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An essential oncogenic determinant of subgroup D human adenovirus type 9 (Ad9), which uniquely elicits
estrogen-dependent mammary tumors in rats, is encoded by early region 4 open reading frame 1 (E4 ORF1).
Whereas Ad9 E4 ORF1 efficiently induces transformed foci on the established rat embryo fibroblast cell line
CREF, the related subgroup A Ad12 and subgroup C Ad5 E4 ORF1s do not (R. T. Javier, J. Virol. 68:3917-
3924, 1994). In this study, we found that the lack of transforming activity associated with non-subgroup D
adenovirus E4 ORF1s in CREF cells correlated with significantly reduced protein levels compared to Ad9 E4
ORF1 in these cells. In the human cell line TE85, however, the non-subgroup D adenovirus E4 ORF1s produced
protein levels higher than those seen in CREF cells as well as transforming activities similar to that of Ad9 E4
ORF1, suggesting that all adenovirus E4 ORF1 polypeptides possess comparable cellular growth-transforming
activities. In addition, searches for known proteins related to these novel viral transforming proteins revealed
that the E4 ORF1 proteins had weak sequence similarity, over the entire length of the E4 ORF1 polypeptides,
with a variety of organismal and viral dUTP pyrophosphatase (d{UTPase) enzymes. Even though adenovirus E4
ORF1 proteins lacked conserved protein motifs of dUTPase enzymes or detectable enzymatic activity, E4 ORF1
and dUTPase proteins were predicted to possess strikingly similar secondary structure arrangements. It was
also established that an avian adenovirus protein, encoded within a genomic location analogous to that of the
human adenovirus E4 ORF1s, was a genuine dUTPase enzyme. Although no functional similarity was found for
the E4 ORF1 and dUTPase proteins, we propose that human adenovirus E4 ORF1 genes have evolved from an
ancestral adenovirus dUTPase and, from this structural framework, developed novel transforming properties.

Human adenoviruses are organized into six different sub-
groups (A to F) and, in people, cause respiratory, gastrointes-
tinal, and ocular infections (39, 40). Most human adenoviruses
are also able to morphologically transform cultured rodent
fibroblasts; in addition, subgroup A and B adenoviruses as well
as subgroup D adenovirus type 9 (Ad9) are tumorigenic in
rodents (28). Whereas subgroup A and B adenoviruses elicit
undifferentiated sarcomas at the site of virus injection (28, 85),
subcutaneous or intraperitoneal injection of subgroup D Ad9
into rats produces exclusively estrogen-dependent mammary
tumors (2, 3, 42). For subgroup A and B adenoviruses, the viral
E1 region, consisting of the E1A and E1B transcription units,
is both necessary and sufficient for tumorigenicity (28). In
contrast, subgroup D Ad9 requires early region 4 (E4) open
reading frame 1 (ORF1) for its unique mammary oncogenicity
(43, 45).

Analysis of available adenovirus DNA sequences indicates
that all human adenoviruses, except those of subgroup F, code
for E4 ORF1 proteins. Deletion of E4 ORF1 sequences does
not measurably affect the replication of adenoviruses in stan-
dard permissive human cell lines, and for this reason, the
function of E4 ORF1 in the viral life cycle has not been de-
termined (8, 30, 41, 45). Nevertheless, in addition to its essen-
tial role in mammary tumor production by Ad9, the 14-kDa
Ad9 E4 ORF1 (90ORF1) polypeptide alone is capable of in-
ducing transformed foci, morphological alterations, anchor-
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age-independent growth, increased saturation densities, and
greatly enhanced oncogenicity in the established rat embryo
fibroblast cell line CREF (45, 88). Together, these findings
indicate that 9ORF1 encodes an oncoprotein. In CREF cells,
the 9ORF1 protein is seen primarily within punctate cytoplas-
mic structures by indirect immunofluorescence (88). The
mechanism by which this novel viral oncoprotein transforms
cells remains to be determined.

Because subgroup D 9ORF1 is a potent transforming gene
in CREEF cells, we reasoned that related E4 ORF1s from other
adenovirus subgroups would have similar abilities to transform
cells. Consequently, it was surprising that expression plasmids
encoding subgroup A Ad12 E4 ORF1 (120RF1) and subgroup
C AdS5 E4 ORF1 (50RF1) fail to induce transformed foci on
CREF cells (45). In the present study, we found that this
seeming absence of transforming activity for the non-subgroup
D virus E4 ORF1s was related to deficient protein expression
in CREF cells. Moreover, using a human cell line that ex-
pressed higher levels of the non-subgroup D virus E4 ORF1
proteins, we were able to demonstrate that all E4 ORF1s had
comparable growth-transforming activities. These results indi-
cated that the adenovirus E4 ORF1s represent a family of
functionally related transforming genes.

Additional findings reported in this study suggest that the
adenovirus E4 ORF1 transforming proteins may be distant-
ly related to dUTP pyrophosphatase (dUTPase) enzymes.
dUTPases are essential cellular phosphoproteins (23, 27, 50)
that serve two important purposes by catalyzing the hydroly-
sis of dUTP to dUMP and pyrophosphate. Reducing cellular
dUTP pools decreases the potentially mutagenic misincorpo-
ration of uracil into replicating DNA (71); in addition, gener-
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ating dUMP yields a precursor for dTTP biosynthesis. A fun-
damental role for this enzyme in DNA replication is further
underscored by the fact that human dUTPase exists in both
nuclear and mitochondrial forms (51). Analogous to other cellu-
lar factors that participate in DNA replication, the levels of
dUTPase enzymatic activity are cell cycle regulated and corre-
late with the proliferative state of cells (21, 34, 36, 65, 66, 81).
Also relevant is the observation that dUTPases are frequently
encoded by DNA viruses and retroviruses (22, 57). In this
study, we determined that the adenovirus E4 ORF1 proteins
exhibited sequence and predicted structural similarities with a
variety of dUTPases, including a dUTPase encoded by an avian
adenovirus. While a common function was not revealed, the
results suggest that the adenovirus E4 ORF1 transforming
proteins may be structurally and evolutionarily related to an
important enzyme of nucleotide metabolism.

MATERIALS AND METHODS

Cell lines, PCR primers, and plasmids. CREF (26) and TES85 (56) cell lines
were grown in culture medium (Dulbecco’s modified Eagle medium supple-
mented with 20 pg of gentamicin per ml) containing 6 and 10% fetal bovine
serum (FBS), respectively. Cells were maintained in a humidified incubator
under a 5% CO, atmosphere at 37°C.

Subgroup A 120RF1, subgroup C SORF1, and subgroup D 9ORF1 were PCR
amplified as previously described (45). Subgroup B Ad3 E4 ORF1 (30RF1),
avian adenovirus type 1 CELO dUTPase, and human dUTPase were PCR
amplified from Ad3 viral DNA, CELO viral DNA, and plasmid pHUMDUT1
(58) templates, respectively, using the following primer sets flanked by BarmHI
and EcoRI sites (restriction enzyme sites underlined): 30RF1, 5'CTC GGA
TCC ATG ATT GAG GCT TTG TAT3’ and 5'CTC GAA TTC AAA CAA
GCG TCA TAT CAT3’; CELO dUTPase, 5'CTC GGA TCC ATG GAC CCG
TTC GGT TCT3' and 5'CTC GAA TTC TCA ACG GGA ACC AGG GGT3';
and human dUTPase, 5'CTC GGA TCC ATG CAG CTC CGC TTT GCC3' and
5'CTC GAA TTC TTA ATT CTT TCC AGT GGA3'. The primer set for
30RF1 was based on the related Ad34 E4 DNA sequences (15). E4 ORF1 and
dUTPase PCR products yielded full-length polypeptides except for the human
dUTPase PCR product, for which the published amino acid sequence (58),
coding for an enzymatically active protein (18), was used but has recently been
demonstrated to be missing the amino-terminal 23 residues of the wild-type
nuclear enzyme (51). The influenza virus hemagglutinin (HA) epitope tag (24)
was placed at the amino terminus of each E4 ORF1 from adenovirus subgroups
A to D by PCR amplification from viral DNA templates, using the following
primer sets (HA epitope tags underlined): HA-120RF1, 5'ATG GCT TAC
CCA TAC GAT GTA CCT GAC TAT GCG GCT GCT TTT GAG ACT CTT3'
and 5'CTC GAA TTC TTA AAT TAA AGA TGC CTG3’; HA-30RF1, 5’ATG
GCT TAC CCA TAC GAT GTA CCT GAC TAT GCG ATT GAG GCT TTG
TAT GTC3' and 5'CTC GAA TTC AAA CAA GCG TCA TAT CAT3'; HA-
50ORF1, 5'ATG GCT TAC CCA TAC GAT GTA CCT GAC TAT GCG GCT
GCC GCT GTG GAA GCG3' and 5'CTC GAA TTC TTA AAC ATT AGA
AGC CTG3'; and HA-9ORF1, 5'ATG GCT TAC CCA TAC GAT GTA CCT
GAC TAT GCG GCT GAA TCT CTG TAT GCT3’ and 5'CTC GAA TTC
ACA GAA AGC ATG CAC TAA3'.

For the construction of cytomegalovirus (CMV) expression plasmids, wild-
type and tagged E4 ORF1 PCR products were blunt ended and cloned into the
blunt-ended BamHI site of the pCMV-Neo-Bamj; expression plasmid (32). Wild-
type 120RF1, 50RF1, and 9ORF1 CMYV expression plasmids were described
previously (45). For the construction of plasmids encoding glutathione S-trans-
ferase (GST) fusion proteins, wild-type E4 ORF1 and dUTPase PCR products
were digested with BamHI and EcoRI and cloned into the corresponding re-
striction enzyme sites of plasmid pGEX-2T (Pharmacia Biotech Inc.). All plas-
mid constructs were verified by sequencing.

Cell pools of stable transformants and transformation assays. Cell pools of
stable CREF and TESS5 transformants were generated as previously described
(88). Briefly, 20 pg of plasmid DNA was transfected onto subconfluent cells by
calcium phosphate precipitation with a glycerol shock (47). At 72 h posttrans-
fection, cells were passaged at low density (5 X 10° cells per 10-cm-diameter
dish) into culture medium supplemented with FBS and G418 (Gibco BRL Life
Technologies, Inc.). Selections with CREF and TES85 cells used G418 concen-
trations of 360 and 115 pg/ml, respectively. Each cell pool was produced by
collecting all G418-resistant colonies (more than 100) appearing on a single
10-cm-diameter dish after 10 days of selection in G418. Focus and soft-agar
transformation assays were performed as previously described (45, 88).

Immunoblot analyses. Cell lysates were prepared in radioimmunoprecipita-
tion assay buffer (50 mM Tris-HCI [pH 8.0], 150 mM NaCl, 1% [vol/vol] Nonidet
P-40, 0.5% [wt/vol] sodium deoxycholate, 0.1% [wt/vol] sodium dodecyl sulfate)
containing protease inhibitors (300 pg of phenylmethylsulfonyl fluoride per ml
and 6 pg each of aprotinin and leupeptin per ml). Immunoblot analyses were
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performed as described previously (88), using the HA epitope-specific monoclo-
nal antibody 12CAS (Berkeley Antibody Co.).

GST fusion proteins and dUTPase enzyme assays. The purification of GST
fusion proteins from bacteria transformed with pGEX-2T constructs was per-
formed by standard methods (76). Isopropyl-B-p-galactoside (IPTG)-induced
bacteria were lysed in Triton X-100 solubilization buffer (50 mM Tris-HCI [pH
8.0], 120 mM NaCl, 50 mM EDTA, 10 mM B-mercaptoethanol, 3 mg of lysozyme
per ml, 1% [vol/vol] Triton X-100, protease inhibitors) and centrifuged at
12,000 X g for 15 min, and the resulting bacterial supernatants were incubated
with glutathione-Sepharose beads to isolate soluble GST proteins. After several
washes of the beads with NTN buffer (20 mM Tris-HCI [pH 8.0], 100 mM NaCl,
0.5% [vol/vol] Nonidet P-40), GST proteins were eluted into elution buffer (0.1
M Tris-HCI [pH 8.0], 120 mM NaCl, 40 mM glutathione), examined on a protein
gel with standards to ascertain their concentration and purity, and adjusted to a
final concentration of 1 ng per ul with elution buffer for subsequent use in
dUTPase enzyme assays (see below). As a negative control standard for the
enzyme assays, mock-protein preparations were prepared identically to the GST
proteins, using bacterial supernatants derived from IPTG-induced bacteria trans-
formed by plasmid pUC19.

dUTPase enzyme assays were performed as described by others (48, 89). An
equal volume of either purified GST protein, elution buffer (no protein), or
mock-protein preparation, brought to 50 pl with elution buffer, was mixed with
50 pl of reaction buffer (0.1 M Tris-HCI [pH 8.0], 4 mM B-mercaptoethanol, 2
mM MgCl,, 4 mM p-nitrophenylphosphate, 0.2% bovine serum albumin, 1 pCi
of deoxy[5-*H]uridine 5'-triphosphate [15 Ci/mmol]) and incubated for 5 min at
37°C. Half of each reaction mixture was spotted onto a 2.3-cm-diameter DE-81
paper disc, which was washed three times with 1 mM ammonium formate—4 M
formic acid, washed once with 95% ethanol, and dried. The amount of radioac-
tivity retained on the paper disc was quantitated with a liquid scintillation
counter. Data are reported as percent dUTP hydrolyzed by each protein relative
to the amount of dUTP remaining following an enzyme reaction with the mock-
protein preparation, which routinely yielded the lowest dUTP hydrolysis values.
For dUTPase enzyme substrate competition experiments, 100 wM unlabeled
dUTP, UTP, or dATP was included in the reaction mixtures, which were pro-
cessed as described above.

Protein sequences, alignments, secondary structure predictions, and phyloge-
netic analyses. Sequences used in this study were derived from GenBank. Hu-
man adenovirus E4 ORF1 and porcine adenovirus type 3 (PAV-3) E4 ORF3
protein sequences were used intact for the sequence analyses, whereas additional
nonconserved amino- or carboxy-terminal sequences for some dUTPases were
trimmed to produce dUTPase core sequences (see Fig. 5). The dUTPase core
sequences were used in dUTPase:dUTPase pairwise sequence comparisons,
multiple sequence analyses, and secondary structure predictions. For E4
ORF1:dUTPase pairwise sequence comparisons and phylogenetic analyses,
dUTPases were further trimmed to generate truncated dUTPase core sequences,
which represented the regions of the dUTPase polypeptides having sequence
similarity with the E4 ORF1 proteins (see Fig. 4).

Pairwise and multiple sequence alignments were performed with the GAP
algorithm of the Genomics Computing Group, Inc. (GCG), software package
and the PIMA software program version 1.4, respectively (77, 78). Protein sec-
ondary structures were predicted by the PHD secondary structure prediction
program (Heidelberg University) (73), and phylogenetic trees were generated by
the parsimony method, using the PAUP software program version 3.1 (83).

RESULTS

Non-subgroup D adenovirus E4 ORF1s exhibit weak trans-
forming activity compared to 9ORF1 in CREF cells. Using
CMV expression plasmids, we previously reported that sub-
group D 9ORF1 potently induces transformed foci on CREF
cells, whereas subgroup A 120RF1 and subgroup C 5ORF1 do
not (45). In addition to confirming these previous results, we
found that a subgroup B 30RF1 CMYV expression plasmid also
fails to generate transformed foci on CREF cells (Fig. 1A),
indicating that among the representative E4 ORF1s from each
adenovirus subgroup, only subgroup D 9ORF1 was capable of
focus formation on these cells.

The large difference in focus-forming potential on CREF
cells between 9ORF1 and non-subgroup D virus E4 ORF1s
was unexpected for several reasons. The E4 ORF1 genes are
situated at identical positions within the genomes of subgroup
A to D human adenoviruses (15, 31, 33, 44), and the amino
acid sequences of their predicted polypeptides showed signif-
icant similarity, ranging from 44.8 to 51.2% amino acid identity
and 64.8 to 69.4% amino acid similarity (Table 1). This degree
of protein similarity was comparable to that of subgroup A to
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A

M-AAFETLYVYFTGPGAMLPKQEGDSNAYVLFSPANFVIPPHGVV 44

B 120RF1
30RF1 M---IEALYVYLEGPGATLPEQQQRNN-YIFYSPVPFTLYPRGVA 41
50RF1 MAAAVEALYVVLEREGAILPRQEGFSGVYVFFSPINFVIPPMGAV 45
90RF1 M---AESLYAFIDSPGGIAPVQEGTSNRYTFFCPESFHIPPHGVV 42
120RF1  LLYLHIAVDIPPGYLGTLFSLCDMNARGVFVGAETLYPGSRMELS 89
30RF1 LLYLKLSTIIIPRGYVGCFFSLTDANMSGLYASSRITIHAGHREELS 86
50RF1 MLSLRLRVCIPPGYFGRFLALTDVNQPDVFTESYIMTPDMTEELS 90
90RF1 LLHLKVSVLVPTGYQGRFMALNDYHARDILTQSDVIFAGRRQELT 87
120RF1 VLLFNHSCVFCDVRAKQPVARLLLSRVVFPPVCQASLI 127
30RF1 VLLFNHNDRFYEGRAGDPVACLVMERLIFPPVRQATMI 124
50RF1 VVLFNHGDQFFYGHAGMAVVRLMLIRVVFPVVRQASNV 128
9ORF1 VLLFNHTDRFLYVRKGHPVGTLLLERVIFPSVKIATLY 125

FIG. 1. (A) Focus transformation assays in CREF cells with wild-type human
adenovirus E4 ORF1s. Focus assays were performed as described previously (45)
by transfecting subconfluent CREF cells on 10-cm-diameter dishes with 20 g of
either the empty CMV expression plasmid (vector) or CMV expression plasmids
encoding the indicated adenovirus E4 ORF1s. After 4 weeks, transformed foci
were visualized by fixing the cells in methanol and staining them with Giemsa
stain. (B) Sequence alignments of the human adenovirus E4 ORF1 proteins from
subgroups A to D. The multiple sequence alignment was performed with the
PIMA multiple sequence alignment algorithm (77, 78). Boldface letters desig-
nate amino acid residues conserved between the four human adenovirus E4
ORF1 proteins.

D and F adenovirus 13S E1A proteins, which exhibited 36.8 to
50.2% amino acid identity and 60.3 to 69.7% amino acid sim-
ilarity (reference 74 and data not shown). Also, a multiple
protein sequence alignment further revealed that greater than
25% of the E4 ORF1 amino acid residues were conserved for
all of the polypeptides (Fig. 1B). Together, these results were
consistent with the idea that all human adenovirus E4 ORF1
proteins are both evolutionarily and functionally related and
suggested that, despite the results of focus assays with CREF
cells, all adenovirus E4 ORF1s might possess at least some cell
growth-transforming activity. Therefore, with this expectation,
we performed additional experiments in an attempt to expose
transforming activities for the nonsubgroup D virus E4 ORF1s.

In separate studies with transformation-defective mutant
90RF1 proteins, we have observed that growth in soft agar is
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a more sensitive assay than focus formation for detecting weak
transforming activity with CREF cells (unpublished results).
Consequently, we reasoned that reduced transforming activi-
ties for the non-subgroup D virus E4 ORF1s might be ob-
served in soft-agar transformation assays. Using an empty
CMYV expression plasmid or CMV plasmids encoding each E4
ORF1, we established cell pools of stable CREF cell transfor-
mants by G418 selection and tested the resulting cells for the
ability to form colonies in soft agar. During these selections,
the non-subgroup D virus E4 ORF1 plasmids yielded equiva-
lent numbers of G418-resistant colonies as the 9ORF1 plas-
mid, suggesting that the lack of transforming activity for the
former plasmids was not the result of toxicity (data not shown).
Consistent with the focus assays shown in Fig. 1A, the trans-
forming activities in these soft agar assays for the non-sub-
group D virus E4 ORF1s were significantly lower than that of
90RF1 (Fig. 2A), which, as reported previously (88), potently
induced anchorage-independent growth in CREF cells (clon-
ing efficiency of approximately 30%). Nevertheless, whereas
the SORF1 plasmid failed to elicit any detectable transforming
activity, the 120RF1 and 30ORF1 plasmids consistently in-
duced small numbers of CREF cell colonies (cloning efficien-
cies of approximately 1 to 3%) larger than those produced by
the empty CMV plasmid. These results gave the first indication
that, besides 9ORF1, other E4 ORF1s may indeed possess
transforming activity.

Non-subgroup D adenovirus E4 ORF1s display significantly
lower protein levels than 9ORF1 in CREF cells. Lower protein
levels for the non-subgroup D virus E4 ORF1s compared to
90RF1 might account for their weaker transforming activities
in CREF cells. Consequently, we next investigated E4 ORF1
protein expression in these cells. For these analyses, we chose
to tag the E4 ORF1 proteins at their amino termini with an HA
epitope because this approach would allow us to directly com-
pare their steady-state protein levels in cells. The tag did not
significantly alter the transforming phenotypes of the E4
ORF1s, as CREF cell pools selected for each corresponding
pair of wild-type and tagged E4 ORF1 CMV plasmids yielded
similar results in soft-agar transformation assays (Fig. 2A). We
next compared protein expression of the different tagged E4
ORF1s in these same CREEF cell pools by immunoblot analysis
(Fig. 2B). The results of these analyses indicated that non-
subgroup D virus E4 ORF1 proteins were expressed at signif-
icantly lower levels than the 9ORF1 protein, with only small
amounts of 120RF1 protein and no 30RF1 or SORF1 protein
being detected. In protein gels, the tagged 120RF1 displayed
a mobility consistent with its predicted molecular weight (Fig.
2B), as did the other tagged non-subgroup D virus E4 ORF1

TABLE 1. Sequence similarities between subgroup A to D
human adenovirus E4 ORF1 proteins

% Amino acid identity” (% amino acid similarity) to:

Protein

PAV-3
120RF1 30RF1 50RF1 90RF1 E4 ORF3

PAV-3E4 194 (484) 224(474) 21.0(452) 26.6(47.6) 100

ORF3

90ORF1 48.8(67.2) 452(67.7) 44.8(64.8) 100

5ORF1 51.2(67.7) 46.0(66.1) 100

30RFI 48.4 (69.4) 100

120RF1 100

“ Determined for full-length sequences by using the GAP algorithm (gap
creation penalty = 3.00; gap extension penalty = 0.10) of the GCG sequence
analysis software package. PAV-3 E4 ORF3 was included because it may be an
E4 ORF1 homolog (see text).



1860 WEISS ET AL.

A VECTOR -
= , p—
alliglisiiaine
S & 8 %R

——
14kD -

120RF1 HA-120RF1

X

30RF1 HA-30RF1

N . ;e .

.’ L ]

50RF1 HA-50RF1

90RF1 HA-90RF1
A AREE @00
. “o‘ y . : .
- R ® v’ i ' v
‘ .‘ .; .’;" .‘S i ‘r'. : ~. .‘.
| i ® # * » v "».. i
’ .: «'h " .‘_.
LI - & e _ o

J. VIROL.



VoL. 71, 1997

proteins (see below), but for unknown reasons, the tagged
90RF1 protein migrated more slowly. Reduced protein ex-
pression by the tagged non-subgroup D virus E4 ORF1s com-
pared to tagged 9ORF1 was also seen following transient
transfection of plasmids in CREF cells (data not shown).
Moreover, the same transformation and protein expression
results as those described for the E4 ORF1s in CREF cells
were obtained in the murine fibroblast cell line C127 as well
(data not shown). While functional defects for the non-sub-
group D virus E4 ORF1 proteins in CREF and C127 cell lines
cannot be ruled out, insufficient protein expression was the
simplest explanation for their lower transforming potentials
compared to 9ORF]1.

Expression of higher levels of the non-subgroup D adenovi-
rus E4 ORF1 proteins in the human TES85 cell line results in
transforming activity comparable to that of 9ORF1. One pos-
sible inference from the results presented above was that
higher expression of the non-subgroup D virus E4 ORF1 pro-
teins in cells would produce transforming activities like those
of the 9ORF1 protein. To test this hypothesis, we sought to
identify a nontransformed cell line that could express non-
subgroup D virus E4 ORF1 proteins at levels equivalent to that
of the 9ORF1 protein. Because low expression of non-sub-
group D virus E4 ORF1 proteins had been observed in two
different rodent fibroblast cell lines (CREF and C127) and
because human cells represent the natural host for adenovirus
infections, we reasoned that expression of all E4 ORF1 pro-
teins might be the same in a human cell line. In support of this
notion, human HeLa and 293 cell lines expressed comparable
levels of all E4 ORF1 proteins (data not shown). These highly
transformed cells, however, are unsuitable for transformation
studies. These observations led us to evaluate human TES5
cells, a nontumorigenic anchorage-dependent cell line derived
from an osteosarcoma (56).

As with the CREF cell analyses described above, cell pools
of stable TES85 transformants were selected for the empty
CMV plasmid and CMV plasmids containing each tagged E4
ORF1 and analyzed for protein expression by immunoblot
analysis. From these experiments, it was determined that hu-
man TES85 cells expressed most non-subgroup D virus E4
ORF1 proteins at levels comparable to that of the 9ORF1
protein, with tagged 30RF1 protein being expressed at lower
levels (Fig. 3A). With respect to the findings with CREF cells
(Fig. 2B), these results also demonstrated that the non-sub-
group D E4 ORF1 expression plasmids were not generally
defective for protein expression. More important, for these
TESS cell pools expressing higher relative amounts of the non-
subgroup D virus E4 ORF1 proteins than CREF cells, all of
the E4 ORF1 proteins, including the 30RF1 protein, con-
ferred similar transforming activities in soft-agar transforma-
tion assays (Fig. 3B). The mean cloning efficiencies for the TE8S
cells expressing the tagged E4 ORFl1s in these experiments
were 17.8% * 2.0% (120RF1), 30.9% = 4.2% (30RF1),
42.0% = 4.3% (SORF1), and 27.6% * 3.1% (9ORF1). Similar
results were also obtained with TES85 cell pools selected for
the wild-type E4 ORF1 expression plasmids (Fig. 3B). Signif-
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icantly, these findings suggested that all human adenovirus E4
ORF1 proteins exhibit comparable growth-transforming activ-
ities when assayed in an appropriate cell line.

Adenovirus E4 ORF1 proteins have limited sequence simi-
larity with dUTPase enzymes. To identify proteins that
might be related to the E4 ORF1 transforming proteins, we
performed BLAST searches of databases with these viral
sequences. Besides the expected similarities between the E4
ORF1 proteins themselves (Table 1), these searches also
revealed weaker sequence similarities to an assortment of
dUTPase enzymes. The known or putative dUTPases show-
ing sequence similarity to all E4 ORF1 proteins were derived
from humans (Homo sapiens), yeasts (Candida albicans and
Saccharomyces cerevisiae), plants (Lycopersicon esculentum [to-
mato]), and two types of DNA viruses (adenovirus [avian ad-
enovirus CELO] and poxviruses [vaccinia, variola, and Orf
viruses]). In some cases, similarities with retrovirus (e.g., feline
immunodeficiency virus, equine infectious anemia virus [EIAV],
and visna virus) dUTPases were also detected. In addition to
the sequence similarities observed between E4 ORF1 and the
dUTPase proteins, it was also significant that one putative
dUTPase was encoded by an avian adenovirus distantly related
to human adenoviruses (16).

To determine whether E4 ORF1 and dUTPase sequence
similarities were limited to a portion or the entire length of
either protein, we performed pairwise alignments between full-
length E4 ORF1 and dUTPase sequences. From such analyses,
it was determined that the sequence similarities between E4
ORF1 and dUTPase proteins extended over the entire lengths
of the E4 ORF1 proteins and that dUTPases were longer than
E4 ORF1 proteins by invariably having extended carboxy ter-
mini and by sometimes also having additional sequences at
their amino termini. The nonconserved extended amino-termi-
nal residues of human dUTPase, and probably other dUTPases
as well, are dispensable for enzymatic activity (18). Typical
sequence similarities and differences observed between the E4
ORF1 and dUTPase polypeptides are illustrated by two rep-
resentative pairwise alignments shown in Fig. 4.

We next quantitated sequence similarities between the E4
OREF1 proteins and 18 different dUTPase proteins, including
several from prokaryotes. Because dUTPases are longer than
E4 ORF1 proteins, dUTPases were trimmed to those se-
quences having similarity to the E4 ORF1 sequences for these
analyses (see Fig. 4 and Materials and Methods). Using these
truncated dUTPase core sequences, we tabulated protein sim-
ilarity values (percent amino acid identity and similarity) for all
possible combinations of pairwise alignments with the full-
length E4 ORF1 sequences (Table 2). The results indicated
that the dUTPases from C. albicans, S. cerevisiae, and L. escu-
lentum, as well as avian adenovirus CELO, showed the highest
similarity values by being the only enzymes having =21.0%
identity and =49.6% similarity with all of the E4 ORF1 pro-
teins. In general, however, the similarity values between E4
ORF1 and dUTPase proteins were low, ranging from 9.6 to
29.8% identity and 36.7 to 57.3% similarity. Nevertheless,
some of the highest similarity values between the E4 ORF1

FIG. 2. (A) Soft-agar transformation assays in CREF cells with wild-type and epitope-tagged human adenovirus E4 ORF1s. CREF cell pools of stable transformants
were generated as described in Materials and Methods with the empty CMV expression plasmid (vector) or CMV expression plasmids encoding the indicated wild-type
or HA epitope-tagged adenovirus E4 ORF1s. Soft-agar assays were performed by suspending 10° viable cells in culture medium containing 10% FBS and 0.4% Noble
agar (88). Photographs were taken 18 days (vector and wild-type E4 ORF1s) or 21 days (epitope-tagged E4 ORF1s) after plating in soft agar (magnification, X18.6).
Arrows indicate examples of 120RF1- and 30RF1-induced colonies larger than those produced by the empty CMV plasmid. (B) Expression of HA epitope-tagged E4
ORF]1 proteins in CREF cell pools. CREF cells from the pools used for panel A were lysed in radioimmunoprecipitation assay buffer, and 150 pg of each of the resulting
proteins was resolved on a 15% Laemmli gel, transferred to a polyvinylidene difluoride membrane, and immunoblotted with the HA-specific monoclonal antibody

12CAs.
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FIG. 3. (A) Expression of HA epitope-tagged human adenovirus E4 ORF1s in TESS cells. TES5 cell pools of stable transformants were generated as described in
Materials and Methods with either the empty CMV expression plasmid (vector) or CMV expression plasmids encoding the indicated HA epitope-tagged adenovirus
E4 ORFls. Expression of HA epitope-tagged E4 ORF1 proteins was determined by immunoblot analysis as described in the legend to Fig. 2. (B) Soft-agar
transformation assays in TE85 cells with wild-type and epitope-tagged human adenovirus E4 ORF1s. TES85 cell pools of stable transformants were generated as
described for panel A, and soft-agar assays were performed as described in the legend to Fig. 2. Photographs were taken 16 days (vector and epitope-tagged E4 ORF1s)
or 21 days (wild-type E4 ORF1s) after plating in soft agar (magnification, X18.6).

and dUTPase proteins were higher than the lowest similarity
values between the dUTPase core sequences (see Materials
and Methods) of distantly related dUTPase proteins (Table
3). For example, the E4 ORF1:dUTPase similarity values be-
tween 9ORF1:C. albicans, 30RF1:C. albicans, and 30RF1:
CELO (see Table 2, boxes) were all higher than the dUTPase:
dUTPase similarity values between Mycobacterium leprae:
EIAV, Shope fibroma virus:EIAV, CELO:EIAV, Shope fi-
broma virus:visna virus, and Orf virus:visna virus (Table 3,
boxes). In summary, the results presented above suggested that
E4 ORF1 and dUTPase proteins may be distantly related.
Adenovirus E4 ORF1 proteins are not dUTPase enzymes. In
light of the observed sequence similarities, we wanted to de-
termine whether E4 ORF1 proteins had dUTPase enzymatic
activity. The likelihood of this possibility was first assessed by
further comparisons of the E4 ORF1 and dUTPase protein
sequences. Known dUTPase enzymes display five conserved
motifs (I to V) which are believed to function in substrate
binding and catalysis (52, 57). In particular, motif V exhibits
similarity with the phosphate-binding-loop domains of nucle-
otide-binding proteins (13, 57, 62) and hence has been postu-
lated to participate in dUTPase binding to the phosphate res-
idues of dUTP. We hypothesized that if E4 ORF1 proteins
were to have dUTPase enzymatic activity, the conserved
dUTPase domains would be maintained in the E4 ORF1 pro-
tein sequences. To facilitate the identification of possible
dUTPase motifs within the E4 ORF]1 proteins, we aligned the
E4 ORF1 sequences and dUTPase core sequences from the 18

A

90RF1 1

human dUTPase 51

90RF1 29

dUTPase proteins and, using the locations of the dUTPase
motifs as guides, looked for conserved amino acid residues
within analogous positions of the adenovirus E4 ORF1 poly-
peptides (Fig. 5). The results clearly demonstrated that
dUTPase motif V was missing in the E4 ORF1 proteins, as it
resided within the carboxy-terminal dUTPase sequences ab-
sent from the E4 ORF1 proteins. In addition, close inspection
of E4 ORF1 sequences in regions equivalent to the remaining
four conserved dUTPase motifs indicated that the E4 ORF1
proteins preserved few, if any, of the conserved amino acid
residues within these locations. The results of these sequence
comparisons suggested that E4 ORF1 proteins do not have
dUTPase enzymatic activity.

We next tested this prediction by assaying the E4 ORF1
proteins for dUTPase enzymatic activity. For this purpose, we
used purified recombinant GST fusion proteins expressed in
bacteria because, for several different dUTPases, this approach
yields fusion proteins with enzymatic activity (10, 18, 48). A
GST-human dUTPase fusion protein, similar to an enzymati-
cally active recombinant protein reported by others (18), was
used as a positive control in these experiments. In the
dUTPase enzyme assays, this GST-human dUTPase construct
exhibited high levels of enzymatic activity (92.1% dUTP hydrol-
ysis) compared to the negative control GST protein (12.2%
dUTP hydrolysis) (Fig. 6A). Moreover, consistent with the E4
OREF1 proteins not preserving dUTPase conserved domains,
none of the GST-E4 ORF1 proteins showed dUTPase activity
above that of the GST negative control. The absence of de-

human dUTPase 1 MPCSEETPAISPSKRARPAEVGGMQLRFARLSEHATAPTRGSARAAGYDL 50

MAESLYAFIDSPGGIAPVQEGTSNRYTF 28

YSAYDYTIPPMEKAVVKTDIQIALPSGCYGRVAPRSGLAAKHFIDVGAGV 100

FCPESFHIPPHGVVLL

HLKVSVLVPTGYQGRFMALNDYHARDIL.TQSDV 77

IDEDYRGNVGVVLFNFGKEKFEVKKGDRIAQLICERIFYPEIEEVQALDDTERGSGGFGSTGKNS 164

human dUTPase 101
I I I I O e I I P e T I I I
90RF1 78 IFAGRRQELTVLLFNHTDRFLYVRKGHPVGTLLLERVIFPSVKIATLV 125
B Shope dUTPase 1 MSLYVKCVKLSNNAITIPNRSMSGSAGYDLYSAYSYTVKPYNRILVRTD 48
R [ E A R I A S
50RF1 1 MAAAVEALYVVLEREGAILPRQEGFSGVYVFFSPINFVIPPMGAVMLSLR 50

Shope dUTPase 49

50RF1 51

Shope dUTPase 99

50RF1 100

FFYGHAGMAVVRLMLIRVVFPVVRQASNV

ICLMIPDKCYGRISPRSGLSLNYNIDIGGGVIDSDYRGEIGIVFINNGCS 98

LRVCIPPGYFGRFLALTDVNQP.DVFTESYIMTPDMTEELSVVLFNHGDQ 99

DFNIKVGDRIAQIIFERVEYPIMEEVKCLEDTERGNSGFGSSGM 142

128

FIG. 4. Pairwise alignments between representative full-length adenovirus E4 ORF1 and dUTPase protein sequences. (A) Human dUTPase and 9ORF1 protein
sequences. (B) Shope fibroma virus dUTPase and SORF1 protein sequences. Pairwise alignments were generated by using the GAP algorithm of the GCG software
package (gap creation penalty = 3.00; gap extension penalty = 0.10). Positions of amino acid identity are indicated by vertical lines, whereas high and low degrees of
similarity between amino acid residues are denoted by double and single dots, respectively. For the two representative alignments, note that (i) the sequence similarity
extends over the entire length of the E4 ORF1 protein, (ii) human dUTPase has additional amino- and carboxy-terminal amino acid residues compared to the E4 ORF1
protein, and (iii) Shope fibroma virus dUTPase has only additional carboxy-terminal sequences compared to the E4 ORF1 protein. The five conserved motifs of
dUTPase enzymes are indicated in Fig. 5.
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TABLE 2. Sequence similarities between adenovirus E4 ORF1 proteins and 18 different dUTPase proteins

% Amino acid identity” (% amino acid similarity) to dUTPase protein from:

Retrovirus

DNA virus

Eukaryote

Prokaryote

Protein

Shope Orf Avian Visna
HSV-1 virus adenovirus - SRV-1 MMTV EIAV FIV

fibroma

Vaccinia

H. sa-

S. cere-

C. albi-

virus

L. escu-
piens lentum virus

visiae

M. leprae

CELO

virus

cans

C. bur-
netii

H. influ-

E. coli

enzae

142(458) 17.0(39.0) 18.7(43.9) 17.4(455) 184 (55.2)

24.6 (56.3)
248(504) 23.9(469) 265(47.8) 260 (48.8) [293(56.9)] 25.0(533) 220(480) 26.0(50.4) 195(49.6) 17.7(529) 207 (44.8) 23.6(480) [280(559)] 20.9(47.0) 17.4(38.8) 172(393) 150(36.7) 16.1(49.2)

16.0 (52.8) 20.0 (49.6) 23.0(53.2)

19.0 (50.8)

195 (53.7) 24.6 (54.8)

11.0 (46.5) 27.6(52.8) 27.8(563) 22.4(50.4)

227(522) 189 (44.3)

120RF1
30RF1
5ORF1
90ORF1

137 (51.6)

165 (45.7)
14.8 (37.7)

14.8 (47.5)
20.8 (45.0)

19.7 (44.3)
12.1 (40.3)

15.0 (46.7)
142 (48.3)
17.6 (49.6)

22.8 (49.6)
25.8 (55.7)
28.8(55.2)

16.8 (38.7)  23.0 (46.0)
14.1(43.0) 21.0 (45.2)
175 (41.7)  32.8 (52.0)

17.6 (52.0)
18.9 (53.3)

17.3 (49.6)
19.4 (48.4)

195 (49.6) 23.0 (52.4)
19.5(49.6)  21.0 (50.0)

16.1 (47.6) 23.1(49.6) 23.0(51.6) 27.2(52.8)

17.6 (39.5) 21.8 (46.8)
PAV-3E4 202(524) 22.6(51.6) 21.8(46.8) 24.8(47.9) 27.2(52.0) 24.0(552) 35.0(58.5) 30.6(55.6) 282(57.3) 31.2(53.6)

19.4 (47.6)
16.0 (41.6)

14.1 (48.4)
9.6 (41.6)

172 (51.6)

29.8(57.3)] 26.7(53.3)

17.4 (44.6) 207 (50.4)

19.7 (41.0) 209 (51.3)

ORF3"

“ Determined for full-length E4 ORF1 and truncated dUTPase core sequences (see Materials and Methods) as described in the footnote to Table 1. Abbreviations not given in the text: H. influenzae, Haemophilus
influenzae; C. burnetii, Coxiella burnetii; SRV-1, simian retrovirus type 1; MMTV, mouse mammary tumor virus; FIV, feline immunodeficiency virus; HSV-1, herpes simplex virus type 1. The boxes represent E4

ORF1:dUTPase pairs having some of the highest sequence similarities for these analyses (see text).

® Included because it may be an E4 ORF1 homolog (see text).

J. VIROL.

tectable dUTPase activity for the recombinant E4 ORF1 pro-
teins in the enzyme assays was further supported by the fact
that, in contrast to mammalian cells overexpressing Escherichia
coli dUTPase (12), transformed CREF cells overexpressing the
90RF1 protein did not show elevated or altered levels of
dUTPase activity (data not shown). Together, these findings
strongly suggested that E4 ORF1 transforming proteins are
not dUTPase enzymes.

Adenovirus E4 ORF1 proteins may be evolutionarily related
to dUTPase enzymes. As mentioned above, an avian adenovi-
rus (CELO) encodes a putative dUTPase which, compared to
17 other dUTPases, was among four having the highest se-
quence similarity with the E4 ORF1 proteins (Table 2). Sig-
nificantly, the gene for this putative dUTPase has been pro-
posed to be situated in a genomic location analogous to that of
the human adenovirus E4 ORF1 genes (1, 16). While dUTPase
enzymatic activity has not been demonstrated for the CELO
protein, it displayed extensive sequence similarity with the
human dUTPase protein (Table 3) and preserved all of the
dUTPase conserved motifs (Fig. 5). Therefore, we tested a
GST-CELO protein construct for dUTPase enzymatic activity.
As opposed to the GST-E4 ORF1 proteins, the GST-CELO
protein possessed significant dUTPase enzymatic activity, be-
having like GST-human dUTPase in the enzyme assays (Fig.
6A). Additionally, as reported for other dUTPases (48, 87, 89),
the enzymatic activity of the CELO protein was competed
almost completely by unlabeled dUTP, but not UTP or dATP,
further indicating that dUTP was a specific substrate for this
enzyme (Fig. 6B). From these results, we concluded that the
CELO protein was a genuine dUTPase enzyme. More impor-
tant, considering the sequence similarity between E4 ORF1
and dUTPase proteins, this finding hinted to the possibility
that human adenovirus E4 ORF1 genes evolved from an an-
cestral adenovirus dUTPase gene.

Adenovirus E4 ORF1 proteins may have structural similar-
ities with dUTPase enzymes. Sequence similarity between pro-
teins may indicate structural and/or functional relatedness.
As described above, despite having sequence similarity with
dUTPases, the E4 ORF1 proteins lacked detectable dUTPase
enzymatic activity. We also failed to detect a physical associa-
tion between the 9ORF1 and human dUTPase proteins; in
addition, we did not observe cellular growth-transforming ac-
tivity for expression plasmids encoding human, avian adenovi-
rus CELO, vaccinia virus, or mouse mammary tumor virus
dUTPase genes (data not shown). Therefore, utilizing com-
puter programs capable of predicting protein secondary struc-
tures with reasonable accuracy, we next addressed the possi-
bility that the E4 ORF1 proteins are structurally related to the
dUTPase proteins. The rationale for these analyses was that
similar types and arrangements of protein secondary structures
for polypeptides might indicate related tertiary structures.

The crystal structure of E. coli dUTPase has been solved and
shows an interdigitating trimer, with each subunit adopting an
eight-stranded jelly roll conformation (13, 52). Using this de-
tailed structural information, we first evaluated the accuracy
of three different computer programs (73, 79, 92) to correct-
ly predict the known secondary structures of this relevant
dUTPase. While all programs identified most of the known
secondary structures, the PHD program (73) predicted second-
ary structures with highest accuracy in the test comparisons
with the E. coli dUTPase protein. The E. coli dUTPase protein
consists of eight major B-strands (31 to B8), of which B5 is
separated into two smaller B-strands by a short loop region.
Also present in the molecule are two shorter B-strands (2/3
and B6/7) and an a-helical region (a4/5) between 4 and B5. In
the test analysis, the PHD algorithm (i) properly identified p1,



TABLE 3. Sequence similarities among 18 different dUTPase proteins

% Amino acid identity’ (% amino acid similarity) to dUTPase protein from:

dUTPase Prokaryote Eukaryote DNA virus Retrovirus

protein Avian

from: E coli H-infu- Cobur- leprae C. albi- S. cere- H. sa- L. escu-  Vaccinia mmﬁmw_w% 2 HSV-1 Orf adeno- Visna SRV-1 MMTV EIAV FIV

enzae netii cans visiae piens NNE::S virus . virus virus virus
virus
CELO

HSV-1 331(583) 355(55.8) 38.7(60.6) 35.9(55.6) 33.6(55.7) 303(53.5) 363(593) 37.9(529) 33.6(53.3) 343(545) 100  403(61.2) 29.1(51.8) 29.0(58.8) 33.1(55.9) 39.3(59.3) 29.7(543) 30.4 (54.8)
FIV 30.6(59.0) 29.1(56.7) 34.6(54.9) 321(586) 29.0(552) 27.9(59.3) 329(564) 324(61.3) 35.0(60.8) 32.4(59.7) 30.7(60.0) 283(59.3) 44.9(684) 350(562) 37.1(557) 45.8(71.8) 100
EIAV 243(60.0) 27.9(586) 29.5(56.1) [254(549)] 288(521) 283(517) 328(628) 283(60.1) 315(538) [24.5(554)) 288(55.5) [260(54.1)] 426(66.9) 30.4(585) 292(555) 100
MMTV 358(61.2) 343(59.1) 388(60.4) 31.9(565) 37.6(549) 31.4(529) 36.6(56.7) 34.6(549) 32.6(533) 333(519) 37.8(55.6) 37.0(57.0) 32.1(56.5) 46.5(59.2) 100
SRV-1 292(555) 312(504) 353(53.7) 37.8(574) 343(56.9) 33.8(58.1) 32.6(533) 324(55.1) 32.8(52.6) 34.1(54.1) 33.1(53.7) 29.1(49.6) 305(55.7) 100
Visna virus 299(619) 34.6(632) 331(556) 287(574) 324(59.6) 304(548) 301(551) 341(607) 324(574) [267(504) [279(522)] 316(59.6) 100
Avian adeno-  32.0(59.2) 33.6(56.8) 33.6(55.5) 40.8(62.6) 51.0(69.7) 52.8(704) 59.6(78.0) 57.2(76.6) 50.0(68.5) 50.7 (70.7) 58.9(73.3) 100

virus CELO
Orf virus 329(54.1) 349 (541) 375(54.9) 381(612) 53.7(68.7) 49.3(651) 69.5(78.7) 56.8(70.5) 53.4(71.2) 51.4(72.5) 100

Shope fibroma 373 (58.5) 38.0(61.3) 33.8(53.5) 39.4(59.2) 44.2(70.3) 41.5(63.4) 52.1(729) 472(704) 57.4(75.2) 100
virus

Vaccinia virus ~ 31.5 (55.5) 37.2(56.6) 38.3(53.9) 40.4(582) 459(685) 42.8(64.8) 63.6(79.3) 52.8(70.8) 100

L. esculentum 35.9(60.0) 37.2(61.4) 35.9(58.6) 41.8(59.6) 56.2(73.3) 50.0(67.1) 61.4(75.0) 100

H. sapiens 32.6(58.9) 37.6(58.9) 40.0(58.6) 39.7(63.1) 60.3(72.3) 54.2(70.7) 100
S. cerevisiae 303 (61.4) 32.4(60.0) 37.2(60.0) 34.2(61.6) 63.3(77.6) 100

C. albicans 36.1(63.2) 42.3(63.4) 38.2(59.0) 38.3(61.7) 100

M. leprae 349 (61.1) 35.8(58.8) 37.8(58.8) 100

C. burnetii 61.6 (81.5)  68.7(82.0) 100

H. influenzae 75.5(88.7) 100

E. coli 100

“ Determined for dUTPase core sequences (see Materials and Methods) as described in the footnote to Table 1. See Table 2, footnote a, for abbreviations. The boxes represent dUTPase:dUTPase pairs having some of the lowest
sequence similarities for these analyses (see text).
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Predicted structure KKIDVKILDPRVGKEFPLPTYATSGSAGLDLRACLNDAVELAPGDT --TLVPTGLAIHIADPSLAAMMLPRSGLGHKHGIVLGNLVGLIDSDYQGQLMI SVWN— 103
duTPase domains Motif I Motif II Motif IIT

H. sapiens dUTPase EVGGMOLRFARLSEHATAPTRGSA! GYDL{YS--AYDYTIPPMEK~ —AWKTDIQIALPSGCY—GRV‘FW AAKH--FIDVGAGVIDED %EGNVGVVLFN— 115
orf dUTPase FCHTETLQVVRLSQNATIPARGSPGHAGLDILCS- -AYDCVIPSHCS--RVVFTDLLIKPPSGCY-GRIANRSGLAVKH - -FIDVGAGVIDEDYRGNVGVVLFN— 28
CELO dUTPase DLPEPKLYFVRLSPHAVPPVRATHGHAGYDILFS--AYDIKVPARGR--ALVPTDLVFQFPPGCY-GRIAHRSGLAAKF - -FIDVGAGVIDPDYRGNVSVVLEFN- 111
L. esculentum dUTPase NGNVPFFRVKRLSENAVLPSRASSLAAGYDLSS--AAETKVPARGK--ALVPTDLSIAVPQGTY-ARIAHRSGLAWKY - -SIDVGAGVIDADYRGPVGVVLFN- 121
Shope Fibroma dUTPase --MSLYVKCVKLSNNAIIPNRSMSGIAGYDLYS--AYSYTVKPYNR--ILVRTDICLMIPDKCY-GRISHRSGLSLNY--NIDIGEGVIDSDYRGEIGIVFIN- 94
Vaccinia dUTPase MNINSPVRFVRKETNRAKSPTROSPGAAGYDLYS--AYDYTIPPGER--QLIKTDISMSMPKICY-GRIAHRSGLSLK---GIDIGGGVIDEDYRGNIGVILIN- 98
C. albicans dUTPase LESTQSLKVYLRSPKGKVPTKGSALAAGYDL{Y S~ ~AEAATIPAHGQ--GLVSTDISIIVPIGTY-GRVAHRSGLAVKH--GISTGAGVIDADYRGEVKVVLFN~ 108
S. cerevisiae dUTPase ATSDKVLNIQLRSASATVPTKGSATAAGYDIYA--SQDITIPAMGO--GMVSTDISFTVPVGTY-GRIAHRSGLAVKN--GIQTGAGVVDRDY|[ITGEVKVVLFN- 98
M. leprae dUTPase GPVSTSLAVVRLDPGLPLPSRAHDGHAGVDLY S - ~-VEDVRKLAPGOR--ALVRTGLAVAI PFGMV-GLIHHRSGLAVRVGLSIVNS HGTVDAGYIRGEIKVALINL 195
H. influenzae dUTPase XKIDVKILDSRIGNEFPLPTYATEGSAGLDLRALIDESFEIQPGET--KLIPTGLSIYIADPNLAAVILY RSGAGHKHGIVLGNLVGLIDSDzEGPLMVSMWN— 102
C. burnetti dUTPase HSVQLKILDKRLGSEFPLPAYATTGHAGLDURACLDEPLKIEPDET--CLISTGLAIYLGHSNVAATILHRSGLGHKHGIVLGNLYGLIDSDYRGPLMVSCWN - 104
EIAV dUTPase DEAAKIKEEIMLAYQGTQIKEKRDEDAGFDLILCV - PYDIMIPVSDTK- - -IIPTDVKIQVPPNSF-GWVTEKS SMAKQ- - -GLLINGQGIIDEGY[TGEIQVICTN - 103
FIV dUTPase EEVDRLCQOTMMT - TEGDGILDKRTEQAGYDILA-AKEIHLLPGEVK-~~VIPTGVKLML PKGHW-GLIMEKSSIGSK---GLDVLEGVIDEGYRGEIGVIMIN- 110
Visna dUTPase = -------- EIFLAKEGRGILQKRAEDAGYDLIC-PQEISIPAGOVK---RIAIDLKINLKKDOW-AMIGTKSSFANK---GVFVQEGIIDSCYRGTIQVVIYN- 87
MMTV dUTPase GVKGSGLNPEAPPFTIHDLPRGTPGIAGLDLS -~ - SQKDLILSLEDGVSLVPTLVKGTLPEGTT-GLIIGRSSNYKK - - -GLEVLHGVIDSDFQGEIKVMVEKA - 112
SRV-1 dUTPase SLWGGQLCSSQOKQPISKLTRATPGIAGLDLS - - - STSHTVLT PEMGPQALSTGIYGPLPPNTF-GLILGRSSITIK - - -GLQVYHGVIDNDY[TGEIKIMAKA - 115
HSV-1 dUTPase DSVRFSVFTGYDAADVSIPKISSPGHAGFDLSV-LEDREF IRGCHY - - ~RLPTGLATAVPRGYV-GIITHRSSRAKN-——-— FVSTIGIIDSDHRGHIHKIMVSA- 143
Adl2 E4 CRF1 MA-AFETLYVYFTGPGAMLPKQEGDSNAYVLF - - SPANFVIPPHGV--VLLYLHIAVDI PPGYLGTLFSLCD-MNARG- - -VFVGAETLYPGSRMELSVLLFN— 94
Ad9 E4 ORF1 MA---ESLYAFIDSPGGIAPVQEGTSNRYTFF-~CPESFHIPPHGV--VLLHLKVSVLVPTGYQGRFMALND-YHARD---ILTQSDVIFAGRRQELTVLLFN~ 92
Ad3 E4 ORF1 M---IEALYVYLEGPGATLPEQQ-QRNNYIFY--SPVPFTLYSRGY--ALLYLKLSIIIPRGYVGCFFSLTD-ANSPG---LYASSRITHAGHREELSVLLEN- 91
Ad5 E4 ORF1 MAAAVEALYVVLEREGAILPRQEGF SGVYVFF--SPINFVIPPMGA--VMLSLRLRVCIPPGYFGRFLALTD-VNQPD- -~ VFTESYIMTPDMTEELSVVLFN- 95
PAV-3 E4 ORF3 MQOA---TLKFFRLSENASAPTREAGCVAYTVY - -ASEWVEIPAGAS--VHVPTDLLLAF PTGCYGRVCGLKHLTSNWD - ~ - LWTFGDVIDNATES PLSILIRN- 93
Crystal structure 6/7 7 —_—8

Predicted structure RGODSFTIQPGERIAQMIF---VPVV--QAEFNLVED--FDATDRGEGGFGH-SGRQ 152

dUTPase domains Motif IV Motif V

H. sapiens dUTPase FGRKERFEVKKGDRIADLIC---ERIF--YPEIEEVQ--ALDDTHR FTGKN 164

orf dUTPase FGNSDFEVKKGDRIARLIC---ERIS--CPAVQEVN--CLDNTOR FTGSG 147

CELC dUTPase FSESSFNIRRGDRVARLIL---ERIM--VPELSELT--QLGETOR - TGMG 160

L. esculentum dUTPase HSEVDFEVKV LIV---QKRIV--TPEVEQVD~--DLDSTVR FTGV 169

Shope Fibroma dUTPase NGCSDFNIK IIF~~-~ERVE~-YPIMEEVK--CLEDTHR FSGM 142

Vaccinia dUTPase NGKCTFNVNT] LIY---QRIY--YPELEEVQ--SLDSTNR I-TGLR 147

C. albicans dUTPase HSEKDFEIKH VL---EQIVNADIKEISLE--ELDNTER FTGKN 159

8. cerevisiae dUTPase HSQRDFAIKK LIL---ERIVD-DAQIVVVD--SLEES, TGN 147

M. leprae dUTPase DPVEPLVVHR LLVQRVELVE--LVEVSSFDEAGLAETJRGDGGHG S} SGGH 249

H. influenzae dUTPase RGNEPFKIEY VF---VPVV--QAEFNIVED--FQQTHR |- SGKQ 151

C. burnetti dUTPase RGKEPYTINHGDRIADLVV--~-LPIL~-KAQFAVVEE--FELTHR FSGQ 151

EIAV dUTPase IGKGNIKLI LII---LOHH-SNSRQPWDENKI---SQR - TGVEF 152

FIV dUTPase LSKKSITLL$ LIT---L----PHKHEALEQGKVVMDSER FTGVE 159

Visna duTPase SNNKEVVIP( LIL---MPLI-HEELEPWGETR---KTER FTGMY 136

MMTV dUTPase ARKNA-VITENGERIAQLLL---L-PY-LKLPNPVIK-~~--- EHRGSEGFGS['SHVH 159

SRV-1 dUTPase VNNI-VIVPJGNRIAQLIL---L-PL-IETDNKVQQ--—--- PY[RGQGSFGS|-SDIY 162

HSV-1 dUTPase IAD--FSVKKNQRIAQLVVT--PCLT--QSEVVPYE-~TLERT - SGQ 188

Adl2 E4 ORF1 HSCVFCDVRAKQPVARLLL -~ -SRVV--FPPVCQASLT 127

Ad9% E4 CRF1 HTDRFLYVRKGHPVGTLLL---ERVI--FPSVKIATLV 125

Ad3 E4 ORF1 NHDRFYEGRAGDPVACLVM---ERLI--FPPVRQATMI 124

Ad5 E4 ORF1 HGDQFFYGHAGMAVVRLML- - ~-IRVV--FPVVRQASNV 128

PAV-3 E4 ORF3 NGHHPYLVTRGQAIGQIVC---EVAR--TPDVEEVHG 125

FIG. 5. Multiple alignment of adenovirus E4 ORF1 and 18 different dUTPase sequences showing (i) secondary structures (3-strand, boldface amino acid residues;
a-helix, boldface and underlined amino acid residues) predicted by the PHD secondary structure prediction program (73) and (ii) the locations of the conserved
dUTPase motifs I to V (dUTPase domains; boxed regions) (51, 57). The accuracy of the PHD program is illustrated in the upper two rows, which compare the types

and locations of known secondary structures (B-strand, straight line; a-helix, wavy

line) from the crystal structure of E. coli dUTPase (crystal structure) (13, 52) with

those predicted by the PHD program (predicted structure). The amino acid sequences of human adenovirus E4 ORF1 proteins were aligned with dUTPase core
sequences (see Materials and Methods) using the PIMA multiple sequence alignment algorithm (77, 78). A putative E4 ORF1 homologue, PAV-3 E4 ORF3 (see
Results), is also included in these analyses. See Table 2, footnote a, for abbreviations.

B2/3, B3, B4, BS, B6, and B6/7, (ii) properly located 32, B7, and
B8 but improperly designated them as completely or partially
a-helical, and (iii) failed to detect a4/5 (Fig. 5). Thus, while
incorrectly labeling some B-strand regions as a-helical, this
particular program located all but one known secondary struc-
ture of the E. coli dUTPase protein.

Prompted by these results, we decided to use the PHD
program to predict the positions of secondary structures within
the E4 ORF1 proteins and dUTPase core sequences of the
remaining 17 dUTPase proteins. Despite wide variations in
amino acid sequence similarity (Table 3), all dUTPases pro-
duced predicted secondary structure arrangements strikingly
similar to that of E. coli dUTPase (Fig. 5), suggesting that these
enzymes will be found to have common structures. More im-
portant, the predicted secondary structure organizations of the
human adenovirus E4 ORF1 proteins were also highly concor-
dant with those of the dUTPase proteins. While the predicted
secondary structures of the E4 ORF1 proteins deviated slightly
from those of dUTPases by showing continuous B5 strands

rather than segmented ones like that of E. coli dUTPase and,
in some cases, a-helical structure within B3, B6, and B6/7 of E.
coli dUTPase, in general, the predicted E4 ORF1 secondary
structures matched well with those of the dUTPases in both
type and location (Fig. 5). The carboxy-terminal residues of
E. coli dUTPase, corresponding precisely to the residues miss-
ing from E4 ORF1 proteins (Fig. 5), are not visible in the
crystal structure and are presumed to be disordered (13,
52). This fact suggests that the carboxy-terminal region of
dUTPases may not be an integral component of their core
structures. Therefore, although lacking the carboxy-terminal
region of dUTPases, the E4 ORF1 proteins could still the-
oretically adopt a tertiary structure similar to that of E. coli
dUTPase.

A putative E4 ORF1 homolog is encoded within the E4
region of PAV-3. During the course of these studies, we also
found that a predicted PAV-3 E4 region-encoded protein (E4
ORF3), having no known function, showed sequence (Tables 1
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FIG. 6. (A) dUTPase enzyme assays with 50 ng of GST constructs containing each adenovirus E4 ORF1, human dUTPase, or the putative dUTPase of avian
adenovirus CELO (CELO protein). (B) dUTPase enzyme assays with 15 ng of GST-CELO protein in the presence or absence of 100 uM cold nucleotide (dUTP, UTP,
or dATP) competitor. Enzyme assays measured the amount of deoxy[5-*H]uridine 5'-triphosphate (dUTP) that remained unhydrolyzed after incubation for 5 min at
37°C with the indicated protein. Percent dUTP hydrolysis values for samples were calculated as described in Materials and Methods. The means of three samples, with

error bars representing the standard deviations, are shown.

and 2) and predicted structural similarities (Fig. 5) with both
adenovirus E4 ORF1 and dUTPase proteins. Interestingly,
while exhibiting higher sequence similarity to eukaryotic, avian
adenovirus CELO, and poxvirus dUTPases than to the human
adenovirus E4 ORF1 proteins, the predicted PAV-3 E4 ORF3
polypeptide exhibited the physical characteristics of an E4
OREF1 protein by its length and lack of preservation of con-
served dUTPase motifs (Fig. 5). Closer relatedness to the E4
ORF1 proteins was further implied by phylogenetic analy-
ses, which placed the PAV-3 E4 ORF3 and E4 ORF1 pro-
teins together within one branch while logically separating
the dUTPase sequences of prokaryotes, retroviruses, and eu-
karyotes/DNA viruses into three other distinct branches (Fig.
7). While it is not known whether PAV-3 E4 ORF3 possesses
transforming activity, these findings may indicate that it is an
E4 ORF1 protein homolog having higher sequence similarity
to dUTPase enzymes than to human adenovirus E4 ORF1
proteins.

DISCUSSION

One goal of this study was to determine whether all of the
different human adenovirus E4 ORF1 proteins had transform-
ing activities in cells. In a cell line capable of expressing high
levels of most of these proteins, we demonstrated that adeno-
virus E4 ORF1s from subgroups A to D do indeed possess
similar growth-transforming potentials, suggesting that these
related proteins carry out a common function in the life cycle
of human adenoviruses. The identification of a putative E4
ORF1 homolog encoded by a porcine adenovirus may further
indicate wider importance of this E4 function for adenoviruses
from other species as well. Additionally, the fact that Ad5 E4
ORF1 was found to have potent cellular growth-transforming
activity is relevant to the design of replication-defective AdS
vectors, as their use for gene therapy protocols in humans has

raised numerous safety concerns, including the possibility of
oncogenic transformation (49). While E1 region oncogenes are
deleted from adenovirus vectors, the results presented here for
E4 ORF1 and for E4 ORF6 by others (20) strongly argue that
routine removal of E4 region sequences from these vectors
would be prudent (9, 91).

The work described herein also suggests that the lack of
transforming activity observed for non-subgroup D virus E4
ORF1s in CREF cells (45) may be due to inadequate expres-
sion of these viral genes. The expression deficiencies were not
specific to CREEF cells, as similar results were obtained in the
C127 murine fibroblast cell line. These observations contrasted
findings with several human cell lines, in which expression of
most non-subgroup D virus E4 ORF1s was comparable to that
of 9ORF1. The differences between the rodent and human cell
lines may denote a specific block in the expression of non-
subgroup D virus E4 ORF1 genes in some species or cell types.
While the basis for the expression deficiencies of these E4
ORF1 genes was not determined, such defects could explain
the difference in oncogenic tropism between Ad9 and other
oncogenic adenoviruses (2, 3, 42, 85). The facts that Ad9 re-
quires E4 ORF1 for its oncogenicity (45) and non-subgroup D
adenoviruses do not (28) may indicate that E4 ORF1 actually
determines the tropism of Ad9 tumorigenicity for the mam-
mary gland. If this were correct, deficient expression of E4
ORF1 proteins in rodent cells might, at least in part, account
for non-subgroup D adenoviruses failing to elicit mammary
tumors. Conversely, this scenario would also imply that the
Ad9 El1 region is nononcogenic, as Ad9 does not elicit the
nonmammary tumors observed for non-subgroup D adenovi-
ruses. In support of the latter prediction, Ad9 E1 region-
transformed CREEF cells do not show increased oncogenicity in
animals (88).

An additional goal of this study was to determine whether
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FIG. 7. Phylogenetic tree of adenovirus E4 ORF1 and 18 different dUTPase
proteins. Phylogenetic analyses were performed by the parsimony method using
the PAUP software program (83) with full-length E4 ORF1 sequences and
truncated dUTPase core sequences (see Materials and Methods). The numbers
refer to branch lengths which are proportional to the estimated number of amino
acid residue substitutions. The heuristic search procedure with the midpoint
rooting method was used to generate the tree with the following parameters: the
maximum number of trees held in memory was set to 100, branches of length 0
were collapsed, stepwise addition of protein sequences to the tree was by the
“simple” algorithm, and branch swapping was performed on each minimal-length
tree by the tree bisection-reconnection option. See Table 2, footnote a, for
abbreviations.

the E4 ORF1 family of viral transforming proteins was related
to a known protein. With regard to this possibility, we found
limited sequence and predicted structural similarities between
human adenovirus E4 ORF1 proteins and a wide variety of
dUTPase enzymes. While further experiments are necessary to
determine whether these proteins actually have similar struc-
tures, numerous examples are known for proteins having min-
imal amino acid sequence similarity yet possessing highly re-
lated three-dimensional structures (37, 38, 54, 70). For many
viral proteins, however, sequence similarity with a cellular pro-
tein additionally reflects retention of a functional trait. This is
best illustrated by some poxvirus and herpesvirus proteins
which show a high degree of both sequence and functional
similarity with cellular enzymes and immune modulatory fac-
tors (11, 72). More relevant to this study, the adenovirus E1B
19K oncoprotein has been shown to exhibit sequence similarity
with the cellular proto-oncogene product, Bcl-2, and has indis-
tinguishable anti-apoptotic function (17). In some cases, how-
ever, only a small conserved domain of a cellular protein may
be recognizable within viral oncoproteins. Most notably, the
LXCXE motif, which mediates binding of some cellular pro-
teins to the pRb family of tumor suppressors, is also found in
the adenovirus E1A, simian virus 40 large T antigen, and pap-
illomavirus E7 oncoproteins (14, 19, 46, 55, 90). Therefore,

J. VIROL.

even though the sequence similarity reported here between the
adenovirus E4 ORF1 transforming proteins and dUTPase en-
zymes did not lead to identification of a common function, it is
possible that further studies will reveal an undiscovered activity
shared by these two related proteins.

It must also be considered that E4 ORF1 and dUTPase
proteins are truly unrelated functionally, although this would
not preclude these proteins from being evolutionarily linked.
Avian adenovirus CELO has been proposed to encode a
dUTPase (16); in support of this claim, results described in this
report formally demonstrate that the putative avian adenovirus
CELO dUTPase is an authentic dUTPase enzyme. Therefore,
an evolutionary relationship between E4 ORF1 and dUTPase
proteins may be implied by the fact that the avian adenovirus
CELO dUTPase is encoded within a genomic region analo-
gous to that of human adenovirus E4 ORF1 (16). Given that
E4 ORF1 and dUTPase proteins may not share a common
function, precedence for the existence of evolutionarily related
proteins that are structurally similar yet functionally distinct
comes from studies of c-type lysozymes and a-lactalbumins (7,
60, 69, 82). Perhaps the human adenovirus E4 ORF1s have
similarly evolved divergently from an ancestral dUTPase gene,
with E4 ORF1 proteins retaining dUTPase structural features
and acquiring novel transforming activity. In this respect, evo-
lutionary precursors of avian adenovirus CELO dUTPase and
PAV-3 E4 ORF3 may represent transitional intermediates be-
tween the initial transduction of a cellular dUTPase gene into
an adenovirus genome and its subsequent evolution into the
E4 ORF1 transforming genes. Such a model would argue
against the possible convergent evolution of the adenovirus E4
ORF1 and dUTPase proteins.

As is sometimes the case for related viruses, avian adenovi-
rus CELO and human adenoviruses differ with respect to en-
coding dUTPase enzymes (10, 22, 57, 75). Results from several
systems suggest that having a dUTPase gene significantly in-
fluences viral tropism. Studies of dUTPase mutants of EIAV,
feline immunodeficiency virus, caprine arthritis-encephalitis
virus, and herpes simplex virus type 1 indicate that viral
dUTPases are dispensable in cells having high endogenous
cellular dUTPase levels but are required for efficient viral
replication in cells with low dUTPase levels, such as terminally
differentiated or nondividing cells (25, 68, 84, 86, 87). Conse-
quently, the presence of a dUTPase gene in avian adenovirus
CELO, but not human adenoviruses, may indicate differences
in the tropism and pathogenesis of these viruses or, perhaps,
that human adenoviruses utilize a novel mechanism to circum-
vent the detrimental consequences of dUTP accumulation dur-
ing DNA replication (53, 71, 80).

Although no similar function was found for the E4 ORF1
and dUTPase proteins, the results of this study suggested that
these related proteins may share a common structure. The
three-dimensional structure of the E. coli dUTPase protein
offers no obvious advantages for a viral transforming protein,
but it is noteworthy that this enzyme, like most dUTPases,
exists as a homotrimer (4, 5, 13, 18, 35). Because many viral
oncoproteins are known to homo-oligomerize, this particular
structural feature of dUTPase polypeptides could potentially
benefit the E4 ORF1 transforming protein. With regard to the
functional significance of homo-oligomerization by viral onco-
proteins, perhaps the best-understood example is that of the
bovine papillomavirus E5 protein, for which transforming ac-
tivity relies on protein dimerization for induction of platelet-
derived growth factor receptor subunit coupling, trans auto-
phosphorylation, and subsequent ligand-independent signaling
(61, 64, 67). The simian virus 40 large T antigen, human pap-
illomavirus E7, and human adenovirus E1B 55K oncoproteins
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may also form higher-order homo-oligomeric structures (6, 29,
59, 63), although the precise role of these complexes in trans-
formation is not as well understood. We are presently exam-
ining interactions of the E4 ORF1 proteins with cellular pro-
teins; in light of the predicted structural similarity with
dUTPase proteins, future experiments will also be directed at
determining whether the E4 ORF1 proteins homo-oligomer-
ize. The examination of hetero- and homo-oligomerization by
the E4 ORF1 transforming proteins in cells may lead to a
detailed model for the molecular mechanisms of these novel
transforming proteins.
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