaccinia virus and study
the pathogenesis of this virus in mice. These experiments
showed that the gp19K protein has no effect on the pathogen-
esis of vaccinia virus (16, 27). Similar experiments have been
conducted to investigate the ability of the E3 14.7K protein to
alter vaccinia virus pathogenicity (49). Viruses used in this
study contained either the TNF gene alone or both the TNF
gene and the E3 14.7K gene. Viruses that express only the TNF
protein are attenuated in the mouse, while those expressing
both the TNF and the 14.7K proteins are not. The ability of
14.7K to counteract the antiviral activity of TNF in vivo sup-
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ports the hypothesis that this protein has a role in adenovirus
evasion of the host immune system.
We used mouse adenovirus (MAV-1) to study the function

of E3 proteins in viral pathogenesis because MAV-1 can be
studied in the natural host and because MAV-1 has some
similarity to the human adenoviruses (3, 4, 6, 13, 15, 35, 37, 40,
44, 52). The E3 region of MAV-1 encodes three transcripts
that are predicted to produce three different E3 proteins (6).
One of the MAV-1 E3 proteins, gp11K, is a peripheral mem-
brane glycoprotein that is localized to the endoplasmic reticu-
lum (7). The other two predicted E3 proteins have not been
identified in wt MAV-1-infected cultured cells.
We have developed a method that allows directed mutagen-

esis of the MAV-1 genome and have produced viral recombi-
nants with various defects in E3 expression. We describe the
construction of these viral mutants and their characterization
in both cell culture and mice. Evidence presented here indi-
cates that the E3 proteins of MAV-1 play an important role in
the pathogenesis of this virus in its natural host.

MATERIALS AND METHODS
Construction of E3 mutant plasmids. cDNA clones of mRNAs that encode

the MAV-1 E3 protein gp11K (clone pZ70) or predicted class 2 (pZ50) or class
3 (pZ333.6) proteins were digested with EcoNI at nucleotide (nt) 1155 and BstBI
at nt 1466 (6) (Fig. 1). The resulting DNA fragments that contained the specific
splice junction of the second intron from each E3 cDNA were isolated and
ligated into the MAV-1 genomic clone pBHC-2 (nt 779 to 3657 [GenBank
accession no. M30594] in pBS1) (Stratagene) that had been digested with EcoNI
at nt 1155 and BstBI at nt 1466. These plasmids were designated pCEX-1,
pCEX-2, and pCEX-3 for gp11K, class 2, and class 3 respectively. Oligonucleo-
tide site-directed mutagenesis (Amersham) was used to construct the E3-null
mutant plasmid p43MUT as follows. An oligonucleotide (MAVR876, CTCTT
TCTGCAAGCTTGTCCGAATTGAGCGGGGC [876 designates the sequence
position of the 59 end]) (obtained from Operon Technologies, Inc.) was designed
to change the ATG initiator sequences at nt 890 and 899 to TTG. This intro-
duced a conservative amino acid change from methionine to leucine in the
coding sequence of the late protein pVIII, which overlaps the 59 portion of the

E3 region. Two additional oligonucleotides, MAVR1449 (GGGGCAAGACTG
CAGTTCGAACTGG) and MAVR1596 (GTTCTGGCTGGTACCGCTGAAG
TAATC), were designed to construct a mutant that would eliminate the possi-
bility of downstream initiation from ATGs at nt 1458 and 1605, respectively.
MAVR876 created a new HindIII site, MAVR1449 created a new PstI site, and
MAVR1596 created a new KpnI site. These new restriction sites were used to
screen for the incorporation of the mutations into both plasmids and viral
recombinants. All three oligonucleotides were used to mutate the plasmid
pMUT-1 (43), which contains a MAV-1 genomic fragment from nt 1 to 3657 of
the E3 region (40) (GenBank accession no. M30594). Oligonucleotide site-
directed mutagenesis was also used to create the plasmid pMUT-3 as follows.
The plasmid pMXD containing the MAV-1 genomic sequence from 0 to 12 map
units (nt 1 to 3700 in E1) (4) was mutagenized with the oligonucleotide E1BR1
(CTACAGAATTGCCTACCACAG). This oligonucleotide contained a single
base change at nt 2373 that abolished the EcoRI recognition sequence while
maintaining the proper coding sequence for the E1B 55K protein encoded by this
region.
Production of MAV-1 recombinant viruses. pMUT-3 was treated with T7 gene

6 exonuclease (34) to produce single-stranded DNA. This was then annealed to
a MAV-1 genomic viral DNA complex (19) that had been partially digested with
exonuclease III. The DNA was then transfected into mouse L929 cells by the
calcium phosphate precipitation method (26). Virus plaques were isolated and
amplified to a high enough level to allow enough viral DNA to be isolated by the
Hirt method (32). This DNA was then analyzed by digestion with EcoRI and
HindIII. Potential mutants were further verified by differential Southern blotting
with the E1BR1 oligonucleotide (45). The EcoRI mutant virus, designated
pmE101, was plaque purified three times and grown into a virus stock. To
construct E3 mutants, pmE101 viral DNA-protein complex was isolated, digested
with EcoRI, and partially filled in by using Klenow polymerase as follows. Ten
micrograms of the DNA-protein complex was digested with 80 U of EcoRI in a
volume of 500 ml. dATP was added to a final concentration of 0.3 mM, 12 U of
DNA polymerase Klenow fragment was added, and the reaction mixture was
incubated at 308C for 30 min. This partial fill-in prevented religation of the
EcoRI cohesive ends and forced recombination between the viral DNA and
plasmid DNA to yield viable virus. Mouse 3T6 cells were cotransfected with
plasmid DNA (5 mg) from pCEX-1, pCEX-2, pCEX-3, or p43MUT and 2 mg of
a treated pmE101 complex. Virus plaques were isolated, identified by restriction
digests, and verified by PCR and sequencing (see below). The recombinant
viruses are listed in Fig. 2.
mRNA isolation and Northern blot analysis. Mouse 3T6 cells were grown

as described elsewhere (4) and infected with virus at a multiplicity of 1 PFU per
cell or were mock infected with phosphate-buffered saline. Total RNA was
isolated, and 20 mg was Northern (RNA) blotted as previously described (3).
Probes for Northern blotting were random-primer-labeled DNAs of plasmids
pATE, pFiber, and pZU14. Plasmid pATE contains the MAV-1 DNA fragment
from nt 475 to 745 of sequence in the pVIII/E3 region (6, 40) inserted into
pBluescript II SK2 (Stratagene). This sequence is the pVIII (L4) region. Plasmid
pFiber contains the MAV-1 DNA fragment from nt 2118 to 2384 inserted into
pBluescript II SK2 (Stratagene) and is the fiber gene (L5) sequence (6, 40).
pZU14 is an E3 cDNA clone that hybridizes to E3, fiber, and pVIII messages. An
rRNA-specific oligonucleotide (5) was used as a probe to correct for loading
error between samples in the quantitation process. Relative amounts of E3, fiber,
and pVIII messages were determined for each virus by quantitating the Northern
blots with a Molecular Dynamics model 425E Phosphorimager (Molecular Dy-
namics, Sunnyvale, Calif.).
Reverse transcription. Ten micrograms of total RNA was treated with 3 U of

RNase-free RQ1 DNase (Promega) to remove any contaminating genomic
DNA, extracted with phenol, and ethanol precipitated. The RNA was then

FIG. 1. Restriction sites and primers of the E3 region. Thick line, mRNA;
angles, introns. PCR primers: A, MAVRneg27; B, MAVR851; C, MAVR1098;
D, MAVRC1; E, MAVRC2; F, MAVRC3; G, MAVR1508. Nucleotide positions
of splice sites are indicated.

FIG. 2. Predicted message and protein structure of viral recombinants and wt MAV-1. Thick lines, mRNA; angles, introns. Open boxes, amino acid sequences
contained in all three E3 proteins; shaded, hatched, and stippled boxes, amino acid sequences unique to each class of E3 protein.
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reverse transcribed by using 16 U of avian myeloblastosis virus reverse tran-
scriptase (Promega) in a reaction volume of 50 ml containing 50 mM Tris-HCl
(pH 8.3), 50 mM KCl, 10 mMMgCl2, 0.5 mM spermidine, 10 mM dithiothreitol,
0.2 mM deoxynucleoside triphosphates (dNTPs), 80 U RNasin (Promega), and
40 pmol of oligo(dT) (Pharmacia) at 428C for 90 min. The reverse transcriptase
was inactivated by incubation at 948C for 10 min, and 2 ml of the resulting
product was used in each reverse transcriptase (RT) PCR.
PCR. PCR was used to verify the genomic structure of the viral recombinants.

Viral DNA was purified by boiling 100 ml of virus stock for 5 min and then mixing
with 10 ml of StrataClean resin (Stratagene). The resin was pelleted, and 2 ml of
the supernatant was used in each PCR. Primers MAVR1098 (TGTGCCTGCT
TCTACTC, oligonucleotide C in Fig. 1) and MAVR1508 (ACGCTGCTGTTA
GAAAC, oligonucleotide G in Fig. 1) were used to amplify the E3 region around
the second intron to verify the deletions in dlE303, dlE307, and dlE309. Primers
MAVRneg27 (GGAAACCTTACAAAGGC, oligonucleotide A in Fig. 1) and
MAVR1508 were used to amplify the initiator mutant pmE310. This amplified
product was then digested with HindIII to verify the mutation. Primers were
annealed at 448C, and reactions were amplified for 29 cycles. All mutant viruses
were also verified by sequencing the region containing the deletions or point
mutations by fmol sequencing (Promega). Reverse-transcribed DNA was ampli-
fied with a primer specific for each class of E3 message and a primer that
annealed upstream of the first intron (MAVR851 [CATCAGCTACAACTAG
CAGG, oligonucleotide B in Fig. 1]). This enabled us to distinguish between
DNA transcribed from mRNA and contaminating genomic DNA. The E3 class-
specific primers were as follows: MAVRC1, GGTACAGGGCAATACTGGCG
(gp11K specific); MAVRC2, GGCAATACTGGTTGTACATAC (class 2 specif-
ic); and MAVRC3, CAGAAGGTACAGGGCAATACG (class 3 specific) (oli-
gonucleotides D, E, and F, respectively, in Fig. 1). Differential annealing tem-
peratures were 558C for gp11K-specific amplification, 538C for class 2-specific
amplification, and 638C for class 3-specific amplification. All reactions were for
29 cycles and carried out in a reaction volume of 25 ml containing 50 mM KCl,
10 mM Tris-HCl (pH 9.0), 0.1% Triton X-100, 0.5 mM MgCl2, 1 U of Taq
polymerase (Promega), 0.2 mM dNTPs, and 250 ng of each primer.
Electron microscopy. Virus stocks were prepared for transmission electron

microscopy by the EM Facility at the University of Georgia College of Veterinary
Medicine. Samples were negatively stained with 2% phosphotungstic acid, pH
7.0, and viewed on a JEOL JEM 1201 transmission electron microscope at a
beam strength of 80 kV.
Cell labeling and immunoprecipitation. A multiple antigenic peptide (Eall3)

containing an amino acid sequence common to all three MAV-1 E3 proteins
(FAQKTKWENSR) was synthesized by the University of Georgia Molecular
Genetics Instrumentation Facility. This peptide was used to immunize rabbits
(University of Georgia Animal Resource Facility) to obtain an antiserum (a-
Eall3) that was specific for all three E3 proteins. Cell labeling and immunopre-
cipitation were performed as described previously (7) and used a-Eall3 anti-
serum to precipitate E3 proteins and a-EIA (38) to detect MAV-1 E1A. Proteins
were visualized on a Molecular Dynamics model 425E Phosphorimager (Molec-
ular Dynamics, Sunnyvale, Calif.). Endoglycosidase H digestions were as previ-
ously described (7).
Mouse infections. Virus stocks were diluted in conditioned tissue culture

media and injected intraperitoneally into adult NIH Swiss outbred mice (NIHS)
obtained from Harlan Sprague Dawley, Inc. The mice were monitored for clin-
ical signs and death for 21 days. Surviving mice were euthanized at 8 weeks
postinfection, and the sera were tested for antibodies to MAV-1 by enzyme-
linked immunosorbent assay (ELISA) (Charles River) using the manufacturer’s
protocol.

RESULTS

Mutagenesis of the E3 region of MAV-1. The E3 region of
MAV-1 encodes three mRNAs capable of producing three
different proteins. The genomic structure of E3 and surround-
ing regions of MAV-1 prevented straightforward deletion mu-
tagenesis of E3. The predicted mRNA for late protein pVIII is
transcribed through the E3 region, and the C-terminal amino
acid sequence of this protein is in the same frame as the
N-terminal amino acid sequence of E3 (6, 40). Because of this
overlap any disruption of the N-terminal half of E3 would also
affect pVIII. A possible splice site acceptor and initiation
codon for the late protein fiber are immediately downstream of
the E3 polyadenylation signal (6, 40). The close proximity of
these fiber sequences restricted the possible deletion of the C
terminus of the E3 region. cDNA fragments were used to
replace genomic sequence to make specific deletions of the
second intron such that only a single class of E3 message could
be produced. This enabled us to disrupt normal E3 protein

production while not disrupting the flanking late protein tran-
scription units.
An EcoNI-BstBI DNA fragment was isolated from a cDNA

clone encoding E3 gp11K mRNA (Fig. 1). This fragment con-
tained the sequence corresponding to the spliced junction of
the second and third exons, resulting in the C-terminal amino
acid sequence that is unique to gp11K. This fragment was
inserted into an EcoNI-BstBI-digested plasmid containing the
MAV-1 genomic sequence of the E3 region. The resulting E3
sequence was identical to wt sequence except that the second
intron specific for gp11K mRNA had been deleted. This dele-
tion removed the potential for differential splicing and there-
fore eliminated the possibility that messages encoding class 2
or class 3 could be produced. Similar plasmid constructs were
made by using fragments from class 2 and class 3 cDNAs. By
using oligonucleotide site-directed mutagenesis, a fourth mu-
tant plasmid, in which the two potential initiator methionines
(amino acids 1 and 4) were mutated to leucines (ATG3TTG),
was constructed. This conservative amino acid change (9) was
made to eliminate translational initiation of the E3 transcripts
while preserving the amino acid sequence of pVIII.
The E3 mutant plasmids were then recombined into the

virus genome. A critical tool for this recombination was a
MAV-1 point mutant virus that we constructed, pmE101, that
contained a unique restriction site in the E3 region. Wild-type
MAV-1 contains two EcoRI restriction sites, one in the E1B
region and one in E3. A plasmid containing the genomic se-
quence of E1B was altered by site-directed mutagenesis to
abolish the EcoRI restriction site while preserving the E1B
coding sequence. Single-stranded DNA from this plasmid was
annealed to a MAV-1 genomic viral DNA-protein complex
that had been partially digested with exonuclease III. This
DNA was then transfected into mouse L929 cells. Seventy-
eight plaques were obtained and screened for the presence of
the mutation by Southern blot and restriction digests of the
viral DNA. Only one plaque contained virus that lacked the
E1B EcoRI site. It was plaque-purified three times, confirmed
by sequencing, and designated pmE101. This virus was identi-
cal to wt MAV-1 in all respects assayed to date and was used
as wt in all further experiments.
pmE101 DNA-protein complex was digested with EcoRI

and partially filled in by using Klenow and dATP to prevent
religation of the cohesive ends. This digested complex was
cotransfected with E3 mutant plasmids into mouse 3T6 cells.
The resulting recombinant mutant viruses are listed in Fig. 2.
The genomic deletions were verified by PCR using primers
that flanked the second intron of E3 (Fig. 1 and 3A). The
deletion mutants yielded smaller amplification products (Fig.
3A, lanes 1 to 3) compared with wt virus (Fig. 3A, lane 4), as
expected. The ATG3TTG mutant was verified by HindIII
digestion of PCR products obtained with primers that flanked
the 59 end of the E3 coding region (Fig. 3B). The amplified
product from the initiator mutant pmE310 contained the di-
agnostic HindIII restriction site introduced by the mutagenesis
(Fig. 3B, lane 1). All mutants were confirmed by sequencing
and were found to contain the proper deletions or point mu-
tations (data not shown). dlE303 and dlE307 grew on mouse
3T6 cells to titers that were 10- to 50-fold lower than wt and
produced slightly smaller plaques than wt. dlE309 and pmE310
exhibited growth characteristics that were identical to wt.
RNA expression during mutant virus infections. The mu-

tants were analyzed for mRNA expression by RT-PCR using
primers that were specific for each class of E3 message (Fig. 4).
RNA was harvested from equal multiplicities of infection of
mouse 3T6 cells with each mutant and then reverse transcribed
with an oligo(dT) primer. The resulting DNA was then PCR
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amplified with a primer specific for only one class of E3 coding
sequence in the region of the second intron deletion and a
common primer that hybridizes to a sequence upstream of the
first intron (Fig. 1). These primer pairs allowed the differential
amplification of sequences that were diagnostic for the ex-
pected mRNA expression from each mutant. dlE303 produced
E3 mRNA capable of encoding only gp11K; dlE307 produced
E3 mRNA capable of encoding only class 2 protein; dlE309
produced E3 mRNA capable of encoding only class 3 protein;
pmE310 and pmE101 produced E3 mRNAs capable of encod-
ing all three E3 proteins as expected (Fig. 4). The lower inten-
sities of class 2 and class 3 signals in pmE101 correlates with
the lower abundance of clones representing these messages in
a cDNA library from MAV-1-infected cells (6). Smaller ampli-
fication products were observed in some RT-PCRs of the dele-
tion mutants (Fig. 4, asterisks). These smaller products, which
were seen in amplifications from all three mutants in various
experiments (data not shown), were isolated and sequenced.
The sequences indicated that the products corresponded to
splicing resulting from the activation of a cryptic splice accep-
tor site at nt 1234. In mRNAs in which this acceptor is used,
the first intron spans from nt 932 to 1234 instead of from nt 932
to 1085 (6). Larger amplification products (Fig. 4B and C)
resulted from the amplification of either unspliced mRNA or
genomic DNA contamination and were not reproducible.
We tested the possibility that the decreased titers of dlE303

and dlE307 were not due to the deletions themselves but rather
to negative effects on expression of the late messages that flank
the E3 region. Northern blot analysis was used to investigate
this possibility (Fig. 5). Total RNAs were isolated from mutant
and wt infections and analyzed with probes specific for fiber
(Fig. 5A), pVIII (Fig. 5B), or rRNA (data not shown). Signals
were quantitated and normalized to the rRNA probe to correct
for loading error. Although the deletion mutants produced
more fiber and pVIII mRNAs than wt (see Discussion), all of
the mutants produced late mRNAs that were the same size and
in the same fiber/pVIII ratio as wt late mRNAs (Fig. 5; com-
pare lanes 2, 4, 6, and 8 with lanes 10). These results suggest
that the growth defects seen were not due to altered expression
of these late messages.

Electron microscopy of mutant virus particles. Additional
evidence for proper late structural protein expression was ob-
tained by viewing the virus particles directly by transmission
electron microscopy. Representative pictures of each mutant
are shown in Fig. 6. All of the mutants have a structure iden-
tical to that of wt within the resolution of this technique (Fig.
6; compare pmE101 with mutant viruses).
Protein expression in mutant virus infections. The proteins

predicted to be produced by each of the mutants are repre-
sented in Fig. 2. These predictions were tested by immunopre-
cipitation of E3 proteins from infected cell lysates. To facilitate
this analysis a multiple antigenic peptide that contained 12
amino acids common to all three E3 proteins (amino acids 62
to 73) was synthesized. This peptide was used to produce an
antiserum (a-Eall3) in rabbits that could immunoprecipitate
each of the three E3 proteins from in vitro transcription/trans-
lation reactions (data not shown). Lysates from [35S]Cys-la-
beled cells that had been mock infected, infected with one of
the E3 mutants, or infected with wt virus were precipitated
with a-Eall3 immune serum. Precipitated proteins were mock
treated or treated with endo H and electrophoresed (Fig. 7).
Precipitated protein from cells infected with dlE303 (gp11K
only) migrated at a molecular size of 14K and was sensitive to
endo H (Fig. 7, lanes 1 and 2). These characteristics were
consistent with those previously described for gp11K (7). Pro-
tein precipitated from cells infected with dlE307 (class 2 only)
migrated at a molecular weight consistent with the predicted
size of a glycosylated class 2 E3 protein (Fig. 7, lane 3). This
class 2 protein was sensitive to endo H (Fig. 7, lane 4), indi-
cating that it is N glycosylated and may be retained in the
endoplasmic reticulum like gp11K (7). No immunoreactive
proteins were detected in lysates from cells infected with
dlE309 by the a-Eall3 immune serum (Fig. 7, lanes 5 and 6).
That these cells were productively infected is supported by the
presence of MAV-1 E1A protein in the dlE309-infected cell
lysate (Fig. 7, lane 13). E3 class 3 proteins were not detected in
an independently derived mutant dlE308, capable of express-
ing only class 3 (data not shown). Lysates from cells infected
with pmE310 (ATG3TTG) contained small amounts of
gp11K (Fig. 7, lanes 7 and 8), indicating that there was some

FIG. 3. Genomic PCR of viral mutants. (A) Amplification of the genomic region containing the second intron of MAV-1 E3 from DNA isolated from cells infected
with the indicated mutants (primers MAVR1098 and MAVR1508). Smaller bands (lanes 1 to 3) indicate the specific deletions of 158, 148, and 162 bp in dlE303, dlE307,
and dlE309 respectively. Wild-type (pmE101) genomic DNA from a purified virus amplification product (lane 4) is shown for size comparison. Lane 5, PCR mixture
containing no DNA. (B) Amplified products that span the region of translation initiation were digested with HindIII to test for the ATG3TTG mutation in pmE310
(primers MAVRneg27 and MAVR1508). Presence of the 917- and 618-bp digestion products (lane 1) was diagnostic for the incorporation of the point mutations (see
the text). Lane 2, PCR mixture containing no DNA; lane 4, PCR mixture containing DNA from mock-infected cells. Sizes of markers are indicated on the right.
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translation from the mutated E3 initiator in this virus. Lysates
from cells infected with wt (pmE101) virus produced only
gp11K at detectable levels (Fig. 7, lanes 9 and 10).
Mutant viruses have greater LD50s than wt virus in outbred

Swiss mice. The effects of the E3 mutations on the pathogen-
esis of MAV-1 were measured by determining the 50% lethal
dose (LD50) for each mutant in NIH Swiss outbred mice. Serial
dilutions of each mutant and wt virus were used to infect 5- to
8-week-old male mice intraperitoneally. The mice showed
signs of MAV-1 infection that were consistent with those pre-
viously reported (28, 36). The LD50s were calculated (41) and
are shown in Table 1. Two separate trials were conducted and
produced similar results. The second trial included higher di-
lutions of pmE101 (wt) and a lower dilution of dlE309 (class 3
only) to obtain precise LD50s of these viruses. An indepen-
dently derived class 3 mutant, dlE308, was also used in the
second trial and produced results that were similar to those
obtained with dlE309. pmE101 (wt) had an LD50 of less than 1
PFU, comparable to the LD50 for wt MAV-1 (36). This sug-
gests that the cell culture plaque assay used to determine
the titers of these viruses may not accurately reflect the ac-
tual number of infectious particles for mice present in the
stocks. Previous studies have indicated that MAV-1 has a par-
ticle/PFU ratio of approximately 1,000 (47). Surviving mice
were tested 2 to 8 months after injection for the presence of
MAV-1-specific antibodies, and most were found to be sero-
positive. A low percentage of mice (,5%) that received the
lowest doses of mutant virus failed to seroconvert (data not
shown).

FIG. 4. RT-PCR of viral RNA from infected mouse 3T3 cells. Amplification
of reverse-transcribed DNA from cells infected with either dlE303, dlE307, dlE309,
pmE310, or pmE101 (lanes 1 to 5, respectively). cDNA controls for gp11K, class 2, and
class 3 were pZ70, pZ50, and pZ333.6 (lanes 7 to 9, respectively). Lane 6, PCR mix-
ture containing no DNA. (A) Amplification using primers specific for gp11K mes-
sages (primers MAVRC1 and MAVR851); (B) amplification using primers speci-
fic for class 2 messages (primersMAVRC2 andMAVR851); (C) amplification using
primers specific for class 3 messages (primers MAVRC3 and MAVR851). Expect-
ed amplification products are indicated by arrows. Smaller amplification products
(asterisks) are a result of novel splicing (see the text). Sizes of markers are indicated.

FIG. 5. Northern blot analysis of RNA from infected mouse 3T6 cells.
Twenty micrograms of total RNA harvested from cells at 22 (E) or 44 (L) h
postinfection with each of the indicated mutants was separated on a 1% agarose
gel and blotted to nitrocellulose. The blot was probed with either a fiber-specific
probe (A) or a pVIII-specific probe (B). Sizes of RNA markers are shown on the
right. Quantities of mRNA relative to wt (100%) are shown below. The ratios of
fiber to pVIII were as follows: dlE303, 1.04; dlE307, 1.09; dlE309, 1.06; pmE310,
0.92; pmE101, 1.00.
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DISCUSSION

We have used directed mutagenesis of MAV-1 to construct
viral recombinants that contain mutations of the E3 region.
These mutations resulted in the expression of reduced levels of
protein from the E3 region or expression of only one of the
three possible E3 proteins. The altered protein production of
these recombinant viruses resulted in a decreased pathogenic-
ity in outbred Swiss mice.
All of the E3 mutants constructed grew in cell culture, indi-

cating that the E3 proteins are not essential for viral replica-
tion in culture. Two mutants, dlE303 and dlE307, grew to titers
that were 10- to 50-fold lower than that of wt virus. Several

observations have indicated that the lower titers of these vi-
ruses may be due to an impaired ability of these viruses to form
plaques. Northern blots (Fig. 4) were performed with RNA
from cells that were infected with equal multiplicities of infec-
tion based on plaque titers. The increased levels of all viral
RNAs examined for the dlE303 and dlE307 mutants (Fig. 3
and data not shown) suggest that these virus stocks contained
a larger number of infectious particles than indicated by the
plaque assay. Further evidence for this was obtained during the
electron microscopy study of the various virus stocks. All of the
preparations of the virus stocks contained similar numbers of
particles when viewed by electron microscopy or quantitated
by DNA content, although the dlE303 and dlE307 titers as
determined by plaque assays were 10- to 50-fold lower than wt
(data not shown). Further studies are in progress to investigate
the plaquing efficiency, small plaque phenotype, and particle/
PFU ratios of these mutants.
Mutant pmE310 contains two point mutations that change

the potential initiator methionine codons (ATG) to leucine
codons (TTG). Surprisingly, this mutant was able to produce
small amounts of E3 proteins. Nonmitochondrial translational

FIG. 6. Transmission electron microscopy of viral mutants and wt MAV-1. Virus stocks from infected mouse 3T6 cells were negatively stained. Magnification,
3335,000.

FIG. 7. Immunoprecipitation of 35S-labeled E3 proteins from mutant- or
wt-infected mouse 3T6 cells. Proteins were precipitated with a-Eall3 antisera and
either mock treated (2) or treated (1) with endoglycosidase (1) (lanes 1 to 10).
Proteins were precipitated with a-E1A antisera as a control for virus infection
(lanes 11 to 15). Proteins were electrophoresed on a 10 to 18% gradient sodium
dodecyl sulfate-polyacrylamide gel and visualized on a Phosphorimager. Sizes of
protein markers are indicated on the right.

TABLE 1. E3 mutant virus LD50s

Virus
LD50 (log PFU)a

Trial 1 Trial 2

pmE101 ,0 20.8
pmE310 1.8 1.2
dlE303 3.8 3.5
dlE307 3.4 3.8
dlE309 .4 4.7
dlE308 NDb 4.0

a Determined from two independent infections of adult NIHS Swiss outbred
mice. Six mice per dose were inoculated intraperitoneally with the indicated
viruses at 10-fold serial dilutions. Mice were monitored for 21 days postinfection
for mortality. LD50s were calculated by the method of Reed and Muench (41).
b ND, not determined.
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initiation in eukaryotes from TTG codons has been reported
(29, 54), and we believe that this type of initiation event is
responsible for the low levels of translation in pmE310. dlE303
and dlE307 expressed the expected single E3 proteins of the
appropriate size. However, dlE308 and dlE309 did not produce
any E3 proteins detectable by immunoprecipitation. Cells in-
fected with pmE101 produced only gp11K at detectable levels.
This expression pattern is consistent with the fact that gp11K
mRNAs appear to be present at higher levels in infected cells
compared with class 2 and class 3 mRNAs. This greater abun-
dance of gp11K mRNA has been suggested by the higher
relative number of gp11K clones in a cDNA library from in-
fected cells (6) and the stronger gp11K signal in RT-PCR of
RNA from wt-infected cells (Fig. 4, lanes 5). The relative
abundance of all spliced mRNAs and thus the relative protein
levels of MAV-1 E3 may be dependent on the tissue or cell
type. Cell-specific splicing control has been seen in transgenic
mice expressing the human adenovirus E3 (20). It is possible
that, during MAV-1 infections of mice, each class of E3 pro-
tein is more abundantly expressed in a certain tissue type
where it plays a specific role.
All of the mutations of MAV-1 E3 resulted in a decreased

pathogenicity in outbred Swiss mice. This observation suggests
that these proteins have an important role in the life cycle of
the virus in its natural host. pmE310 had an LD50 that was only
slightly greater than the LD50 of wt virus. pmE310 is capable of
producing gp11K and presumably also the other two E3 pro-
teins at low levels. The lower LD50 of this virus implies that
the quantities of the E3 proteins are an important determinant
of the pathogenesis of the virus. Two mutants, dlE303 and
dlE307, had similar increases in LD50s relative to wt. Because
both of these mutants lack the ability to express the class 3
protein, it is possible that this decreased lethality is due to the
lack of the class 3 protein. dlE308 and dlE309 are indepen-
dently derived mutants capable of expressing only class 3 pro-
teins. These viruses had the most impaired ability to cause
disease in the mice, as indicated by the greatest LD50s. It is
difficult to predict the importance of each E3 protein in the
pathogenesis of the virus on the basis of the LD50 experiments
presented here. However, these experiments suggest that more
than one of the three E3 proteins is essential for normal dis-
ease production in the natural host.
The E3 mutant viruses were tested in vivo by intraperitoneal

injection, the commonly used route of experimental MAV-1
inoculation. Little is known about the natural route of trans-
mission of MAV-1. Evidence suggests that natural transmis-
sion requires direct contact with infected animals. Thirty-five
percent of uninoculated mice housed in the same cage with
artificially infected mice developed antibodies to MAV-1,
while no mice housed in separate cages in the same room
seroconverted (30). After intraperitoneal inoculation, the virus
spreads throughout the mouse and can be isolated from the
kidney, heart, spleen, brain, adrenal glands, pancreas, and liver
(8, 31). In adult outbred Swiss NIHS mice the highest levels of
MAV-1 viral DNA are detected in the spleen and brain (36).
MAV-1 infection results in an acute central nervous system
disease producing ataxia, tremor, and paralysis in infected mice
(28, 36). Histological analysis of tissue samples from mice
showing signs of MAV-1 central nervous system disease were
consistent with these clinical signs. MAV-1 infection of adult,
immunocompetent mice can also result in a persistent infec-
tion characterized by high serum antibody titers and prolonged
viruria (42, 51). It will be interesting to determine whether the
E3 mutant viruses exhibit altered tissue tropism or an altered
ability to establish or maintain a persistent infection.
Disruption of normal MAV-1 E3 protein expression has a

dramatic effect on the pathogenicity of the virus. This finding
fits well with the observation that the variation between differ-
ent adenovirus E3 regions correlates with the different types of
pathogenesis in these viruses. The correlation of loss of E3
functions to a decrease in the virulence of MAV-1 in its natural
host is similar to what is seen in the canine adenovirus, CAV-1,
the causative agent of infectious canine hepatitis. The attenu-
ated vaccine strain of CAV-1 and the wt CAV-1 replicate
equally well in cultured cells, yet the vaccine strain is non-
pathogenic in the animal. The only known difference between
these two strains is that the vaccine strain has a large deletion
in the E3 region (17, 18). The effects of E3 deletions on
pathogenicity in both MAV-1 and CAV-1 are contrary to the
results obtained by using human adenovirus mutants to infect
animal models, in which the deletion of E3 results in increased
virulence. This difference could indicate that the E3 proteins of
different adenoviruses have evolved to perform very specific
functions that are unique in the pathogenicity of each virus in
its host. Alternatively, discrepancies between the results for
MAV-1 and CAV-1 compared with human adenovirus in mice
may be due to the fact that the latter is a heterologous, non-
replicative model.
Further studies using these mutant viruses and wt MAV-1 to

infect mice that have specific immune system deficiencies will
enable a complete analysis of the MAV-1 E3 proteins and their
functions. The ability to construct viral recombinants that can
be used to infect the natural host, combined with the vast
potential of the mouse as a research animal, should provide
valuable insight into how the E3 proteins contribute to the
pathogenicity of adenoviruses.
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