JOURNAL OF VIROLOGY, Nov. 1988, p. 44314437
0022-538X/88/114431-07$02.00/0
Copyright © 1988, American Society for Microbiology

Vol. 62, No. 11

Sequence and Genetic Organization of Adenovirus
Type 35 Early Region 3

PHYLLIS R. FLOMENBERG,'* MEI CHEN,? AND MARSHALL S. HORWITZ?+4

Departments of Cell Biology,*> Medicine,' Microbiology-Immunology,® and Pediatrics,*
Albert Einstein College of Medicine, Bronx, New York 10461

Received 18 April 1988/Accepted 19 July 1988

The early transcription region 3 (E3) of group B adenovirus type 35 (Ad35), a serotype isolated primarily
from patients with acquired immunodeficiency syndrome and other immunodeficiency disorders, has been
partially sequenced. We had previously identified an Ad35 29-kilodalton (kDa) early glycoprotein which,
analogous to group C Ad2 E3-19K, associated with major histocompatibility complex class I antigens in the
endoplasmic reticulum of infected cells. The open reading frame (ORF) of the Ad35 29-kDa protein has now
been identified within a 2-kilobase-pair cloned Ad35 E3 fragment. The predicted amino acid sequence was very
similar to that of group B Ad3 E3-19K. In contrast, homology between the Ad35 and Ad2 glycoproteins was
limited to five cysteines in identical positions and a 20-amino-acid region proximal to the transmembrane
domain. In addition, 20.3- and 20.6-kDa ORFs have been identified downstream from the ORF for the Ad35
glycoprotein. Analogous 20-kDa ORFs are present in the Ad3 E3 region but are not present in Ad2 and AdS.
In contrast, the region analogous to an Ad2 11.6-kDa ORF, which is 9 kDa in size in Ad3, was absent from the
expected position within the Ad35 E3 region. Because the E3 region is likely to play an important role in the
interaction between virus and host, analysis of the function of the Ad35 E3 proteins should further our

understanding of adenovirus pathogenesis.

Adenovirus type 35 (Ad35) is a group B adenovirus that
has been isolated primarily from patients with acquired
immunodeficiency syndrome (AIDS) or other immunodefi-
ciencies (8, 28, 30). We have shown that over 10% of patients
with AIDS or AIDS-related complex surveyed at our insti-
tution had urine cultures positive for Ad35 (19). In contrast,
this serotype was isolated rarely from normal individuals
with febrile illnesses, and specific Ad35 antibody was
present only at a very low titer in pooled gamma globulin
(12). We have therefore proposed that Ad35 may be unique
from other adenoviruses in its interaction with the immune
system. Currently, there is no well-established animal model
in which to test this hypothesis.

We have focused on the characterization of the Ad35 early
transcription region 3 (E3) because this region is likely to
play an important role in the interaction between the virus
and the host. It has been demonstrated that the group C Ad2
and AdS E3 regions code for a glycoprotein, E3-19K, which
associates with major histocompatibility complex (MHC)
class I antigens (22). In addition, the E3 region is not
essential for viral replication in vitro (20) yet appears to have
been conserved among all adenovirus serotypes studied so
far (6, 11, 16, 17, 26, 29). The Ad2 glycoprotein has been
localized to the endoplasmic reticulum (ER), where it inter-
feres with the transport of class I antigens to the cell surface
(1, 3). Inhibition of the expression of class I antigens, which
are needed for cytotoxic T-lymphocyte recognition of virus-
infected cells (9), may enable adenovirus-infected cells to
evade immune recognition and facilitate latency. Besides
E3-19K, the Ad2 E3 region also contains eight other open
reading frames (ORFs) which could code for proteins impor-
tant for infection in vivo. Currently, only two other E3
proteins, coded by the 11.6-kilodalton (kDa) and 14.7-kDa
ORFs, have been shown to be synthesized in adenovirus-
infected cells (31, 33). (Another 11.6-kDa ORF is present in
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the Ad2 E3 region but is predicted to be noncoding.)
Recently, the product of the 14.7-kDa ORF has been shown
to protect infected cells against lysis by tumor necrosis
factor (14).

We have previously identified and characterized a group B
Ad35 29-kDa early glycoprotein which associated with MHC
class I antigens in the ER, analogous to the Ad2 E3-19K (11).
In contrast to the Ad2 glycoprotein, the Ad3S glycoprotein,
E29, was synthesized in much smaller amounts, was more
extensively glycosylated, and did not cross-react with poly-
clonal antibody against the Ad2 glycoprotein.

We now report the identification of the Ad35 E29 ORF
within the Ad35 E3 region. A 2-kilobase (kb) Ad35 E3
fragment from map coordinates 79.5 to 83 was cloned and
sequenced. Ad35 genomic DNA was extracted from purified
virions grown in HeLa cells infected with Ad35 Holden (30),
as previously described (18). The Ad35 BamHI A fragment,
located between 60.5 to 85 map units (m.u.) (32), was cloned
into pUC12 by standard recombinant DNA techniques. The
right-hand end of the fragment, containing the E3 region,
was subcloned by making use of one EcoRlI restriction site at
79.5 m.u. and another within the multicloning site of the
plasmid, adjacent to the BamHI site at 60.5 m.u. The
construct was cut with EcoRI and religated, and the 60.5-to-
79.5-m.u. EcoRI fragment was removed. A pUC12 plasmid
containing the remaining Ad35 fragment between the 79.5-
m.u. EcoRI site and the 85-m.u. BamHI site was obtained.
The Ad35 E3 fragment was cloned into both M13mp18 and
M13mpl9, between the EcoRI and BamHI sites in the
multicloning regions of these vectors, and sequenced in both
directions. A series of overlapping deletions within the insert
were subcloned into both M13 vectors, through the use of
the IBI Cyclone protocol, based on the method of Dale et al.
(7). Sequencing reactions were performed by using a modi-
fication of the Sanger dideoxy method (27). The sequence of
the entire 2-kb fragment was determined for both strands.

Translation of the L strand of the Ad35 1,978-base-pair E3
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DNA sequence in all three reading frames identified four
ORFs which have a capacity to code for proteins larger than
6 kDa. The predicted proteins had molecular masses of 18.5,
6.4, 20.3, and 20.6 kDa. The 2-kb Ad35 E3 nucleotide
sequence exhibited a high degree of homology to a region
within the group B Ad3 E3 sequence published previously
(29). The three largest Ad35 ORFs, 18.5, 20.3, and 20.6 kDa,
are analogous to Ad3 ORFs previously identified. The nu-
cleotide sequence of the Ad35 E3 fragment and the predicted
amino acid sequences of the four ORFs, together with the
alignment of the Ad3 sequences, are shown in Fig. 1. Figure
2 shows a schematic representation and alignment of the
Ad35 and Ad3 DNA sequences and ORFs. These data
represent the first nucleotide sequence established for the
unique group B Ad35.

Comparison of the Ad35 18.5-kDa ORF with the Ad3
E3-19K ORF revealed approximately 80% identity at both
the DNA and protein levels. Analysis of the predicted amino
acid sequence of the Ad35 ORF revealed that there are four
canonical glycosylation sites (Asn-X-Thr/Ser), an observa-
tion which is consistent with our studies of the carbohydrate
residues on the Ad3S E29 glycoprotein. The Ad35 glycopro-
tein has been shown by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis to migrate as a 29-kDa band
because of the presence of four N-linked high-mannose
oligosaccharides per molecule. The Ad3 glycoprotein has
not been characterized, but its ORF also contains four
putative glycosylation sites. In contrast, Ad2 E3-19K con-
tains two high-mannose oligosaccharides per molecule and
migrates as a 25-kDa protein (21). Hydrophobicity plots
generated for both Ad35S and Ad3 glycoproteins reveal that
both proteins have a typical NH,-terminal signal sequence, a
large hydrophobic transmembrane domain, and a short hy-
drophilic cytoplasmic tail, similar to Ad2 E3-19K (Fig. 3).

Both the Ad35 18.5-kDa and the Ad3 19.2-kDa ORFs
exhibited much more limited homology to the Ad2 E3-19K
ORF at the DNA (50%) and protein (30%) levels. This
observation was consistent with our inability to demonstrate
immunoreactivity between the Ad35 E29 glycoprotein and a
polyclonal antibody to Ad2 E3-19K. However, comparison
of the Ad35, Ad3, Ad2, and Ad5 MHC class I antigen-
binding proteins has identified one prominent region of
homology among all four proteins (Fig. 3 and 4). A con-
served stretch of 20 amino acids is located adjacent to the
transmembrane domain, within the lumenal globular domain
of the protein. In this region, 15 amino acids are identical and
3 amino acids are related (L-I, F-Y, A-T), whereas only 2
amino acids are not conserved among all four proteins. Since
group B and C glycoproteins all share the ability to bind to
MHC class I antigens, one hypothesis is that the conserved
domain represents a common binding site. This possibility is
currently being addressed by site-directed mutagenesis ex-
periments. In addition, there are five Cys residues which are
absolutely conserved, located at identical positions within
each protein. It is likely that these Cys residues are involved
in maintaining a structure that is conserved by critical
disulfide bonds.

Further comparison of the four class I antigen-binding
proteins has revealed that the last three COOH-terminal
amino acids, Lys-Met-Pro, are absolutely conserved. The
cytoplasmic-tail amino acids have been shown to be impor-
tant for localization of the Ad2 glycoprotein to the ER.
Deletion of the last eight amino acids is sufficient to allow
Ad2 E3-19K to move out of the ER (25). Our current data
suggest that three residues may be sufficient for retention of
the glycoproteins in the ER or that the three amino acids are
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an important conserved domain of the octapeptide ER
retention signal.

In addition, we have identified Ad35 E3 ORFs of 20.3 and
20.6 kDa downstream from the 18.5-kDa ORF. Both of these
ORFs are strongly predicted by TESTCODE analysis to be
coding (10). Hydrophobicity plots of the predicted amino
acid sequences indicate that both ORFs have features typical
of transmembrane proteins (data not shown). Both proteins
coded by the 20.3- and 20.6-kDa ORFs were predicted to be
heavily glycosylated because the sequences contain four and
five putative glycosylation sites, respectively. Despite these
similarities to the E29 protein, neither ORF exhibited any
homology to the 18.5-kDa ORF at either the DNA or protein
level. The 20.3- and 20.6-kDa ORFs may be distantly related
to each other, but the alignment at either the protein (27%) or
DNA (41%) level was not statistically significant.

Both the Ad35 E3 20.3- and 20.6-kDa ORFs are analogous
to two ORFs in the group B Ad3 E3 unit. Specifically, the
Ad35 20.3-kDa ORF showed 79% identity with the Ad3
20.1-kDa ORF at the DNA level and a 76% alignment at the
protein level. The Ad35 20.6-kDa ORF was 70% homologous
to the Ad3 20.5-kDa ORF at the DNA level, and the
predicted proteins were 60% identical. Neither group C Ad2
nor AdS had an analogous 20-kDa ORF within its E3 region,
which was consequently 1 kb smaller. The function of the
unique group B E3 proteins remains unclear. In addition, a
6.4-kDa Ad35 ORF was present in another reading frame
within the same DNA sequence as the 18.5-kDa ORF. It had
no analog within the E3 units of the other serotypes se-
quenced, and TESTCODE analysis yielded no prediction in
terms of probability of coding.

Unexpectedly, the analog of the Ad2 11.6-kDa and the
Ad3 9-kDa ORFs was absent from its anticipated location in
the Ad35 E3 region. Instead, directly downstream from the
20.6-kDa ORF, a DNA sequence closely related to the Ad3
10.2-kDa ORF was present (Fig. 1 and 2). The Ad35 E3
sequence data extend approximately two-thirds into this
ORF. Since both complementary Ad35 DNA strands were
sequenced at least once and the deletion observed corre-
sponds specifically to a single complete ORF, the absence of
the E3 ORF is unlikely to represent a sequencing or cloning
artifact.

It is intriguing that the equivalent of the Ad2 11.6-kDa
ORF was absent from the Ad35 E3 region. The Ad2 protein
has previously been shown to be expressed in infected cells
by analysis with antibody to synthetic peptides (33). An
analogous 9-kDa ORF is present in Ad3, and a related
7.7-kDa ORF has been identified in group B Ad7 (J. Engler,
personal communication). Perhaps the absence of an analo-
gous ORF in Ad3S is related to the unique epidemiology of
Ad3S5 infections. Ad35 has been isolated primarily from
immunosuppressed hosts such as patients with AIDS, bone
marrow transplant recipients, and children with severe com-
bined immunodeficiency disease. Ad35S infection usually
causes asymptomatic viruria but occasionally has resulted in
fatal pneumonias. Perhaps the Ad2 11.6-kDa ORF codes for
a virulence factor which is absent from Ad35. On the other
hand, it may not be an essential protein in the adenovirus life
cycle in vivo. Less likely, the ORF may be present in an
aberrant location within the Ad35 E3 region and therefore
was not included in the sequence data presented here.

In addition, the Ad35 E3 sequence does not contain the
polyadenylation [poly(A)] consensus signal that would be
predicted by comparison with the Ad2 E3 region. The Ad2
and Ad5 E3 units have been shown to encode multiple
overlapping mRNAs; the mRNAs are separated into two
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FIG. 2. Comparison of the E3 regions of Ad3 and Ad35. Align-
ment of the Ad35 sequence within the 4-kb Ad3 E3 Xhol-Ball
fragment (from 76.5 to 89.2 m.u.) (29) is illustrated schematically.
The gap in the Ad35 E3 region indicates the absence of approxi-
mately 250 nucleotides which code for a 9-kDa ORF in the Ad3
sequence. Boxes represent ORFs larger than 6 kDa. F1, F2, and F3
are the three reading frames; K, kilodaltons.

groups, E3A and E3B, on the basis of the use of two different
poly(A) sites (4, 5). The major Ad2 E3 mRNA transcribed,
which codes for E3-19K, uses the first poly(A) site down-
stream from the 11.6-kDa ORF; the poly(A) site is preceded
by the hexanucleotide signal sequence ATTAAA. The con-
sensus nucleotide sequence AATAAA is present at the
second poly(A) site, downstream from the Ad2 5'-terminal
ORF. In the Ad3 E3 region, the sequences AATAAA and

J. ViroL.

3 MGAILVVLALLSLLGLGSANLNPLDHDPCLDFDPENCTLTFAPDTSRLCGVLIKCGWDCRSVE

35 MGPILVLLVLLSLLEPGSAN—-—-YDPCLDFDPENCTLTFAPDTSRICGFLLSADGKCRSVE

2 M-RY-MILGLLALAAVCSA—--———AKKVEFKEPACNVTFKSEANE-CTTLIKCTTEHEKLI

5 M!RY-MILGLLTLASAHGT-—-—--TOKVDFKEPACNVTFAAEANE-CTTLIKCTTEHEKLL

-
3 ITHNNKTWNNTLSTTWEPGVPQWYTVSVRGPDGS IR | SNNTF fF SEMCDLAMFMSRQYDLWPP

35 lTHNNKTWNNTLSTTNEPGVPENYTVSVRGPDGSIRISNNTF FSEMCDLAMFMSKOYSLWPP

2 IRHKDKIGKYAVYAlWOPGDTNDYNVTVFOGENR-KTFMYKFFFYEMCDITMYMSKQYKLWPP

5 ON--CVENTGTFCCTAMLITVLALVCTLLYIKYKSRRSFIEE4

FIG. 4. Alignment between the Ad35, Ad3, Ad2, and Ad5S MHC
class I antigen-binding proteins. Identical residues are indicated by
a colon. Symbols: 1, conserved damains; *, Cys residues which
are absolutely conserved among the four protems

ATTAAA are present close together within the 20.1-kDa
ORF (at nucleotides 1996 and 2008), and an atypical se-
quence ATGAAA,is present at the end of the 9-kDa ORF
(nucleotide 3016); one of these sequences may function as a
poly(A) site for the Ad3 19.2-kDa ORF. In contrast, none of
the above sequences is present in an analogous location in
the Ad35 E3 sequence. It is possible that the absence of a
poly(A) site adjacent to the Ad35 18.5-kDa ORF could result
in less efficient transcription. This hypothesis is consistent
with our data that show that the Ad35 E29 glycoprotein is
produced in significantly smaller amounts compared with
Ad2 E3-19K. For instance, studies of Ad2 E3 deletion
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FIG. 3. Comparison of hydrophobicity plots for the MHC class I antigen-binding glycoproteins of Ad35, Ad3, and Ad2. Plots were
generated by the computer program ANALYSEP (Roger Staden, Medical Council Center, Cambridge, England) with the hydrophobicity
values of Kyte and Doolittle (23). A window span of seven was used. The y axis represents the hydropathy index from +50 (top) to —50
(bottom). Hydrophlllc C-terminal stop transfer regions and domains which are typical for hydrophobic N-terminal signal sequences and
transmembrane regions are indicated. CHO, Putative glycosylatlon sites. A 20-amino-acid domain that is conserved among all three
glycoproteins is indicated within the vertical lines adjacent to the transmembrane domains on each plot.
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mutants have demonstrated that the elimination of the first
poly(A) site or other defined sites downstream from the
19-kDa OREF can decrease levels of Ad2 E3-19K mRNA (2).
Altematwely, a novel sequence which can function as a
poly(A) site for the 18.5-kDa mRNA may be present in the
Ad35 E3 region. ;

The functions of the E3 proteins in adenovirus pathogen-
esis remain unclear. The MHC class I antigen-binding glyco-
protein may effect virulence or facilitate latency, but direct
evidence is lacking. Although recent studies of infection of
the cotton rat with Ad5 mutants have indicated that deletion
of E3 enhances virulence, similar experiments with hamsters
have yielded contradictory results (13, 24). We are currently
investigating an alternative model, using a mouse adenovirus
in its natural host (15). Further studies will also provide
important information in regard to the safety of using an
adenovirus E3 deletion mutant as a live-virus vaccine vector
in humans, as has been proposed elsewhere (24).
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