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The Mouse Adenovirus Type 1 Contains an Unusual E3 Region
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Since the E3 region of human adenoviruses codes for a series of proteins that are probably involved in viral
pathogenesis, the nucleotide sequence for a 3.6-kilobase DNA fragment in the corresponding region (map units
77 through 89) of the mouse adenovirus type 1 genome has been determined. Analysis of the sequence revealed
that the genes for the fiber and for the precursor to the hexon-associated protein, pVII, that usually flank the
E3 region, are well conserved. However, many of the open reading frames contained in the E3 region of human
adenoviruses between the pVIII and the fiber genes were absent from the mouse adenovirus type 1 genome.

Adenovirus genomes are organized into complex transcrip-
tion units. Early regions El and E2 of human adenoviruses
encode products that are important in cell transformation,
transcriptional activation, and viral DNA replication. Early
region E3 directs the synthesis of several proteins that appear

to be involved in the immune response and, thereby, in viral
pathogenesis. A 19-kilodalton (kDa) glycoprotein product ofE3
(gpl9), which binds the heavy chain of the class I major
histocompatibility complex (MHC) in the endoplasmic reticu-
lum membrane and blocks the appearance of the MHC on the
cell surface, has been extensively investigated (1, 3, 4, 15, 16).
Two other protein products ofE3 have interesting properties: a

14.7-kDa protein from adenovirus type 5 (AdS) E3 has recently
been shown to inhibit lysis of infected cells by tumor necrosis
factor (10), and a 10.4-kDa polypeptide downregulates the
epidermal growth factor receptor on the cell surface (5).
Because the E3 region is not essential for growth of adenovi-
ruses in tissue culture but has been preserved among most
human adenoviruses studied, it has been postulated that E3
genes control important viral pathogenesis functions in vivo.
However, because human adenoviruses are relatively limited
in their abilities to infect cells or animals of other species,
molecular studies on in vivo pathogenesis have been difficult.
Therefore, we have been characterizing the mouse adenovi-
rus for use in murine pathogenesis studies in vivo. Detailed
molecular genetic information on mouse adenovirus type 1
(MAV-1 [or FL]) has only recently begun to be available. On
the basis of regions of DNA homology with the human
adenovirus Ad2 and the polarity of encapsidation, Larsen et
al. (14) have oriented the MAV-1 genome with its EcoRI
fragment C at the left terminus. Ball et al. (2) have recently
studied the MAV-1 El transcription unit by way of genomic
and cDNA sequence analysis and have shown considerable
differences from the human ElA and E1B transcripts.

In this report, we describe the sequence of the HindlIl C
fragment of MAV-1 which extends between map units 77 and
89 (14). Corresponding regions ofhuman adenovirus genomes
contain multiple overlapping open reading frames (ORFs) of
the E3 transcription unit flanked on the left by the gene for the
hexon-associated protein precursor pVIII and on the right by
the fiber gene (7). Analysis of the deduced MAV-1 amino acid
sequence for homology and preservation of motif sequences
has revealed that two of the ORFs within the HindlIl C frag-
ment code for pVIII and the fiber. However, in contrast to the
structure of the human adenoviruses sequenced thus far, our
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analysis of MAV-1 DNA sequence (77 to 89 map units) shows
that many of the ORFs that could code for the proteins homo-
logous to those of the human adenovirus E3 region are absent.
The analysis of the E3 ORFs was approached by cloning

and sequencing the 3.6-kilobase HindIII C fragment ofMAV-
1 DNA which extends from 77 to 89 map units. MAV-1,
obtained from S. Larsen, Indiana University School of Med-
icine, Indianapolis, was propagated in mouse L cells in
suspension, and the virions were purified by standard tech-
niques used for human-adenovirus purification (11). The
HindIIl C fragment isolated from purified virion DNA was

cloned into the HindIII site of M13mpl8. A nested population
of overlapping deletions of the clone was generated by the
method of Dale and Arrow (8), using the IBI cyclone system.
Using these deletions and selected synthetic oligonucleotide
primers, both strands were sequenced in their entirety by the
dideoxy-chain termination method. DNA sequence analysis
was performed by using the sequence analysis package soft-
ware developed by the Biomathematics Computation Labo-
ratory at the University of California in San Francisco.
The nucleotide sequence for the HindIII C fragment of

MAV-1 DNA is shown in Fig. 1. Analysis of this sequence
revealed several interesting features. Initially, it resolved the
positioning of the short XhoI L and HpaI G fragments which
could not be determined by the restriction endonuclease
analysis of MAV-1 DNA (14). The 342-base-pair XhoI L
fragment was located between the XhoI A and B fragments,
and the 501-base-pair HpaI G fragment was located between
the HpaI B and C fragments (14; Fig. 2). Further analysis of
the sequence showed 9 ORFs which could code for polypep-
tides of 60 residues or more (Fig. 2). Only ORFs 6, 7, and 9
contained an initiating ATG codon from which a polypeptide
of 6 kDa or more could be synthesized. A homology search
of the predicted amino acid sequences for each of the 9
ORFs against the National Biomedical Research Foundation
protein database sequence revealed that only ORFs 6 and 7
showed significant homology with any known adenovirus
protein product. ORF 6 shared homologous sequences with
the Ad2 hexon-associated protein precursor pVIII, and ORF
7 showed structural similarities to the Ad2 fiber protein.
The fiber protein is encoded in late transcription region L5 of

the adenovirus genome and is one of the well-conserved
proteins among different adenoviruses (6, 17). Although the
most-conserved region within the fiber is the amino-terminal
(tail) portion associated with the virion capsid, a repeating
structural motifofabout 15 residues in the shaft regions ofAd2,
Ad3, AdS, and Ad7 fibers has been recognized (6, 12, 13, 17).
Such a repeating motif, consisting of periodically occuring
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FIG. 1. Nucleotide sequence of the HindIII C fragment of the
MAV-1 genome. The ORFs for the fiber, the pVIII, and the putative
glycoprotein gene (ORF 9) are shown. Salient features such as the
probable translational start sites, poly(A) signal, and y-, x-, and z-
leader-like sequences are marked. These leaders are designated on the
basis of their homology with the corresponding Ad2 sequences. Poten-
tial glycosylation sites are designated by a line above the sequence.

prolines and hydrophobic residues in the shaft region, is also
preserved in the deduced amino acid sequence for the MAV-1
fiber (Fig. 3), which further emphasizes the functional impor-
tance of the proposed structure for the adenovirus fiber (12).
The MAV-1 fiber is 612 residues long, resembling, in size, the
fibers of Ad2 and AdS (6), which are longer than those of Ad3
and Ad7 (13). Although there has been no evidence for N-
linked glycosylation of any adenovirus fiber, Hong et al. (13)
have identified three potential sites for N-glycosylation (N-
X-T/S) in the deduced amino acid sequence for the Ad7 fiber.
Four such canonical sequences are also found in the MAV-1
fiber sequence (Fig. 1). In addition to the tripartite leader
sequences which are contained in most of the adenovirus late
mRNAs, the Ad2 fiber mRNA can also contain additional
leader sequences (20). These x-, y-, and z-leader sequences
overlapped region E3, which is just upstream of the fiber gene
in the Ad2 genome. y-, x-, and z-leader-like sequences, with 54
to 65% homologies over approximately 100 base pairs, were
also found upstream of the fiber gene in MAV-1 DNA (Fig. 1).
However, the MAV-1 x, y, and z leaders are homologous to the
Ad2 y, x, and z leaders, respectively.

J. VIROL.

GAGAGGCTTTGTGAC,
CCACnATr
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FIG. 2. Comparison of the MAV-1 ORFs between map units 77 and 89 with those of Ad2 in the corresponding region. Fl, F2, and F3 are
the three reading frames; the first ATG in each of the MAV-1 ORFs is shown. For Ad2, the solid bars represent proven proteins, and hatched
bars represent proteins that are proposed to exist (adopted from Cladaras et al. [7]). Also shown are the following restriction sites for the
MAV-1 genome: ApaI (A), AsuII (As), BalI (Ba), BglII (Bg), BstXI (Bs), EcoRI (E), HindlIl (H), HpaI (Hp), KpnI (K), PstI (P), Pvu II (Pv),
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Not much is known about the structural and functional
aspects of adenoviral pVIII. The deduced amino acid se-
quence for the MAV-1 pVIII exhibited an overall homology of
about 40% compared with that of the Ad2 pVIII. By sequence
alignment it was possible to recognize three distinct domains
in the pVIII polypeptide (Fig. 4). Two highly conserved
domains (55 to 60%o identity plus an additional 10% conserv-

25 ative substitutions) at each end of the polypeptide were held
73 together by a domain that is poorly conserved (22% homolo-
4, gous). It is interesting that the previously determined partial

sequence for Ad3 pVIII (18) also exhibits the same degree of
124 homology with the C-terminal domain of MAV-1.
954 The E3 regions ofAd2 and AdS were located between the L4

pVIII gene and the L5 fiber gene (9). The E3 region for most of
170 the human subgroups (B through E) is known to encode several
140 mRNAs, which fall into two families depending on which poly
216 (A) site is used (7). There were at least 10 ORFs between the
186 genes for pVllI and fiber in Ad2 and AdS (Fig. 2); protein prod-

ucts for at least 3 of these ORFs have been identified (5, 7, 19).264 However, ORF 9 of the MAV-1 DNA (Fig. 2) was the only
232 ORF between the MAV-1 pVIII and fiber genes which was
309 capable of coding for a peptide larger than 6 kDa from an ini-
278 tiating ATG codon located at nucleotide 1242 (Fig. 1). This
361 ORF encoded a polypeptide of approximately 17 kDa, whose
229 deduced amino acid sequence contains two canonical N-glyco-

sylation sites of the form N-X-T/S (Fig. 1) and a transmem-
385 branelike stretch of hydrophobic residues near the carboxyl
368 end. Although these features suggest that this hypothetical
389 MAV-1 protein may be a homolog of the human adenovirus E3
401 glycoprotein, the predicted sequence differs from the human

adenovirus E3 glycoprotein in that the MAV-1 ORF 7 does not
449 contain an amino-terminal signal sequence required for inser-
461 tion into the endoplasmic reticulum. Such a putative sequence
509 could be spliced from DNA sequences upstream of the ORF.
521 However, the five conserved cysteines and the sequences just
509

LKZIKIO5D5ATLGrNLZLVGMSASZVTETSFYAZOY 612

FIG. 3. Structure of fiber. (A) Repeating motif sequence based
on the amino acid sequences in the shaft regions of Ad2, Ad3, and
Ad5 fibers. Position a5 is almost always a proline or a glycine,
although occasionally a lysine residue has been found in this
position. The closed boxes are occupied by hydrophobic residues.
(B) Comparison of the deduced amino acid sequence for the MAV-1

fiber with that of Ad2. The amino-terminal tail, the shaft, and the
carboxy-terminal knob regions are shown separately. The shaft is
represented as 22 motif sequences suggested for Ad2 fiber (12). The
sequences in the motif which are aligned on the almost-invariant aS
position (P/G/K) are shown in boxes. Hydrophobic residues in the
motif sequence are indicated by arrowheads. Asterisks indicate
amino acid identities between the two fibers.

Ad2

] m.u.89

_ I mu ARR
IFiber.
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FIG. 4. Alignment of MAV-1 pVIII sequence with those of Ad2
and Ad3 pVIII. For Ad3 pVIII, the complete amino-terminal se-

quences have not been reported (18).

upstream of the transmembrane domain which are conserved
in four of the human adenovirus glycoproteins (9) are absent
from the sequences of MAV-1 ORF 9. Although there is a
TATA box at nucleotide 844 and a polyadenylation signal (AA
UAAA) at nucleotide 1723 which overlaps the termination
codon for this ORF at 1725, it is unclear if ORF 9 codes for a

polypeptide product.
These results raise further questions about the E3 region of

MAV-1. The hybridization experiments of Larsen et al. (14),
the El organization data of Ball et al. (2), and our results on

pVIII and fiber presented above strongly argue that the
genome ofMAV-1 is colinear with that of other adenoviruses.
However, the absence of all or most of the MAV-1 E3
between the L4 pVIII and the L5 fiber genes suggests either
critical and complex splicing in the region to generate the
many homologs of the human adenovirus E3 ORFs or dele-
tion of functional coding sequences in this region. It is also
interesting to note that the MAV-1 genome is smaller (31
kilobases) than the 36 kilobases of human adenoviruses.
Although the nonessential regions of the MAV-1 genome may
have been inadvertently deleted during some of the earlier
passages in tissue culture, this possibility is less likely since
DNA prepared from an earlier passage (obtained from Janet
Hartley; passage 22 of October 1960) showed an identical
HindIII pattern of digestion (data not shown). A previous
report of an ElA splice downstream of MAV-1 E1B (2)
suggests that novel splicing may be possible for the MAV-1
E3 transcription unit. If the MAV-1 contains no functional
E3, it should be possible to construct recombinant MAV-1
containing the well-characterized Ad2, Ad3, AdS, or Ad35 E3
glycoprotein gene to study its function in the murine system in
vivo. By taking advantage of the well-characterized genetics
of the murine class I MHC system and the fatal adenovirus
FL disease in many mouse strains, it should be possible to
modulate the levels of MHC on the cell surface and to
determine the in vivo effect on pathogenesis. In addition,
comparable effects of the Ad2 10.4- and 14.7-kDa E3 proteins,
which interact with other host molecules potentially affecting
pathogenesis, can be studied in the murine system to assess
their functional importance in an in vivo system.
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